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Abstract: The pharmacological activity of herbal medicine is an overall action of each
component in accordance with their original proportion. An efficient, sustained, and controlled-
release drug delivery system of herbal medicine should ensure the synchronized drug release
of each active component during the entire release procedure. In this study, silymarin (SM), a
poorly soluble herbal medicine, was selected as a model drug to develop a synchronized-release
drug delivery system: an SM microporous osmotic pump (MPOP) tablet. The SM was conju-
gated with phospholipid (SM phytosome complex, SM-PC) to improve the solubility, and the
difference in the apparent octanol—water partition coefficient between the two components was
significantly reduced. The dissolution rate of SM-PC was significantly higher than SM active
pharmaceutical ingredients and was the same as that of the commercial SM capsule. The SM-PC
was used to generate the MPOP tablet. SM was mixed with poly(ethylene) oxide and sodium
chloride (an osmotic agent) to form the MPOP core, followed by coating with cellulose acetate
and poly(ethylene) oxide to generate the SM MPOP. The results demonstrated that SM MPOP
could synchronically and sustainably release the five active components within 12 hours (the
similar coefficient f, between two components was >65), and the average cumulative release rate
was 85%. Fitting of the drug-release curve showed a zero-order release profile for SM MPOP.
Our study showed that the phytosome complex technique combined with the MPOP system
will achieve synchronized release of the various active components of herbal medicine and have
potential applications in developing sustained release preparations in herbal medicine.

Keywords: silymarin, synchronized release, sustained release, phytosome complex, microporous

osmotic pump tablets, dissolution test

Introduction
Herbal medicines are an important part of traditional Chinese medicine. In general,
there are several active components in a single herbal medicine. In vivo, it is crucial
that each active component be released synchronically in accordance with the original
proportion in the herbal medicine to maintain the pharmacological activity of the herbal
medicine;!? otherwise, its therapeutic efficacy will be greatly reduced. It is more dif-
ficult to design an effective herbal medicine with a sustained and controlled-release
drug delivery system as compared with single component chemical drugs.?
Silymarin (SM), an extract from the fruit of Silybum marianum (L.) Gaertn, has
been shown to have effects against free radicals, lipid peroxidation, oxygenase, and
glutathione emptying and to reduce the level of blood lipids.* Clinically, SM is used
as a supporting treatment for toxic liver damage and chronic hepatitis.>** SM has also
been proved to possess significant anti-cancerous properties toward liver and prostate
cancers.” SM is mainly composed of five active components, including taxifolin (TF),
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silychristin (SC), silydianin (SD), silybin (SB), and isosilybin
(ISB).® Currently, there are commercially available SM-
loaded products such as Legalon® and Silipide®'° capsules.
These capsules are a rapid-release dosage form, which needs
to be taken three times a day for a long period of time.!"!?
Therefore, these capsules have the shortcomings of easily
missed doses and low medication compliance, especially for
patients with chronic hepatitis who need long-term treatment
with SM. It is important to develop a new controlled-release
dosage form of SM to reduce the frequency of administration
and the incidence of adverse effects. However, the traditional
sustained-release dosage forms for chemical drugs are not
applicable for herbal medicines such as SM. One important
property of the sustained-release dosage forms for herbal
medicines is the synchronized release of all active compo-
nents in their original proportion in the herbal medicine.!

There have been studies focusing on the development
of synchronized and sustained-release dosage forms of SM.
Luetal used SM, polyethylene glycol 6000 (PEG 6000), and
poloxamer188 (PXM I88) to prepare the solid dispersion.!
They used glycerin monostearate as a framework to develop
a cylindrical sustained-release drug delivery system. The
similarity factor f, for all five components was higher than
50, which means that their dose form achieved synchronous
release. However, their system has the following defects:
easy aging of the solid dispersion, excessive amounts of
pharmaceutical aids (the drug-to-carrier ratio is 1:9), and
incomplete release. In addition, their system has not been
developed to a final dosage form.

In 2013, Xie et al used SM and polyvinylpyrrolidone
K30 (PVP K30, a solubilizer) to prepare a solid dispersion,
which was then mixed with poly(ethylene) oxide (PEO) and
sodium chloride (an osmotic agent) to form the core tablet,
followed by coating with cellulose acetate (CA) and PEO to
generate the SM monolithic osmotic tablet. This dosage form
can provide the synchronized release of the five active com-
ponents of SM.'* However, there are still limitations in their
monolithic osmotic tablet. First, as a poorly water-soluble
drug, SM requires solubilizers to increase its dissolution and
solubility and to ensure its complete release. PVP K30 was
used as a solubilizer, but the amount was high, which makes
the final drug load small. A 630-mg monolithic osmotic pump
tablet contains only 10 mg SM. Second, the releasing pore
of the monolithic osmotic tablet was created by laser drill-
ing, which is a relatively expensive and complex process.
Their dosage form is difficult to mass produce; therefore,
an optimized synchronized-release dosage form of SM still
remains to be developed.

The aim of this study was to develop an optimized
synchronized-release dosage form of SM. We used a phyto-
some complex method to increase the solubility of SM. The
SM phytosome complex (SM-PC) was then used to develop
anew SM synchronized-release, microporous osmotic pump
(MPOP) tablet. An in vitro release study demonstrated that
the SM-PC MPOP could synchronically and sustainably
release the five active components within 12 hours. The fit-
ting of the drug-release curve showed a zero-order release
profile for the SM MPOP.

Materials and methods

Materials

SM consists of 1.9% TF, 10.2% SC, 2.4% SD, 27.5% SB,
and 5.0% ISB (Panjin Huacheng Pharmacy Co., Ltd, Panjin,
People’s Republic of China). TF, SC, SD, SB, and ISB were
purchased from Tauto Biotech Co., Ltd, Shanghai, People’s
Republic of China. The following were purchased from the
manufacturers indicated: soybean lecithin (Maxim Biotech
Inc, San Francisco, CA, USA); sodium chloride, lactose, and
mannitol (Chinasun Specialty Products Co., Ltd, Shanghai,
People’s Republic of China); CA, dibutyl phthalate (DBP),
magnesium stearate, and aerosol (Sinopharm Chemical
Reagent Co., Ltd, Shanghai, People’s Republic of China);
PEO (molecular weight [MW] 100 kDa, MW 300 kDa,
MW 600 kDa), PEG 400, PEG 1500, PEG 4000, PVP
K30 (Aladdin Industrial Corporation, Shanghai, People’s
Republic of China); hydroxypropyl methylcellulose (HPMC
K4M; Colorcon Coating Technology Limited, Shanghai,
People’s Republic of China); SM capsules (Madaus GmbH,
Germany); chromatographically pure methyl alcohol (Kefeng
Chemical Reagent Co., Ltd, Shanghai, People’s Republic
of China); SDS (sodium dodecyl sulfate) (Er-kang Pharma-
ceutical Co., Ltd, Changsha, People’s Republic of China);
and n-caprylic alcohol (Kemiou Chemical Reagent Co., Ltd,
Tianjin, People’s Republic of China).

The SM phytosome complex

Preparation methods

To prepare SM-PC, 4 g of SM was dissolved in 500 mL of
acetone solution, followed by adding 7.2 g of soybean lecithin
and then continually stirring in a 56°C water bath for 2 hours.
The mixed liquid was then dried ina DZF-6051 vacuum oven
(Shanghai Yiheng Scientific Instruments Co., Ltd, Shanghai,
People’s Republic of China) dissolved in chloroform, and
filtered by filter paper (®=7 cm, Hangzhou Special Paper
Co., Ltd, Hangzhou, People’s Republic of China). The fil-
tered solution was vacuum concentrated to approximately
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50 mL, placed in a stainless steel disk, and vacuum dried
at 45°C for 24 hours. The light yellow phytosome complex
was obtained and sieved through a mesh size of 0.180 mm.
The powder was stored at room temperature and kept in the
dark until further usage.

The determination of the conjugate ratio of SM-PC
The conjugate ratio was calculated based on the following
characteristics: the SM active pharmaceutical ingredients (SM
APIs) are insoluble in chloroform, while both SM-PC and
phospholipid are easily soluble in chloroform. The prepared
SM-PC was dissolved in chloroform and filtered with a 0.45 um
microfiltration membrane. The precipitate was collected, dried,
and weighed. To calculate the conjugate ratio, the formula
shown below was used, where /¥ represents the initial reagent
quantity of SM and W represents the quantity of precipitate.

Conjugate ratio (%) = (W — W )/W x100%

Determination of the five active
components of SM by high-performance
liquid chromatography

The levels of the five active components of SM were deter-
mined by an Agilent 1200 high-performance liquid chro-
matography (HPLC) (DAD detector, Agilent Technologies,
Santa Clara, CA, USA)? with a Kromasil 100-5C18 column
(250 mm x4.6 mm, 5 um; AkzoNobel, Bohus, Sweden) and a
detection wavelength of 288 nm at a flow rate of 1 mL min™!
at 40°C. The mobile phase is a gradient elution of methanol
(solvent A) and 0.05% phosphoric acid (solvent B). The
gradient ratio of the mobile phase is as follows: 0—4 minutes,
35% A, 65% B; 4-16 minutes, 40% A, 60% B; 16-23
minutes, 45% A, 55% B; 23—40 minutes, 50% A, 50% B. The
recovery rate of the five components is 98.6%—103.0%, and
the within-day and between-day relative standard deviations
are 0.17%—1.86%, respectively.

The determination of solubility of SM-PC
Excessive amounts of SM API powder and SM-PC were
used to generate the supersaturated solutions and were then
shaken (5.5% g) in a DK-S24 Water Bath Orbital Shaker
(Precision Testing Equipment Co., Ltd, Shanghai, People’s
Republic of China) at 37°C for 24 hours. Then, the solutions
were filtered through a 0.45 um microfiltration membrane
and subjected to HPLC analysis to determine the content of
each active component of SM. Each sample was analyzed
three times to calculate the solubility.

The determination of the apparent

octanol-water partition coefficient of
SM-PC

Five milliliters of SM/octanol (50 pg/mL) or SM-PC/octanol
(200 pg/mL) solution were placed in a conical flask and then
mixed with 45 mL of hydrochloric acid (0.1 M, pH 1.2),
distilled water (pH 5.6), or an octanol-saturated phosphate
buffer with a pH value of 4.5, 6.8, 7.5, or 8.0. The prepared
sample was shaken in a DK-S24 Water Bath Orbital Shaker
at37°C, 5.5% g for 24 hours to achieve mutual saturation and
equilibrium. The sample was then centrifuged at 1,500 g
for 10 minutes to obtain an octanol and aqueous phase. One
milliliter of the octanol phase, containing the SM/octanol or
SM-PC/octanol solution, was taken and diluted with 9 mL
of 60% methanol, followed by a determination of the drug
concentration using HPLC analysis. The apparent octanol—
water partition coefficient (log P) was calculated according
to the following formula:

C,=(C,~C)V/V,

logP=C/C,

where C and Crepresent the drug concentration (lLg/mL) in the
aqueous phase before and after equilibrium, respectively, and
C, represents the drug concentration in the octanol phase after
equilibrium. V_and V_ represent the volume (mL) of octanol
and aqueous phase in the equilibrated solution, respectively.

Characterization of the SM-PC

X-ray powder diffraction

The SM, soybean lecithin, physical mixture, and phyto-
some complex were subjected to X-ray powder diffraction
analysis (X’pert PRO MPD, Philips Analytical, Almelo, the
Netherlands) using CuK o radiation, graphite monochromator
diffraction monochromatization, a tube voltage of 50 kV, and
a tube current of 200 mA.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) analyses for SM,
soybean lecithin, the physical mixture, and the phytosome
complex were measured by an STA449C DSC instrument
(NETZSCH, Selb, Germany) with a scanning speed of
5°C min™' and a scanning range of 25°C-250°C.

Infrared spectroscopic analysis
The appropriate amounts of SM, soybean lecithin, and the
physical mixture or phytosome complex were pressed in
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potassium bromide powder to form a pellet for the infrared
spectrometer (Nicolet Avatar 330, Thermo Electron Corp.,
Madison, WI, USA) to obtain the infrared spectrum.

The preparation of MPOP release tablets
of SM-PC

PEO and sodium chloride (an osmotic agent) were sieved
through a mesh size of 0.180 mm. The SM-PC and the
pharmaceutical aids were gradually and evenly mixed,
followed by pressing the tablet with a 12 mm die (with a
drug dose of 30 mg/tablet, a hardness of 40 N) to generate
the core of the MPOP tablets. CA and PEO were dissolved
in acetone—isopropyl alcohol (90:10, V/V) solvent to pre-
pare the coating solution. The core tablets were coated in
the coating pan at 45°C with a constant flow rate of 1.5 mL
min~' and a pressure of 0.5 MPa until the coating membrane
formed (approximately 2 hours). The coated MPOP tablets
were then dried at 40°C for 12 hours. Each tablet weighed
640 mg and contained approximately 30 mg of SM.

In vitro dissolution test
The in vitro dissolution test was based on the Pharmacopoeia
of the People’s Republic of China 2000 with a rotation
speed of 5.5x g in the paddle at 37°C. A total of 900 mL
of phosphate buffer solution (pH 7.5, including 0.5% SDS)
was used as the dissolution solution. Ten-milliliter samples
were collected and filtered with a 0.45 wm microfiltration
membrane for HPLC analysis at different time points.

The similarity factor £, from the following equation was
used to evaluate the synchronization of release between the
active components in the SM.!316

—0.5
f,=5log {{H lz Wi |Rj—Tj|2] xlOO}
m

Jeol

Rj and Tj are the cumulative dissolution rates of the refer-
enced sample and the tested sample at time j, respectively;
m is the total sampling times; J/j is the weight coefficient.
The f, value calculated is between 0 and 100. When the f,
value is higher than 50, it can be concluded that the dissolu-
tion behavior of the two components is similar.

Drug-release curve fitting

Currently, the commonly used model equations for the drug-
release curve of sustained and controlled release preparations
include zero-order model (M/M_=kt), first-order models
(M/M_=1-e™*), Higuchi model (M/M_=kz"?) and Ritger-
Peppas model (M/M_=kz"). M, is the amount of drug released

attime #; M_is the maximum amount of drug released; and &
is the drug-release rate constant. By using the SPSS 16.0 soft-
ware (IBM, Armonk, NY, USA), the cumulative dissolution
rate (Q) of the five active components of SM MPOP tablets
within 12 hours and the dissolution time () were set as the
Y- and X-axes, respectively. The plots were fitted into the
aforementioned models to evaluate the release characteristics.
A higher r value indicates a stronger correlation between the
drug release and the fitting model.

The effect of osmotic pressure of the

dissolution medium on the drug release
The dissolution behavior of SM MPOP tablets in different
dissolution mediums, including distilled water (pH 5.6) and
different concentrations of sodium chloride solution (0.15,
0.30,0.55, and 0.70 mol L"), was assessed by measuring the
osmotic pressure molar concentration by using an osmotic
molar concentration detector (SMC-30C, Apparatus of
Tianhe Analytical Instrument Co., Ltd, Tianjin, People’s
Republic of China).

Statistical analysis

The percentages of the release profiles of the drug groups
were compared with the Mann—Whitney U test. The statistical
significance level for all tests was set at a P-value <0.05.

Results and discussion
Preparation of SM-PC

SM is a poorly water-soluble drug. To improve its solubility,
SM was conjugated with phospholipid to form an SM-PC. Two
different sources of phospholipid were used for conjugation,
and we found that there is no significant difference regarding
the conjugate ratio between the soy lecithin and the egg yolk
lecithin as a source of the phospholipid (data not shown). We
chose soy lecithin because the phospholipid complex prepared
from the egg yolk lecithin was too viscous, which is disadvan-
tageous to the preparation of MPOP tablets.

Through a central, composite, design-response surface
optimization test (data not shown), the optimal procedure to
prepare SM-PC was determined. The proportion of SM and
soybean lecithin was 1:1.8; the reaction temperature was 56°C;
and the concentration of SM API was 8.0 mg mL™". Under this
condition, the conjugate ratio of SM-PC was 95.15%.

Characterization of SM-PC

X-ray powder diffraction

X-ray powder diffraction was used to characterize the physical
characteristics of SM and SM-PC. As shown in Figure 1, SM
API possessed continuous diffraction peaks at 18°C-32°C
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Figure | The XRPD graphs of SM API (A), phospholipids (B), the physical mixture
of SM API/phospholipids (C), and SM-PC (D).

Abbreviations: XPRD, X-ray powder diffraction; SM API, SM active pharmaceutical
ingredient; SM-PC, SM phytosome complex; CPS, counts per second.

(Figure 1A), whereas the soybean lecithin (phospholipid) had
no diffraction peak (Figure 1B). These peaks still could be
observed in the physical mixture of SM and soybean lecithin
(Figure 1C), whereas they disappeared from the SM-PC data
(Figure 1D). The data indicated that SM was bonded with the
polar end of the phospholipid after electron transfer, leading
the SM and phospholipid into a highly dispersed state, which
made the crystal property of SM inconspicuous. Due to its
amorphous status, SM-PC had a higher free energy, molecular
momentum, and dissolution ability than SM.

Differential scanning calorimetry

Next, we further used DSC to characterize the physical prop-
erty of SM and SM-PC. As shown in Figure 2, SM API had
endothermic peaks at 106.7°C, 138.5°C, and 223.5°C, which
were not prominent because SM is a multicomponent mixture
(Figure 2A). Phospholipids had three endothermic peaks at

1.51
B
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£
=
S C
o .
Q 05
o D

0.0

0 50 100 150 200 250

Temperature (°C)

Figure 2 DSC thermograms of SM API (A), phospholipids (B), the physical mixture
of SM API/phospholipids (C), and SM-PC (D).

Abbreviations: DSC, differential scanning calorimetry; SM API, SM active pharma-
ceutical ingredient; SM-PC, SM phytosome complex.

104.3°C, 163.9°C, and 202.5°C (Figure 2B). In the thermo-
gram of SM-PC, the peaks of SM and phospholipid all disap-
peared (Figure 2D). It is presumable that after SM bonding
with the polar end of PC, SM-PC is in an amorphous status.

Infrared spectroscopy

To further confirm whether a new compound was generated
from the combination of SM and soybean lecithin, infrared
spectroscopy was employed. As shown in Figure 3, the
spectrum of the physical mixture (Figure 3C) was substan-
tially the superimposition of the major peaks of the SM API
(Figure 3A) and phospholipid (Figure 3B). All the peaks in
the spectrum of SM-PC could correspond to the absorption
peaks in the SM API and phospholipid (Figure 3D), which
had no significant difference as compared with the physical
mixture. The data indicated that the SM-PC did not generate
new chemical bonds. From the perspective of structure, the
positive charge of the phospholipids quaternary ammonium
and negative charge of the SM phenolic hydroxyl oxygen
and carbonyl oxygen could generate dipole—dipole forces to
make two molecules bind to form the SM-PC.

The determination of the solubility of
SM-PC

To see if the solubility of SM was improved by phytosome
complex, the solubility of SM APl and SM-PC was determined.
Table 1 shows that the solubility increased as the pH value
increased, and the addition of surfactant (SDS) also signifi-
cantly increased its solubility, which provided the basis for
the selection of the dissolution medium. Except for the TF, the
solubility of the other four active components (SC, SD, SB, and
ISB) of SM-PC was significantly improved as compared with
SM. In addition, the smaller their original solubility, the greater
the improvement in solubility of the complex. Therefore, the
use of phytosome complex technology not only improved
the solubility of poorly water-soluble drugs, but also largely
reduced the solubility differences between each component
in SM. This improvement may be related to the amorphous
characteristics of the complex and the solubilization from the
phospholipid micelle formed in aqueous solution.

The determination of the apparent

octanol-water partition coefficient of
SM-PC

Generally speaking, the drugs with appropriate lipid-soluble
and water-soluble characteristics would easily pass through
the lipid bilayer of the cell membrane to exert their therapeu-
tic effects. The apparent octanol—water partition coefficient,
log P, is an indicator for evaluating the absorbability of

Drug Design, Development and Therapy 2016:10

submit your manuscript

523

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Zeng et al Dove
A B
R ® 601
© 100 ©
8 g eV I R
80 - - W
S [\M ® V\/
= =
g 60 S g 201
S 40 V & [\
S | L 0
= ! | . , -~ F I I . I
4,000 3,500 3,000 2,500 2,000 1,500 1,000 500 4,000 3,500 3,000 2,500 2,000 1,500 1,000 500
Wavenumbers (cm-) Wavenumbers (cm-)
Cc D
2 2 80+ I '
8 80 8 oo D il S
c c 60 - ”/, “-'| ]l '|‘ "\J!N'-'rﬁw
g 60 - g ",ﬂ I " |‘ hl'l'g,« HJ
b= 2 40- \ A1 Il H
€ € “\ /z“ IIi |“ i |! (I 1'{‘\ ‘!'
2 40 + 2 20 ] ! V
© © |
S C i
- -

4,000 3,500 3,000 2,500 2,000 1,500 1,000 500
Wavenumbers (cm™)

4,000 3,500 3,000 2,500 2,000 1,500 1,000 500
Wavenumbers (cm™')

Figure 3 Infrared spectroscopy of SM API (A), phospholipids (B), the physical mixture of SM API/phospholipids (C), and SM-PC (D).
Abbreviations: SM API, SM active pharmaceutical ingredient; SM-PC, SM phytosome complex.

drugs. A study showed that the drugs with a log P between
1 and 2 are easily absorbed.'” As shown in Table 2, the log P
of the five active components of SM was less than 1 in the
phosphate buffers with different pH values, suggesting their
poor permeability and absorbability throughout the gastro-
intestinal tract. Compared with SM, the log P values of the
five components of SM-PC all increased by approximately
three to five times in various buffers. This improvement
may be due to the polar groups of the drug and phospholipid
interacting and inhibiting the free rotation of the bond in
the drug molecule. However, the two long fatty chains of
phospholipids did not participate in the complex reaction and
were freely rotatable, wrapping the polar part of the phospho-
lipids formed a lipophilic surface, which gives the SM-PC a

Table | Solubility of SM in different mediums

strong, fat-soluble characteristic. This is conducive to drug
retention in the lipid membrane of cells, thereby enhancing
the absorbability of the drug.

In vitro dissolution test for SM-PC

Since the solubility of SM-PC was significantly improved,
we further conducted the in vitro dissolution test to see if the
dissolution ability was indeed improved in SM-PC. As shown
in Table 1, the solubility of the five components of SM or
SM-PC has been more improved in phosphate buffer pH 7.5
and 0.5% SDS solution than in pH 1.2. Therefore, we chose
the phosphate buffer pH 7.5 with 0.5% SDS as a solution
for the in vitro dissolution test. The data showed that the
five active components of SM API had lower dissolutions

Sample Solvent Solubility (ng/mL)
TF SC SD SB ISB

SM pH 1.2 hydrochloric acid solution 58.3+0.23 42.610.41 12.3+0.86 9.6+0.89 3.5+0.34
distilled water (pH 5.6) 61.4+0.14 58.8+0.72 19.2+0.80 12.9+0.91 4.3+0.28
pH 6.8 phosphate buffer 106.0+0.57 108.5+1.53 37.2+0.45 33.4+0.21 9.6%1.36
pH 7.5 phosphate buffer 125.5+0.46 168.5+2.25 42.7+0.39 102.2+0.89 49.8+2.27
0.5% SDS solution 159.3+0.14 451.4+1.23 110.4+0.47 406.1+1.04 229.2+0.77

SM-PC pH 1.2 hydrochloric acid solution 49.0+0.35 49.7+0.27 10.4+0.71 68.310.48 14.8+£0.72
distilled water (pH 5.6) 80.3+0.84 204.9£1.12 35.4+1.17 312.6£0.91 61.2+0.78
pH 6.8 phosphate buffer 102.3+0.87 257.1£1.53 58.7+1.86 414.4+0.71 85.0+1.17
pH 7.5 phosphate buffer 97.4+0.68 315.7£1.58 66.8+0.19 479.2+£0.49 84.5+1.62
0.5% SDS solution 152.3+1.94 551.4+1.18 121.4+0.97 908.7+1.84 260.2+1.71

Note: Data shown as mean + standard deviation.

Abbreviations: TF, taxifolin; SC, silychristin; SD, silydianin; SB, silybin; ISB, isosilybin; SM, silymarin; SM-PC, SM phytosome complex; SDS, sodium dodecyl sulfate.
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Table 2 The apparent oil-water partition coefficient of SM

Sample Solvent Log P
TF SC SD SB ISB

SM pH 1.2 hydrochloric acid 1.59+0.04 1.20+0.08 1.02+0.02 0.81£0.07 0.95£0.11
pH 4.5 acetate buffer 1.261+0.09 1.16+0.07 0.88+0.07 0.7610.09 0.83+0.07
Distilled water (pH 5.6) 1.2240.12 0.87+0.09 0.8110.04 0.64+0.04 0.68+0.05
pH 6.8 phosphate buffer 0.57+0.07 0.64+0.11 0.74+0.07 0.461+0.06 0.52+0.07
pH 7.5 phosphate buffer 0.44+0.08 0.611+0.05 0.65+0.03 0.32+0.14 0.45+0.02
pH 8.0 phosphate buffer 0.34+0.02 0.4810.10 0.28+0.08 0.28+0.05 0.22+0.03

SM-PC pH 1.2 hydrochloric acid 1.8010.14 1.91£0.17 1.64+0.04 2.12+0.05 2.20+0.10
pH 4.5 acetate buffer 1.77£0.11 1.74+0.25 1.55+0.15 1.88+0.07 1.79+0.02
Distilled water (pH 5.6) 1.4510.16 1.70+0.06 1.38+0.07 1.67+0.03 1.68+0.08
pH 6.8 phosphate buffer 1.20+0.09 1.5140.13 1.17£0.09 1.65+0.16 1.64+0.14
pH 7.5 phosphate buffer 0.98+0.15 1.18+0.08 1.14+0.06 1.53+0.18 1.45+0.07
pH 8.0 phosphate buffer 0.89+0.07 1.16+0.10 1.11£0.16 1.492+0.21 1.32+0.09

Note: Data shown as mean = standard deviation.

Abbreviations: TF, taxifolin; SC, silychristin; SD, silydianin; SB, silybin; ISB, isosilybin; SM, silymarin; SM-PC, SM phytosome complex.

(30%—60% at 60 minutes, Figure 4A), while for SM-PC,
the five active components had nearly 90% dissolution at
60 minutes (Figure 4B). The dissolution rates of the five
components of SM-PC (Figure 4C) were all significantly
higher than those of SM API at every time point (P<<0.05,
Table S1), indicating that the phytosome complex signifi-
cantly improved the dissolution of SM.

Optimization of the SM MPOP tablet
composition

Next, we utilized the SM-PC to generate the SM MPOP tablet.
The design and drug-release process are shown in Figure 5.
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The key concept for synchronized release of this system is
that when the water enters the MPOP tablet core through the
semipermeable membrane, the drugs in the tablet core are
gradually dissolved, which causes a higher osmotic pres-
sure. The osmotic pressure becomes a force to trigger the
release of drugs from the tablet core. The releasing force (the
osmotic pressure) is consistent for all active components;
therefore, the release rate of all components should also be
consistent.

To optimize the composition of the SM MPOP tablet,
we conducted a series of single factor investigations. Using
the dissolution ability and f, value as evaluation indicators,
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Figure 4 Release profiles of three preparations in pH 7.5 phosphate buffer solutions (containing 0.5% SDS).
Notes: (A) SM API, (B) SM-PC, and (C) silymarin capsule. The detailed statistical analysis results are shown in the Table SI.
Abbreviations: SM, silymarin; SM API, SM active pharmaceutical ingredient; SM-PC, SM phytosome complex, TF, taxifolin; SC, silychristin; SD, silydianin; SB, silybin; ISB,

isosilybin; SDS, sodium dodecyl sulfate.
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Figure 5 Schematic diagram of drug dissolution of SM MPOP.

Notes: (A) The original state of MPOP. (B) When contacting the dissolution medium, micropores form on the membrane of MPOP. (C) Some water molecules enter the
core tablet and some drugs dissolve. (D) As more water enters the core tablet, more drugs dissolve. (E) All drugs completely dissolve and make a high osmotic pressure in
the core tablet. (F) The high osmotic pressure becomes a driving force to trigger the release of all the components in the core tablet at a consistent rate.

Abbreviations: MPOP, microporous osmotic pump; SM MPOP, silymarin MPOP; SM-PC, SM phytosome complex.

single factor investigations were conducted on the type and
amount of the suspending agent (PEO); type and amount
of osmotic agent (sodium chloride, lactose, and mannitol);
amount of binder (PVP); amount of plasticizer for coating
(DBP); type and amount of porogen (PEG); and the tablet
coating thickness (CA). According to the results of single fac-
tor investigations (Zeng, unpublished data, 2014), we chose
the following factors which had greater effects on drug dis-
solution: the amount of PEG 1500 (A), the amount of sodium
chloride (B), and coat weight gain (C) to design an L,(3*)
orthogonal experiment analysis for the composition of the
SM MPOP tablet (Table 3). To better reflect the zero-order
release characteristics of SM MPOP and to ensure a more
complete release at 12 hours, the following two conditions
were used in the orthogonal experiment analysis: 1) 90% was
used as a standard for the drug-release rate within 12 hours,
F , and; 2) 1.00 was used as a standard for the correlation

A smaller L indicates the drug has a better dissolution rate
and is closer to a zero-order release profile. In addition, SB was
used as an indicator component to optimize the manufacturing
process of SM MPOP since it is the main component and has
the highest levels among the five active components in SM.

The orthogonal experiment results are shown in Table 4.
K1, K2, and K3 represented the average scores of L values
corresponding to level 1, level 2, and level 3. The smaller
the K value is, the closer the drug release would be to the
expected value. R represented the range of K values in the
corresponding factor. A larger R value indicated a greater
impact factor. Thus, the order of each impact factor was
C>A>B. The results of the variance analysis are shown
in Table 5. A larger F value indicates a more significant

Table 4 Results of the orthogonal experiment

. . . . . Number Factor L (%)
coefficient, r, from the linear regression of drug dissolution
. . A (%) B (%) C (%)
rate at 0—12 hours and the release curve at time ¢. The weight | | | | 36
coefficient of the dissolution rate within 12 hours was setto 5 | 2 2 21 :0
1, and the weight coefficient of the correlation coefficient » 3 I 3 3 239
was set to 2. The composite score L was calculated by the  * 2 ' 2 2l.1
following formula: ° 2 2 } 323
otlowing formuta- 6 2 3 ! 38.4
7 3 | 3 19.4
L =1F ,-90%| x100x1+ |r 1] x100x2 8 3 2 I 322
9 3 3 2 7.7
K, 25.5 24.0 34.1
Table 3 Factors and levels of the orthogonal experiment K, 306 285 16.6
Factor A (%) B (%) C (%) K, 19.8 233 25.7
Level | 30 40 3 R 108 > 175
Level 2 35 45 35 Notes: K, K, and K, are the average scores of level |, level 2, and level 3 for each
factor; R is the range among the average scores of Level |, Level 2, and Level 3 for
Level 3 40 50 4 cach factor.
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Table 5 Results of variance analysis

Table 7 Curve fitting for drug dissolution of SM MPOP

Factor Sum of Variance F F critical Significance
squared values
deviations of F
A 176.7 2 189 19.0 P>0.05
B 46.8 2 50 190 P>0.05
C 458.4 2 49.1 19.0 P<0.05
Deviation 9.3 2

difference. The data showed that factor C had a significant
effect on drug dissolution. The optimal composition for SM
MPOP was 4,B.C,, ie, 40% PEG 1500, 50% sodium chloride,

3.5% coating weight gain.

The verification test for SM MPOP
tablets

The optimized composition was then used to produce three
batches of SM MPOP tablet samples (Batch numbers:
130702, 130703, and 130704). The in vitro dissolution test
was conducted to evaluate the quality of the produced SM
MPOP. As shown in Table 6, the £, values of all five active
components among the three batches of samples were all
greater than 50, indicating a good reproducibility of the
manufacturing process.

Curve fitting for drug dissolution of SM
MPOP

To address the drug dissolution pattern, we performed a
curve fitting for drug dissolution of SM MPOP. As shown in
Table 7, the release of the five active components in SM-PC
MPOP was closer to a zero-order release equation, followed
by the first-order equation and the Higuchi equation. The data
indicated that the release pattern of the five components in
SM-PC MPOP tablets all belong to zero-order release, which
could stabilize the blood drug level, improve the efficacy,
and reduce the adverse effects of the drug.

Effect of the osmotic pressure of the

release medium on drug release
Next, we addressed whether the osmotic pressure played
a crucial role in the drug release of the active components

Table 6 f, values of different batches

Batch | Batch2  Active components

TF SC SD SB ISB
130702 130703 81.64 85.48 85.76 80.67 81.72
103703 130704 73.84 88.24 79.86 89.90 75.25
130702 130704 76.87 84.02 78.37 89.56 86.08

Abbreviations: TF, taxifolin; SC, silychristin; SD, silydianin; SB, silybin; ISB, isosilybin.

Model Active Fitting equation r
components

Zero TF M/M_=7.357t+3.714 0.9969

order sC M/M_=7.446t+1.835 0.9983
sD M/M_=7.745t+2.592 0.9975
sB M/M_=7.171t+2.07| 0.9988
IsB M/M_=7.253t+2.578 0.9976

First TF In (I-M/M_)=—0.185t+4.501  0.9884

order sC In (I-M/M_)=-0.189t+4.959  0.9762
SD In (I-M/M_)=—0.185t+4.554 09752
sB In (I-M/M_)=—0.172t+4.558  0.9762
ISB In (I-M/M_)=-0.171t+4.535  0.9849

Higuchi ~ TF M/M_=26.227t'"-8.390 0.9785
sC M/M_=26.022t"2-10.464 0.9670
SD M/M_=25.905t"2-10.650 0.9715
sB M/M_=25.307t"2-10.189 0.9674
ISB M/M_=25.396t"2-9.56| 09716

Abbreviations: SM MPOP, silymarin microporous osmotic pump; TF, taxifolin; SC,
silychristin; SD, silydianin; SB, silybin; ISB, isosilybin.

in SM-PC MPOP. In Table 8, as the NaCl concentration
increased, ie, as the osmotic pressure of the dissolution
medium increased, the drug dissolution rate decreased. Tak-
ing the main component SB, for example, the values of the
osmotic pressure difference between the inner/outer mem-
brane (Ar) and the dissolution rate (K) were used for a linear
regression analysis to obtain the regression equation:

K =3.0837x (Am) +1.0776 (=0.9986)

when Am = 0 (ignoring the drug dissolution through the
osmotic pressure mechanism), the K release rate (K=1.0776)
of the main component SB would be approximately 13.8%
of that in water (K=7.801). This means that the drug dis-
solution via non-osmotic pressure mechanisms, such as
diffusion, accounts for 13.8% of the total dissolution, while
the dissolution via osmotic pressure mechanisms accounts
for 86.2%, indicating that the osmotic pressure mechanism
was dominant in the dissolution mechanism.

Comparison of the characteristics of

three SM delivery systems in vitro

To further investigate the synchronized-release control of the
five components in SM MPOP tablets, three dosage forms
were designed to evaluate their release behavior: 1) MPOP
tablets of SM-PC; 2) MPOP tablets of SM API (the prepara-
tion methods and other pharmaceutical aids were the same as
for 1); and 3) the SM-PC was used to make the hydrophilic
matrix tablet with HPMC K4M as a framework (SM-PC
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Table 8 Release profiles of osmotic pressure in different medium

Medium I An Release rate of active components (mg-h™')

(mol-L") (Osmol-kg™) (Osmolkg™) TF sc SD SB ISB
Distilled water 0.000 2.200 7.357 7.446 7.745 7.801 7.253
Sodium chloride (0.15) 0.310 1.890 6.445 6.518 6.828 6.903 6.358
Sodium chloride (0.30) 0.600 1.600 5.522 5516 5.89 6.08 5.372
Sodium chloride (0.55) 0.971 1.229 451 4.554 4912 4.835 4317
Sodium chloride (0.70) 1.203 0.997 3.568 3.687 3.925 4.087 3.405

Abbreviations: TF, taxifolin; SC, silychristin; SD, silydianin; SB, silybin; ISB, isosilybin.

HPMC tablets). Each tablet weighing 600 mg contained
approximately 30 mg of SM.

The results are shown in Figure 6 and Table 9. Dose form
A (SM-PC MPOP tablet) possessed a higher dissolution rate
and synchronized release of each component. Dose form B
(SM API MPOP) displayed synchronized release of the five
components, but had a lower dissolution rate (approximately
50%). After comparing these two dose forms, it was found
that the poorly soluble drug SM should be prepared after
solubilization to further enhance its bioavailability. The five
components of both dose forms exhibited good synchroni-
zation in the release medium (f,>50), which indicated that
the dose form of drug had no effect on the property of syn-
chronization release in the developed MPOP system. This is
according to the primary osmotic pump formula by Theeuwes:

dm/dt = A L, (cArn + AP) C/h. In this formula, dm/dt is the
drug-release rate; A is the membrane area; L, is the mechani-
cal penetration coefficient; ¢ is the reflection coefficient of
membrane for substance; AP and Ar are the difference in the
osmotic pressure and hydrostatic pressure between the inner
and the outer membrane, respectively; and C; is the solution
concentration of drug forming in the core tablet.'® Therefore,
in the osmotic pump drug delivery system, when the release
medium passed through the semipermeable membrane, the SM
components received the same driving force from the osmotic
pressure (AP), which is generated when the drug becomes a
saturated solution in the tablet core. Thus, each component
could maintain a consistent release rate. Dose form C was a
hydrophilic matrix tablet of SM-PC, with a high release rate of
each component, but in a lower synchronous release pattern.
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Figure 6 Release profiles in pH 7.5 phosphate buffer solution (containing 0.5% SDS).
Notes: (A) SM-PC MPOP tablet, (B) SM MPOP tablet, and (C) SM HPMC tablet.

Abbreviations: SM-PC MPOP, silymarin phytosome complex microporous osmotic pump; SM HPMC, silymarin hydroxypropyl methylcellulose; TF, taxifolin; SC, silychristin;

SD, silydianin; SB, silybin; ISB, isosilybin; SDS, sodium dodecyl sulfate.
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Table 9 f, values of SM-PC MPOP and SM HPMC tablets in pH
7.5 phosphate buffer solution (contain 0.5% SDS)

Effective pH 7.5 phosphate buffer solution (0.5% SDS)
components A B Cc

TF/SC 75.74 61.17 7325
TF/SD 73.74 68.85 45.32
TF/SB 72.68 60.75 33.47
TF/ISB 66.87 55.57 41.29
SC/SD 79.97 80.07 53.70
SC/SB 85.36 74.86 36.91
SC/ISB 79.47 81.52 46.60
SD/sB 81.23 77.04 49.78
SD/ISB 76.21 68.06 65.39
SB/ISB 85.17 83.15 56.29

Abbreviations: SM-PC MPOP, silymarin phytosome complex microporous osmotic
pump; SM HPMC, silymarin hydroxypropyl methylcellulose; TF, taxifolin; SC,
silychristin; SD, silydianin; SB, silybin; ISB, isosilybin; SDS, sodium dodecyl sulfate.

Compared with dose form A, the release mechanism of the
SM-PC HPMC tablet is mainly bulk erosion and diffusion,
which was different from the osmotic mechanism of SM-PC
MPOP. There were great differences between the solubilities
of the five components; therefore, their synchronized release
could not be achieved. The data indicated that the SM-MPOP
could possess both high dissolution rates and synchronized
release, which provides a good dose form for SM.

Conclusion
SM is a typical, poorly water-soluble drug, and new
manufacturing technologies are needed for solubilization to
increase the dissolution rate and bioavailability. At present,
the solubilization technologies of SM mainly include the
solid dispersion technology,' self-microemulsion technol-
ogy, and phytosome complex technology.?*?' Among them,
the drug-loading dose of both the solid dispersion and the
self-microemulsion is too small, which cannot meet the
preparation requirements of high-dose drugs. The phytosome
complex not only has a low drug-to-carrier ratio (usually
1:1-1:2), but also makes the drug molecules easily pass
through a biomembrane and be absorbed.” Therefore, it has
obvious advantages in the solubilization of sustained-release
preparations of poorly water-soluble drugs. This study found
that after conjugation with PC, the solubility and apparent
octanol-water partition coefficient of the five active compo-
nents in SM were all improved, which was consistent with
the commercially available Legalon (Figure 5). Furthermore,
the difference in solubility of the five components was sig-
nificantly reduced, that is, the solubilization effect of the
components with smaller solubility was more obvious.

The SM-PC was used to generate an MPOP tablet. Our
results suggested that the combination of the phytosome

complex and MPOP technology could achieve the syn-
chronized release of the five active components in SM.
It also indicates that the synchronized release of multiple
components in herbal medicines could be achieved by
the MPOP system with the assistance of solubilization. In
future, we will conduct in vivo pharmacokinetic tests in
Beagle dogs for the SM-PC MPOP tablet used in this study
to further investigate the in vivo pharmacokinetics of each
active component, as well as to perform an in vitro—in vivo
correlation analysis.
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Supplementary material

Table S| Statistical analyses of the release profile among three drugs

Time (minutes)

Cumulative dissolution (%)

TF SC SD SB ISB

SM API
0 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
10 27.44+0.81 29.72+1.37 19.87£4.41 17.16£2.87 16.49+4.74
20 39.69+1.17 33.324+4.13 22.49+1.87 20.82+0.93 18.50+4.98
30 51.83+5.87 41.10+6.84 27.59+2.37 23.11+0.96 21.11+4.19
40 56.20+1.65 47.77+4.54 32.55+3.42 25.90+1.32 24.52+4.34
50 63.24+1.86 55.64+8.29 38.28+3.64 28.28+3.15 28.44+4.29
60 68.49+2.01 59.1945.60 42.16+1.67 31.91+2.15 31.83+4.37

SM-PC
0 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
10 53.05+7.43* 51.14+4.22* 37.43+3.79* 25.87+3.92% 31.75+£0.57*
20 68.07+5.09* 63.93+3.38* 50.98+4.91* 44.52+6.52* 50.51+6.58*
30 79.70+4.62%* 76.37+3.07* 69.58+2.39* 62.711+4.98* 74.41£7.59*
40 85.98+1.27* 80.63+3.56* 77.69+1.79* 73.62+6.90* 82.84+5.88*
50 91.75+2.10%* 88.72+1.35% 85.49+1.98* 81.45+7.34* 86.3816.02*
60 95.45+1.58* 92.93+0.96* 90.20+1.58* 88.76+4.84* 90.72+6.76*

Silymarin capsule
0 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
10 57.93+4.63 57.25+2.86 30.74+1.39% 29.62+1.63 43.66+1.54%
20 79.99+6.40 67.6313.38 56.95+2.58% 64.4413.547 66.78+2.35%
30 90.71+4.89% 83.79+4.19 78.32+3.54% 76.43+4.20% 86.58+3.057
40 92.99+4.87% 90.33+4.52% 89.68+4.06" 81.70+4.48 93.35+3.29%
50 94.05£5.19 92.40+4.62 91.17+4.12 88.541+4.86 95.14+3.35
60 95.48+5.32 93.94+4.70 93.69+4.24 90.47+4.97 96.41+3.40

Notes: *Significance between A-silymarin and B-silymarin phospholipid complex. “Significance between B-silymarin phospholipid complex and C-silymarin capsule. Data shown

as mean = standard deviation.

Abbreviations: SM API, silymarin active pharmaceutical ingredient; SM-PC, silymarin phytosome complex; TF, taxifolin; SC, silychristin; SD, silydianin; SB, silybin;

ISB, isosilybin.
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