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ABSTRACT. In the study, we developed a novel oral dosage form of Compound Danshen to
resolve the problems of low bioavailability, disequilibrium in drug release, and stomach
degradation of active components of Compound Danshen in conventional formulas. A colon-
specific osmotic pump capsule (COPC) of Compound Danshen was prepared using a
semipermeable shell with the core components. Using a single-factor method, we obtained the
optimal formulation that consisted of Salvia miltiorrhiza extract, Panax notoginseng extract,
Borneol, sodium chloride, polyethylene oxide wsr-N10, hydroxypropyl-p-cyclodextrin, and
ludipress. Moreover, in vitro dissolution test showed simultaneous releases of active ingredients
from Compound Danshen COPC over 12 h at pH 7.8, displaying zero-order release
characteristics. The impetus of drug release mainly depended on the difference in osmotic
pressure across the capsule shell. Next, scanning electron microscopy showed morphological
changes in the capsule shell during the dissolution test. More importantly, pharmacokinetic study
in beagle dogs indicated that relative bioavailability was 330.58 % and retention time was greatly
prolonged in Compound Danshen COPC, compared with those in marketed Compound
Danshen tablet products. Finally, in vivo imaging studies in beagle dogs showed that COPC was
stable in gastrointestinal tract and the drug was specifically released in the colon region.

KEY WORDS: Compound Danshen; colon-specific osmotic pump; gastrointestinal tract; synchronous

release pharmacokinetics; zero-order release.

INTRODUCTION

The Compound Danshen formula, a traditional Chinese
medicine (TCM) recognized in the official Chinese

Xiangjiang Nie and Bin Wang contributed equally to this work.

!'Key Laboratory of Xin’an Medicine, Ministry of Education, Anhui
University of Chinese Medicine, Hefei, 230038, Anhui, China.

%2 Anhui Province Key Laboratory of Chinese Medicinal Formula,
Anhui University of Chinese Medicine, Hefei, 230012, Anhui,
China.

3 Anhui Province Key Laboratory of Research & Development of
Chinese Medicine, Anhui University of Chinese Medicine, Hefei,
230038, Anhui, China.

4 Anhui “115” Xin’an Traditional Chinese Medical Research &
Development Innovation Team, Hefei, 230038, Anhui, China.

5School of Pharmacy, China Pharmaceutical University, Nanjing,
Jiangsu, China.

6 Department of Pharmaceutical Sciences, College of pharmacy and
Health Sciences, St. John’s University, New York, 11439, USA.

7 Anhui Huangshan Capsule Co., Ltd, Huangshan, 242700, Anhui,
China.

8To whom correspondence should be addressed. (e-mail:
rongfenghu2003@hotmail.com; haipinghao@cpu.edu.cn)

» aaps

Pharmacopoeia, is composed of Radix Salvia miltiorrhiza,
Panax notoginseng, and Borneol (1). It has been extensively
used to treat coronary heart diseases, angina pectoris, and
hyperlipidemia (2-4).

To date, marketed Compound Danshen products, includ-
ing Compound Danshen tablets (CDT) and Compound
Danshen dripping pills (5), have a feature of frequent dosing.
However, frequent dosing may lead to patient noncompliance,
especially in elderly patients with sluggishness and memory
degradation, and to potential fluctuation in blood drug concen-
tration. To overcome this problem, many sustained-release
systems have been developed. For instance, Compound
Danshen sustained-release tablets and sustained-release cap-
sules have been developed (6,7). These dosage forms are able to
reduce dosing frequency and improve patient compliance by
releasing the drug continuously. However, as the integrity of
active ingredients is important to exert synergistic pharmaco-
logical effects (8), significant differences in solubility among the
active ingredients, namely, from free water-soluble forms to
practically water insoluble forms, cause a disparity in drug
release among the above preparations, weakening the overall
treatment outcome (9,10). Some studies, such as studies of
Compound Danshen osmotic pump tablets, could achieve
simultaneous release of Compound Danshen active ingredients
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in the gastrointestinal tract (11), but the active ingredients of
P. notoginseng are easily hydrolyzed by gastric fluid into
aglycones and sugars, resulting in low bioavailability and poor
therapeutic effect (12,13). Therefore, it is important to develop a
novel oral dosage form to address these limitations of conven-
tional preparations.

Currently, several preparation methods are used to en-
hance the efficacy of Compound Danshen, among which the
osmotic pump system (OPS) has attracted wide attention owing
to the unique drug release mode and controllable drug release
rate (14-19). The OPS, which exhibits sustained drug release
driven by osmotic pressure, can improve patient compliance by
reducing the frequency of drug administration. Moreover, the
drug release behavior of OPS generally follows zero-order
kinetics, and it is not affected by factors such as gastrointestinal
motility, environmental pH, and food presence (20-26). In
addition, several studies on OPS have shown that simultaneous
release of different drugs can be achieved by adjusting the
composition of the core components of the OPS (27,28).
Moreover, the oral colon-specific drug delivery system
(OCDDS) can directly deliver drugs to the colon and provide
a mild environment with close to neutral pH, and thus,
protecting acid- and enzyme-labile drugs (29-31). Furthermore,
a longer transit time in the colon can prolong the residence of
drugs in the body (32-35). Therefore, the combined use of
OCDDS and OPS can overcome the limitations associated with
the conventional Compound Danshen products.

In our previous study, we developed a colon-specific osmotic
pump capsule (COPC) of P. notoginseng saponins, which was
proved to achieve colon-specific and zero-order release, thus
improving the bioavailability of P. notoginseng saponins. Based
on this achievement, the great potential of COPC in Compound
Danshen delivery has been confirmed. Therefore, in the present
study, we used COPC for the delivery of a Chinese herbal
compound that contains more complex components.

MATERIALS AND METHODS

Materials

Radix S. miltiorrhiza extract was extracted in our
laboratory (marker concentrations: 30.20 mg/g salvianolic
acid B and 1.21 mg/g tanshinone IIA; lot number:
20161129). Panax notoginseng extract was also extracted in
our laboratory (marker concentrations: 31.32 mg/g
notoginsenoside R1, 54.26 mg/g ginsenoside Rgl, 51.37 mg/g
ginsenoside Re, 57.01 mg/g ginsenoside Rb1, and 21.57 mg/g
ginsenoside Rd.; lot number: 20161129). Borneol was pur-
chased from Lifang Pharmacy (Anhui, China). Astragaloside,
notoginsenoside R1, ginsenoside Rgl, ginsenoside Re,
ginsenoside Rbl, ginsenoside Rd., salvianolic acid B, and
tanshinone ITA were purchased from the National Institutes
for Food and Drug Control (Beijing, China). Eudragit® S100
was gifted by Evonik Company (Essen, Germany). Cellulose
acetate (CA) was obtained from Sinopharm Chemical
Reagent Company (Shanghai, China). Hydroxypropyl-p-
cyclodextrin (HP-3-CD) was obtained from Nanjing Otuo
Funi Biotechnology Co., Ltd. (Jiangsu, China). Polyethylene
glycol (PEO) with average molecular weights of 1 x 10° (PEO
WSR N10), 2 x 10° (PEO WSR N&80), and 9 x 10° (PEO WSR
N1105) was obtained from Dow Chemical Company
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(Midland, MI, USA). Ludipress was received from BASF
SE (Ludwigshafen, Germany). Acetone was obtained from
Shanghai Pilot Chemical Company (Shanghai, China).
Commercial Compound Danshen tablets (214 mg/tablet)
were manufactured by Guangzhou Baiyunshan Hutchison
Whampoa Chinese Medicine Co., Ltd. (Yunnan, China). The
other chemicals were of analytical reagent grade.

METHODS

Preparation of the COPC of Compound Danshen

The COPC was formulated and prepared as previously
described (15). The shell of the COPC was prepared by the
dip plastic method. Firstly, the coating solution was prepared
by dissolving CA, PEG 6000, and Eudragit® S100 in a solvent
mixture of acetone and water (9.5 mL/0.5 mL). The capsule
mold was slowly dipped into the coating solution. Next, the
mold was lifted up vertically and rotated three times. The
above operations were repeated three times. The mold was
dried at a temperature of 25°C and humidity of 60% for 2 h
after the coating solution was evenly dispersed on the surface
of the capsule mold. Afterward, the capsule was plucked out
from the mold and trimmed by a capsule cutter machine.
Finally, a 0.8-mm hole was drilled on the top of the capsule
cap by a Lumonics Phase I laser (Tianjin Institute of
Industrial Automation Instrument, Tianjin, China) and sealed
with 15% (w/v) Eudragit® S100 solution.

The dosage of the COPC of Compound Danshen was
selected based on the requirements of the Chinese Pharma-
copoeia 2015 edition (ChP. 2015) for CDTs (not less than
0.2 mg of tanshinone IIA, 5 mg of salvianolic acid B, and 6 mg
of a mixture of notoginsenoside R1, ginsenoside Rgl,
ginsenoside Re, and ginsenoside Rbl per tablet).

Firstly, Salvia miltiorrhiza extract (174 mg), Radix
P. notoginseng extract (32 mg), borneolum (8 mg), and a specific
amount of NaCl, penetration polymer, solubilizer, and ludipress
were passed through a 100-mesh sieve individually and then
uniformly mixed using a mortar and loaded into the body of
capsules. The cap was nested on the body and the seam was
sealed with a coating solution to prevent content leakage.

In Vitro Dissolution Test

To optimize the COPC formulation of Compound
Danshen, a single-factor method was used to investigate
influencing factors including the amount of NaCl, type and
amount of suspending agent, as well as type and amount of
solubilizer through in vitro dissolution test of different
formulations. The details of the different COPC formulations
are provided in Table 1.

An in vitro dissolution test was carried out using a
dissolution apparatus (AT 7smart; SOTAX Technology Co.,
Ltd., Switzerland) at 37.5°C £ 0.5°C with a rotation speed of
100 rpm and dissolution medium volume of 900 mL, accord-
ing to the basket method in the Chinese Pharmacopoeia 2015
edition (ChP. 2015).

The dissolution test was performed in simulated gastric
fluid (SGF, pH 1.0) for 2 h, followed by 3 h in phosphate
buffer saline (PBS, pH 6.8), and finally for another 12 h in
PBS (pH 7.8). The dissolution apparatus was set to withdraw
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Table I. Core contents of the colon-specific osmotic pump capsule of Compound Danshen

Composition (mg)

F Compound Danshen NaCl wsr-N10 wsr-N80 wsr-N1105 HP-3-CD p-CD SDS F68 Ludipress
F2 214 100 20 - - - - - 20 66
F3 214 120 20 - - - - - 20 66
F4 214 100 40 - - - - - 20 26
F5 214 100 - 40 - - - - 20 26
F6 214 100 - - 40 - - - 20 26
F7 214 100 20 - - - - - 20 66
F8 214 100 40 - - - - - 20 46
F9 214 100 60 - - - - - 20 26
F10 214 100 20 - - 40 - - - 46
F11 214 100 20 - - - 40 - - 46
F12 214 100 20 - - - - 40 - 46
F13 214 100 20 - - - - - 40 46
F14 214 100 20 - - 20 - - - 46
F15 214 100 20 - - 40 - - - 26
F16 214 100 20 - - 60 - - - 6

5 mL of sample at predetermined sampling times (2, 3, 5,7, 9,
11, 13, 15, and 17 h) and replaced by the same volume of fresh
dissolution medium. All samples were passed through a 0.45-
pum membrane filter. The seven indicative components of
Compound Danshen were simultaneously detected using the
dual-wavelength method by ultra-performance liquid chro-
matography (the UPLC chromatogram is showed in Fig. 1).
The detection wavelengths were 279 (for salvianolic acid B
and tanshinone ITA) and 203 nm (for notoginsenoside R1 and
ginsenoside Rgl, Rbl, Re, and Rd), and the cumulative
release was calculated at each time point.

The similarity factor (f2) is recommended by the FDA to
evaluate the similarity among release curves of solid prepa-
rations, and the formula used to calculate it is as follows (36):

fo = SOIng{ [1 +1/n % Z(Rt—Tt)z] " 100} 1)

203nm
2
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Fig. 1. Ultra-performance liquid chromatography chromatogram of
colon-specific osmotic pump capsule of Compound Danshen in the
in vitro dissolution test (1: notoginsenoside R1; 2: ginsenoside Rgl; 3:
ginsenoside Re; 4: ginsenoside Rbl; 5: ginsenoside Rd.; 6: salvianolic
acid B; 7: tanshinone Ila)

where Rt and Tt represent the release rate of the reference
and test samples, respectively, and # is the sampling number.
The f2 ranges from 0 to 100. If f2 is higher than 50, it
indicates a better release profile similarity. If f2 is less than
50, the release curves are not similar.

Evaluation of Drug Release Kinetics

The in vitro drug release kinetics was fitted with the zero-
order, first-order, and Higuchi models. The coefficient of
correlation was employed to evaluate the drug release
kinetics of COPC Table II.

Influence of Differences in Capsule Internal and External
Osmotic Pressure on Drug Release

The internal and external osmotic pressure difference of
the COPC in the in vitro dissolution test was measured using
an auto freezing point osmometer (Shanghai Medical Uni-
versity Instrument, Shanghai, China). Capsules of the same
batch were obtained from the dissolution apparatus individ-
ually at the predetermined time intervals (2, 3, 5, 7, 9, 11, 13,
15, and 17 h). The capsules were carefully cut open. Twenty
microliters of the liquid contents was diluted 100 times with
the corresponding dissolution medium prior to the determi-
nation of osmotic pressure. Meanwhile, the osmotic pressure
of the bulk dissolution medium at the same time point was
also measured, and the difference between the osmotic
pressures was calculated.

Scanning Electron Microscopy

Scanning electron microscopy was used to evaluate the
surface and cross section of the shell of COPC before and
after the in vitro dissolution test. The outer surface sample
was prepared by cutting the COPC shell before and after the
dissolution test and dried at 40°C for 2 h. Cross section
sample was prepared by fracturing the capsule shell in liquid
nitrogen to obtain complete a cross section and dried at 40°C
for 2 h. The samples were studied under a scanning electron
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microscope (EVO18; Carl Zeiss, Germany) at a magnification
power of 500 x and 10 kx. The accelerating voltage was 10 kV.

In Vivo Study in Beagle Dogs

The protocol of the animal experimental study was
approved by the Anhui Medical University Animal Experi-
mental Ethics Committee (Hefei, China). The beagle dogs
used in the experiment were provided by the Experimental
Animal Center of Anhui Medical University. Nine male
beagle dogs (11 £2.5 kg) were randomly assigned to three
groups (Groups A, B, and C) with three dogs per group. The
dogs were fasted for 12 h before a single oral dose
administration of three CDTs (Group A), three colon-
specific capsules of Compound Danshen (S. miltiorrhiza
extract, Radix P. notoginseng extract, and Borneol were
loaded into the colon-specific capsule without optimized
excipient, CC) (Group B), and three COPCs of Compound
Danshen (Group C). Each group received the same oral dose
containing 522 mg S. miltiorrhiza extract, 96 mg Radix
P. notoginseng extract, and 24 mg Borneol with 200 mL of
water via a feeding tube. The dogs had free access to food
and drinking water throughout the study. About 3 ml of
venous blood was sampled before drug administration and at
the predetermined time intervals. It was then placed in
heparinized tubes. The sampling time points were 0.5, 1, 1.5,
2,25,3,4,6,8,10, 12,24, and 36 h for Group A;2,3,5,5.5,6,
6.5,7,7.5,9,11, 13, 15, 17, 24, 30, and 36 h for Group B; and
2,3,5,6,7,9,11, 13, 15, 17, 24, 30, and 36 h for group C. The
collected blood samples were centrifuged at 3000 rpm for
10 min, and then the upper plasma layer was collected and
stored at —20°C. About 20 pL of the internal standard
(methanol solution of astragaloside, 530 pg/mL), 150 pL of
plasma, and 450 pL of acetonitrile were mixed and vortexed
for 2 min. The mixture was centrifuged at 12,000 rpm for
10 min. The supernatant was separated and dried in a 40°C
water bath. The residue after drying was reconstituted with
150 pL of methanol. The reconstituted sample was vortexed
for 1 min and centrifuged for 10 min at 12,000 rpm. Finally,
4 uL of the supernatant was collected for the UPLC-MS/MS
analysis (37).

UPLC-MS/MS Assay for the Seven Indicative Components
of Compound Danshen

Ultra-performance liquid chromatography-electrospray
tandem mass spectrometry (UPLC-MS/MS) analytical
method was established to determine the seven indicative
components of Compound Danshen in the plasma of beagle
dogs. The UPLC-MS/MS apparatus comprised an Agilent
1290 UPLC system, a Triple QuadTM 4500 Mass Spectrom-
eter (AB SCIEX Company, USA), an electrospray ionization
source, and an autosampler.

The Waters ACQUITY UPLC® BEH C;g column
(100 mm x 2.1 mm, 1.7 pm) was used. The mobile phases
were 0.1% formic acid water (A) and acetonitrile (B) at the
flow rate of 0.4 mL/min, and the column temperature was
40°C. A gradient elution was utilized with the following
profile: 0-1.0 min, 70% A; 1.0-2.0 min, 60% A; 2.0-4.0 min,
51% A; 4.0-4.1 min, 52% A; 4.1-7.1 min, 15% A; 7.0-
7.1 min, 30% A; and 7.1-8.0 min, 70% A. The ESI source and
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Table II. Curve fitting of release profiles of the colon-specific osmotic
pump capsule of Compound Danshen

Compound Model Fitting equation R
Zero-order y=7.5237x - 3.3435 0.9949
TanlTA First-order y=-0.1609x + 0.2041 0.9440
Higuchi y=28.4000x - 8.4243 0.9687
Zero-order y=7.4737x - 1.3001 0.9959
TAB First-order y=-0.1614x + 0.2321 0.9447
Higuchi y=27.9780x - 9.1008 0.9540
Zero-order y=7.1908x - 1.2089 0.9928
R1 First-order y=-0.1436x +0.1635 0.9610
Higuchi y=27.3870x - 8.1834 0.9706
Zero-order y=8.0779x - 9.0456 0.9908
Rgl First-order y=-0.1714 + 0.2960 0.8543
Higuchi y=28.7380x - 12.0590 0.9333
Zero-order y =7.3363x - 4.3248 0.9939
Re First-order y=-0.1466x + 0.2070 0.9104
Higuchi y=27.0420x - 9.3481 0.9510
Zero-order y=7.4762x - 0.8509 0.9756
Rbl First-order y=-0.1624x +0.1734 0.9740
Higuchi vy =029.0830x - 7.8380 0.9727
Zero-order y=7.8267x - 5.7886 0.9914
Rd First-order y =-0.1629x + 0.2423 0.9132
Higuchi y=28.6730x - 10.6540 0.9524

the positive ion mode were used, and the optimized mass
spectrometry conditions were as follows: IV, 5500 V; TEM,
450°C; CUR, 35 psi; Gas 1, 65 psi; and Gas 2, 65 psi. The mass
spectrometry multi-reaction monitoring (MRM) parameters
of the seven active ingredients (namely, notoginsenoside R1,
ginsenoside (Rgl, Re, Rbl, and Rd), salvianolic acid B, and
tanshinone IIA) and IS (astragaloside) were optimized
(Tables II and III).

Statistical Analysis
The DAS 2.0 pharmacokinetics software was used to
calculate pharmacokinetics parameters. All data are

expressed as mean =+ standard deviation. The one-way analy-
sis of variance was used to analyze the data.

In Vivo Imaging Studies

Multislice spiral CT (MSCT) was used to monitor the
fate of the capsules in the gastrointestinal (GI) tract of beagle

Table III. Optimized MRM parameters of the seven active ingredi-

ents and IS
Analyte Precursor Product DP(V) CE EP CXP
ion (m/z)  ion (m/z) V) (V) V)
TanIIA  295.0 276.8 122 28 10 11
Tab 701.3 683.3 65 78 10 11
R1 955.2 775.1 274 59 10 11
Rgl 822.9 643.2 255 51 10 11
Re 969.2 789.4 251 64 10 11
Rbl 1131.4 364.7 258 74 10 11
Rd 969.3 789.2 285 65 10 11
IS 808.4 718.2 16 44 10 11
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Fig. 2. Influence of the amount of osmotic agent on drug release (a, 80 mg; b, 100 mg; and ¢, 120 mg) (mean +SD, n=6)

dogs. Three male beagle dogs (11 +£2.5 kg) were provided by
the Experimental Animal Center of Anhui Medical Univer-
sity. The nontoxic contrast agent barium sulfate was used to
replace a part of the core components of the optimized COPC
of Compound Danshen to track the location of the capsule
and observe drug release in the GI of beagle dogs. The beagle
dogs (11 +2.5 kg) were fasted for 12 h before the administra-
tion of the COPC loaded with barium sulfate with 200 mL of
water via a feeding tube. MSCT images were captured at
predetermined times (2, 6, and 9 h) to trace the capsule
in vivo. MSCT imaging was carried out in 64-row 128-slice
spiral CT (Siemens, Germany) by placing the beagle dogs in
the prone position.

RESULTS AND DISCUSSIONS

Effect of the Osmotic Agent on Drug Release

The osmotic pump capsules require a high osmotic
pressure to release the drug. Generally, the drug itself cannot

produce enough osmotic pressure to maintain a continuous
and stable release profile. Therefore, it is necessary to add an
osmotic agent to increase the osmotic pressure difference
across the capsule shell. NaCl was selected as the osmotic
agent, which can result in a high osmotic pressure at an
equivalent amount than that of other osmotic agents. In this
study, different amounts (80, 100, and 120 mg; Table I F1-F3)
of NaCl were investigated to understand its effect on drug
release (Fig. 2). An increased drug release rate and thorough
release were achieved with a high amount of NaCl. Slow and
incomplete release was observed with 80 mg NaCl, whereas
100 and 120 mg NaCl yielded complete drug release with a
more consistent drug release rate in the former. Hence, the
optimum amount of NaCl was selected as 100 mg.

Effect of Type and Amount of Suspending Agent on Drug
Release

The powder of TCM extract, which contains polysaccha-
rides, can easily adhere to the internal surface of the capsule
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Fig. 3. Influence of the type (a, WSR N10; b, WSR N 80; and ¢, WSR N1105) of suspending agent and the amount (d, 20 mg; e, 40 mg; and f,
60 mg) of PEO WSR N10 on drug release (mean +SD, n=6)
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Fig. 4. Influence of the type (a) of solubilizer and the amount (b) of HP-p-CD on tanshinone IIA release (mean +SD, n=6)

shell during the dissolution test, hindering the release of the
drug. Therefore, a suspending agent is used to enhance the
dissolution rate and diffusion of water into the contents of the
capsule. Three types of PEO (Table I F4-F6), namely, WSR
N10, WSR N80, and WSR N1105, were utilized as a suspending
agent in this study. The effect of various types of PEO on drug
release is shown in Fig. 3a, b, and c. As the molecular weight of
PEO increased, the viscosity increased, which slowed down
water absorption, hydration rate, and drug release. Thus, WSR
N10 was selected as the ideal suspending agent. The amount of
WSR N10 was 20 mg (Fig. 3d), at which a more simultaneous
release of multiple active ingredients was achieved.

Effect of Type and Amount of Solubilizer on Drug Release

Compound Danshen contains multiple water-soluble com-
ponents with different solubilities. As shown in Figs. 1 and 2,
tanshinone IIA, a lipophilic component in S. miltiorrhiza,
presented an incomplete and asynchronous release. In this
study, four types of solubilizers were evaluated. The effect of the
solubilizers on the release of tanshinone ITA is shown in Fig. 4a.
The results revealed that HP-p-CD resulted in a drug release
curve that best fitted to zero-order when compared with that of
the other solubilizers. Meanwhile, tanshinone ITA and HP-p-
CD could form an inclusion complex, which improved the
release performance of the components (38). The amount of
HP-R-CD was optimized to 20 mg to exhibit a zero-order release

a b
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as shown in Fig. 4b, whereas 40 mg of HP-3-CD caused a burst
release in 4-6 h.

Evaluation of the Optimal Formulation

The optimal formulation obtained using the single-factor
method consists of NaCl 25%, PEO wsr-N10 5%, and HP-p-CD
5% (all presented in w/w of the core components). The
formulation and preparation of the COPC shell were based on
a previous study (12). The COPC of Compound Danshen was
thereafter assembled using the optimized core and capsule shell
for the in vitro release evaluation. As shown in Fig. Sc,
cumulative release of the seven indicative components in
artificial SGF (pH 1.0) and PBS (pH 6.8) was less than 10% of
the labeled amount. However, in PBS of pH 7.8, the drug release
rate was close to zero-order kinetics, and the release profiles of
the seven indicative components were similar. Furthermore, the
release curves of CDT, CC, and COPC were compared by
measuring the accumulated release rate of the indicative
components. Figure 5a shows that the release of components
from the commerecial tablet ended within 2 h and the release of
notoginseng components and tanshinone IIA was low. This
could be because the notoginseng components are decomposed
in artificially simulated gastric fluid and that tanshinone I1A, as a
fat-soluble component, has low solubility and dissolution rate in
water. Besides, the release profiles of the indicative components
from CDT were not similar. Contrary to that in the commercial
tablets, the notoginseng components in CC presented a higher
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Fig. 5. Cumulative release curve of CDTs (a), CCs (b), and COPCs (¢) (mean +SD, n=6)
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Fig. 6. Internal and external osmotic pressure difference in osmotic pump capsule and
cumulative release of drug (mean +SD, n =6)

accumulative release due to the protection by the capsule from
the artificially simulated gastric fluid. However, it still showed
asynchronous release of different components. On the contrary,
the COPC not only prevented the decomposition of notoginseng
components but also yielded a simultaneous release of all the
components.

20 pm

Drug Release Kinetics

The release profiles of the indicative components were
fitted to different models. Table II illustrates that the fitting
coefficients of the seven indicative components were the
highest when fitted to the zero-order model.

20 um

Fig. 7. SEM microphotographs of capsule shell surface before (a) and after dissolution (b) and the cross section before (¢) and after the

dissolution (d) test
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Drug Release Mechanism

In our previous studies, we focused on the effects of
different factors on drug release from COPC and found that
drug release from the COPC was not dependent on equip-
ment type or agitation speed (15). The effect of osmotic
pressure on OPS has been investigated by adjusting the
osmotic pressure of the dissolution medium (18,19). This
method is widely adopted, but it cannot assess the release
mechanism of the osmotic system comprehensively and
intuitively. In this study, a direct method that determines the
osmotic pressure inside the capsule was used to investigate
the relationship between osmotic gradient and drug release.
Figure 6 illustrates that the osmotic pressure difference across
the capsule shell showed a gradual increase during the first
7 h, which elucidated increasingly dissolved amount of water-
soluble components within the capsule. The osmotic pressure
difference gradually decreased with the release of the capsule
contents. The release of the drug (with salvianolic acid B as
an example shown in Fig. 5) was also faster during the first 7—-
9 h, in accordance with the higher osmotic pressure gradient
across the capsule. These results further clarified the rela-
tionship between osmotic pressure and drug release from
COPC.

AAPS PharmSciTech (2020) 21: 38

Scanning Electron Microscopy

The outer surface and cross section of the capsule shell
before and after the dissolution test were examined by
scanning electron microscopy to observe the morphological
changes in COPC shell during the dissolution test and to
evaluate the mechanism of drug release from the COPC.
Figure 7 shows that before dissolution, the outer surface of
the capsule shell was smooth without any pores or cracks, and
the cross section also showed a smooth surface without any
cracks. Some depressions were observed on the surface at a
magnification power of 10 kx, which might be due to the use
of volatile solvent during the dipping process.

After the dissolution test, several pores were observed
on the surface, while the capsule shell was still intact.
Meanwhile, the cross section showed a series of depressions
of varying depths across the shell, and a spongy porous
structure was found at a magnification of 10 kx. It can be
explained that the pore former was leached from the
membrane gradually as the release experiment progressed,
and pores through the capsule membrane were formed, which
increased the osmotic pressure of the capsule gradually by
allowing water to enter the capsule. This inference was also
consistent with the results of the drug release mechanism test.
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Fig. 8. Plasma concentration-time curves of seven indicative components in beagle dogs after oral administration of Compound Danshen
tablets (black lines), colon-specific capsules of Compound Danshen (red lines), and colon-specific osmotic pump capsule of Compound
Danshen (mean +SD, n=3)
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Table I'V. Pharmacokinetic parameters of the active ingredients of Compound Danshen in beagle dogs after oral administration of Compound Danshen
tablet (A), colon-specific capsules of Compound Danshen (B), and colon-specific osmotic pump capsule of Compound Danshen (C) (mean + SD, n =3)

Compound Cmax Tmax MRT AUC0—36 h
(ng'mL™") (h) (h) (nghmL™")

A 131.84 + 37.29 1.5+02" 2.63 £0.317 228.95 + 47.49™
TAB B 102.15 + 12.40 6.5+ 03" 720 + 0217 191.90 + 17.79™"

C 83.38 + 2.57 11.0 £ 0.5 12.08 + 0.07 750.94 + 14.35

A 14.62 + 1.08 25+02" 419 + 1.68" 34.08 + 4.10™
TanIIA B 17.20 £ 1.57 7.0+ 01" 7.28 £ 025" 36.48 + 5.64""

C 13.68 + 1.81 11.0 £ 0.2 11.82 + 0.22 108.30 + 5.18

A 15.74 = 2.61 1.5 £0.1" 6.77 £ 0.69" 37.02 + 5.79""
R1 B 23.37 +2.45 6.5+01" 8.07 £ 1.85" 92.83 +29.48"

C 16.11 + 0.65 11.0 + 0.2 12.16 + 0.12 169.04 + 3.85

A 4427 £2.82 15017 6.36 £ 1.58" 108.87 + 26.28"™
Rgl B 53.43 +5.39 6.5+01" 7.89 + 0.02"" 117.81 = 10.72™

C 43.36 + 1.37 11.0 £ 0.1 11.81 + 0.51 396.52 + 9.66

A 11.51 + 1.67 1.5+01" 5.68 + 0.59™ 46.47 £ 377"
Re B 13.60 + 1.59 6.0+01" 7.53 £0.317 35.86 + 636"

C 12.95 + 1.11 11.0 £ 0.2 12.10 + 0.21 122.77 + 7.63

A 45.62 + 3.08 1.5+02" 6.14 + 0.84™ 135.46 + 8.16™
Rbl B 49.99 + 2.03 6.5+02" 8.54 +3.03" 180.15 + 22.10™

C 4472 +2.19 11.0 + 0.2 10.86 + 0.17 403.36 + 17.56

A 16.59 + 5.28 1.5+02" 5.54 £ 0.42 59.92 + 10.81"
Rd B 25.16 + 4.38 6.5+ 05" 734 +0.34™ 61.79 + 12.09™

C 19.59 + 1.84 11.0 £ 0.2 11.57 + 0.87 170.07 + 10.53

#*p <0.05 versus COPC
**p <0.01 versus COPC

Pharmacokinetic Studies

Compound Danshen contains several chemical compo-
nents, which would affect the release behavior of the active
components. Thereby, seven indicative components were
monitored during the pharmacokinetic studies. The UPLC-
MS/MS method was used to evaluate their plasma drug
concentration in beagle dogs due to the low concentrations of
those components in the blood.

The seven indicative component concentration-time
curves after oral administration of CDT, CC, and COPC in
beagle dogs are illustrated in Fig. 8. It showed that CDT
peaked in a short period but dropped abruptly compared with
that of the other two groups. The CC group showed a 5-h
delayed peak with slower decrease. However, the blood

Table V. Relative bioavailability of the components in the colon-

specific osmotic pump capsule versus commercial Compound

Danshen tablet (CDT) and colon-specific capsules of Compound
Danshen (CC)

Compound Relative bioavailability ~ Relative bioavailability
(versus CDT) (versus CC)
TAB 327.99% 391.32%
TanITA 319.45% 296.88%
R1 456.62% 182.09%
Rgl 364.21% 336.58%
Re 264.19% 342.36%
Rbl 297.77% 223.90%
Rd 283.83% 275.24%
Integrated data  330.58% 292.62%

concentration of CC group also fluctuated greatly. Contrarily,
the COPC group not only achieved longer delayed peak but
also shows a wider peak, indicating a delayed and sustained
drug release of COPC. The main pharmacokinetic parame-
ters summarized in Table IV revealed that the T,,.x of seven
indicative component in COPC group was significantly
prolonged and all around 11 h, suggesting a delayed and
simultaneous releases from COPC. Moreover, the integrated
MRT for COPC is 11.77 h versus 5.90 h and 8.02 h for CDT
and CC group. More importantly, the AUC was significantly
improved, the area under the curve (AUC, _, 36,) for COPC
is 303.01 ng~h~mL71, whereas CDT and CC are found to be
92.97 ng-h-mL™' and 102.40 ng-h-mL™'. The relative
bioavailability was 330.58% and 292.62% in comparison
with that of CDT and CC (Table V). Furthermore, the
unbroken COPCs were excreted from beagle dogs, which
demonstrated that osmotic pump capsule did not disintegrate
in vivo and that the drug was released gradually through the
pores in the cap of the capsule.

In conclusion, the COPC could significantly improve the
bioavailability of Compound Danshen compared with the market
CDT. At the same time, compared with OCDDS system, the
combination of OPS and OCDDS can improve the bioavailability
of drugs and avoid the fluctuation of blood concentration.

In Vivo Imaging Studies

Currently, a variety of oral drug delivery systems has
been applied to evaluate drug release of OCDDS in vivo (39—
41). Multislice spiral CT scanning technology uses X-ray
beam to obtain scanning trajectory spiral during information
acquisition (42). This new scanning method considerably
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Fig. 9. Multislice spiral CT scanning of the colon-specific osmotic
pump capsules in beagle dogs. 2 h, images of capsule in the stomach
in the frontal plane (a), sagittal plane (b), and transverse plane (c).
6 h, images of capsule in the small intestine in the frontal plane (d),
sagittal plane (e), and transverse plane (f). 9 h images of capsule in
the colon in the frontal plane (g), sagittal plane (h), and transverse
plane (i)

AAPS PharmSciTech (2020) 21: 38

improves scanning efficacy and offers high value in the
evaluation of OCDDS preparations in vivo.

In this study, MSCT scanning was used to evaluate the
colon-specific characteristics of the capsule visually. Figure 9
shows the fate of the COPC in beagle dogs. Two hours after
administration, an obvious highlight was found in the stomach in
the frontal plane, whereas a complete capsule was observed in
the transverse and sagittal planes. This suggests that the capsule
was intact and stable in the hostile environment of the stomach
without any drug leakage. Furthermore, the capsule reached the
small intestine 6 h after administration, and an intact capsule was
found in the transverse plane. Meanwhile, the highlights found
in the frontal and sagittal planes were of an intact capsule shape,
indicating that the capsule was still intact without drug leakage.
At 9 h, the capsule was migrated toward the colon region and
the drug was released from the capsule. The core components
including barium sulfate in the capsule was released and
distributed from the transverse colon to the descending colon.

The results demonstrated that the capsule can direct
drug release specifically in the colon region in vivo and this
was consistent with the results of the in vitro dissolution test,
providing an intuitive basis for the conclusions of pharmaco-
kinetics study.

CONCLUSIONS

In the present study, a novel COPC of Compound
Danshen was successfully developed and optimized to
achieve simultaneous zero-order release of multiple active
components of Compound Danshen in the colon. The drug
release profiles showed a zero-order release of the seven
active ingredients in Compound Danshen over 12 h at pH 7.8
through the pores in the capsule cap. The results also
confirmed that the release was driven by the differential
osmotic pressure gradient across the capsule shell and
changes in the capsule shell were observed by scanning
electron microscopy. The pharmacokinetics studies in beagle
dogs after oral administration of CDT, CC, and COPC
showed the significantly prolonged T,.x and MRT
controlled-release effects of the COPC. The relative bioavail-
ability of the seven indicative components was significantly
increased to 330.58%, compared with that of the CDT.
Furthermore, in vivo imaging studies showed that the osmotic
pump capsule was stable in the GI tract and that it was able to
deliver the drug specifically to the colon. In conclusion, we
addressed the limitations associated with Compound
Danshen using the COPC system. It presented a promising
strategy to achieve simultaneous release of multiple active
ingredients, therefore improving the bioavailability of other
Chinese herbal compounds, which otherwise suffer from
similar delivery issues that prevent their clinical usefulness.
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