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Asiaticoside (AS) is active herbal compound isolated from Centella
asiatica. It has the potential benefit in promoting type I collagen (COL 1) synthesis
and osteogenic differentiation in human periodontal ligament cells. However, it has
low aqueous solubility which may hamper the bioavailability. Thus, the main
objective of this study was to develop the thermoresponsive in situ gels containing
AS by using cyclodextrin (CD). To determine the solubility enhancement of AS,
phase-solubility profiles were investigated and revealed that CDs enhanced the
aqueous solubility of AS. Hydroxypropyl-beta-CD (HPBCD) and sulfobutyl-ether-
beta-CD (SBEBCD) were selected due to highly solubilization enhancement of AS.
The mucoadhesive polymer i.e., chitosan (CS) or thermogelling agent i.e., poloxamer
407 (P407) was added to investigate the effect of polymer to AS/SBEBCD binary
complex. The resulted ternary systems synergistically improved the solubility of AS.
Solution-state characterization (*H-NMR) and solid-state characterization (DSC, FT-
IR and PXRD) of binary complex (AS/HPBCD or AS/SBEBCD) as well as ternary
complex (AS/SBEBCD/CS or AS/SBEBCD/P407) were performed. It indicated that
there were some interactions and possibly formed AS/CD inclusion complex. The
enhancement of AS dissolution was achieved in both binary and ternary system when
compared with intact AS alone. The morphology and particle size were analyzed by
TEM and DLS techniques. The large aggregate size provided the evidence that AS
solubility was enhanced through the AS/CD aggregate formation or micelle-like
behavior. AS loaded nanoparticles were prepared via ionic gelation using anionic
SBEBCD and cationic CS. Thermally triggered in situ gels containing AS with the
proper SBEBCD/CS weight ratio were developed. The physicochemical and chemical
characterizations i.e., appearance, pH, viscosity, gelation temperature, gelation time,
in vitro gelling capacity, drug content and entrapment efficiency were within
acceptable range. In vitro mucoadhesion and the in vitro release studies revealed that
nanoencapsulated in situ gels had excellent mucoadhesive property and performed
the sustained release of AS. These formulations somewhat negative effect to ligament
cells. However. the CD encansiilated nlatforms containina AS at low content could
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CHAPTER I
INTRODUCTION

Periodontal disease is a term to describe the several pathological
conditions in periodontal area and characterized by inflammation of gums,
degeneration of periodontal ligaments, alveolar bones and dental
cementum. It is mainly caused by anaerobic bacterial infection within
periodontal pocket via formation of subgingival plaque (1). Periodontal
pathogens produce bacterial endotoxins that can breakdown the
extracellular matrices as well as host cell membranes to produce nutrients
for their growth. As the mild disease condition, inflammation is occoured
in the gingiva termed gingivitis but as it progresses to deeper tissues
leading to periodontitis. In the later phase of the disease, gingival swelling,
bleeding and bad breath are recognized; subsequently, the supporting
collagen of the periodontium is degenerated. Later the alveolar bone
resorps and gingival epithelium migration along the tooth surface, a

‘periodontal pocket’ is formed (2).

The epidemiology, etiology, pathogenesis and microbiology of
periodontal pocket flora have been revised as the strategies for the
management of intra-periodontal pocket disease progressions. Standard
periodontal therapy includes scaling and root planning, flap surgery with
and without bone grafts, root amputation, strict plaque control and so on
(1, 3). Scaling and root planning are generally successful to a moderate
content but the recurrence rate of periodontitis is high. The use of
antibiotics is beneficial for the treatment of periodontitis, however there
are several disadvantages i.e., inadequate antibiotic concentration at the
site of the periodontal pocket and a rapid decline of the plasma antibiotic

concentration reached to sub-therapeutic levels. Because of these several



drawbacks, the development of novel intra-pocket drug delivery systems

for the treatment of periodontal diseases have been emerged (4).

Treatment with local devices directly into the periodontal pocket not
only can increase the drug concentration at the site of action, but also can
prevent the undesirable side effects (5). Currently, the advanced
formulations for periodontitis treatment such as fibers, films, strips,
microparticles, nanoparticles and gels have been developed to retain
antibiotics in the periodontal pockets with the concentration higher than
their minimal inhibitory concentration against bacteria (6-11). According
to the etiology of periodontal diseases and anatomy of periodontal pockets,
the local drug delivery system for periodontitis should be easy to
administer into the pocket and remain in place for prolong period of time
to maintain the effective concentration within the periodontal pocket. In
addition, patient compliance should be improved and the device should be

cost effective as well (12).

The numerous therapeutic agents and devices have been introduced
into the market such as Actisite® fiber containing ethylene vinyl acetate
with 25% w/w tetracycline hydrochloride. Although it has controlled
released property with good clinical efficacy, patients are suffered
discomfort during the placement and removal of fiber, and need
anaesthesia (10). Recently, Periochip® has been marketed as a
chlorhexidine digluconate film containing cross-linked hydrolysed gelatin
and glycerine for local delivery. An initial burst release followed by a
constant slow release was occoured about seven days (13). Synthetic
biodegradable polymers have also been evaluated for sustained release of
drug in the periodontal pocket. The combination of amoxicillin and
metronidazole in the carrier polymer [poly (lactide-co-glycolide)] PLGA



showed an extended therapeutic efficacy of antimicrobial agents (14).
Another in situ forming implant is Atridox®, the injectable system
composed of biocompatible solvent N-Methyl-2-Pyrrolidone (NMP) with
10% w/w doxycycline hyclate. After injection, it can transform from
solution state to solid state via solvent displacement mechanism and can
sustain drug release more than seven days (15). The in situ implant
containing the combination of 5% w/w secnidazole and doxycycline
hydrochloride based on biodegradable polymer 25% w/w PLGA was
developed to increase the spectrum of the antimicrobial activity against the
microorganisms which causing periodontal diseases. The developed
implant showed initial faster release rate with a promising antimicrobial
activity against aerobic and anaerobic bacteria in comparison with
marketed product Atridox® (16).

Although local drug delivery of antibiotics can provide effective
treatment for periodontitis to some extent, the damaged periodontal wound
Is not completely healed and the soft tissue of periodontal area especially
periodontal ligament is not being regenerated. Nowwarote et al., (2013)
(17) had reported that asiaticoside (AS) might be an alternative therapeutic
agent for periodontal tissue healing which has been shown to promote both
soft and hard tissue formation and osteogenic differentiations of human
periodontal ligament cells. Bonte et al., (1994) (18) also reported that AS
can promote type | collagen production which is a major soft tissue
component of the periodontal ligament in human dermal fibroblasts. AS is
one of the major triterpene derivatives of Centella asiatica, which is plenty
in Asian countries and well known as ‘Buabok’ in Thailand (19). However,

AS has the very low aqueous solubility which may hamper the permeability



of AS through the biological membranes resulting in insufficient drug level

at the periodontal pocket.

Several methods are used to increase the aqueous solubility of poorly
soluble drugs. The complexation by cyclodextrins (CDs) as inclusion
complex is the promising strategy to enhance the solubility of drugs. CDs
are cyclic oligosaccharides of toroid structure and possessed hydrophilic
outer surface and lipophilic central cavity. The most common parent CDs
are o, B3, and yCD with 6, 7 and 8 glucopyranose units, respectively. CDs
have ability to enhance the aqueous solubility of various poorly water-
soluble drugs by inserting the lipophilic drug into central hydrophobic
cavity (20). However, due to the limited aqueous solubility and complexing
ability of the natural CDs, the CD derivatives were synthesized. The CD
derivatives such as 2-hydroxypropyl-CD (HPBCD) and sulfobutylether-
BCD (SBEBCD) can dramatically improve their solubilities and becoming
more interesting in pharmaceutical applications. CDs have the molecular
weight of about 1,000 - 2,000 Da and possess the negative Log P,

therefore, they are poorly absorbed through biological membranes (21).

In situ gels are developed as a novel drug delivery system in a liquid
dosage form but once administered, they can form gel under physiological
stimuli such as pH, temperature, solvent exchange, ultra violet (UV)
irradiation and the presence of specific ions or molecules, etc. (22). Ease
of application and reduced frequency of administration are advantages of
these smart delivery system. Various natural and synthetic polymers such
as chitosan, poloxamer 407, carbopol 934P, hydroxyethyl cellulose and
polycarbophil are widely used for the preparation of in situ gel dosage
form. They can be easily injected through a syringe into the periodontal



pocket where it solidifies in situ to deliver the therapeutic agent for a
prolonged period (7, 23, 24).

It is known that the major problem of the periodontal treatment is
the difficulty of the therapeutic drug level reached at the target site. It is
due to the fact that periodontal pocket is the complex region with the
constant flow of crevicular fluid. The delivered drug will be removed from
the application site within the short period of time and consequently
leading to suboptimal therapeutic effect. In present study,
thermoresponsive in situ gelling systems will be investigated since they
have superior advantages i.e., ease of application, low costs and can form
gel via environmental stimuli after administration into the periodontal
pocket. Nevertheless, they have some considerable drawbacks, for
example, burst release of drug in small periodontal cavity that can

negatively affect the drug release mechanism.

Microencapsulation technigue has been widely used to retain the
drug within the polymer matrix. The micro- and nanoparticles can be
further incorporated into mucoadhesive or stimuli sensitive hydrogels to
obtain synergistic controlled release of drug. In this study, polyanionic
BCD derivatives (SBEBCD or carboxymethyl-BCD (CMBCD)) was
selected and encapsulated with chitosan (CS) via ionic gelation technique.
CS is the non-toxic, biocompatible and biodegradable polysaccharide with
favorable mucoadhesive property (25). This platform will enhance the
prolong residence time by interaction with negatively charge mucin in
periodontal pocket. The solid and solution state characterizations of
AS/CD complex will be performed. Then, the poloxamer based
thermoresponsive in situ gel formulations containing AS will be

developed. The physicochemical and chemical properties of these



formulations will be determined. In addition, the mucoadhesion properties,

In vitro permeation, cytotoxicity and type | collagen synthesis will be

evaluated. Thus, the main objectives of this work are as follows:

1.

To study the cyclodextrin solubilization of asiaticoside by using
parent cyclodextrin and its derivatives

To prepare the binary asiaticoside/cyclodextrin and ternary
asiaticoside/cyclodextrin/ polymer complexes and evaluate by
solution and solid-state characterizations

To develop nanoencapsulation containing asiaticoside/cyclodextrin
complex and chitosan

To develop the thermally triggered in situ gel containing asiaticoside

for periodontal tissue regeneration



CHAPTER Il
LITERATURE REVIEW

1. Periodontal Diseases
Periodontal disease or periodontitis is highly prevalent periodontal
tissue infections. Approximately 10% of the adult population is highly
susceptible to severe periodontal disease (26-28). According to
epidemiologic studies in the United States, in 0.2 % to 0.5% of children
and young adults suffer from severe attachment loss. National Health and
Nutrition Examination Survey (NHANES) also reported that the total

prevalence of periodontitis in adults of 30 was 47.2 % (29).

The major causative pathogens which can render the periodontal
diseases are Porphyromonas gingivalis, Tannerella forsythensis and the
spirochete Treponema denticola. These organisms reside as plaques on the
teeth and release the bacterial leucotoxins, collagenases, fibrinolysins and
other proteases (30). The released endotoxins mostly affect the tissues
surrounding the teeth and subsequently causing gingivitis as the early
stage. Gingivitis is milder form that cannot defect the underlying
supporting structure of the teeth and reversible. However, as the more
severe case, swelling and bleeding of the gum is observed. When the
inflammatory responses are induced, the matrix metalloproteinases
(MMPs) are increasingly expressed and collagen is destroyed. Generally,
the fibroblasts of periodontal ligament produce collagen and ground
substances that can turn over. However, under the condition of periodontal
disease, the periodontal ligament that supporting the tooth is degenerated.
Later, as the gingival epithelial cells migrate along with the tooth, a space

known as periodontal pocket is formed between the gingiva and tooth
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(Figure 1). Then, the disease state is termed as periodontitis. The gingiva
loss their attachments to the teeth and progressively causing the deep
periodontal pocket. The destruction of connective tissue as well as of
alveolar bone resulting in incompletely support for the teeth; unfortunately,
the tooth loss (30, 31).

Distﬁased Haa\lthy
Tooth/Gum Tooth/Gum

/ [ > /
Periodontal Pocket i Gingivae (Gums)

Figure 1 Periodontal disease and pocket formation
(https://www.arthurkentdds.com)

2. Treatment of periodontal diseases
The periodontal pocket has been investigated as the ideal
environment for the growth and proliferation of anaerobic pathogenic
organisms (32). The aims of periodontal treatment include to inhibit
disease progression, to prevent its recurrence and to preserve the teeth in a
healthy status (30). The various therapies (nonsurgical and surgical) are

performed according to the specific disease and severity.

For the clinical treatment of periodontal diseases, the conventional
and the first-choice of therapy is plaque control. The treatment procedure
is called scaling and root planing. Scaling is performed to remove the
plaque and calculus (tartar) from the surface of tooth root in both supra and
sub-gingival position. At the same time, root planing is carried out to

remove bacterial toxins that adsorbed on cemental surface and limits
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plaque recurrence. Although scaling and root planning can achieve good
efficacy in initial periodontitis, this mechanical treatment alone is not
enough in severe cases. The pathogenic organisms can recolonize and the
recurrence of periodontitis can occur. Therefore, the antimicrobial therapy

Is used as an adjunct to scaling and root planning (33).

Another option is the surgical removal of calculus and subgingival
biofilms together with the patient's oral hygiene practices to prevent
bacterial recolonization. Bony defects can be surgically fixed in order to
reduce periodontal pocket depth (34). In addition, systemic antimicrobial
agents have been administered for the treatment of periodontitis. However,
the drug concentration that reached to periodontal pocket is quite low and
cannot provide the sufficient antimicrobial treatment leading to the risk of
bacterial resistance (35). Because of these limitations, the localized
administration of therapeutic agents has been given attention for the

treatment of periodontitis (12).

3. Periodontal wound healing and regeneration

Although local antibiotic drug delivery systems can provide
effective treatment for periodontal diseases to some extent, the wound
healing of periodontium is not complete and the regeneration of
periodontal soft tissue i.e., periodontal ligament is not being regenerated.
The main function of periodontal ligament is to support the teeth as well as
to regulate the cell reservoir for tissue homeostasis and regeneration. To
consider the difficulties in with periodontal wound healing, repair and
regeneration plays a key role as observed (36). For restoration of

architecture and function of periodontium, several steps need to be
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considered such as infected or degraded tissue elements must be
eliminated, the pathogens should be free from wound healing site,
progenitor cells should be populated and cell division should be adjacent
to the wound. In addition, the repopulated cells must be able to differentiate

and signaling factors to restore dynamic tissue homeostasis.

4. Asiaticoside (AS)

Centella asiatica, also known as Indian pennywort is perennial
creeping herb, which is plenty in many Asian countries. This herb has been
used in Ayurvedic and Chinese medicine for the treatment of skin diseases,
gastro-intestinal tract and other psychotropic abnormalities (37), (38). It
also has common name as ‘Buabok’ in Thailand. It has been reported that
the plant extract contains major pentacyclic triterpene derivatives such as

madecassoside, madecassic acid, asiaticoside, and asiatic acid (19).

One of the main components of the Centella asiatica (Linn.) namely
asiaticoside (AS) is well known in possessing various pharmacological
activities such as anxiolytic-like effect, antidepressant activity,
neuroprotective effect, antipyretic and anti-inflammatory activities (39). It
also has the potential benefits of wound healing activity by promoting
collagen synthesis, enhancing the content of hydroxyproline, tensile
strength, epithelialization as well as promoting fibroblast proliferation of
the wounds (40). It has modulated the inflammatory response by inhibiting
nitric oxide and tumor necrosis factor-o secretion from macrophages (41).
In addition, it can provide the both soft and hard tissue regeneration for
periodontal wound healing. Nowadays, therapeutic agents that used in

periodontal tissues regeneration only facilitate hard tissue formation and
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can lead to detrimental ankylosis. Nowwarote et al., (2013) revealed that
AS might be an alternative therapeutic agent for periodontal tissue healing
with the advantages of promoting both soft and hard tissue formation and
osteogenic differentiations (17). In addition, it has been reported that AS
can promote type | collagen synthesis which is a major soft tissue
component of the periodontal ligament in human dermal fibroblasts (18).
These properties of AS suggested that it could be useful in the treatment of

periodontal wound healing.

4.1 Physicochemical properties of AS

Asiaticoside is the white odorless powder with the molecular weight
of 959.12 Da and melting point 230-233 °C. Its chemical structure is
similar to those of cholesterol, steroid and sex hormone (42) (Figure 2).
Under hydrolytic condition, the glycoside portion of AS turned into asiatic
acid. The aqueous solubility of AS is very low 0.67 mg mL™ (43), so that
the use of AS as active pharmaceutical component is quite limited even it

possesses the potential benefits in wound healing process.

Figure 2 Chemical structure of asiaticoside
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4.2 Mechanism of action in wound healing

AS was shown to increase production of collagen which promote
angiogenesis and epithelialization when applied to skin wounds (40). AS
was previously reported to promote type I collagen production in human
dermal fibroblasts (18, 44, 45). Mechanistically, this occurred via
activation of the Transforming Growth Factor-beta (TGF-) receptor I
kinase—independent Smad signaling pathway (46). The potential use of AS
In tissue regeneration was previously investigated. The release of AS from
electrospun gelatin and cellulose acetate fiber mats was studied and
revealed that AS in fiber mats were stable up to 4 months after storage at
room temperature or at 40°C (47). In addition, AS-loaded fiber mats
promoted human dermal fibroblast attachment, proliferation, and

extracellular matrix synthesis (47).

Apart from skin wound healing, periodontal wound healing requires
the regeneration of both soft and hard tissues. In this regard, AS enhanced
the synthesis of type | collagen, a major soft tissue component of the
periodontal ligament. Furthermore, the ability of AS to promote osteogenic
differentiation in human periodontal ligament cells (HPDLCs) suggests
that it may be a viable treatment to promote hard tissue regeneration.
Nowwarote et al., (2013) reported that AS induced type | collagen
synthesis in HPDLs. The increased expression was occurred at both the
mMRNA and protein levels. In addition, AS decreased matrix
metalloproteinase-1 (MMP-1) but increased tissue inhibitor of
metalloproteinases-1 (TIMP-1) expression (17). AS promoted collagen
homeostasis in HPDLCs by increasing its synthesis and attenuating its
destruction. It has also been reported that fibronectin (FN) has a role in the

early stage of osteogenesis and is also a critical element in bone



15

morphogenesis and differentiation process of calvarial osteoblastic cells
(48, 49). Moreover, the normal osteogenic differentiation process of
HPDLCs is marked by an increase in alkaline phosphatase (ALP) activity,
N-linked glycoprotein synthesis i.e., osteopotin and mineralization (50,
51). AS also enhanced ALP enzymatic activity, osteoblast marker genes
expression, and matrix mineralization and also stimulates HPDLCs

differentiation toward the osteogenic lineage.

5. Cyclodextrins (CDs)

CDs are cyclic oligosaccharides, obtained from enzyme-catalyzed
degradation of starch by glucosyltransferase (52). The molecular structure
of CD resembles to a torus-like molecular ring, of which the inner cavity
Is hydrophobic, while the outer part is hydrophilic. a-cyclodextrin (aCD),
B-cyclodextrin (BCD), and y-cyclodextrin (yCD) are parent CDs possessing
6, 7 and 8 glucopyranose units, respectively (Figure 3) (21). The primary
hydroxyl groups are located on the narrow side of the torus and the
secondary hydroxyl groups are located on the wider edge of CD structure
(Figure 3). CDs have ability of enhancing aqueous solubility of various
poorly water-soluble drugs by inserting the lipophilic moiety or molecule

into central hydrophobic cavity (53).

aCD BCD yCD

Figure 3 Schematic presentation of parent cyclodextrins (54)



16

Since the presence of intermolecular hydrogen bonds, native CDs
are limited aqueous solubility and low affinity to form complex with
lipophilic drugs, the CD derivatives were synthesized. Various BCD
derivatives are modified such as randomly methylated-CD (RMBCD), 2-
hydroxypropyl-fCD (HPBCD) and sulfobutylether-BCD (SBEBCD)
(Table 1).

5.1 CD complexation and drug solubility

Poorly water-soluble drugs have affinity to form complexation with
CD in aqueous solution (21). Owing to the hydrophobic character of inner
CD cavity, they can accommodate the lipophilic molecules into their inner
cavity via inclusion complex formation and hence the solubility of the drug
Is significantly increased. When CD forms complexation with drug
molecule, no covalent bonds are formed or broken. Generally, the
complexes are in dynamic equilibrium with free molecules i.e., drug and
CD in aqueous solution. The driving forces of the complexation include
the release of water molecules from the cavity, electrostatic interactions,
van der Waals’ interactions, hydrophobic interactions, hydrogen bonding,
the release of conformational and steric strains as well as charge-transfer

interactions (53).

The number of physicochemical methods can be used to determine
the drug/CD complex formation. The drug/CD complex in solution-state
can be characterized by analytical methods such as UV/VIS absorbance
(55), fluorescence spectroscopy (56), pH-potentiometric titration (57),
nuclear magnetic resonance (NMR) (58) and permeation through different

molecular weight cut-off (MWCO) of semipermeable membranes (59).
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For the complex in solid-state, differential scanning calorimetry (DSC),
powder X-ray diffraction (PXRD) and fourier-transform infrared
spectroscopy (FT-IR) (60) are most commonly used to characterize the

drug/CD complexation.

Table 1 Some physicochemical properties of natural cyclodextrins and
selected cyclodextrin derivatives of pharmaceutical interest (modified
from Ref. (21, 53)).

Cyclodextrin Substitution? MW Solubility in water®
(Da) (mg/ml)

a-cyclodextrin (aCD) 7 972 145

B-cyclodextrin (BCD) . 1135 18.5

y-cyclodextrin (yCD) F 1297 232

randomly methylated-3CD 1.8 1312 >500

(RMBCD)

2-hydroxypropyl-BCD (HPBCD) 0.65 1400 >600

sulfobutylether-BCD (SBEBCD) 0.9 2163 >500

aaverage number of substituents per glucopyranose repeat unit

bsolubility in pure water at about 25°C

Phase-solubility analysis is the one of the traditional methods that
can be used to investigate not only the effect of CD on the solubility of the
drug and the apparent stability constant value but also the drug:CD
stoichiometry of the equilibrium (53). According to the classification of
Higuchi and Connors (1965), phase-solubility diagrams fall into two main
types : A and B (61). Three sub-types are divided into A., Apr and An. A -
type phase solubility profile is obtained when the solubility is linearly
increased with respect to CD concentrations (Figure 4). When the curve

positively deviates from linearity (i.e. CD is proportionally more effective
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at higher concentrations), Ap-type profile is resulted. In contrast, when
there is negative deviation from linearity (i.e. the CD is proportionally less
effective at higher concentrations), An-type profile was achieved. A, -type
profiles are first order to CD and first or higher order with the drug (62,
63). Ap-type suggests that the complexation is first order with respect to
the drug, but second or higher order with respect to the CD (64). An-type
phase solubility profiles can be difficult to interpret. B-type phase—
solubility profiles are indicative of the formation of complexes with limited
water solubility (65). The most common type of CD complex is the 1:1
drug/CD complex (D/CD) in which one drug molecule (D) forms a

complex with one CD molecule (CD):
K1:1
D+ CD < D/CD

Ky.11s used to compare the affinity of drug to CD or CD derivatives.
In the case of A_-type phase solubility diagram, the slope is less than unity.
The apparent stability constant (Ky.;) of the complex can be calculated from
the slope and the intrinsic solubility (So) of the drug in the aqueous

complexation media (i.e., drug solubility in the absence of CD).

slope

K, =
11 So(1 — slope)

The complexation efficiency (CE) is the ratio of CD concentration
in the complex and free state. For 1:1 drug/CD complexes, CE can be
calculated from the slope of the phase solubility profiles (66):

slope
CE == SO'Kl:l - Tlope
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According to the previous investigation, it is more reliable to
compare CE than Ky.; value for selecting CD or complexation conditions

during formulation development.

Conc. of dissolved drug

Cone, of Cyclodextrin

Figure 4 Graphical representations of A and B-type phase—solubility
profiles (53).

5.2 Effect of polymers to enhance CD solubilization

Water-soluble polymers can help the solubility and dissolution of
hydrophobic drugs by enhancing the wettability of particles (67). When the
drug molecules are mixed together with CD and polymer in the solution,
the ternary complex system was formed and it provides the synergistic
enhancement in the drug solubilization rather than the use of CD and
polymer individually (68). The water-soluble polymers can stabilize the
micelles and other types of aggregates. They can also reduce CD mobility
and increase the solubility of complexes by changing the hydration
properties of CD molecules (21). The interaction between polymers and
CDs or drug:CD complexes usually occur on the external surface of the
CD molecule, form aggregates capable of solubilizing drugs and other

hydrophobic molecules (52). According to literature reports, the ternary



20

system could form by heating method i.e., heating in an autoclave at 120
to 140 °C for 20 to 40 minutes or in sonicating bath more than 30 °C for 1
hour, (21). Recent studies reported that hydroxypropyl methylcellulose
(HPMC) and poly vinyl pyrrolidone (PVP) increase the complexation of
hydrocortisone, dexamethasone and naproxen with BCD (69). The
synergistic increase in solubility of HPMC to the SBEBCD and
carbamazepine complex had also been reported by Smith et al., (2005)
(70).

6. Local drug delivery systems for the treatment of periodontitis

The periodontal pockets formed in diseased-state can act as a natural
reservoir for local drug delivery system. The pocket is filled with gingival
crevicular fluid (GCF). Hence, local periodontal delivery systems need to
maintain the concentration of therapeutic agents in GCF higher than their
minimum inhibitory concentration against bacteria. There are various
systems that can be classified according to materials (biodegradable or
non-biodegradable polymers) as well as device form (solid or semi-solid,
adhesive or non-adhesive systems). The developed formulations include
fibers, films, strips, microspheres, microcapsules, microparticles and gels.
The local drug delivery system should have some satisfactory criteria in
accordance with the etiology of disease conditions and anatomy of

periodontal pocket such as (71):

1. It should easily be placed into the periodontal pocket and
remained in place to maintain the local drug concentration.
2. The injectable delivery systems i.e., gels, microparticles and

microspheres should be easy to administer.
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3. The bioadhesive systems are preferred to ensure good retention
of the device after placement.

4. To improve the patient compliance, the drug device should be
easy to place and biodegradable, so that it can erode after period
of time without any surgical procedure to remove residual device.

5. The targeted device should be sustained released to prolong
therapeutic level at the site of administration.

6. The cost of device as well as the facility of production technique
should be considered for drug research and development.

Despite the numerous local drug delivery systems have been

developed, only a few products of these have been marketed. Actisite® is
the first marketed fiber containing ethylene vinyl acetate with 25% wi/w
tetracycline hydrochloride. It can maintain the constant therapeutic level
with prolonged release of drug for 9 days and showed good clinical
efficacy (72). However, the main limitation of using this system is patient
discomfort during the placement and removal of fiber and anesthesia is
needed to perform the procedure (10). Periochip® is biodegradable insert
containing chlorhexidine gluconate hydrolyzed in gelatin. It can sustain
drug release over 7 days. However, Periochip® in conjunction with scaling

and root planning therapy are limited and controversial (73).

Films are more widely used as intra-pocket delivery devices and
superior to previous ones since it can easily be placed. In addition, the film
dimension can be adjusted to insert well within the pocket with minimum
pain. They can be prepared by solvent casting or direct milling and the
loaded drug can be released by diffusion and/or matrix dissolution or
erosion (74). Both synthetic biodegradable polymer i.e., PLGA and non-

biodegradable ethyl cellulose films containing different types of antibiotics
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that have been developed and the latter one can provide sustained release
of drug. Although it has clinical benefits, this system possesses the
drawback of low drug loading (74). Webber and Mathiowitz (1997) (74)
studied PLGA film containing tetracycline to modulate the drug release but
the amount of the drug which can load in the film was too low and only the
small amount of antibiotic can reach minimum inhibitory concentration
(MIC) when inserted once into periodontal pocket. The use of organic
solvents during preparation can retain in the body as residue and possibly
causing the toxicity to the patient. Therefore, in addition to solid devices,
injectable gel formulations have been considered to use as local drug

delivery system into the periodontal pockets.

Elyzol® is one of marketed gels containing 25% metronidazole. It
can be easily administered into periodontal pocket with syringe. However,
according to clinical studies, the poor retention of Elyzol® gel within
periodontal pocket is still controversial for good clinical outcomes
achievement (35). Minocycline gel (2% w/w) which has been marketed
with trade names such as Dentomycin® or Periocline® or Parocline®
seems to be good in clinical therapy. Dentomycin® has been reported to
provide significant probing depth reduction and good clinical efficacy in
attachment (72). However, all of the above gels still lack biodegradability

and necessary to remove the residual gel after treatment.

7. Insitu gelling system
In situ gels are polymeric formulations that can be in solution form
before administration to the body but once administered it can form gel

under physiological stimuli. The sol-gel transition takes place by the
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different stimuli such as pH, temperature, solvent exchange, UV irradiation
and the presence of specific ions or molecules, etc. (22). The marketed
biodegradable injectable system is Atridox®. This system consists of 10%
doxycycline hyclate based on biodegradable polymer PLA dissolved in a
biocompatible solvent NMP. It is an in situ forming system and transfer
from solution-state to solid-state after injection into periodontal pocket.
This implant can sustain drug release over 7 days (75). However, the
retention of implant and drug release control are important issues to be

considered in the research and development for such devices.

Among in situ gelling systems, temperature modulation is
advantageous for various routes of administration. It does not require
organic solvents, co-polymerization agents, and externally applied trigger
for gelation (76). The commonly used thermoreversible polymers are
hydroxypropyl methylcellulose, methylcellulose, hydroxyethyl cellulose,

N-isopropylacrylamide copolymers, poloxamer and its copolymers (76).

Poloxamer 407 (P407), commercially known as Pluronic® F127 “F”
Is a A-B-A type, non-ionic amphiphilic block copolymer, composed of
polyethyene-oxide (PEQ) (A) and polypropylene-oxide (PPO) units (B)
(76). It is widely applied in pharmaceutical and cosmetic field because of
its well compatibility, high solubilizing capacity, good releasing
characteristics and low toxicity. In addition, it is well-known as
thermoreversible gelling agent (77). Its amphiphilic character functions as
surfactant, where concentrated poloxamer solution transforms
thermoreversible gels. Figure 5 demonstrates the chemical structure of
P407, with a central lipophilic propylene-oxide, bordered by two
hydrophilic polyethylene-oxide chains.
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Figure 5 Chemical Structure of P407

P407 has been widely used to develop the hydrogel for various
routes of administrations, for example, ocular (78), nasal (79), vaginal (80),
transdermal (81), etc. and providing the depot of drug at the site of
administration. The addition of mucoadhesive polymers such as carbopol,
chitosan (CS), HPMC provide the significant mucoadhesive property and
can prolong drug release. Recently, Bansal et al., (2018) conducted the
development of intra-pocket periodontal in situgel by using the
combination of P407 and CS and the enhanced therapeutic outcome was
observed with controlled released up to 48 hours along with additional

mucoadhesive property (82).

CS is an amino polysaccharide and obtained from the alkaline
deacetylation of chitin which is present in the exoskeleton of shrimps and
crabs. The structural formula of chitosan is shown in Figure 6. CS
comprises of glucosamine and N-acetylglucosamine units. CS is a
biocompatible, biodegradable, non-toxic and possesses cationic charge. It
Is insoluble in water, but soluble in dilute acidic solution up to pH 6.2 (76,
83). The -OH and -NH; groups of CS can give rise to hydrogen bonding
which can provide mucoadhesion (84). Because of its positive charged
bearing capacity, the electrostatic interaction can occur and CS
nanoparticles can be generated by ionically crosslinking the positively
charge CS with negatively charged tripolyphosphate (TPP) (25).

Moreover, it has wound healing activity and antimicrobial properties (85).
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Figure 6 Chemical structure of CS

8. Nanoparticles in periodontal drug delivery system

Nanoparticle containing drug delivery systems are among the most
popular fields of current research for periodontal treatment and
regeneration. There are two main categories for the preparation of
encapsulations such as physical techniques and physicochemical
techniques. Physical techniques are known as spray drying (86)
lyophilization (87), supercritical fluid techniques (88) and solvent
evaporation (89), whereas physicochemical methods include coacervation
(90), liposomes (91) and ionic gelation (92). Among the different
techniques, ionic gelation has been widely proposed due to its ability for
the fabrication of biocompatible system in biomedical field (92).
Nanoparticles have also been developed to improve the effectiveness of
drug delivery systems to overcome the premature and accidental expulsion
of injected gels from the periodontal pockets. Polymer-based nanoparticles
were prepared and incorporated into hydrogel matrix. The previous study
formulated Harungana madaascariensis leaf extract (HLE) loaded PLGA
nanoparticles by using interfacial polymer deposition following solvent
diffusion method (11). It is the multicomponent system containing
biodegradable nanoparticles and because of their small size, they can

penetrate the periodontal pocket area under the gum line, reducing the
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frequency of administration and uniform distribution of active agent over

an extended period of time.



CHAPTER Il
MATERIALS AND METHODS

Materials

The following materials were used as received;

Acetonitrile HPLC grade (Burdick & Jackson, Korea)
Asiaticoside (AS) (Xi’an Haoxuan Bio-Tech Co., Ltd, Xi’an,
China)

B-cyclodextrin (Wacker Chemie AG, Germany)
Benzalkonium chloride (Sigma-Aldrich, USA)
Carboxymethyl-p-cyclodextrin (CMBCD) (Wacker Chemie AG,
Germany)

Chitosan (Fluka Fine Chemical, Japan)

Dialysis Membrane (Spectra/Por, Netherlands)
Hydroxypropyl-B-cyclodextrin (HPBCD) (Roquette, France)
Mucin from porcine stomach type Il (Sigma-Aldrich, USA)
Poloxamer 407 (Lutrol® F-127, P407) (BASF, Ludwigshafen,
Germany)

Potassium dihydrogen phosphate (Ajax Finechem Pty LTD,
Australia)

Sodium chloride (Ajax Finechem Pty LTD, Australia)
Sulfobutylether-B-cyclodextrin (SBEBCD) (Roquette, France)

27
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Equipments

Analytical balance (MettlerToledo AG285, Germany)

Autoclave (Hirayama, HICLAVE HVE-50, Japan)

Differential scanning calorimetry (MettlerToledo, model DSC822

¢ STAR System, Germany)

Fluorescent microscope (Axiovert 40CFL, Carl Zeiss, Gottingen,

Germany)

Fourier transform infrared spectroscopy (Thermo Scientific, model

Nicolet iS10, USA)

Freeze dryer (Labconco Lyophilizer, MO, USA)

Haake MARS 111 rotational rheometer (Thermo Fisher Scientific,

Schwerte, Germany)

High speed refrigerator micro centrifuge (TOMY, MX-305, Japan)

High performance liquid chromatography (HPLC) instrument

equipped with the following :

- Liquid chromatography pump (quaternary pump, Agilent 1260
Infinity 11, G7111A)

- UV-VIS detector (Agilent 1260 Infinity 1, G7115A)

- Auto sampler (Agilent 1260 Infinity Il, G7129A)

- C18 column (Shiseido, 5 pum, 250x4.6 mm ID reverse-phase

column)

Nanosizer (Zetasizer, Nano-ZS with software version 7.11,

Malvern, UK)

pH meter (MettlerToledo, sevenCompact, Germany)

Powder X-ray Diffractometer (Rigaku, model MiniFlex 11, Japan)

Proton nuclear magnetic resonance spectroscopy (*H-NMR,

BRUKER, model AVANCE IIl HD, USA)
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Shaker Incubator (DLabTech, LSI-4018A, India)
Transmission Electron Microscope (TEM JEOL, JEM-2100F,
USA)

Ultrasonic bath (GT sonic, China)

Viscometer (Brookfield, Model DV-I Digital Viscometer RVTD-I,
USA)
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Methods
1. pH-solubility profiles

Excess amount of AS was added into pure water. The desired pH (in
the range of 2 to 10) was adjusted by drop-wise titration with concentrated
hydrochloric acid or sodium hydroxide solution. The formed suspension
was agitated in mechanical incubating shaker at 30+1 °C for 6 days and pH
was readjusted, if necessary. After equilibration, the samples were filtered
through 0.45 um nylon filter, the filtrate was diluted with the mobile phase
and the amount of dissolved drug was determined by reversed-phase high

performance liquid chromatography method (HPLC).

2. Thermal stability of AS

The stability of AS in aqueous solution was evaluated by heating
method (20). The small amount of AS was dissolved in pure water and
aqueous SBEBCD solutions (2.5% or 5% w/v) that was divided into four
sealed vials. The solution was equilibrated at 301 °C for 24 hr under
constant agitation. After equilibrium was attained, the samples were heated
in autoclave at 121 °C for 20 min for zero, one, two and three heating
cycles. The analogue sets were performed in sonicator at 60 °C for 30 min.
The obtained solution in each sample was diluted with methanol: water
(70:30 v/v) and subjected to analyze the AS concentration by HPLC.

3. Solubility determinations
3.1 Effect of CD on AS solubility
An excess amount of AS was added to aqueous solutions containing
BCD (0-1.5% wi/v) or SBEBCD, CMBCD and HPBCD (0-10% wi/v). The
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drug suspensions in sealed vials were heated in sonicator at 60 °C for 30
min and allowed to cool to room temperature. The suspension was
equilibrated for 7 days at 30+l °C under constant agitation. After
equilibrium was reached, the suspension was filtered through 0.45 pm
nylon filter and analyzed by HPLC. The phase-solubility diagrams were
constructed by plotting the total dissolved AS concentration (M) against
CD concentration (M). The apparent complexation constant (Kj.;) for
AS/CD complex was determined according to phase-solubility method (2)
and the complexation efficacy (CE) were calculated by Eq.1 (3):

Slope  [drug/CD complex]

= = =K, -S Eq. 1
1-Slope [cD] B q

where, Sy is the intrinsic solubility of AS in the absence of CD

3.2 Effect of water-soluble polymers on solubility of AS/SBECD
complexes

The phase-solubility of AS was determined in aqueous SBEBCD
solutions (0-5% wi/v) containing 0.01 mM CS or 10 mM P407. Briefly, CS
solution was prepared by dissolving CS in 0.4% v/v acetic acid solution.
In case of P407, it was dissolved in cold water for injection (WFI) and kept
overnight in refrigerator at 4 °C to completely dissolved. The obtained
polymer solutions were then added into the aqueous SBEBCD solutions.
AS was added in excess amount and the phase-solubility was conducted as
described above. The Ki.; and CE values were calculated. The CE ratio

between the presence and the absence of polymer was determined.
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4. Quantitative analysis of AS

Calibration curve of AS

Accurate amount of AS 50.0 mg was weighed and placed into 50
mL volumetric flask, dissolved with methanol:water (70:30 v/v) and
diluted to the desired volume to obtain 1 mg/mL AS as the stock solution.
The solution was then further diluted to be a concentration range of 12.5 -
1000 pg/mL. Each concentration was subjected to HPLC analysis in
triplicate. Peak area was recorded for all the solutions and the equation was
calculated from the linear relationship between peak area of AS and their

concentrations.
Sample preparation

The sample was appropriately diluted with methanol:water (30:70
v/v). A portion of sample was filtered through 0.45 um nylon filter and
subjected to HPLC analysis. The content of AS in the sample was

calculated from calibration curve of AS.
HPLC condition

Quantitative determination of AS was performed by a reversed-
phase HPLC component system from Agilent 1260 Infinity 11 consisting of
Liquid chromatography pump (quaternary pump, G7111A), UV-VIS
detector (G7115A), auto sampler (G7129A) with Chem Station software
version (E.02.02) and Shiseido™ Capcell Pack C18 MG Il S-5, C18,
250x4.5 mm ID with C18 guard cartridge column MGII 5 pm, 4x10 mm.
The HPLC condition was as follows; mobile phase: acetonitrile: water
(28:72 v/v); flow rate: 0.9 mL/min; oven temperature: ambient; UV
detector wavelength: 220 nm; injection volume: 20 pL; and run time: 15

minutes.
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5. Validation for the quantitative analysis of AS

Specificity

The specificity of analyte was investigated by injecting of AS and
other components i.e., BCD, SBEBCD, CMBCD, HPBCD, CS, P407,
benzalkonium chloride (BAC and mobile phase to demonstrate no
interference in analyte elution. The components were properly diluted

before determining by HPLC.
Linearity

Linearity was determined by injecting the series of AS standard
solutions in the range of 12.5-1000 pg/mL. Each concentration was done
in triplicate and the calibration curves were constructed by plotting the
peak area versus nominal concentration expressed in pg/mL of AS. From
each calibration curve, the slope, intercept and coefficient of determination

(R?) were evaluated.

Precision
Within run precision

The within run precision was checked by analyzing five sets of three
standard solutions of AS within one day. The coefficients of variation of

the peak area responses (% CV) for each concentration were determined.
Between run precision

The between run precision was determined by comparing each

concentration of AS standard solution which prepared and injected on
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different days. The coefficients of variation of the peak area responses (%

CV) from three standard solutions on different days was calculated.
Accuracy

The recovery of AS from blank formulation was assessed by spiking
blank formulation (all components except the drug) with AS in triplicate at
three level spanning 80-120% of amount of AS in the formulation. The

average recovery and the coefficient of variation (% CV) were calculated.

6. Preparation and characterization of the binary AS/CD and
ternary AS/CD/polymer complexes
6.1 Solution-state characterization by proton nuclear magnetic
resonance (*H-NMR) spectroscopy
The pure solid samples of AS, SBEBCD, HPBCD, P407 and CS as
well as AS/CD binary complex (i.e., 1:1 molar ratio of AS/HPBCD or
AS/SBEBCD) and AS/SBEBCD/polymer (10 mM P407 or 0.01 mM CS)
ternary complexes were dissolved in 10% v/v D,O in DMSO-ds and
equilibrated at 301 °C for 24 hr. *H-NMR spectroscopy measurements
were performed by using a 500 MHz *H-NMR spectrometer (BRUKER
model AVANCE Il HD, USA). The spectrum and chemical shift values
were recorded as ppm. The residual solvent signal (DMSO-ds 2.50 ppm)
was used as internal reference and the chemical shift values were calculated

according to the following equation:

AS™ = Scompiex) — 6(free) Eq. 2
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6.2 Solid-state characterization

Sample preparation

Aqueous solutions containing 1:1 molar ratio of the binary
complexes i.e., AS/HPBCD and AS/SBEBCD (m: n; D,:CD,, where mand
n represented the total moles of drug and CD, respectively) and
AS/CD/polymer (10 mM P407 or 0.01 mM CS) ternary complexes were
prepared by heating in the sonicator at 60 °C for 30 min. The samples were
equilibrated at 30+x1 °C for 7 days under constant agitation. After
equilibrium was attained, the samples were centrifuged (Thermo Fisher
Scientific, MA, USA) at 13000 rpm for 20 min. Then, the supernatant was
withdrawn, frozen at -80 °C for 2 hr and lyophilized at —52 °C for 48 hr in
a freeze-dryer (Labconco Lyophilizer, MO, USA), yielding a solid
complex powder (FD). Identical physical mixtures (PM) were prepared by
careful blending of ingredients in a mortar with pestle. The samples were
characterized in solid-state as follows: intact, PM and FD of binary

complexes (AS/HPBCD, AS/SBEBCD) and ternary complexes
(AS/SBEBCD/P407, AS/SBEBCD/CS).

6.2.1 Differential scanning calorimetry (DSC)

DSC thermograms were determined in a differential scanning
calorimeter (Mettler Toledo, DSC822 STAR® System, Germany). The
samples (3-5 mg) were placed in sealed aluminium pans and heated with
flow rate of 10 °C/min from 30 to 300 °C under nitrogen. An empty

aluminium pan was used as a reference.
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6.2.2 Powder X-ray diffraction (PXRD)

The PXRD patterns were recorded by using Powder X-ray
diffractometer (Rigaku model MiniFlex |1, Japan), operated at a voltage of
30 kV and 15 mA current. The samples were analyzed as the 26 angle range
of 3°- 40° and the scanning rate of 2° per minute with the step size of 0.020°
(20).

6.2.3 Fourier transform infra-red (FT-IR) spectroscopy

The samples were measured in a FT-IR spectrometer (Thermo
Scientific model Nicolet iS10, USA) using the attenuated total reflectance
(ATR) technique. The data were obtained in the range of 400-4000 cm ™.

The analysis was performed at room temperature.

6.3 In vitro release study

In vitro release study was performed by using a USP dissolution test
apparatus type Il (Vk 7010, Vankel Technology Group, NC, USA). Intact
AS (20 mg) and FD samples of binary and ternary complexes equivalent
to 20 mg of AS that obtained from section 6.2 were filled into transparent
hard gelatin capsules No. 0. The capsules were hanged with stainless steel
wires at the paddles and dipped into the cylindrical dissolution vessels
containing 100 mL phosphate buffer saline (PBS), pH 7.4. The stirring
speed was 100 rpm and the temperature of dissolution medium was
maintained at 370.5 °C. Five milliliter aliquots of dissolution medium was
withdrawn at various time intervals and replaced by the same amount of
fresh medium. The collected samples were filtered through a 0.45 pum

nylon filter and analyzed by HPLC. The experiment was carried out in
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triplicate. The cumulative percentage release of AS against time was
constructed to plot the drug release profile. Dissolution efficiency at 120
min (DEiy) was calculated according to Khan (1975) (93). The time
required to release 50% of AS [tsos (mMin)] together with the dissolution rate
constant [K; (min-)] were determined from the slope of linear plot of drug

release profile.

7. Morphology, particle size and zeta potential analysis
The morphology, particle size and zeta potential of the drug/CD
complex aggregates in agueous complexation media were examined. AS
was saturated in 5% w/v HPBCD or 2.5% w/v SBEBCD with and without
CS (0.1% wi/v) or P407 (5% wi/v) and analyzed by using dynamic light

scattering (DLS) and transmission electron microscopy (TEM).

7.1 DLS measurement

DLS technique was used to determine the particle size and zeta
potential of AS/CD based aggregates in solutions and performed by using
Zetasizer (Nano ZS, Malvern, UK, with software version 7.11). Sample
was put in a cuvette and placed in the instrument. Measurements were
carried out at 25 °C and 180° scattering angle. Particle size, size
distribution and zeta potential were automatically calculated and analyzed
by the software included within the system. Each measurement was done

in triplicate.
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7.2 TEM analysis

The morphology of AS/CD based aggregates were evaluated by
TEM (JEOL, JEM-2100F, USA). Initially, the sample was placed on a
formvar-coated grid. After blotting the grid with a filter paper, the grid was
transferred onto a drop of negative staining. Aqueous 2% phosphotungstic
acid solution or uranyl acetate was used as a negative stain for negatively
charged and positively charged nanoparticles, respectively. The sample
was air dried at room temperature and finally, the sample was examined
with TEM.

8. Preparation of SBEBCD/CS nanoparticles

The drug-free nanoparticles containing SBEBCD and CS were
prepared by ionotropic gelation according to the method of Calvo et. al
with modification (25). Firstly, the various concentrations of CS (0.5-3%
w/w) were prepared by dissolving CS in 0.4% v/v acetic acid solution.
Then, the aqueous solutions of SBEBCD (0.5-5% w/w) was added
dropwise (approximately 2 drops/min) into their different concentrations
of CS at a weight ratio of 1:3 (w/w) via 27G needle under magnetic stirring
at 500 rpm. The final concentrations of CS and SBEBCD in the
preparations were from 0.375 to 2.25% w/w and from 0.125 to 1.25% w/w,
respectively. The obtained preparations were continued stirring for 15 min
at room temperature. After that, the appearance from visual observation
was defined and recorded as clear, opalescent dispersion and turbid
(aggregates). The aggregates referred to the preparations that were firstly
observed in the appearance of suspension and then quickly sediment after



39

few minutes. The opalescent suspensions were determined as SBEBCD:CS

nanoparticle formation. Of these ratios were subjected to load AS.

The AS loaded SBEBCD/CS nanoparticles were prepared by
dissolving AS in SBEBCD solutions. The solution was then added drop-
wise into CS solutions under the same conditions as drug-free SBEBCD/CS
nanoparticle preparation. The particle size, size distribution and zeta

potential were determined. Each preparation was done in triplicate.

9. Preparation of AS/SBEBCD/CS thermoresponsive in situ gel
formulations
The composition of in situ gel formulations containing AS are
displayed in Table 2. Briefly, thermo-gelling phase was prepared by
dissolving 16% w/w P407 in water for injection (WFI), approximately 4
°C containing 0.02% w/w benzalkonium chloride (BAC) under continuous
magnetic stirring. The obtained P407 gel solution was kept overnight in a
refrigerator to obtain clear solution. The nanoencapsulation phase
containing AS loaded NPs with various SBEBCD/CS ratios (F1-F3) was
prepared as described in the method of drug-loaded SBEBCD/CS NPs.
Then, the nanoencapsulation phase was transferred and mixed with
thermo-gelling phase and stirred until the solution was homogenous.
Finally, the preparation was filled up with WFI to the desired weight and
kept at 4 °C for further analysis. In comparison, the non-encapsulated
formulations comprised of AS/HPBCD complexes and the combination
thereof (i.e., both encapsulated and non-encapsulated) were prepared. In
case of non-encapsulated formulations, AS was dissolved in HPBCD

solutions (F4-F6 and F10-F12) while the formulations containing both
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systems (F7-F9 and F13-F15) the amount of AS was divided into two parts
and was dissolved according to each platform prior to add into the gelling
phase.

Table 2 The composition of thermoresponsive in situ gel formulations
containing asiaticoside

weight ratio of SBEBCD/CS
Ingredients Formulation®

F1 F2 F3 F4 F5 F6 F7 F8 F9 FI10 F11 FI2 FI3 F14 F15

(% W/W)

Asiaticoside  0.02 0.03 0.04 0.1 0.150.2 0.1 0.15 0.2 0.5 0.751 05 075 1
SBEBCD/CSb 1:2 1:151:12 _  _ N 1:2 1:1.5 1:1.2 _ _ _ 1:2 1:1.51:1.2
HPBCD - - 4 050751 050751 25 3755 25 375 5

bEach formulation containing 16% P407 and 0.02% BAC, all %w/w and adjusted
weight g.s. to 100 g with WFI

10. Physicochemical and chemical Characterizations
10.1 Appearance, pH, viscosity, and syringeability and
Injectability

The appearance of in situ gel formulations were subjected to visual
observation. The pH of in situ gel was measured by using pH meter
(Mettler Toledo, Seven Compact, Germany) at 25 °C. The viscosity was
determined at 25 °C and 37 °C using Brookfield Digital Viscometer
(Model DV-I Digital Viscometer RVTD-1, USA). The syringeability and
injectability of in situ gel formulations were investigated by using 27G
needles which were commonly used in dental field (94). The syringeability
of formulation was evaluated by withdrawing 1 mL of formulation in

solution-state through 27G needle which attached to 1 mL syringe. The
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injectability was determined by pressing the injector part of syringe with
the gentle uniform force via 27G needle. The syringeability and
injectability of the solution which passed through the syringe and needle
was expressed as; (+) solution can be syringed and injected with strong
force, (++) medium force, (+++) less force and (-) the solution cannot pass
through the needle (95).

10.2 Gelation temperature, gelation time and in vitro gelling
capacity
The gelation temperature was determined by test-tube inverting
method (96). Two milliliters of the preparation were placed in test-tube
which was immersed into water-bath at 25 °C. Then, the temperature of
the water-bath was gradually increased in increment of 0.2 °C. The
formulations were allowed to equilibrate at each temperature setting for
5 minutes. The gelation temperature was recorded when the absence of

flow on inversion of the test-tube 90° was observed.

To investigate the gelation time, two milliliters of each formulation
in solution-state was placed in the test-tube. Then the test-tube was
immersed into the water-bath in which temperature was maintained at
3720.5 °C. The time for gel formation was determined by investigating of
the no flow of gel by tilting the test-tube 90° (97).

In vitro gelling capacity of formulation was evaluated on the basic
of stiffness of the formed gel and the duration for which the formed gel
remained. Two milliliters of simulated salivary fluid (SSF) was placed in
test-tube and maintained at the temperature of 37+0.5 °C in the water-bath.

One milliliter of formulation in sol form was pipetted and slowly released
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to the surface of SSF in the test-tube. The time for gel formation and the
time counted for the formed gel to be dissolved was noted and defined as
(+) gelation after few minutes and disperse rapidly, (++) immediate
gelation and remained for few hours, (+++) immediate gelation and

remained for long period of time (97).

10.3 Particle size and size distribution and zeta potential analysis
The particle size and zeta potential of in situ gels were measured
with DLS (Zeta sizer, Malvern Instruments Ltd, UK). The particle size
distribution was reported as polydispersity index (PDI). The measurements

were conducted at 25 °C. All experiments were performed in triplicate.

10.4 Total drug content and encapsulation efficiency (EE)

AS content in in situ gel formulation was determined by placing 1 g
of in situ gel into 10 mL volumetric flask and dissolved with
methanol:water (30:70 v/v). After proper dilution, the solution was filtered
through 0.45 um nylon filter and analyzed by HPLC. Each sample was

done in triplicate.

The percentage of EE (%EE) of encapsulated in situ gel was
determined by indirect method. The formulations were centrifuged at
10,000 rpm for 90 min (98). Then, the supernatant was withdrawn and the
content of unentrapped AS was dissolved, properly diluted with
methanol:water (30:70 v/v) and then quantified by HPLC. The % EE was

calculated as follow:

total amount of drug—amount of unentrapped drug

WEE =

x 100 Eq.3

total amount of drug
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11. Rheological study

The rheological study of in situ gel formulations was carried out with
a HAAKE MARS III rotational rheometer (Thermo Fisher Scientific,
Schwerte, Germany) using a Peltier unit to control the temperature. For
oscillatory mode, a parallel plate (40 mm diameter, PP60Ti) geometry
measuring system was employed, and the gap was set to 1 mm. Amplitude
sweep was firstly done at 25+0.1 °C and 37%0.1 °C with constant frequency
(1 Hz) to get linear viscoelastic region where stress was directly
proportional to strain. Then, frequency sweep analysis was performed over
the frequency range of 0.1-10.0 Hz. The storage modulus (G’), the loss
modulus (G”), the dynamic viscosity (n') and the loss tangent (tan d) were

recorded.

12. In vitro mucoadhesion study

The mucoadhesive property of in situ gel formulations was
determined by modified method (99). Firstly, semipermeable membrane
was attached to the inside-bottom of glass vial by cyanoacrylate glue. Then,
0.1% wi/v aqueous mucin solution (porcine stomach, Type Il) was added
into the vial to soak the membrane for about 2 hr. The excess mucin
solution was removed from the surface of the membrane. Each formulation
of 0.5 g was placed onto the center of the membrane and allowed it to form
gel in oven at 37 °C for 15 min. Four milliliters of SSF which was
previously degassed and pre-warmed at 37 °C was gradually added into the
vial. The vials were shaken in the incubating shaker at 37+0.5 °C, 50 rpm
for 5 min. After the time reached, the liquid was pipetted off. Finally, the

remaining in situ gel on the membrane was dissolved with methanol:water
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30:70 vlv, filtered with 0.45 um nylon filter and the amount of AS

remained was analyzed by HPLC. Each formulation was done in triplicate.

13. In vitro release studies

The in vitro release of AS from in situ gel formulations through
semipermeable membrane (MWCO 3,500 Da) was determined by
modified Franz diffusion cell. The membrane was soaked overnight in the
receptor medium, SSF pH 6.8 containing 2.5% w/v HPBCD before being
mounted on the Franz diffusion cell. HPBCD was added to the receptor
phase to allow sink condition. The donor compartment contained 1 g of
tested formulation. The study was maintained at the temperature 37+0.5 °C
and the receptor phase (12 ml) was continuously stirred at 150 rpm during
the experiment. A 150 pL aliquot of the receptor medium was withdrawn
at various time intervals and replaced immediately with an equal volume
of fresh receptor medium. The amount of AS in the receptor medium was

analyzed by HPLC. Each experiment was conducted in triplicate.

14. Cytotoxicity Assay

Human periodontal ligament cells (HPDLCs) were obtained from
Faculty of Dentistry, Chulalongkorn University. The HPDLCs were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, NY,
USA) containing 10% fetal bovine serum (Gibco), 2 mM L-glutamine
(Gibco), 100 units/mL penicillin, and 100 mg/mL streptomycin in a
humidified atmosphere with 5% carbon dioxide at 37 °C. Medium was
changed every 48 hrs. All experiments were performed in serum-free

medium and each experiment was carried out in triplicate (17). To study
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the cell viability, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT; Gibco) assay was performed. Briefly, the cells were seeded
in 96-well tissue culture plates at a density of 10,000 cells/ml. Drug-free
and AS loaded in situ gels with the serial dilutions as well as controls were
added to the wells and incubated for 24 hr (100). After incubation, 200 pL
of MTT solution [5 mg/ml diluted in phosphate buffered saline (PBS)] was
added to each well and incubated at 37 °C for 3 hr. Then MTT solutions
were removed out of each well and 200 pL of dimethyl sulfoxide (DMSO)
was again added to each well. The plates were shaken until the formazen
crystals were dissolved. The absorbance was determined at 570 nm with a
microplate reader (Bio-Rad Model 550; Bio-Rad, Hercules, CA, USA). All

reported values were the means of triplicate samples.

15. Immunocytochemistry

The HPDLCs were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, NY, USA) containing 10% fetal bovine serum
(Gibco), 2 mM L-glutamine (Gibco), 100 units/mL penicillin, 100 mg/mL
streptomycin in a humidified atmosphere with 5% carbon dioxide at 37 °C.
To study the immunocytochemistry, briefly, the cells were seeded in 96-
well tissue culture plates at a density of 10,000 cells/ml. Drug-free and AS
loaded in situ gels were added to the wells and incubated for 24 hr (100).
After incubation, 150 pL of media and sample solutions were removed out
and washed with PBS. Then, HPDLCs were fixed by using 4%
glutaraldehyde solution (Merck, Darmstadt, Germany). After 30 min, the
cells were washed with PBS and blocked with FBS for 60 min. The cells
were incubated with collagen I monoclonal antibody (5D8-G9) (thermo
fisher scientific, U.S.A.), R-phycoerythrin goat anti mouse IgG (H+L)
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(Invitrogen, U.S.A.) at a 1:100 dilution and kept overnight at 4 °C. After
washing with PBS, the cells were counterstaining the nuclei with DAPI
(0.1 mg/mL, Invitrogen) for 30 min, the cells were analyzed with a

fluorescent microscope (17).

16. Statistical Analysis
All quantitative data were presented as meanszstandard deviation
(S.D.). Student’s t-test and one-way ANOVA with Tukey post-hoc test
were determined by the statistical software SPSS, version 16.0. The p-

value, p<0.05 was considered as statistical significance.
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CHAPTER IV
RESULTS AND DISCUSSION

1. pH-solubility profiles

The aqueous solubility of drug plays an important role on the
pharmaceutical formulation development. One of the techniques for drug
solubilization enhancement is the pH adjustment. The pH-solubility profile
of AS was determined and shown in Figure 7. The solubility of AS was
gradually increased from pH 2 to pH 4. At pH 4, the highest aqueous
solubility of AS was attained and then leveled off to the lowest at pH 10.
It indicated that the AS solubility was found to be 120 pg/mL at
physiological pH (pH 7.4). Since the high molecular weight of AS (959.12
Da) and the solubility of AS was relatively low, it may hamper the drug
bioavailability.
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2. Thermal stability of AS in aqueous solution

It was believed that heating method can provide the more increasing
of drug solubility through CD inclusion complex (101). Thus, the thermal
stability study of AS was conducted according to Loftsson et al., (2005)
(20). Table 3 and 4 display the percentage of AS remaining in pure water
and aqueous solution containing 2.5% and 5% w/v SBEBCD after zero to
three cycles of autoclave at 121 C for 20 min and sonicate at 60 C for 30
min, respectively.

The percentage loss of AS in pure water was significantly higher
than those of aqueous SBEBCD solutions after passing through three
heating cycles (p<0.05) (Table 3).

Table 3 Percentage of AS remaining in pure water and agueous solution
containing 2.5% and 5% w/As SBESCD after zero to three heating cycles
in autoclave at 121 T for 20 min. (MeanzS.D., n=3)

No. of cycles Percentage of AS content in conc. change

pure water SBEBCD (2.5% w/v) SBEBCD (5.0% w/v)

cycle 0 100.00 100.00 100.00

cycle 1 95.92+2.28 99.01+1.00 97.38+1.68
cycle 2 94.76x2.71 97.75+0.59 95.93+1.99
cycle 3 89.05+2.01 94.61+0.87 94.67+3.23

The increasing AS/SBEBCD complex solubility via autoclaving
gave the drug degradation about 5-10%. In contrast, AS content was less
than 2% or unchanged in pure water or in SBEBCD solutions, respectively
after three cycles of sonication (Table 4). It demonstrated that AS was

relatively stable when using heating process through sonication method.
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Table 4 Percentage of AS remaining in pure water and aqueous solution
containing 2.5% and 5% wAs SBECD after zero to three heating cycles
in ultrasonic bath at 60 C for 30 min. (Mean+S.D., n=3)

No. of cycles  Percentage of AS content in conc. change

pure water  SBEBCD (2.5% w/v) SBEBCD (5.0% w/v)

cycle 0 100.00 100.00 100.00

cycle 1 99.32+1.43 100.77+3.27 101.24+1.07
cycle 2 99.08+1.58 100.98+1.85 101.77+2.32
cycle 3 98.55+2.01 101.31+2.87 100.76+0.81

The recent accelerated stability studies have been reported that AS
was decomposed when exposure to high temperature (102). It may be due
to the hydrolysis of glycoside. The possible mechanism for hydrolysis of
AS was proposed that AS was hydrolyzed and broken down to aglycone
(asiatic acid), two sugar molecules and one rhamnose (103). Our
investigation showed that AS degradation during the heating process by
sonication was not more than 2%. Thus, this heating method was employed

for further study.

3. Solubility determinations

3.1 The effect of CD on AS solubilization

AS is a low water-soluble compound that has intrinsic solubility i.e.,
the aqueous solubility in pure water approximately 0.7 mM (43). CDs can
enhance the solubility of lipophilic compound via inclusion complex
formation. It is well-known that, cavity size of BCD is the most suitable for
complexation with many lipophilic drugs (101). However, because of the
molecular rigidity and strong intermolecular hydrogen bonding in the
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crystal state, native BCD resulted in poor aqueous solubility. Attachment
of hydroxypropyl or sulfobutylether groups can favour the CD to interact
with the surrounding water molecules and increase the aqueous solubility
(104). In this study, BCD derivatives (HPBCD, SBEBCD and CMBCD)
were included to investigate the CD solubilization of AS.

Figure 8 displays the phase-solubility diagrams of AS in aqueous
CD solutions i.e., BCD, SBEBCD, HPBCD and CMBCD. All of the phase-
solubility profiles represented the A_-type according to Higuchi and
Connors (1965) (105). The solubility of AS increased linearly as the
concentration of CDs increased (R? > 0.9) and it was assumed that 1:1
AS:CD complexes were formed.

The apparent stability constant (K;.;) and complexation efficiency
(CE) of AS/CD complexes are shown in Table 5. The CD ranking
regarding to K;.; and CE values was as follows: HPBCD > 3CD > SBEBCD
>> CMPBCD. It indicated that AS has the highest affinity to HPBCD cavity
in the complexing medium. Panichpakdee and Supaphol (2011) revealed
that the solubility of AS was significantly increased about 20 times in the
presence of HPBCD (43). In comparison of the negatively charged CDs
(i.e., SBEBCD and CMBCD), SBEBCD has greater binding capacity than
CMBCD. This may be due to that the significant distance of charged
sulfonate moiety from the SBEBCD torus leading to enhance the binding
potential with less steric interference when compared with carboxy-methyl
substituent (CMBCD). In addition, the butyl moiety also acts as
supplementary binding site for substrates (106, 107). Due to the limited
aqueous solubility of native BCD and the very low CE of CMBCD, HPBCD
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and SBEBCD were chosen for further study which represented to neutral

and ionic BCD derivatives, respectively.
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Table 5 The values of the apparent stability constant (K;.1) and the
complexation efficiency (CE) of AS/CD complexes in aqueous solutions
at 30+1 °C.

Cyclodextrin Type R? Kia (MY CE

BCD A 0.9979 4,55 x 103 0.94
CMBCD A 0.9923 3.55x102 0.07
SBEBCD A 0.9980 3.84x10% 0.78
HPBCD A 0.9985 9.12 x 103 1.85

3.2 The effect of water-soluble polymers on AS/SBESCD

complexation

Water-soluble polymers are able to form ternary complex via
hydrophobic interaction, van der Waals dispersion forces or hydrogen
bonds that can enhance the CD solubilization of drugs (108). In this study,
the effect of water-soluble polymers (CS and P407) on SBEBCD
solubilization of AS was investigated. CS is cationic polymer and P407
represents to non-ionic block copolymer. Figure 9 displays the phase-
solubility profiles of AS/SBEBCD complex in the presence of CS (0.01
mM) or P407 (10 mM). The solubility of AS was increased with an
increasing of SBEBCD concentration. It demonstrated that the phase-
solubility profiles were A_ type and the stoichiometry of AS/SBERCD
complexation was not altered by addition of polymers.

Table 6 exhibits Ki;, and CE of AS/SBEBCD complex in the
presence and absence of polymer (CS or P407). In case of the addition of
CS, the values of K;.; and CE were slightly increased with CE increment
of 3.8%. CS could possibly form ternary complexes with AS/SBEBCD via
electrostatic interaction (98, 109). In other words, SBEBCD/CS
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nanoparticle formation could encapsulate AS resulted in increasing AS

solubility. Interestingly, the synergistic effect of SBEBCD solubilization
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Table 6 The values of apparent stability constant (K.1) and the
complexation efficiency (CE) of AS/SBEACD complex in aqueous

solutions in the presence of polymers at 30£1 C.

Cyclodextrin Polymer @ Type R? K1 CE % CE

increment

SBEBCD - AL 0.9980 3.84x10® 0.78 -

0.01mMCS AL 0.9637 4.95x10® 081 3.8%
10 mM P407 AL 0.9654 6.18x10% 0.87 115%

4CS: Chitosan, P407: Poloxamer 407

of drug was observed with P407. The increment of solubilization when
addition of P407 to AS/SBEBCD was approximately 12%. It has been
reported that the addition of polymer to drug/CD complex as ternary
complex, the extent of drug solubilization was higher than the binary
complex (110). Moreover, water-soluble polymers are also know to form
micellar type aggregates via the interaction with the outer surface of CD
molecule or with drug/CD complex (53, 111). These results agreed with
the study by Smith et al.,, (2005). They investigated the effect of
hydroxypropyl methylcellulose (HPMC) on SBEBCD solubilization of
carbamazepine (CBZ). The addition of HPMC to CBZ/SBEBCD binary
complex resulted in enhancement of drug solubility. It facilitates SBEBCD

amount reduction to be used in formulation (70).

4. 'H-NMR determinations
The information brought about by *H-NMR spectroscopy could be
used to establish the inclusion modes of guest molecule into CD cavity. It

is well-known that H-3 and H-5 protons of CDs are located in the inner
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cavity of CDs and prominent chemical shifts of H-3 and H-5 are crucial for
possible complex formation between drug and CD (58).

The chemical shift (Ad*) of proton in CD cavity, the downfield shift
of H-3 was +0.003 ppm and upfield shift of H-5 was -0.054 ppm in
AS/HPBCD binary complex whereas in AS/SBEBCD complex, downfield
shift of H-3 was +0.038 ppm and upfield shift of H-5 was -0.080 ppm. In
literature, the upfield shifts occurred because of anisotropic magnetic effect
induced by the presence of the aromatic group of guest molecule within the
CD cavity (112). It was suggested that the significant upfield shifts of H-5
were observed in both CDs and assumed that AS molecule was inserted
into the narrow side of CD cavities. Regarding to A5* of CH3-24, CH3-25,
CH3-27 and CH3-29 protons of AS, the significant upfield shifts within the
binary AS/HPBCD and AS/SBEBCD were investigated (Table 7 and 8).
The more chemical shift of CH3-29 of AS was observed when it complexed
with SBEBCD (-0.102 ppm) than HPBCD (-0.025 ppm). According to the
observation by Panichpakdee and Supaphol (2011), the chemical shifts of
CH3-29 and CH3-27 protons of AS and the inner-cavity proton of HPBCD
were significantly shifted (43). Our investigation confirmed that the
cyclohexane ring moiety of AS was inserted within high electron rich
hydrophobic CD cavity.

The chemical shifts of ternary complexes of AS/SBEBCD/P407 and
AS/SBEBCD/CS are summarized in Table 9 and 10. The incorporation of
water-soluble polymers did not significantly change the chemical shift

when compared with AS/SBEBCD binary complex.
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Table 7 The *H-chemical shifts of AS alone and in the presence of
HPACD

Asiaticoside Cyclodextrin

HPBCD, R=CH,CH(CHs)OH or H;
SBEBCD, R:CH2CH2CH2CH2803N8 orH
1/ 2’ 3’ 4’

H Ofree 5comp|ex Ad*=
(8comp|ex-8free)

AS

H-12 5.264 5.205 -0.059
H-1 5.174 5.150 -0.020
CHs-18 2.050 2.039 -0.011
CHs-27 1.151 1.066 - 0.086
CH3-25 0.931 0.861 -0.070
CH3-29 0.854 0.829 -0.025
CHs-24 0.656 0.597 -0.059

Rha-5 3.898 3.875 -0.023
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Table 7 The *H-chemical shifts of AS alone and in the presence of HPACD

(Con’t)
H Ofree Scomplex Ad*=
(8complex-Oree)

HPACD

H-1 4872 4.864 - 0.008
H-2 3.396 -8 -8
H-3 3.813 3.816 +0.003
H-4 3.311 3.308 - 0.003
H-5 3.599 3.545 - 0.054
H-6 3.681 3.685 +0.004
CHs; 0.955 0.975 +0.020

doverlapping of chemical shifts



Table 8 The *H-chemical shifts of AS alone and in the presence of

SBEACD

H Ofree Scomplex Ad*=
(Ocomplex-Ofree)

AS
H-12 5.264 5.219 -0.045
H-1 5.174 5.125 - 0.049
CHs-18 2.050 2.043 - 0.007
CH3-27 1.151 1.066 - 0.085
CH3-25 0.931 0.854 -0.077
CH3-29 0.854 0.752 -0.102
CHs-24 0.656 0.598 - 0.058
Rha-5 3.898 3.864 -0.034
SBEACD
H-1 4.880 4.858 -0.022
H-2 3.400 3.368 - 0.032
H-3 3.784 3.822 +0.038
H-4 3.286 -2 -8
H-5 3.611 3.531 -0.080
H-6 3.674 3.684 +0.010
H-4' 2.733 2.744 +0.011
H-2'H-3' 1.583 1.591 +0.008

overlapping of chemical shifts
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Table 9 The *H-chemical shifts of AS alone and in ternary complex

(AS/SBESCD/CS)

H Ofree Scomplex Ad*=
(Ocomplex-Ofree)

AS
H-12 5.264 5.223 -0.041
H-1 5.174 5.129 - 0.045
CHs-18 2.050 2.042 - 0.008
CH3-27 1.151 1.067 - 0.084
CH3-25 0.931 0.857 -0.074
CH3-29 0.854 0.752 -0.102
CH3-24 0.656 0.600 - 0.056
Rha-5 3.898 3.858 - 0.040
SBEACD
H-1 4.88 4.868 -0.012
H-2 3.400 3.383 -0.014
H-3 3.784 3.808 +0.024
H-4 3.286 -2 -8
H-5 3.611 3.599 -0.012
H-6 3.674 3.682 +0.008
H-4' 2.733 2.743 +0.010
H-2'H-3' 1.583 1.589 +0.006

overlapping of chemical shifts
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Table 10 The *H-chemical shifts of AS alone and in ternary complex

(AS/SBEACD/P407)

H Ofree Scomplex AS* =
(Ocomplex-Ofree)

AS
H-12 5.264 5.215 -0.049
H-1 5.174 5.123 -0.051
CHs-18 2.050 2.044 - 0.006
CH3-27 1.151 1.066 - 0.085
CH3-25 0.931 0.856 -0.075
CH3-29 0.854 0.753 -0.101
CH3-24 0.656 0.598 -0.058
Rha-5 3.898 3.862 -0.036
SBEACD
H-1 4.880 4.859 -0.021
H-2 3.400 3.363 -0.037
H-3 3.784 3.821 +0.037
H-4 3.286 -a -a
H-5 3.611 -a -a
H-6 3.674 3.680 +0.006
H-4' 2.733 2.744 +0.011
H-2'H-3' 1.583 1.592 +0.009

doverlapping of chemical shifts
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5. Solid-state characterization

5.1 DSC analysis

DSC is an important tool to investigate the interaction between host
and guest molecule when the drug molecule included in CD cavity (60). It
referred that when the drug molecule included in the CD cavity, the melting
point might be shifted or disappeared. Figure 10 displays the DSC
thermograms of intact AS, HPBCD, SBEBCD, the physical mixtures (PM)
and freeze dried (FD) of binary (AS/HPBCD, AS/SBEBCD) and FD of
ternary complexes (AS/SBEBCD/CS and AS/SBEBCD/P407). The DSC
thermogram of AS displayed a broad endothermic peak in the temperature
range of 50-130 °C due to dehydration during the heating process and sharp
endothermic peak at 251.20 °C which corresponded to its melting point
(Figure 10a). This observation was in accordance with the study of
Panichpakdee and Supaphol (2011) (113). DSC curves of HPBCD and
SBEBCD showed broad endothermic bands around 80 °C which attributed
to the dehydration process (Fig. 10b and 10e respectively). Generally, DSC
of amorphous CDs show broad endothermic peaks around 90-130 °C due
to dehydration of CD molecule (60). In the thermogram of SBEBCD, the
further decomposition peak was observed at 266.45 °C (114).

In case of PM of AS/HPBCD and AS/SBEBCD, AS melting peak
was still observed in the thermograms but slightly shifted to lower
temperature of 249.42 °C (Figure 10c) and 249.04 °C (Figure 10f),
respectively. This may be due to the weak interaction of components or
heat induced interaction during DSC operation (63). For FD samples of

binary AS/HPBCD complex, the disappearance of an endothermic peak of
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AS (251.20 °C) may be attributed to an amorphous state of AS and/or the

formation of inclusion complex between AS and HPBCD in the solid-
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Figure 10 DSC thermograms of (a) pure AS, (b) pure HPSCD, (c) PM
AS/HPCD, (d) FD AS/HPBCD (e) pure SBESCD, (f) PM AS/SBESCD,
(g) FD AS/SBESCD, (h) FD AS/SBESCD/CS, (i) FD AS/SBE SCD/P407.

state (Fig. 10d) (113). For FD binary (AS/SBEBCD) and ternary
(AS/SBEBCD/CS) complexes (Fig. 10g, 10h, 10i), the endothermic peak
of AS disappeared and the endothermic peak at 266.45 °C shifted to 259.75,
261.41 and 259.90 °C respectively. The similar finding was observed in
thermogram of FD samples of SBEBCD and Nateglinide (NTG) and
concluded that there was possible interaction between NTG and SBERCD
(115).
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5.2 FT-IR spectroscopy

FT-IR spectroscopy is the widely used technique to determine the
interaction between CD and guest molecule in solid-state and the
complexation of guest molecules can be observed from changes or shifts
in absorption spectrums (24). Figure 11 shows the FT-IR spectra of AS,
HPBCD, SBEBCD, PM and FD samples of their binary complexes and FD
samples of AS/SBEBRCD/polymer ternary complexes. The typical
absorption bands of AS depicted as C=C stretching vibration at 1027.49
cm-1, C-O-C stretching at 1448.60 cm™t, C-C stretching at 1734.22 cm ™,
C-H stretching at 2905.64 cm ! and broad peak of O-H stretching at
3355.71 ¢cm ! (Figure 11a) (116). The FT-IR spectra of HPBCD and
SBEBCD showed a broad absorption band between 2983 and 3675 cm*
due to OH-stretching vibration (Figure 11b and 11e). Figure 11c and 11f
show the FT-IR spectra of AS in PM of both CDs. It indicated that there
was no interaction of AS and CD with a simple superimposition of
individual components as well as no substantial alternation. In case of the
FT-IR spectra of FD samples, they did not show new bands which inferred
that there were no chemical bonds between AS and CD. However, in the
binary complexes (Figure 11d and 119), the prominent characteristic peaks
corresponding to the aromatic ring of AS i.e., C=C stretching, C-H
stretching and C-C stretching were shifted to 1021.65, 2924.16, 1735.21
and 1078.95, 2921.75, 1733.73 cm respectively. The O-H stretching of
AS was also shifted to 3355.68 cm and, 3373.48 cm™ in both AS/HPBCD
and AS/SBEBCD binary complexes, respectively.
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Figure 11 FT-IR spectra of (a) pure AS, (b) pure HPSCD, (c) PM
AS/HPACD, (d) FD AS/HPACD (e) pure SBESCD, (f) PM AS/SBEACD,
(9) FD AS/SBESCD, (h) FD AS/SBESCD/CS, (i) FD AS/SBESCD/P407

Since the C=C, C-H and C-C bonds correspond to the aromatic ring of AS,
there might be possible interactions between the benzene ring moiety of
AS and hydrophobic cavity of CDs. This result was confirmed by the
evidence of the 'H-NMR data in which the significant chemical shifts of
cyclohexane ring of AS and inner cavity of CDs were observed. The

hydrogen bonding interaction of ternary complexes (AS/SBEBCD/CS and
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FD AS/SBEBCD/P407) was also observed with significantly shifted O-H
stretching vibration to 3362.59 and 3371.45 cm™ respectively (Figure 11h
and 11i). The existence of these spectral changes might be due to the
dissociation of the intermolecular hydrogen bonds of AS through the
formation of complexes via possible interactions between the functional
groups of AS, CDs and polymers (68, 117). These findings were in
agreement with the study of Jain et al., (2011) in which FT-IR spectrum
shifts in O-H stretching of SBEBCD and C=C of carbamazepine (CBZ)
were evidenced of interaction between CBZ and SBESCD (118).

5.3 Powder X-Ray Diffraction (PXRD)

PXRD is the powerful method to detect CD complexation of
compound in powder or crystalline states (60). Figure 12 depicts the X-ray
diffraction patterns of AS, HPBCD, SBEBCD, PM and FD samples of their
binary and ternary AS/SBEBCD/polymer complexes. The X-ray spectrum
of AS represents the numerous sharp diffractions in the range of 4-25° 260
(Figure 12a). High intensity peaks were observed at 4.313, 13.870, 15.929,
16.632, 19.950, 21.557° indicating the high degree of crystallinity. For
HPBCD and SBEBCD, their diffractograms did not show any sharp peak
and only halo pattern were observed (Figure 12b and 12e) (119).

Simple overlapping of native diffraction patterns of AS and CD were
observed in PM of AS/HPBCD and AS/SBEBCD and the sharp crystalline
peaks of AS were scattered on the diffusion patterns of HPBCD and
SBEBCD (Figure 12c and 12f). This indicated that there was no interaction
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Figure 12 The PXRD spectra of (a) pure AS, (b) pure HPSCD, (c) PM
AS/HPACD, (d) FD AS/HPCD, (e) pure SBEACD, (f) PM AS/SBECD,
(g) FD AS/SBESCD, (h) FD AS/SBESCDICS, (i) FD AS/SBESCD/P407

between the components. However, in FD samples of AS/CD binary
complexes i.e., AS/HPBCD and AS/SBEBCD (Figure 12d and 12g) and
ternary complexes (AS/SBEBCD/CS and AS/SBEBCD/P407) (Figure 12h
and 12i), the corresponding AS peaks were completely disappeared. It
represented that AS transformed from crystalline to amorphous state. It

was probably due to the formation of drug/CD complexation. The similar
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findings were observed in the study of FD complex of daidzein with
HPBCD and SBEBCD by Deng et al., (2016). The results presented the
transformation to amorphous patterns provided strong evidences of

inclusion complexation between daidzein and both CDs (120).

6. In vitro release study

Figure 13 shows the AS dissolution profiles of free AS, binary
(AS/HPBCD, AS/SBEBCD) and ternary (AS/SBEBCD/CS and
AS/SBEBCD/P407) complexes. The dissolution efficiency at 120 min
(DE120), the time required to release 50% of the drug [tsos (min)] together
with the dissolution rate constant [K; (min™)] were determined from the
drug release profile and shown in Table 11. The AS/HPBCD and
AS/SBEBCD binary complexes exhibited 69.93% and 61.77% drug release
in 15 min, respectively; about 2-times higher in comparison to pure AS
(35.53%). At 120 min, AS/HPBCD and AS/SBEBCD achieved 98.85% and
78.37%, while pure AS attained 50.45% at the same interval. The
hydrophobic nature of AS prevented wetting in dissolution medium and
resulted to poor dissolution rate.

All dissolution parameters i.e., Ki, tsos, and DEjy of binary
complexes (AS/HPBCD and AS/SBEBCD) demonstrated that they
significantly improved the drug release or the drug dissolution rate when
compared to intact AS alone. The enhancement of AS dissolution in binary
complexes can be attributed based on high reduction of crystallinity, lower
surface tension between poorly soluble drug and dissolution medium by

CDs and greater solubilization of complexes (121). The similar dissolution
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enhancement of nimodipine after complexation with HPBCD and SBEBCD
was studied by Semchedine et al., (2014) (121).
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Figure 13 In vitro release study of AS, FD AS/SBECD, FD ASHP5CD,
FD AS/SBECD/CS and FD AS/SBE SCD/P407.

In the presence of polymers (CS or P407) as AS/CD/polymer ternary
complexes, the slightly dissolution retardant was observed. tsoy Of
AS/SBEBCDI/CS, was 20.3 min whereas that was longer in case of
AS/SBEBCD/P407 (24.6 min). When the ternary complexes made in
contact with dissolution medium, the polymers swelled and formed the
hydrophilic layer resulting the slow drug diffusion rate, especially in case
of P407. This is in accordance with the investigation of Jug and Becirevi¢-
Lac¢an (2004) (122). It revealed that slow release effect of piroxicam was
observed in the addition of HPMC as ternary complexation. In case of
SBEBCDI/CS, the electrostatic interaction between anionic SBEBCD and

cationic CS enables the slow release of drug (34, 42). However, at 120 min
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was attained, AS release rate of both ternary complexes were increased up
to 93%. K; of binary complex was slightly higher than both ternary
complexes, whereas there was only slight enhancement of DE1 in ternary
complexes were observed. The higher dissolution rate in both binary and
ternary complexes was achieved by possible amorphization of AS during
freeze drying (123). The enhancement in dissolution of the FD complex
could be derived from the formation of inclusion complexes in the solid-
state which was confirmed by DSC, FT-IR and PXRD studies.

Table 11 Dissolution parameters of solid complexes

Sample Ki(mint) R? tsose (MiN)  DE120

AS 0.007+£0.00 0.7058 80.03+£7.79 27.82+0.47
AS/HPBCD 0.057+£0.01 0.9070 12.94+0.74 54.54+1.20
AS/SBEBCD 0.051+0.01 0.8949 17.75+£1.23 42.39+3.02
AS/SBEBCD/CS 0.039+0.01 0.9460 20.30+£1.84 46.43+0.53
AS/SBEBCD/P407 0.031+0.01 0.9750 24.63t1.74 47.09+1.41

7. Morphology, particle size and zeta potential analysis

It is well-known that binary drug/CD as well as ternary
drug/CD/polymer complexes can promote the solubilization of poorly
water-soluble drugs via aggregate formation in aqueous solution. To
size of AS/CD binary complexes and

evaluate the particle

AS/SBEBCD/polymer ternary complexes, DLS and TEM were applied.

Table 12 shows the particle size and size distribution and zeta
potential of AS saturated in 5% w/w HPBCD or 2.5% w/w SBEBCD

solutions in the presence and absence of polymers and the morphology of
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their aggregates are displayed in Figure 14. For binary complexes i.e.,
AS/HPBCD and AS/SBEBCD, two different size populations were
detected. The first population was smaller size aggregates which were 1-3
nm in diameter, represented to the AS/CD inclusion complexes and the
second population referred to the formation of AS/CD complex aggregates
of 300-450 nm in diameter. It has been reported that, the diameter of CD
aggregates mostly occurs between 90 and 300 nm however size distribution
can vary from 20 nm to a couple of um (124). In agreement with DLS,
TEM images of binary complexes also displayed two different size
populations (Figure 14a and 14b). The smaller aggregates possess the
spherical in shape and the larger aggregate displays a cluster of small

spherical shaped aggregates (125).

As expected, the aggregate size of ternary complexes
(AS/SBEBCD/P407 and AS/SBEBCD/CS) was larger than that of binary
system. The size of ternary AS/SBEBCD/P407 complex showed
multicomponent of trimodal size distributions which existed as inclusion
complexes, small and large aggregates formation (Table 12). The non-ionic
polymer (P407) stabilize AS/SBEBCD binary complex by steric effect
(126) and the resulted AS/SBEBCD/P407 ternary system was observed as
the spherical shape aggregates (Figure 14c). In case of ternary
AS/SBEBCD/CS complex, it exhibited monomodal size distribution with
the particle size approximately 500 nm (Table 12). Polycationic CS
electrostatically interacted with polyanionic SBEBCD to form ionically
cross-linked SBEBCD/CS nanoparticles (109). These spherical shaped
nanoparticles with irregular surface were observed by TEM image (Figure

14d). The appearance was in accordance with previous reports and the drug
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was solubilized in SBEBCD as well as entrapped inside the shell of CS
within the nanoencapsulation platforms (53, 110, 127). However, all the
aggregates size appeared in TEM were smaller than the average size which
observed in DLS measurement. This was probably due to the dehydration

of sample during the preparation for TEM (109).

Water-soluble polymers and surfactants are known to have
stabilizing effect on CD aggregates in aqueous solutions (68). In
comparison between two ternary systems containing cationic polymer (CS)
and non-ionic polymer (P407), the aggregate size of AS/SBEBCD/CS
complex was smaller than that of AS/SBEBCD/P407, this may be due to
the electrostatic interaction between anionic SBEBCD and cationic CS.
Ryzhakov et al., (2016) revealed that as repulsive forces are strong the
micelle size becomes small but it can become very large when the repulsive
forces are weak as in the case with nonionic polymers (124). This was also
supported by zeta potential values in which incorporation of CS as ternary
system resulted higher zeta potential values of +19.43+0.9 mV than that of
non-ionic P407 -0.42+0.52 mV (126). It can also be seen that, the higher
the zeta potential value, the greater the stability for nano-aggregate system.
Although the zeta potential value of nano-aggregates in AS/SBERCD/P407
ternary complex was low, its stabilization is regulated by van der Waals
forces and hydrogen bonding interactions but there was competition of
binding resulting unstable aggregates (124).



Table 12 Mean particle size and zeta potential of binary AS/CD, and

ternary AS/SBESCD/polymer complex aggregates

Cyclodextrin Polymer  Mean particle size  Zeta Potential
(% wiw) (% w/w)  (nm; MeantS.D.)  (mV)
5% HPBCD - 2.3+0.05 +6.82+3.97
316.23+42.94
2.5% SBEBCD - 1.54+0.14 -1.27+0.54
416.96+11.81
5% P407  5.17%0.69 -0.42+0.52
31.76+4.60
2345.00+816
1% CS 527.86+18.41 +19.43+0.90

72
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Figure 14 TEM photographs of AS saturated in 5% HP SCD or 2.5%
SBECD solutions without and with polymers (5% P407 or 1% CS, all %
wiw) (@) ASHPACD, (b) AS/SBEACD, (c) AS/SBEACD/P407, and (d)
AS/SBECD/CS

8. Preparation and characterization of drug-free and drug-loaded

SBEBCD/CS nanoparticles

The ratio between SBEBCD and CS is critical parameter for
preparation of nanoparticles. Thus, prior to load AS into the
nanoencapsulated platforms, the appropriate concentrations and the ratios
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for drug-free nanoparticle formation was required to illustrate. The phase-
diagram of the different concentrations of SBEBCD and CS which were
used to prepare nanoencapsulation is shown in Figure 15. The appearance
of each SBEBCD:CS ratio was classified into 3 categories: clear solution,

opalescent suspension and aggregates.
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Figure 15 Phase-diagram of SBECD/CS nanoparticle formation with

three areas; clear solution (), opalescent dispersion (4) and

aggregates (M)

In most cases of low SBEBCD concentrations (0.125-0.25% wi/w),
the clear solution was observed. It indicated that the amount of anionic
SBEBCD was too low to counteract the cationic CS resulted in the
nanoparticles could not be formed or very low content of nanoparticles
were obtained (109). When increasing the proper concentrations of
SBEBCD (0.375-0.625% w/w) and CS (0.75-1.875% w/w), the opalescent
suspensions were detected that represented the nanoparticles formation.
Since the nanoencapsulations obtained from a high concentration of CS
(1.875% w/w) with 0.375-0.625% w/w SBEBCD were viscous, they were
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excluded from further study. The aggregation was observed when CS
concentrations were out of the optimum range i.e., <0.75% and >1.875%
w/w. Too high CS concentration i.e., 2.25% w/w the resulted preparation
was viscous; thus, the nanoparticles was not formed. Whereas, too low CS
concentration i.e., 0.375% w/w, shielding effect of positive charge of CS
to counteract the high negative charge of SBEBCD (>0.375 %w/w) was
occurred which caused a decrease in the positive zeta potential values of
the nanoparticles. Consequently, the reduction in the repulsive forces
between the nanoparticles resulted in cross-bridge formation between
nanoparticles and agglomeration of the nanoparticles was formed (109,
128).

From the results, the optimum concentration of SBEBCD and CS
formed nanoparticles were 0.375-0.625% w/w and 0.75-1.125% w/w
respectively. These concentrations were subjected to load AS via ionic
gelation technique. The physicochemical characterizations i.e., mean
particle size and size distribution (PDI) and zeta potential values of AS
loaded micro- and nanoparticles are shown in Table 13.

At the concentration of 0.75% CS with increasing SBEBCD
concentrations from 0.375% to 0.625% wi/w, the nanoparticles were
obtained in the range of 700-760 nm. The higher the concentrations of CS
up to 1.125-1.5% wi/w, the larger particle size in micrometer range were
obtained. The increased particle diameter was possibly attributed to
increase the viscosity of the solution as well as the greater availability of
the protonated amine group of CS to crosslink with SBEBCD (129, 130).
Also, the increasing of SBEBCD concentrations from 0.375 to 0.625% w/w

with constant CS concentration resulted in decreased particle size. PDI of
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all SBEBCD:CS ratios were in the range of 0.1- 0.7, it indicated that

relatively homogenous dispersion (131).

Table 13 Mean particle size, PDI and zeta potential values of drug
loaded SBE/CD/CS micro- and nanoparticles

SBEBCD  CS Mean particle size PDI Zeta Potential
(Yow/w) (%ow/w) (nm) (mV)

0.375 0.75 759.20+6.57 0.32+0.06  +22.03+7.762
0.5 0.75 702.80£7.65 0.1740.00 +25.6+0.854
0.625 0.75 691.66+8.34 0.18+0.03  +26.6+0.264
0.375 1.125 1467.66+28.29 0.68+0.21  +29.93£1.60
0.5 1.125 1464.33+12.58 0.22+0.01 +26.56%3.00
0.625 1.125 1118.66+8.62 0.25+0.01 +24.46+1.40
0.375 1.5 4020.33+469.00  0.68+0.10  +25.33+1.88
0.5 1.5 1950.33+21.57 0.30£0.02 +26.23£1.30
0.625 1.5 1458.66+23.71 0.28£0.01 +21.43£1.53

Regarding to the =zeta potential values, all micro- and
nanoencapsulations exhibited high positive charge values (21-30 mV)
which represented to relatively stable. In other words, drug and SBERCD
were mainly entrapped inside the matrix and do not mask the inherent
charge of CS on the surface (132).

Among the CS concentrations tested, only 0.75% wi/w of it can form
nanoparticles with SBEBCD via encapsulation process. This was in
agreement with the investigation of Mahmoud et al., (2011) and they found

that, increasing CS concentration leads to increase the particle size and the
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viscosity of the system (109). Therefore, the concentrations of SBEBCD
(0.375, 0.5, 0.625% w/w) and CS (0.75% wi/w) were selected for

preparation of in-situ gel formulation.

9. Physicochemical and chemical characterizations

9.1 Appearance, pH, viscosity, and syringeability and injectability

All formulations were investigated for their physical appearance and
revealed that in situ gels containing AS/SBEBCD/CS NPs (F1-F3, F7-F9
and F13-F15) displayed opalescent preparation while the non-encapsulated
in situ gels (F4-F6 and F10-F12) exhibited clear solution.

The pH values of the in situ gel formulations containing AS were
within the range of 4.9-6.7 (Table 14). The formulations consisted of
AS/SBEBCD/CS NPs were slightly acidic while the non-encapsulated
formulations had the pH closely to the neutral pH. The pH of the solutions
has strongly affected from acetic acid to dissolve CS. However, all in situ
gel formulations were within the pH range for optimum stability (133).

The viscosity is one of the main parameters of in situ gel formulation
for periodontal application. The formulation in solution state should ideally
have a low viscosity to pass through the syringe while injecting. It should
also have a high viscosity in order to remain in place at the application site
after delivering into periodontal pocket (134). All the formulations have
viscosity value in the range of 37.31+2.49 to 60.46+11.48 cPs at 25 °C.
The low viscosity of formulation meets the criteria of ease of
administration and easily spreadable to the minor gap of periodontal
pockets (135). When the temperature was increased to 37 °C, the viscosity
was significantly higher up to 250-folds (Table 14). As the temperature

increased, micellar entanglement of P407 was promoted,



Table 14 pH, viscosity, syringeability and injectability of in situ gel

formulations containing asiaticoside (Mean#S.D., n=3)
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Formulation pH Viscosity (cPs) Syringeability and
25 °C 37°C injectability ?
F1 4.95+0.06 54.97+3.92 802.78+28.38 +++
F2 4.92+0.01 46.49+2.38 848.98+40.82 +++
F3 4.93+0.01 59.31+9.34 921.73+10.87 +++
F4 6.74+0.07 37.31+2.49 8584.87+234.55 +++
F5 6.52+0.19 41.00+1.46 8686.44+167.50 +++
F6 6.66+0.03 34.28+2.79 9128.79+195.20 +++
F7 4.92+0.05 41.82+2.46  8489.84+199.60 +++
F8 491+0.01 42.1143.55 8588.14+157.60 +++
F9 4.94+0.01 43.91£1.05 8604.52+216.30 +++
F10 6.57+0.07 48.70+5.27 8847.00+206.43 +++
F11 6.57+0.08 51.69+4.39 8758.53+205.90 +++
F12 6.54+0.03 49.48+6.41 8738.87+£125.50 +++
F13 4.85+0.05 57.7916.17 8824.06+163.40 +++
F14 4.84+0.04 60.46+£11.48 9089.47+251.00 +++
F15 4.87+0.02 54.07£4.80 9348.33+246.30 +++

asyringeability and injectability; (+) solution can be syringed and injected

with strong force, (++) medium force, (+++) less force and (-) the solution

cannot pass through the needle

leading to gel formation and an overall increase in bulk viscosity. However,

after gelation at 37 °C, the viscosity of F1, F2 and F3 werealmost 10 times

lower than other formulations (p-value <0.05). The lower the viscosity, the

higher chance to flow out of the formulation from the pocket after forming

gel. Therefore, these three formulations were excluded for further studies.
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The syringeability and injectability of each formulation was tested
and revealed that all formulations in solution state were easily syringeable
and injectable with less force through the 27 G needle equipped to 1 mL
plastic syringe (Table 14).

9.2 Gelation temperature, gelation time and in vitro gelling
capacity

In this study, all formulations were within the range of 30 °C to 33
°C (Table 15). The temperature of periodontal pockets is approximately
35-37 °C (136). Thus, gelation time or sol—gel transition temperatures (T
gel) range suitable for periodontal in situ gel formulation is 25-37 °C (96).
If Tsol-ger IS lower than 25 °C, a gel might be formed at room temperature
which is difficulty in manufacturing and application. On the other hand,
Tsol-gel €XCeES to 37 °C, the preparation remains as a liquid state at the site
of action resulting in the drainage of formulation. Ts.ge OF formulations
containing SBEBCD/CS NPs (F7-F9, F13-F15) was slightly higher than
those of non-encapsulated formulations (F4-F6, F10-F12). Since the P407
gelation is based on micelles packing and entanglement, the effect of
additives may interfere the micelle formation and causing changes in
gelation mechanism (137). The increasing of Tso.ger Might be due to acetic
acid, which used to solubilize CS The acid could weaken the hydrogen
bonding force between densely packed unit of P407, resulting in an
increase gelation temperature (138, 139). Another explanation was the
possibility of the threading of CD onto the P407 chains or P407/CD
aggregate formation resulted in the shift the critical micellar concentration

to higher value (140, 141). Shaker et al. reported that the incorporation of
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tamoxifen citrate/SBEBCD complex in the poloxamer gel exhibited the

increment of Tsogel (142).

Table 15 Gelation temperature (Tsol-ger), gelation time and in vitro gelling

capacity of in situ gel formulations (n=3, Mean+S.D.)

Formulation Tsge (°C)  Gelation time (s)  In vitro gelling capacity?

F4 30.10+0.20 75 ++
F5 30.10+0.17 60 ++
F6 30.16+£0.21 50 ++
F7 31.83+0.11 100 +++
F8 30.96+£0.05 75 +++
F9 30.76+£0.05 50 +++
F10 30.36+£0.12 80 ++
F11 30.06+£0.11 50 ++
F12 29.96x0.05 50 ++
F13 32.36+£0.11 90 +++
F14 31.90+£0.20 80 +++
F15 31.46+£0.05 75 +++

%in vitro gelling capacity; (+) gelation after few min and disperse rapidly,
(++) immediate gelation and remain for few hours, (+++) immediate

gelation and remained for extended period

The gelation time is the time taken by the system to transform from
solution-state to gel-state when exposed to body temperature. All in situ
gels underwent rapid gelation within 50-100 sec and can vyield the
promising result as they quickly formed gel when expose to such condition
(Table 15). The gelation time of non-encapsulated in situ gel was slightly
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faster than that of encapsulated formulations. Nevertheless, both additives
I.e., CS and SBEBCD used in this study with low concentrations that do

not significantly alter the micellar properties of P407.

The in situ gel should undergo rapid sol to gel transition in SSF at
37x1 °C and maintained for a period of time. In vitro gelling capacity was
performed and found that all the in situ gel formulations immediately
exhibited the gelation when they were in contact with SSF. Non-
encapsulated formulations immediately formed gel but less stiff and
dissolved within 4-6 hr (Table 15). Rapid erosion of non-encapsulated
formulations was due to P407, the thermogelling agent which possessed
weak mechanical strength as the major drawback (143). In order to
facilitate the sustained release of the drug within the periodontal pocket,
the formed gel should preserve its integrity without eroding or dissolving
for an extended the period of time. Interestingly, the gelling capacity of
P407 was enhanced and remained in SSF for about 24 hr in the presence
of SBEBCD/CS NPs. The addition of CS increased the number of hydrogen
bonds due to the presence of -NH, group that could improve the
mechanical strength of the P407 gel (144).

9.3 Particle size and size distribution, zeta potential and %EE

Table 16 displays the particle size and size distribution, zeta
potential and %EE of in situ gel formulations. The mean particle size of
non-encapsulated in situ gelling formulations were detected in the range of
25-350 nm. Whereas, in addition of SBEBCD/CS NPs in the formulation,
the particle size raised up to approximately 500 nm. Particle size
distribution known as polydisperse index (PDI) values of formulations
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were between 0.19 and 0.61. This indicated that the particle size was
uniformity distributed (PDI <0.7) (131).

The negatively zeta potential values of non-encapsulated
formulations were relatively low while the markedly positive surface
charge in encapsulated SBEBCD/CS formulations were within the range of
+20 to +27 mV (Table 16). The positive charge of the particles was likely
to prevent the NPs from aggregation. In these systems, the lower zeta
potential values were obtained from the formulations containing lower
SBEBCDI/CS weight ratio (Table 16). On the other hand, the formulation
consisting of higher SBEBCD while CS concentration was constant at
0.3% wi/w, the zeta potential value was lower. These results are in
accordance with the studies of Oyarzun-Ampuero et al., (2009) and
Mahmoud (2011). They revealed that it might be caused by increased
masking of free positive charged -NH; group of CS as the concentration of
polyanion was increased (109, 145).

The entrapment efficiency (%EE) of in situ gel formulations
containing SBEBCD/CS NPs were evaluated. %EE of F7-F9 were
significantly higher than those of F13-F15 (high drug loaded
formulations). Two-third and one to two-tenth of the total drug loaded was
entrapped in the SBEBCD/CS NPs from F7-F9 and F13-15, respectively.
Regarding to the latter formulations, it indicated that the drug molecules
were predominately solubilized in non-encapsulated part i.e., aqueous
HPBCD solutions.
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Table 16 Particle size and size distribution (PDI), zeta potential and

%EE of asiaticoside loaded in situ gel formulations

Formulation Particle Size PDI Zeta Potential  %EE

(nm) (mV)
F4 34.96+3.57 0.42+0.09 -0.38+0.57 _
F5 27.77+5.49 0.61+0.04 -4.54+0.78 _
F6 138.64+55.32  0.50+0.11 -12.70£2.19 _
F7 534.53+22.14 0.54+0.01 +26.33+0.11 62.26+1.04
F8 420.60£60.87  0.38+0.16 +21.40£1.05 63.15+2.24
F9 408.83+14.68  0.24+0.02 +20.13+0.35 63.16+0.15
F10 43.42+20.76 0.35+0.04 -5.76+1.46 _
F11 151.25+85.88  0.41+0.04 -2.74+0.34 _
F12 342.63£133.9 0.37+£0.08 -0.78+0.49 _
F13 597.00+22.54 0.27£0.04 +26.83+0.35 9.26+4.78
F14 512.06+12.60 0.19+0.01 +25.20+1.77 19.33+6.36
F15 454.10£17.53 0.22+0.01  +19.93+0.49 10.61+5.11

10. Rheological study

Oscillatory rheological studies were performed by frequency sweep
test from 0.1 to 10.0 Hz at a constant body temperature, 37 °C to investigate
the viscoelastic and dynamical properties of formulations (146). Before
determining frequency sweep, the applied stress throughout the study was
firstly selected within the linear viscoelastic region. Figure 16
demonstrates the storage modulus (G') against applied oscillatory
frequency of in situ gel formulations. Regarding to G’ value of non-
encapsulated (Figure 16a and 16¢) and encapsulated SBEBCD/CS NPs

(Figure 16b and 16d) in situ gels, the former formulations were
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significantly higher than those of the latter formulations. These results
agreed with the report of Senyigit ZA et al., (2015) that was G’ values of
formulations containing NPs were lower than those of without NPs (147).
There was no significant difference in G’ values of non-encapsulated in situ
gels. It indicated that HPBCD concentrations did not influence on the
elasticity of the formulations. However, in case of encapsulated
AS/SBEBCD/CS NPs formulations, the G' values were significantly
decreased in the in situ gels comprised of lower HPBCD concentration
together with the higher SBEBCD/CS weight ratio (F7 and F13). This
might be due to the intermolecular hydrogen bonding between HPBCD and
excess amount of CS. Consequently, these in situ gels had a weak elasticity.

Another parameter to determine elastic property is loss tangent (tan
d). The value of phase angle (tan 9) is the measure of relative contribution
of viscous components to mechanical properties of materials which was
obtained from (G"/G"). As expected, all formulations presented frequencies
independent at 37 °C which indicated that there were strong elastic
characteristics with the value of phase angle (tan 6) <I (solid gel responses)
(Figure 16). It indicated that the samples had formed a continuous network
structure and these features are characteristic of a “strong gel” (148). The
transformation of solution-state to elastic nature was previously
determined by gelation temperature studies and all formulation exhibited
gel-state beyond 30 °C. In addition, in most cases, tan & of non-
encapsulated in situ gels were lower than the encapsulated ones. The reason
of less elastic nature was already discussed in previous in situ gel
characterizations in which the presence of additives may interfere the
micelle formation of P407 and causing delay in gelation mechanism of

encapsulated in situ gels.
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Figure 16 G'and tan 6 vs frequency profile of in situ gel formulations at
37 °C; (a) F4-F6, (b) F7-F9, (c) F10-F12, (d) F13-F15.

To investigate the flow resistance of the sample in the structured

state, originating as viscous or elastic flow resistance to oscillating
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movement, the dynamic viscosity (1) was determined. Interestingly, in
most cases, the dynamic viscosity of encapsulated in situ gels was higher
than that of non-encapsulated ones (Figure 17). In literature, it had been
reported that the higher the dynamic viscosity, the greater resistance to

flow in structured state and the more consistant gel was obtained.
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Figure 17 Dynamic viscosity (n') vs frequency profile of in situ gel
formulations at 37 °C; (a) F4-F6, (b) F7-F9, (c) F10-F12, (d) F13-F15.

11. In vitro mucoadhesion

The flow and wash-off by salivary or gingival crevicular fluid in the
periodontal pocket area is an obstacle for drug localized injection. One of

the desirable properties of in situ gel formulations is excellent
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mucoadhesion in order to prolong drug retention in the site of action (149).
In this study, the mucoadhesion of in situ gel formulations was determined
by analysis of the amount of drug retained on the mucin coated
semipermeable membrane after agitated in the incubator at 37+1 °C. The
percentage of retained AS in the in situ formulations is presented in Figure
18. According to the results, the in situ gels containing SBEBCD/CS NPs
were significantly retained the drug when compared with the formulations
without encapsulated NPs (p<0.05). The mucoadhesive characteristic of
CS is attributed to several mechanisms. The most common mechanism is
hydrogen bonding with glycoprotein of mucin due to presence of hydroxy
and amine groups. The conformational flexibility of the linear CS molecule
also contributes to the mucoadhesive effect (150). In addition, electrostatic
interaction between positively charged, -NH; of CS and negatively charged
sialic acid residue of the mucin is a crucial factor for mucoadhesion (151).
Subsequently, it can result a continuous network of polymer and mucin
interactions leading to strengthen a mucoadhesive joint. These results were
in accordance with Thongborisute and Takeuchi (2008). It was reported
that CS NPs probably had enough chain flexibility to interact with
negatively charge mucin and facilitate the nanoparticle penetration into the
branching sugars of mucin (135). Also, Gratieri et. al. investigated the
effect of CS in P407 gels, the addition of CS improved the mucoadhesion
about 1.5 and 3 times higher in comparison with the formulation containing
P407 alone and control solution, respectively (152). Among the
encapsulated in situ gels, the excellent mucoadhesive properties were
observed in F9 and F15 which comprised the highest concentration of
HPBCD. This was probably due to the additional hydrogen bonding

formation by hydrophilic outer part of the CD molecule with -OH of sugars
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and other O- and N-containing groups of the protein backbone of mucin
(153). The high mucoadhesion was also observed in F12, non-encapsulated
in situ gels which contained the highest concentration of HPBCD despite
of highly elastic nature. Therefore, the non-encapsulated in situ gel, F12
and encapsulated in situ gels, F9 (low drug loaded) and F15 (high drug

loaded) were subjected to further in vitro permeation study.
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Figure 18 Percentage of the AS remaining on the mucin coated

semipermeable membrane

12. In vitro release studies

The cumulative release profiles of AS in non-encapsulated (F12) and
encapsulated (F9, F15) in situ gels are displayed in Figure 19. The MW of
AS 15 959.13 g/mol and CDs i.e., HPBCD and SBEBCD has MW of 1400
and 2163 Da, respectively. Thus, only free drug and 1:1 AS/CD complex
can pass through the semipermeable membrane MWCO 3500 Da.



90

60 -
_ - & -F9
S 90 1 F15 %
2 ~®-F12 P
S 40 e
@ It e
830' -~ ’,fl
< 'y -
bt _- _ A=
[<5] g - =
520- _ - *4’,¢
< L d ”—
: i
810- ‘,:’:’
Oﬁ L] L] L] L] 1
0 10 20 30 40 50

Time (hr)

Figure 19 In vitro release profiles of AS in in situ gel formulations (F9,
F12 and F15) through semi-permeable membrane MWCO 3,500 Da.

According to profiles, the slow release of AS was obtained in 48 hr
and not reach to the plateau level. The drug release rate of F12 was
significantly higher than those of F9 and F15. The drug release of non-
encapsulated formulation, F12 was about 1.5 times and 1.6 times higher
after 24 hr and at the end of 48 hr than those of encapsulated formulations
(F9 and F15). Due to the drug was solubilized in the polymeric network
and/or AS/HPBCD inclusion complex, the drug can permeate to the
membrane without the dissolution or diffusion from the NPs. Although the
gel strength of F12 was weakened when contact with SSF; however, it
required to permeate the boundary of gel network consequently to sustain
drug release (154). In case of F9 and F15, showed more sustained release
of AS since the additional of NPs incorporated into hydrogel. The released
profile was almost identical despite of F15 had the high drug loaded and
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significantly lower in %EE. This observation may be explained in term of
the viscosity and the particle size that influence on the release kinetics. Not
only the higher viscosity value at 37 °C but also the larger particle size of
F15 might be affected to slower drug release. Regarding to the platform,
the multicomponent of the AS/CD inclusion complexes, complex
aggregates, AS/SBEBCD/CS NPs etc. acted as the drug reservoir that

sustain the drug release resulted in overall bioavailability enhancement.

13. In vitro cytotoxicity

HPDLCs were incubated with AS loaded formulations (F9, F12,
F15) which were prior diluted to obtain 50 uM of AS in each formulation.
The blank samples (B9, B12, B15) with respect to their formulations were
prepared with the same dilution. After incubating the treated samples in the
96-well plate for 24 h, the cell viability of tested samples was analyzed by
MTT assay.

Figure 20 displays the viability of HPDLCs after exposure with
different samples. When compared to the drug-free formulations, the drug
in the in situ formulations had a slight negative effect to the cell viability
for F9 and F12, but no statistical significance found across all groups. In
comparison of AS loaded in situ formulations, the highest average cell
survival among tested in situ gel formulations was F9. It might be due to
the high %EE in F9 (63%) while that of F15 was 11% and F12 without
entrapment. AS which was predominantly loaded in the SBEBCD/CS NPs
might be slowly release from the polymeric matrix resulted in the lowest

cytotoxicity among tested formulations. In addition, the in vitro release
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Figure 20 MTT assay results on HPDLCs after 24 hr incubation with blank
(B9, B12, B15) and asiaticoside loaded (F9, F12, F15) in situ gel
formulations. Bar chart showed no statistically significant difference for
cytotoxicity among groups compared in the cell treatment with 16.7 uM of

asiaticoside in each in primary cell culture media.

studies revealed that the cumulative release of AS in all three formulations
were just within 30-150 uM in 24 hr. The literatures have been reported
that AS at the concentrations 10-100 uM did not affect to the cell viability
but its concentration more than 100 ug/mL, HPDLCs death was recorded
(17, 155). As the results, all AS loaded formulations had slight negative
effect on HPDLCs at the low AS concentration (the final treatment
concentration of approximately 16.7 uM). However, Lu et. al. reported the
effective concentration of the drug for enhanced cell proliferation and
collagen synthesis was at a concentration of 30 pg/mL (45). Altogether, we
speculated that all 3 formulations might be more potent than the simple AS
solution due to comprise of additives and/or the incorporation of
nanoencapsulated platforms. Therefore, the formulations were subjected
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for further investigation on the induction of cellular response regarding

collagen synthesis with the treatment of our formulation.

14. Immunocytochemistry

250um

Figure 21 The transmission light microscope picture shown regular cell
morphology of HPDLCs at (a) 4X objective lens and (b) 10X objective

lens.
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Collagen

DAPI

Merge

Figure 22 Photograph represented type | collagen (COL 1) synthesis in
HPDLCs on the 24 hr treatment of AS loaded in situ gels by
Immunostaining assay; respectively; microscope images of HPDLCs at

10X objective lens, scale bars: 500 um

Figure 21 displays the transmission light microscopic picture of
regular HPDLCs at 4X objective lens and (b) 10X objective lens. The COL
1 synthesis level in HPDLCs after treatment with AS loaded in situ gels
were determined by immunocytochemistry and illustrated in Figure 22.
The predominantly COL 1 protein expression was observed in all
formulations from the antibody staining specific to collagen 1 at the AS
concentration of 16.7 uM. This could be considered as the potential of the
formulation platforms in enhancing the AS efficacy when compared to the
previous report (17, 45, 155). HPDLCs treated with F9 remained
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unchanged morphology as spindle-like shape and spreading across tissue
culture plate. Surprisingly, F12 and F15 displayed the cell aggregation with
nodules to the cell response. It can be possibly explained in terms of the
%EE and the release rate of AS in the formulations. F9 contained higher
AS in ratio of NPs containing SBEBCD/CS NPs with the slow rate of AS
while F15 and F12 had low AS entrapment in NPs and not contained NPs,
respectively. The latter formulations bring about the immediate release of
AS in the cell culture media within the 24 hr period of treatment. This result
could initiate the interest in further detailed exploration on the effect of AS
within the designed complex formulation towards HPDLCs in terms of the
cellular behaviors leading to the application in the stem cell treatment.
Furthermore, the dosing and selection of release profile possessed by each
formulation could also be adjusted for the safety and pharmacological

outcome.
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CHAPTERV
CONCLUSION

Asiaticoside (AS) has poor aqueous solubility at the physiological
pH. The solubility of AS was enhanced by complexation with cyclodextrin
(CD) through heating method (sonication at 60 °C for 30 min). AS had the
affinity to HPBCD and SBEBCD according to AL type phase-solubility
profiles, indicating formation of water-soluble complexes. The addition of
polymers i.e., CS or P407 to AS/SBEBCD complex provided the
synergistic solubilization effect. This might be due to formation of
aggregate sizes of ternary complexes (AS/SBEBCD/CS or
AS/SBEBCD/P407). Solution-state (*H-NMR) and solid-state (DSC, FT-
IR, PXRD) characterizations suggested that AS was deeply included into
CDs and had the interactions with CDs in both binary and ternary
complexes. Also, the dissolution of AS was significantly enhanced by
binary AS/CD and ternary AS/CD/polymer complexation. The CD
inclusion complex in the presence of polymer could markedly enhanced
AS solubilization possible through aggregate formation or micellar-like
effect. This can provide the information to develop the pharmaceutical

formulations.

The in situ gel formulations containing AS without and with
SBEBCD/CS NPs were developed. The appearance, pH and viscosity of all
formulations were within the acceptable range. The gelation temperature
of all formulations was below the body temperature and the gelation time
was fast to transform into gel-state when contact with SSF. The in vitro
gelation of encapsulated formulations in SSF remained longer with high

mechanical strength when compared with non-encapsulated formulations.



97

The mean particle size of the in situ encapsulated gels were 400-600 nm
and highly positive zeta potential values suggested that the formulations
were physically stable. The significant mucoadhesive property was
observed in the formulations containing high HPBCD concentration
without and with encapsulated SBEBCD/CS NPs, suggested that these
formulations could remain longer in the periodontal pocket. These
sustained release formulations are based on the gel matrix formation at the
physiological temperature especially the formulations comprised of NPs.
The formulations were slightly negative effect to the HPDLCs even at low
AS concentration. However, our promising in situ gel formulations
containing AS could promote the collagen type | synthesis. They are the
potential formulations that can be applied with lesser AS dose when
compared to the AS solution which was reported in the literature. However,
the quality, safety and the efficacy of these formulations should be further
studied.
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APPENDIX
HPLC VALIDATION

1. Specificity

The chromatograms of BCD, HPBCD, CMBCD, SBEBCD, CS,
P407, SSF, PBS, BAC, mobile phase and various concentrations of AS
standard solution are displayed in Fig. 22 and Fig. 23. AS was eluted with
the retention time of 10.9 to 11.6 minutes and the solvent peak was found
with the retention time of 2.0 to 4.0 minutes. There was no interference
peak of excipients to AS when injected as the same condition. It can be

seen that, AS content can be detected without interference.
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Figure 23 The HPLC chromatograms of (A) pCD, (B) HPSCD, (C)
CMpBCD, (D) SBESCD, (E) CS, (F) P407, (G) SSF, (H) PBS, (I) BAC and

mobile phase.
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2. Linearity

The chromatograms of AS standard solution are shown in Fig. 23.
The retention time of AS was about 10.8 to 11.2 minutes. The calibration
curve was plotted between the peak area and concentration of AS (ug/mL).
The results are presented in Table 19, 20, 21 and Fig.24, 25 and 26. The
linear regression analysis was performed with coefficient of determination
(R?) and resulted as 0.9997-1.0000 This result indicated that HPLC
condition was acceptable to determine the amount of AS in the

formulation.
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Figure 24 The HPLC chromatograms of AS standard solution (A) 12.5
pug/mL, (B) 25 pg/mL, (C) 50 pg/mL, (D) 100 pg/mL, (E) 200 pg/mL, (F)
400 pg/mL, (G) 600 pg/mL, (H) 800 pg/mL, (1) 1000 pug/mL and (J) 1%

w/w AS loaded in situ gel dissolved in methanol:water (30:70 v/v)



Table 17 Data of calibration curve of AS standard solutions (No.1)
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AS conc. Peak area
(ng/mL)
nl n2 n3 Mean SD %CV
12.62 23.6785 24.3176 24.3860 24.1274 0.3902 1.62
25.25 46.7062 45.9722 47.8072 46.8285 0.9235 1.97
50.50 92.7435 94.0294 91.9909 92.9213 1.0307 1.11
101.00 180.6033 180.6090 182.7555 181.3227 1.2409 0.68
202.00 360.7803 362.0335 362.9512 361.9217 1.0897 0.30
404.00 716.1889 718.4636 717.4448 717.3658 1.1394 0.15
606.00 1073.1868 1082.1151 1082.1123 1079.1380 5.1538 0.47
808.00 1441.3299 1411.9163 1441.7885 1431.6780 17.1158 1.19
1010.00 1784.9805 1784.8466 1791.8558 1787.2280 4.0086 0.22
2000 + y = 1.7685x + 3.2263
1750 - Rz=1
1500 -
S 1250 -
_;: 1000 -
& 750 -
500 -
250 -
0 T T T T T ]
0 200 400 600 800 1000 1200

AS concentration (pg/mL)

Figure 25 Calibration curve of AS standard solutions by HPLC method

(No.1)
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Table 18 Data of calibration curve of AS standard solutions (No.2)

AS conc. Peak area
(ng/mL)
nl n2 n3 Mean SD %CV
12.57 22.0349 22.0254  22.8294 22,2966  0.4614 2.06
25.15 46.4160  46.9243 455240  46.2881  0.7088 1.53
50.30 93.7004  91.0680  93.9970  92.9218 1.6122 1.73
100.60 184.8556 183.8203 183.1402 183.9390 0.8637 0.46
201.20 363.9462 367.2551 367.5736 366.2580 2.0086 0.54
402.40 721.8720 721.4720 723.1424 7221620 0.8721 0.12
603.60 1088.6881 1081.2844 1112.2402 1094.0700 16.1647 1.47
804.80 1446.0847 1421.0432 1426.1425 1431.0900 13.2336 0.92
1006.00 1798.5931 1800.7164 1814.1660 1804.4900 8.4450 0.46
2000 - y = 1.7886x + 3.1269
1750 - R2=0.9999
1500 A
§ 1250 -
< 1000 {
§ 750 -
500 -
250 -
0

0 200 400 600 800 1000 1200
AS concentration (pg/mL)

Figure 26 Calibration curve of AS standard solutions by HPLC method
(No.2)
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Table 19 Data of calibration curve of AS standard solutions (No.3)

AS conc Peak area
(ng/mL)
nl n2 n3 Mean SD %CV
12.45 22.8705 22.3588 22.3716 22.5337 0.2917 1.29
24.90 44,4921 45.0240 44,1682 44,5615 0.4321 0.96
49.80 90.4530 88.4721 89.1708 89.3653 1.0046 1.12
99.60 179.7816 173.9479 178.8113 177.5140 3.1258 1.76
199.20 355.7941 348.0390 357.1390 353.6570 4.9118 1.38
398.40 7119660 695.6764 713.6684 707.1040 9.9327 1.40
597.60 1025.3903 1081.2844 997.5273 1034.7300 42.6532 4.12
796.80 14145183 1378.9421 1384.2073 1392.5600 19.2013 1.37
996.00 1773.2096 1779.3139 1775.4849 1776.0028 3.0849 0.17
2000 -
y = 1.7642x - 0.3312
1750 1 R2 = 0.9997
1500
§125O
S 1000
(491
& 750

500
250

0 200 400 600 800 1000 1200
AS concentration (ng/mL)

Figure 27 Calibration curve of AS standard solutions by HPLC method
(No.3)
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3. Precision

To validate precision, within run precision and between run
precision were determined. The data of analysis are demonstrated in Table
22 and 23. The percentage of coefficient of variation (%CV) values of peak
area in both within run and between run were low (0.45-1.55% and 0.62-
2.95% respectively). Therefore, the HPLC condition could be used to

analyze AS content over a period of time.

Table 20 Data of within run precision of AS analyzed by HPLC method

AS Peak area
conc.
(ug/mL)
nl n2 n3 n4 n5 mean SD %CV

12.62 24.1497 24.4998 24.2960 24.3826 24.0662 24.2788 0.1744 0.71
202.00 360.4747 362.2016 363.1097 363.2335 364.9644 362.7968 1.6381 0.45
1010.00 1786.3920 1784.3698 1791.0305 1804.7248 1851.9399 1803.6914 28.1153 1.55

4. Accuracy

The percentage of analytical recovery in each AS concentration with
three determinations are shown in Table 24, 25 and 25. The mean
percentage recoveries were 102.86%, 103.86% and 104.86% with low
%CV values of 2.03%, 1.90% and 2.10% respectively. This result
concluded that the HPLC method could be used to determine AS content
within the concentration range of 12.5-1000 pg/mL.
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Table 21 Data of between run precision of AS analyzed by HPLC method

AS conc. Peak area

(ng/mL)
N Day 1 Day 2 Day 3 mean SD %CV

12.5 nl 24.4847 23.1906 23.5345 23.7366  0.67033 2.82
n2 24.7824 23.7609 23.1241 23.8891  0.83657 3.50
n3 24.7954 23.1779 23.6780 23.8838  0.82817 3.46
n4 24.8161 23.6178 23.5636 23.9992  0.70797 2.94
n5 24.4118 23.1954 23.5535 23.7202  0.62511 2.63
Average  24.6581 23.3885 23.4907 23.8458  0.70533 2.95

202.00 nl 362.3245  364.9744  367.2977 364.8655  2.48842 0.68
n2 364.8313 365.5012  368.1710 366.1678  1.76682 0.48
n3 361.1984  364.5708  367.4594 364.4095 3.13361 0.85
n4 365.1942 ~ 367.6294  372.6235 368.4823 3.78735 1.02
n5 367.5836 371.5621 370.6640 369.9365 2.08663 0.56
Average 364.2263  366.8475  369.2431 366.7723  2.50921 0.68

1010.00 nl 1801.2560 1798.9273 1811.9364  1804.0398 6.9370 0.38
n2 1792.7301 1798.8469 1803.8757  1798.4840 5.5816 0.31
n3 1796.5309 1805.7109 1814.6115 1805.6177 9.04065 0.50
n4 1801.7787 1826.2025 1852.3259  1826.7690 25.2784 1.38
n5 1852.9004 1868.4413 1876.2787  1865.8734 11.8988 0.63
Average  1809.0392 1819.6257 1831.8056 1820.1568 11.3925 0.62
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Table 22 Data of accuracy of AS analyzed by HPLC method (No.1)

Actual Peak area

conc.

(ug/mL)

nl n2 n3 Mean Mean Percent

analytical conc discovery
(ug/mL)

402.00 366.2490 364.5981 363.9654 364.9375 405.0063 100.75

523.00 498.1068 484.0508 497.8913 493.3496 548.7889 104.93

620.00 567.3511 573.8096 577.8068 572.9892 637.9609 102.90
Mean 102.86
SD 2.09
%CV 2.03

Table 23 Data of accuracy of AS analyzed by HPLC method (No.2)

Actual Peak area
conc.
(ug/mL)
nl n2 n3 Peak Mean Percent
area analytical conc discovery
(ug/mL)
403.00 369.4244 366.8666 371.7329 369.3413 409.9373 101.72
525.00 491.4889 491.8709 511.8367 498.3988 554.4424 105.61
621.00 571.0460 581.2908 591.7548 581.3639 647.3380 104.24
Mean 103.86
SD 1.97

%CV 1.90




Table 24 Data of accuracy of AS analyzed by HPLC method (No.3)
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Actual Peak area
conc.
(ug/mL)
nl n2 n3 Peak Mean Percent
area analytical conc  discovery
(ug/mL)
405.00 366.7828 365.9791 393.7480 375.5033 416.8368 102.92
526.00 486.9107 498.1558 495.8887 493.6517 549.1271 104.40
621.00 633.7080 579.5579 580.8177 598.0279 665.9966 107.25
Mean 104.86
SD 2.20
%CV 2.10
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