International Journal of Pharmaceutics 410 (2011) 31-40

International Journal of Pharmaceutics

journal homepage: www.elsevier.com/locate/ijpharm

Contents lists available at ScienceDirect , T
8 PHARMACEUTICS
o

P
(T

Design and evaluation of baicalin-containing in situ pH-triggered gelling system
for sustained ophthalmic drug delivery

Haoyun Wu?:b-¢, Zhidong Liu®-* Junjie Peng9, Lin Li®-P-¢, Nan Li®P-¢, Jiawei Li®P-, Hao Pan4

2 Engineering Research Center of Modern Chinese Medicine Discovery and Preparation Technique, Ministry of Education, 88 Yuquan Road, Tianjin 300193, PR China
b Institute of Traditional Chinese Medicine, Tianjin University of Traditional Chinese Medicine, 88 Yuquan Road, Tianjin 300193, PR China

¢ Tianjin State Key Laboratory of Modern Chinese Medicine, 88 Yuquan Road, Tianjin 300193, PR China

d School of Pharmacy, Shenyang Pharmaceutical University, 103 Wenhua Road, Shenyang 110016, PR China

ARTICLE INFO

Article history:

Received 26 January 2011
Accepted 7 March 2011
Available online 11 March 2011

Keywords:

Sustained ophthalmic delivery
In situ gelling system

Baicalin

Carbopol
Hydroxypropylmethylcellulose

ABSTRACT

Baicalin has been reported to have anti-inflammatory and anti-cataract effects on eye tissues, but it
has a low bioavailability partly due to its poor stability of baicalin, the special anatomic structure and
efficient protective mechanism of eyes. The aim of this study was to investigate the correlation between
the stability of baicalin and in situ pH-triggered gelling system. Carbopol® 974P (0.3%, w/v) was used
as the gelling agent combined with hydroxypropylmethylcellulose E4M (0.6%, w/v) which acted as a
viscosity enhancing agent. In vitro and in vivo evaluations were performed using several techniques,
namely confocal scanning light microscopy analysis, rheometry, Gamma scintigraphic technique and
microdialysis method. The rheological behavior showed a significant enhancement in gel strength under
physiological conditions, and the formulation provided sustained release of the drug over an 8-h period. In
elimination studies, the radioactivity of formulation was always higher than that of the control solution.
Additionally, the AUC and Cnax values were 6.1-fold and 3.6-fold higher than those of the control solution,
respectively. The results demonstrated that an in situ pH-triggered gelling system have better ability to
keep baicalin stable and retain drug release than marketed baicalin eye drops to enhance the ocular

bioavailability.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Baicalin (3-p-gluopyranosiduronic acid, 5, 6-dihydroxy-4-oxo-
2-phenyl-4H-1-benzopyran-7-yl) is a flavonoid purified from the
medicinal plant Scutellaria baicalensis Georgi, which has been used
in traditional Chinese medicine for thousands of years and is offi-
cially listed in the Chinese Pharmacopoeia. It has many significant
biological effects on eye tissues, such as anti-inflammatory, anti-
Chlamydia, antibacterial, anti-oxidative and anti-cataract (Cheng
et al.,, 2001; Jung et al., 2008; Huang et al., 2009; Nakamura et
al,, 2003; Qi et al., 1998; Robinson and Mlynek, 1995). However,
baicalin is practically insoluble in water and not stable in basic
solution, and its solubility and stability are very sensitive to pH
changes. Therefore, there are several limitations to making baicalin
into proper ophthalmic preparation and achieve its therapeutic
efficacy for eye diseases.
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For the ophthalmic drug delivery, it is a challenging task due to
normal ocular protective mechanisms such as blinking and tears
drainage that promotes rapid clearance and reduces bioavailability
resulting in a short duration of pharmacological response (Maurice,
1987).0nly 1-10% of topically applied drug is absorbed (Nanjawade
et al., 2007), which also includes absorption into the gastrointesti-
nal tract due to drainage through the nasal-lacrimal duct (Sieg and
Robinson, 1977). Frequent instillations of eye drops are necessary
to maintain a therapeutic drug level in the tear film or at the site of
action. But the frequent use of highly concentrated solutions may
induce toxic side effects and cellular damage at the ocular surface
(Baudouin, 1996; Salminen, 1990; Topalkara et al., 2000).

Current research efforts are focused on the design and eval-
uation of ophthalmic drug delivery systems that are easy to
administer, require decreased administration frequency, and pro-
vide controlled and possibly sustained drug release in order to
increase therapeutic efficacy and patient compliance. In situ pH-
triggered gelling system are liquid upon instillation and undergo
a phase transition to form a viscoelastic gel in response to pH
changes, which are expected to provide prolonged corneal con-
tact time, reduced precorneal drug loss, and provide convenience
in administration as compared to eye drops, suspensions or oint-
ments. Baicalin is most stable at the weak acidity solution of in situ
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pH-triggered gelling system under non-physiological conditions.
Therefore, it is necessary to design ophthalmic drug delivery sys-
tem of baicalin that dose not only alleviate the shortcomings of
conventional delivery vehicles, but also maintains baicalin stability
and enhance its bioavailability at the property preparation.

The overall objective of the present work was to investigate
the correlation between the stability of baicalin and in situ pH-
triggered gelling system. To achieve this objective, in vitro and
in vivo evaluations were comprehensively performed through the
microstructure of gelling system, gelling capability studies, the
rheological properties studies, in vivo elimination studies and phar-
macokinetic studies.

2. Materials and methods

2.1. Materials and animals

2.1.1. Materials

Baicalin was purchased from ZhongXin Pharmaceutical (>98%,
Tianjin, China). Carbopol (Carbopol® 974P NF) was kindly gifted
by BF Goodrich (USA). HPMC (Methocel E4M) was obtained from
Colorcon (UK). FITC (Conjugation grade) was provided by Sigma
(USA). All other regents were of analytical grade.

2.1.2. Animals

New Zealand white rabbits, with weights between 2.5 and
3.0kg, were provided by the Chinese Academy of Medical Sciences
of Radiation Research Institute (License No.: SCXK JIN 2005-0001).
The animals, housed in standard cages in a light-controlled room at
(19+1)°Cand (50+5)% R.H., were given a standard pellet diet and
water ad libitum. All studies were conducted in accordance with the
Principles of Laboratory Animal Care (NIH publication no. 92-93,
revised in 1985) and were approved by the Department of Labora-
tory Animal Research at Tianjin University of Traditional Chinese
Medicine. The procedures involving animals were reviewed and
approved by the Animal Ethical Committee at Tianjin University of
Traditional Chinese Medicine.

2.2. Preparation of formulations

2.2.1. The stability and solubility of baicalin test

Stability test of baicalin in different pH buffers: Baicalin was tested
in distilled water and phosphate buffer USP (pH 5.8, 6.0, 6.2, 6.4, 6.6,
6.8 and 7.0). And the samples were withdrawn at 0, 0.5, 1.0, 1.5, 2.0,
4.0, 8.0 and 10.0 h. Then 20 p.L of sample solution was injected for
HPLC determination (Shimadzu LC 10-AT, Japan).

The solubility of baicalin test: Excess amount of baicalin was
added into distilled water and phosphate buffer USP (pH 5.8
and 6.8), which were maintained at (35+1)°C for 24h using a
magnetic stirrer (SCZL-4B, Henan, China) at a rotating speed of
200 rpm min~!, to make sure excess baicalin always remain. After
24h, the samples were centrifuged for 10 min at 4000 rpmmin~!.
The collected supernatant was filtered with 0.45 wm microspore
filter and the filtrate was diluted with distilled water and phos-
phate buffer USP (pH 5.8 and 6.8). Then 20 L of sample solution
was injected for HPLC determination (Shimadzu LC 10-AT, Japan).

2.2.2. Preparation of in situ gelling system

0.1% (w/v) baicalin, the required amount of the marketed eye
drops, was firstly dissolved in 100 mL distilled water and dispersed
well with ultrasonic cleaner (C3860A, Tianjin, China). And a certain
amount of polymers (Carbopol and HPMC) were then slowly added
to the baicalin solution with continuous magnetic stirring (SCZL-
4B, Henan, China) for 2 h. All the gelling systems were adjusted to
pH 5.8 by 0.5M sodium hydroxide solution. Then the in situ pH-
triggered gelling systems were obtained.

2.3. Formula optimization and drug release mechanism studies

2.3.1. Gelling capacity studies

Gelling systems of various concentrations of Carbopol and HPMC
were prepared and evaluated for gelling capacity in order to iden-
tify the compositions suitable for use as an in situ gelling system.
The gelling capacity was determined by placing 100 L of in situ
gelling system in a vial containing 2 mL of phosphate buffer at pH
6.8 and equilibrated at (35 + 1) °C and visually assessing the gel for-
mation and noting the time for gelation and the time taken for the
gel formed to dissolve (Srividya et al., 2001).

2.3.2. Invitro release studies

In order to study drug release behavior of in situ pH-triggered
gelling system, the in vitro release test was done using a mem-
braneless dissolution model (Lin and Sung, 2000) with a dissolution
testing apparatus (ZRS-8G, Tianjin, China). Gelling systems (3 g) of
various concentrations were transferred into small vials (1.24cm
i.d. and 3.83 cm in depth) in triplicate and each vial was immersed
into 1000 mL phosphate buffer at pH 6.8, which was used as the
release medium. Care was taken to avoid the breaking of gelling
system and the gel contained no bubbles. The temperature and stir-
ring rate were maintained at (35 + 1) °Cand 75 rpm, respectively. At
each time interval, 5 mL of aliquots were withdraw from the release
mediums and replaced by an equal volume of release medium. The
release of baicalin was analyzed by HPLC determination (Shimadzu
LC 10-AT, Japan).

2.4. In vitro evaluation of formulations

2.4.1. Micro-morphology of in situ gelling system

The micro-morphology of in situ gelling system was observed
under a confocal scanning light microscope (Zeiss LSM 710,
Germany). FITC, as the fluorescent marker, was added into gelling
system under non-physiological condition (25 +1°C, pH 5.8) and
physiological condition (35+1°C, pH 6.8), respectively. And then
the FITC-labeled samples were instilled on glass slide and observed.
The excitation wavelength of FITC was 488 nm, and emission max-
ima were between 490 and 540 nm (Tromp et al., 2001). Digital
image files were acquired in multiple .tif format and in 1024 x 1024
pixel resolution.

2.4.2. Rheological studies

The rheological properties were determined using the small
sample adaptor of the rheometer (Brookfield DV-III, USA). The
viscosity of the different gelling systems was measured under
non-physiological condition (254 1°C, pH 5.8) and physiological
condition (35+1°C, pH 6.8), respectively. The temperature was
maintained within 41°C by a recirculating bath (Wisdom) con-
nected to the sample adaptor of the rheometer. The pH values
of samples were raised to 6.8 by adding 0.5M sodium hydrox-
ide. The samples were equilibrated on the plate for 5 min to reach
the running temperature prior to each measurement. A typical run
comprised of changing the shear rate from 0 to 130s~! at a con-
trolled ramp speed, a 0.1 min wait at 130s~!, and finally a decrease
inshearrate to0s~! at the same controlled ramp speed. Evaluations
were conducted in triplicate.

2.4.3. Accelerated stability studies

Selected formulation F1-3 was stored at (4 +1)°C, room tem-
perature (25+1)°C, and (45+1)°C for a period of 3 months. The
formulations were evaluated at periodic for drug content (HPLC),
pH, gelling capacity and in vitro drug release (Srividya et al., 2001).
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Table 1
Stability of baicalin in different pH phosphate buffer solutions (mean +SD, n=3).

Medium Concentration (%, w/v)
Oh 0.5h 1.0h 2.0h 4.0h 6.0h 8.0h 10h

H,0 100.0 + 0.0 100.2 £ 0.2 100.2 £ 0.3 100.1 £ 0.2 100.0 + 0.3 99.8 £ 0.2 100.1 + 0.1 99.6 +£ 0.2
pH 5.8 PBS 100.0 + 0.0 100.5 + 0.1 100.1 £ 0.2 100.2 £ 0.2 99.9 + 0.2 100.0 + 0.1 99.8 +£ 0.2 99.8 £ 0.1
pH 6.0 PBS 100.0 + 0.0 99.9 £ 0.2 100.0 £ 0.3 100.1 £ 0.2 99.6 + 0.2 99.2 £ 0.3 98.9 £ 0.3 98.0 £ 0.3
pH 6.2 PBS 100.0 £ 0.0 100.0 £ 0.3 99.8 +£ 0.2 99.8 + 0.4 99.4 + 0.2 99.0 £ 0.3 98.5 £ 0.3 96.3 £ 0.3
pH 6.4 PBS 100.0 + 0.0 99.8 + 0.1 99.7 £+ 04 99.7 £ 0.3 99.2 £ 0.3 98.6 + 0.2 97.1 £ 04 94.1 +£ 0.5
pH 6.6 PBS 100.0 + 0.0 99.8 +£ 0.2 99.8 +£ 0.5 994 + 0.3 99.2 + 04 97.7 £ 04 95.9 £ 0.7 93.5 £ 0.7
pH 6.8 PBS 100.0 £ 0.0 99.2 +£ 04 98.5+ 04 96.2 + 0.4 933+ 0.3 922 £ 0.5 88.5 £ 09 853 £ 1.1
pH 7.0 PBS 100.0 + 0.0 96.5 +£ 0.5 91.5 + 0.6 89.1 + 0.6 829+ 1.0 78.0 + 1.6 723 +24 65.7 +£ 3.3

2.5. In vivo evaluation of formulations

2.5.1. Invivo elimination studies

In vivo pre-corneal drainage of each formulation was deter-
mined after instillation of 100 wL radiolabeled solution onto the
left cornea using a gamma camera (Toshiba GCA 602A) adjusted to
detect the radiation of 99™Tc-DTPA and fitted with a 4-mm pinhole.
The activity instilled ranged from 2.1 to 2.7 MBp per 100 p.L dose.
A small plastic vial containing a 100 L aliquot of solution to be
tested was placed near the eye of the rabbit, and used as a posi-
tion reference. After instillation, the eyelids were kept closed for
55 to prevent loss of the instilled solution. The rabbit was kept on
a table without the rabbit restrainer, its head being supported by
the experimenter’s hand with its left eye in front of the collimator
aperture at a distance of 5cm.

Recording was started 5s after instillation and frames were
recorded over a period of 10 min using a 128 x 128 pixel matrix.
Each formulation was tested on three rabbits. Individual 60 frames
(aframe/5 s) were summed to obtain an overall picture of distribu-
tion of the label.

2.5.2. Ocular irritation studies

Ocular irritation studies were performed according to the Draize
technique (Draize et al., 1944). A total of 6 rabbits, divided into 2
groups, were used. The Draize technique was used to assess acute,
intermediate, and chronic exposure by applying compounds to the
skin, penis, and eyes of rabbits. This technique has been used by the
FDA to evaluate the safety of several substances (Draize et al., 1944;
Fitzhugh et al., 1946). Baicalin in phosphate buffer at pH 5.8 (control
solution) was instilled into the left eye, and formulation F1-3 into
righteye, 0.1 mLevery 3 h, five times a day for a period of 7 days. The
condition of the ocular tissue was monitored after 1 h,4h 12 h, 24 h,
48 h and 72 h after the end of the last instillation. The conjunctival
congestion, swelling and discharge were graded on scales from 0
to 3, 0 to 4 and 0 to 3, respectively. Iris hyperaemia and corneal
opacity were graded on a scale from O to 4. The mean values from
three treated eyes were calculated for each solution. The evaluation
criteria used in accordance with the Draize technique were non-
irritant from 0 to 3.9, slightly irritant from 4 to 8.9, moderately
irritant from 9 to 12.9 and seriously irritant from 13 to 16.

2.5.3. Pharmacokinetic studies

Rabbits (n=3) had been treated with 0.3% (w/v) ofloxacin oph-
thalmic solution for 4-day before surgery. Then the animals were
anesthetized with lidocaine hydrochloride injection. A custom-
designed LM-10 microdialysis probe (Bioanalytiacl systems, INC,
USA) was implanted into the anterior chamber of each eye as
described previously (Lonnroth et al., 1987). Probe inlet and out-
let lines were tunneled beneath the conjunctiva, under the upper
eyelid, and exited between the ears. The leads were protected with
a latex glove pocket affixed to the top of the head. The probe was
introduced as described previously (Duchéne and Wouessidjewe,

1996). The anchor was sutured to the sclera with 7-0 Vicryl, and
conjunctiva was sutured over the anchor. Exterior wound sur-
faces were treated with 0.3% (w/v) ofloxacin ophthalmic solution.
Animals were used for experimentation after 2 days recovery. Slit-
lamp was taken after recovery to estimate fibrin formation and the
condition of the eye prior to the use of rabbits in experiments.

Conscious rabbits (n=3) were placed in rabbit restrainers which
permitted free movement of the head. Following a 1-h equi-
libration period with perfusion of saline solution through the
probe, different concentrations of standard baicalin saline solutions
(4.00 x 1072,8.00 x 1072, 1.60 x 10~1,3.20 x 10~1,6.40 x 10~! and
1.00ugmL-1) were perfused through the probe at a rate of
3 wLmin~!, and dialysate were collected for 10 min after 30 min
of perfusion. A 20 pL aliquot of each fraction was analyzed by HPLC
(Shimadzu LC 10-AT, Japan).

After the disturbance of standard solutions was reduced to the
negligible level by perfusion of saline solution through the probe
100 L of Formulation F1-3 were dropped into the rabbit eyes. The
samples were collected after every 10 min in the first hour and then
after every 20 min until baicalin could not be detected. At the end of
the experiment, euthanasia was performed under deep anesthesia
with an intravenous injection of air through the marginal ear vein
(De Lange et al., 2000).

3. Results and discussion
3.1. Selection of vehicle and dissolution medium

The pH of solutions plays a pivotal role in ophthalmic in situ pH-
triggered gelling system. It contributes significantly to the stability
of drugs and also influences the safety of products and the compli-
ance of patients, hence in order to get the suitable pH for in situ
gelling system, these three factors should be considered: (1) The
tolerable pH of human eye: ophthalmic preparations requires strict
to pHrange, the tolerance pH for human eye is 5.0-9.0, and pH range
of 6.0-8.0 is comfortable; (2) The acidity or basicity of excipients:
Carbopol has acidic property, so it needs to be dissolved in a weak
acidic solution to prepare a flowing liquid under non-physiological
conditions; (3) The drug stability and solubility: baicalin is a weak
acidic compound with several reaction points, which is not stable
in strongly acidic or basic conditions. Baicalin would be hydrolyzed
to form baicalin aglycone, and would be decomposed to polyhy-
droxy flavone aglycones by the baicalin enzymes contained in the
root S. baicalensis (Qiu et al., 2004; Wang et al., 1990). Table 1
showed that the stability of baicalin was significantly influenced
by different pHs of solutions. The baicalin solutions were stable in
distilled water and phosphate buffer at pH 5.8, 6.0, 6.2, 6.4, 6.6,
6.8. And baicalin was unstable in pH 7.0 phosphate buffer obvi-
ously, which was just like in the pH 7.0 artificial tear fluid. The
solubilities of baicalin in distilled water and in phosphate buffer at
pH 5.8 and 6.8 were (0.057 +0.006)gmL"!, (1.97 £0.017)gmL"!
and (10.704+0.146)gmL", respectively. Thus, baicalin would be
dissolves in the phosphate buffer at pH 5.8 and 6.8.



34 H. Wu et al. / International Journal of Pharmaceutics 410 (2011) 31-40

Table 2
Combinations of Carbopol and HPMC E4M studied.

Formulation Concentration (%, w/v) Gelling capacity

Carbopol 974P HPMC E4M

F1-1 0.3 0.2 -
F1-2 0.3 0.4 +
F1-3 0.3 0.6 ++
F1-4 0.3 0.8 +HE
F2-1 0.4 0.2 +
F2-2 0.4 0.4 ++
F2-3 0.4 0.6 ++
F2-4 0.4 0.8 ++
F3-1 0.5 0.2 +
F3-2 0.5 0.4 ++
F3-3 0.5 0.6 +++
F3-4 0.5 0.8 +H+
F4-1 0.6 0.2 +
F4-2 0.6 0.4 ++
F4-3 0.6 0.6 ++
F4-4 0.6 0.8 +H+

Note: —, no gelation; +, gels after a few minutes, dissolves rapidly; ++, gelation
immediate, remains for few hours; +++, gelation immediate, remains for extended
period.

According to the discussion and the results of the stability test
and solubility test of baicalin, pH 5.8 was selected as the optimum
pH value for in situ gelling system, and the phosphate buffer at pH
6.8 was considered as the receiving solution and the dissolution
medium.

3.2. Formula optimization and drug release mechanism study

3.2.1. Gelling capacity study

Carbopol, the aqueous solution transforms into stiff gel when
its pH is raised, was used as excipients in pH triggered in situ
gelling system (Schoenwald et al., 1978). However, the concentra-
tion of Carbopol required for forming stiff gels results in highly
acidic solutions which are not easily neutralized by the buffering
action of the tear fluid. A reduction in Carbopol concentration with-
out compromising the gelling capacity and rheological properties
of the delivery systems may be achieved by the addition of viscosity
enhancing polymers such as HPMC.

The formulation should have an optimum viscosity that will
allow easy instillation into the eye as a liquid which would undergo
a rapid sol-to-gel transition. Additionally, the gel formed in situ
should preserve its integrity without dissolving or eroding for a
prolonged period of time. In order to identify the compositions
suitable for use as in situ gelling, gelling systems of various con-
centrations of Carbopol and HPMC were prepared and evaluated for
gelling capacity. Table 2 shows that grade “++” of gelling capacity
was more satisfactory.

3.2.2. Invitro release studies

The cumulative amount of baicalin released profiles for various
formulations of in situ gelling system and baicalin in phosphate
buffer at pH 5.8 (control solution) is shown in Fig. 1. All the solutions
contained 0.1% (w/v) baicalin. For the control solution, almost all
the baicalin released immediately after the start of release test. In
the case of F2-2, more than 60% of the drug was released into the
medium within 30 min and then gradually released to 90% in 6 h.
For F2-3, F3-2 and F4-2, about 40% of baicalin was released into
the medium within 30 min, and then to only 80% in 6 h. F1-3 had
similar release trend as F2-3, F3-2 and F4-2 within 1h, and the
release rate became faster. There was 95% of baicalin release in
6 h. These results indicated that formulation F1-3 had relatively
better sustained-release effect than the other formulations and can
be used as ophthalmic sustained release drug delivery systems.

100
X 80t
1
[
D
=
&
on
£ 60f
(=]
40 : : : : : : : :
0 1 2 3 4 5 6 7 8
Time(h)

Fig. 1. Cumulative amount of baicalin released as a function of time from various
formulations of in situ gelling system (n=3). o:F1-3; O: F2-2; ®: F2-3; ¢: F3-2; O:
F4-2; x: control solution.

3.2.3. Drug release mechanism

In order to investigate drug release mechanism, the release
data were fitted to models representing first order, Higuchi and
Ritger-Peppas equation. The linear regression analyses were sum-
marized in Table 3. The examination of coefficient of determination
(r?) values for the formulation F1-3 indicated that Ritger-Peppas
equation was a more suitable fit to drug release mechanism from
in situ pH-triggered gelling system.

Ritger-Peppas equation : F = KT" (M

In Eq. (1), F is the fractional release of the drug; K is the propor-
tionality constant; n is the diffusional exponent and T is the time.
The diffusional exponent was calculated from the slope of the nat-
ural logarithmic values (In) of the fractional release as a function
of time (Table 3). The release mechanism for semisolid vehicles
containing dissolved drug was found to be non-fickian or anoma-
lous involving both diffusion and polymer relaxation (0.5<n<1).
The data of release mechanism indicated that baicalin release was
dependent on two simultaneous processes: water migration into
the in situ gelling system and drug diffusion through continuously
swelling gelling system. Similar result was also obtained by other
researchers in other gelling system (Anumolu et al., 2009).

3.3. Invitro evaluation of formulations

3.3.1. Micro-morphology of in situ gelling system

As shown in Fig. 2(A), the bright green linear structures of in situ
gelling system at pH 5.8 were observed. Fig. 2(B) shows that the
color of FITC region was little faded and the linear structure was
not changed after the gelling system was instilled with distilled
water. And in Fig. 2(C), the micro-morphology of in situ gelling sys-
tem clearly shows cluster structure instead of linear structure at
pH 6.8. The images suggested that the structure of in situ gelling
system was changed from pH 5.8 to pH 6.8. At the acidic condition,
the Carbopol had linear structure and there were a lot of dissoci-
ation groups in the skeleton of Carbopol. But under physiological
conditions, the molecular chains were extended by electrostatic
repulsion of carboxyl groups, and the chance of becoming hydrogen
bonds was increased producing a stronger gel.

Table 3
In vitro drug release kinetic of baicalin from floating in situ gelling system.

Formulation First order Higuchi Ritger-Peppas
r? r? r? n
F1-3 0.8805 0.9582 0.9891 0.62
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Fig. 2. CSLM micrograph of FITC-labeled in situ gelling system (formulation F1-3). (A) In situ gelling system under pH 5.8, (B) after instilled distilled water and (C) after

instilled 0.2 M NaOH and adjusted pH to 6.8. Scale bar =200 pm.

3.3.2. Rheological studies

The rheological behaviors of various gelling systems were inves-
tigated as a function of pH value. Fig. 3 illustrated the pH-induced
viscosity change of formulation F1-3. The gelation pH value of poly-
mer solution was pH 6.0. A sudden increase in the viscosity was
observed after pH 6.0, suggesting the occurrence of sol-gel phase
transition between these two conditions for in situ gelling system.

) )

=3 W

S >
1

w
(=]
T

Viscosity (Pa.s)

pH Value

Fig. 3. pH-induced viscosity change of in situ gelling system (formulation F1-3).

3.3.2.1. Rheological behaviors of different polymer solutions without
baicalin. Fig. 4 shows the shear stress vs. shear rate flow curves
of HPMC solution (0.6% (w/w)), Carbopol solution (0.3% (w/w)),
and formulation F1-3 without baicalin (0.3% Carbopol-0.6% HPMC
(w/v)) under non-physiological (25°C, pH 5.8) and physiological
(35°C, pH 6.8) condition.

For HPMC solution, the shear stress increased linearly with
increase in shear rate under non-physiological conditions, and the
shear stress from physiological conditions to non-physiological
conditions only had a slight decrease. The HPMC polymer solution
under the two kinds of conditions did not undergo phase change to
turn into a gel but remained as an easily flowing liquid, similar to
pure water, which displays a Newtonian flow behavior (Miller and
Drabik, 1984). On the other hand, the dilution by sodium hydrox-
ide solution also had a great influence on the shear stress under
physiological condition.

Fig. 4 also shows that, for Carbopol solution and formulation F1-
3 without baicalin under non-physiological conditions as well as
for HPMC solution under either non-physiological or physiological
conditions, the shear stress increased linearly with an increase in
shear rate, also demonstrating a Newtonian flow behavior (Miller
and Drabik, 1984). However, under physiological conditions, the
two solutions resisted the initial rotary motion, and the shear stress
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Shear stress (Pa)
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Fig. 4. Shear stress vs. shear rate flow curves of different polymer solutions without
baicalin. a: formulation F1-3 without baicalin measure at 35°C and pH 6.8; B: 0.3%
Carbopol solution measure at 35 °C and pH 6.8; O: formulation F1-3 without baicalin
measure at 25 °Cand pH 5.8; O: 0.6% HPMC solution measure at 25°Cand pH5.8; @:
0.6% HPMC solution measure at 35 °C and pH 6.8; (J: 0.3% Carbopol solution measure
at25°Cand pH 5.8..

increased suddenly at higher shear rate. The solutions began to
flow after the shear stress reached its yield point. Therefore, the
flow curve for these two solutions under physiological conditions
exhibited pseudoplastic behavior with hysteresis (Lin and Sung,
2000; Patton and Robinson, 1975). At shear rate of 130s~1, the
shear stresses of Carbopol and Formulation F1-3 without baicalin
under physiological conditions were each approximately four to
six times greater than those of under non-physiological conditions,
suggesting significant sol-gel phase transition between these two
conditions for both systems. The observed phase transitions for the
two solutions were mediated by the variation of pH from 5.8 to 6.8
and can be attributed to the ionization of Carbopol polymer. At pH
6.8, the mutual repulsion of ionized carboxyl groups may produce
more stretched Carbopol backbone and those carboxyl groups may
also form stable hydrogen bonds with water molecules through
hydrophilic interactions (Lochhead et al., 1989). On the other hand,
the hydrophobic nature of Carbopol backbone may form hydropho-
bic interchain aggregation; this cross-linking phenomenon may
result in the formation of more viscous gel at pH 6.8 environment
(Wang et al,, 1991).

Although the shear stress of Carbopol solution increased signifi-
cantly under physiological conditions, a stronger gel can be formed
by combining HPMC with Carbopol solutions. Fig. 4 shows that,
under non-physiological and physiological conditions, the shear
stresses of formulation F1-3 without baicalin were significantly
greater than those of individual HPMC and Carbopol solution at
each shear rate. This observation can be explained by the forma-
tion of crosslinks between the two polymers; that is, the water
molecules may act as a crosslinking agent to form hydrogen bonds,
which may lead to the formation of three-dimensional network and
stronger gel (Kulicke and Nottelmann, 1989).

3.3.2.2. Rheological behaviors of formulation F1-3 with and with-
out baicalin. In order to investigate the effects of baicalin on
the rheological behaviors of the formulation, the rheological
studies on formulation F1-3 with and without baicalin under non-
physiological and physiological conditions were carried out. Fig. 5
demonstrated that formulation F1-3 with baicalin had similar flow
behaviors as F1-3 formulation without baicalin, suggesting that
the incorporation of baicalin did not disrupt the strong three-
dimensional gel network formed under non-physiological and
physiological conditions.
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Fig. 5. Shear stress vs. shear rate flow curves of formulation F1-3 with and with-
out baicalin. a: baicalin-containing F1-3 formulation measure at 35°C and pH 6.
8; A: formulation F1-3 without baicalin measure at 35°C and pH 6.8; ¢: baicalin-
containing F1-3 formulation at 25°C and pH 5.8; ¢: formulation F1-3 without
baicalin measure at 25°C and pH 5.8.

3.3.3. Accelerated stability studies

Accelerated stability studies were carried out on formulation
F1-3. Table 4 shows that drug contents of formulation F1-3 were
>98% and there were no change in pH (about 5.8), gelling capacity
and in vitro release within 3 months.

3.4. Invivo evaluation of formulations

3.4.1. Invivo elimination studies

According to the activity of the radiation of °™Tc-DTPA over
a period of 10 min, Fig. 6, which was the curves of the remaining
radioactivity vs. the time, the in vivo elimination was discussed.
The final images were divided into four regions of interest (ROIs),
which were (0) the position reference, (1) the pre-corneal surface,
(2) the lachrymal duct, and (3) the oropharynx. The curves illus-
trated that the radioactivity of the pre-corneal surface area of the
control solution was delayed continuously, when compared with
the radioactivity plateau phase of formulation F1-3. Furthermore,
for the control solution, the radioactivity of the lachrymal duct and
the oropharynx area increased at early period and decreased later;
however, the radioactivity of formulation F1-3 was always higher
than that of control solution.

The frames over the period of 10 min were divided into three
phases, which were prophase, metaphase and anaphase. Fig. 7
shows the comparison of the scintigraphic images between the
control solution and formulation F1-3 during three phases.

As shown in Fig. 7, the control solution flowed through the
lachrymal duct, and the radiolabeled solution had already reached
the oropharynx at metaphase, and diffused into capillaries at
anaphase. Meanwhile, formulation F1-3 flowed slower than the
control solution, and the diffusion was not obviously watched at
metaphase and anaphase.

It was reported that Carbopol resins, an acrylic-acid based poly-
mers, are available in a range of molecular weights and may be
linear, branched or cross-linked (Robinson and Mlynek, 1995), have

Table 4
The drug content (%) of stability studies for 3 months (mean +SD, n=3).
Formulation F1-3  Months
0 1 2 3
4+1°C 100.0 + 0.0 100.0 + 0.3 99.8 +£ 0.5 994 + 0.5
25+ 1°C 100.0 + 0.0 100.3 £ 0.4 994 + 0.7 98.8 £ 1.3
45 £ 1°C 100.0 + 0.0 99.3 £ 0.7 98.9 £ 0.5 98.2 £ 0.8
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Fig. 6. The curves of the remaining activity vs. the time (A): in vivo elimination of the control solution and (B): formulation F1-3. Typical scintigraphic images divided into
four regions of interest (ROIs): (0) the position reference, (1) the pre-corneal surface, (2) the lachrymal duct, and (3) the oropharynx..

been investigated very frequently for the development of ocular 3.4.2. Ocular irritation studies

drug delivery systems owing to their excellent mucoadhesive prop- The average score of the control solution and formulation F1-3
erty. So according to the results of in vivo elimination studies, were 0, which indicated that all formulations were non-irritant.
formulation F1-3 had better ability to retain drugs than the control Excellent ocular tolerance was noted. No visible ocular damage

solution.
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Fig. 7. The comparison of the scintigraphic images between the control solution and formulation F1-3.

or abnormal clinical signs to the cornea, iris or conjunctivae were
observed.

3.4.3. Pharmacokinetic studies
In vivo recovery was defined as (Higuchi, 1960):

_ Cin — Cout
R = G Cour @)

where Cj, is the concentration of standard solutions, Coyt is the
concentration of dialysate and Gy, is the concentration in aqueous
humor. A linear equation was plotted by (Ci, — Cout) VS. Cout, and
the slope of the line gave the recovery (R).

As it was showed in Fig. 8, the linear regression between per-
fusate (Cj,) and dialysate (Cout): Cin — Cout = —0.4656 Coyt +3.2127
(R%=0.9994), so the recovery (R) in vivo was (44.41 + 6.49)%. Perfu-
sion flow-rate, temperature, perfusate composition, characteristics
of the drug, characteristics of the semipermeable membrane, and
the surface of the semipermeable membrane may all affect recov-
ery. All parameters that influence in vitro recovery will also
influence in vivo recovery. However, tissue characteristics will play
an important role and may ultimately determine the recovery.
In vivo recovery depends on the diffusion in three regions: probe
lumen, dialysis membrane and periprobe environment (Benveniste
et al., 1991; Bungay et al., 1990). Diffusion in probe lumen is lim-
ited only with the use of very low flow rates. Diffusion through
the dialysis membrane is limited only when transport through
the periprobe environment is rapid. Rapid diffusion through the

periprobe environment occurs in most flowing systems. In tissues,
effective diffusion through the extracellular fluid determines the
recovery of the microdialysis probes (Morrison et al., 1991).
Aqueous humor pharmacokinetic parameters were presented
in Table 5 and Fig. 9. It can be seen that the AUC value of formula-
tion F1-3 was much higher than that of the control solution, which
were 6.1-fold vs. the control group (p<0.01), and the Cpax value
of formulation F1-3 vs. the control solution was 3.6-fold (p <0.05).
The Tmax value and ty, value of formulation F1-3 were higher than
those of control solution, which were 2.6-fold. These in vivo results
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Fig. 8. In vivo recovery of microdialysis probe in aqueous humor (n=3).
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Table 5

Pharmacokinetics parameters of baicalin in aqueous humor after topical administration rabbit (mean =+ SD, n=3).
Formulation AUC/(g mL-! h) Crax/(pg mL~1) Tinax/h ti2/h
Control 0.0360 + 0.0055 0.0922 + 0.0282 0.167 £ 0 0.4845 + 0.2422
F1-3 0.2210 + 0.0574™ 0.3330 + 0.1159° 0.444 + 0.096~ 1.2608 + 0.4310°

Sign: control, baicalin phosphate buffer at pH 5.8.
" p<0.05 vs. control.
* p<0.01 vs. control.
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Fig. 9. Aqueous humor baicalin concentration-time profiles following a 100-pL
topical dose in conscious rabbits (n = 3). a: Formulation F1-3; x: The control solution.

demonstrated further that in situ gelling system, for its ability to
sustain drug release, can be used as the ideal ocular delivery system
with improved the ocular bioavailability.

4. Conclusion

Baicalin was successfully formulated in pH-triggered in situ
gelling system using Carbopol® 974P (0.3%, w/v) as a pH-triggered
gelling agent in combination with HPMC E4M (0.6%, w/v) as a
viscosity enhancing agent. It was found that the gelling system
can flow easily under non-physiological condition (25°C, pH 5.8)
and undergo rapid gelation under physiological condition (35°C,
pH 6.8). The in situ gelling system can support sustained drug
release over an 8-h period, and the release mechanism in vitro
was dependent on two simultaneous processes: water migration
into the in situ gelling system and drug diffusion. Stability data
recorded over a 3-month period under (4 & 1) °C, room temperature
(2541)°C, and accelerated temperature (45 £ 1) °C condition indi-
cated that the formulation was stable. And the formulation caused
no irritation to rabbit eye tissues. Both the in vitro and the in vivo
results indicated that the in situ pH-triggered gelling system is a
viable alternative to conventional eye drops by virtue of its ability
to enhance bioavailability through its longer precorneal residence
time and the ability to sustain drug release. More importantly, it
was a suitable medium for baicalin, the pH-sensitive drug, to be
used as novel ophthalmic delivery system.
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