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Abstract. A novel evodiamine (EVO)-phospholipid complex (EPLC) was designed to improve the
bioavailability of EVO. A central composite design approach was employed for process optimization.
EPLC were characterized by differential scanning calorimetry, ultraviolet spectroscopy, Fourier trans-
formed infrared spectroscopy, 'H-NMR spectroscopy, matrix-assisted laser desorption/ionization time-of-
flight spectroscopy, apparent solubility, and dissolution rate. After oral administration of EPLC, the
concentrations of EVO at different time points were determined by high-performance liquid
chromatography. The optimal formulation for EPLC was obtained where the values of X, X5, and X3
were 2, 0.5, and 2.5 mg/mL, respectively. The average particle size and zeta potential of EPLC with the
optimized formulation were 246.1 nm and —26.94 mV, respectively. The EVO and phospholipids in the
EPLC were associated with non-covalent interactions. The solubility of EPLC in water and the dissolution
rate of EPLC in phosphate-buffered solution (pH 6.8) were substantially enhanced. The plasma EVO
concentration-time curves of EPLC and free EVO were both in accordance with the two-compartment
model. The peak concentration and AUC,_,, of EPLC were increased, and the relative bioavailability was

significantly increased to 218.82 % compared with that of EVO.
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INTRODUCTION

Evodiamine (EVO; C9H{7N30; MW 303.36; Fig. 1), a
quinoline alkaloid, is extracted from the fruit of a Chinese herb
(Evodia rutaecarpa, or colloquially, “Wu-Chu-Yu” in Chinese). It
has been shown to possess a multitude of pharmacological activ-
ities, such as antitumor, anti-inflammatory, antinociceptive, anti-
obesity, and thermoregulatory effects. In particular, it has drawn
much attention due to its cytotoxicity or inhibitory activity on
cancer cells, including those of lung, colon, prostate, breast,
melanoma, T cell leukemia, and cervix. Studies demonstrate that
EVO has antitumor potential in a wide variety of tumor cells by
inhibiting proliferation, inducing apoptosis and reducing invasion
and metastasis (1). More importantly, EVO shows little toxicity
against normal human peripheral blood cells (2).
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Despite the promising biological effects of EVO, clinical
translation of these results has been hampered by extremely
poor oral bioavailability, as reported by Shyr ez al. (3). The low
bioavailability might be due to extensive first-pass metabolism
(3,4), low solubility, and low dissolution rate.

The complex of a natural active ingredient and phospholi-
pids, phytosome, was first investigated for cosmetic applications
before proving itself as a potential drug-delivery system. Phyto-
some technology has been considered to be a major advance-
ment in clinical research for active phyto-constituents with poor
bioavailability (5-7). Indeed, the solubility and bioavailability of
several therapeutic candidates may be greatly enhanced by
phytosome technology (8). In addition, phytosome (e.g., vegetal
complex of curcumin and capsaicin) may induce alterations in
target cell membrane structure and thereby exert potent phar-
macological effects (9).

In the experiments outlined below, the phytosome tech-
nology was employed to develop an alternative drug-delivery
system for EVO, so as to address the poor oral bioavailability
without compromising safety. The objectives of this study
were as follows: (1) EVO-phospholipid complex (EPLC) was
prepared by solvent evaporation method. To properly formu-
late EPLC, a circumscribed central composite design ap-
proach was used for optimization of process variables on the
complexation rate of EPLC. (2) The physicochemical
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Fig. 1. The chemical structure of EVO

properties of EPLC were investigated by differential scanning
calorimetry (DSC), ultraviolet (UV), Fourier transformed
infrared (FT-IR), 'H-NMR, and matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF)
spectroscopy. The apparent solubility of EPLC was also
investigated in order to evaluate the increased solubility
properties of EPLC in comparison to that of free EVO
material and the physical mixture. (3) The pharmacokinetics
and bioavailability of EPLC were investigated.

MATERIALS AND METHODS

Materials

EVO was purchased from Yuancheng Technology Devel-
opment Co., Ltd. (Wuhan, China), purity 99.13 %, and phos-
pholipid was purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China); the phosphatide content was
approximately 60 % (w/w). Honokiol was purchased from
Xiaocao Botanical Development Co., Ltd. (Xi’an, China),
purity of 99.60 %. 2-cyano-4-hydroxycinnamic acid (CHCA)
was purchased from Sigma-Aldrich. Inc. (St Louis, MO,
USA). All other chemical reagents were of analytical grade
or better.

Preparation of EPLC

EPLC was prepared by solvent evaporation method (10).
Weighed phospholipids and EVO (at molar ratios of 0.5, 1.03,
1.75,2.47, and 3, respectively) were placed in a 100-mL round-
bottom flask, and then 50 mL of mixed solvents of ethanol and
tetrahydrofuran (with volume fraction of ethanol at 0, 0.21,
0.50, 0.79, and 1.00, respectively) were added to form the
mixture containing 1-5 mg/mL of EVO. The reaction pro-
ceeded under magnetic stirring (Type 85-2, Sile apparatus
Co., Ltd., Shanghai, China) at 60 °C for 3 h. Next, the reaction
medium was evaporated off with hypobaric drying method
and the residue was further dried under vacuum at 40 °C for
12 h. After placing the raw product in a desiccation chamber
for another 12 h, the dried residue was crushed in a mortar
and sieved with a 100 mesh filter. The resultant EPLC was
transferred into an amber bottle, flushed with nitrogen and
stored in a desiccation chamber at ambient temperature.

The Complexation Rate of EPLC

A certain amount of EPLC (equal to 125 mg of EVO),
prepared as described above, was dispersed in 5 mL of
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chloroform. Both EPLC and phospholipids were easily dis-
solved in chloroform (11), but free EVO material remained
practically insoluble in chloroform. The non-complexed EVO
was separated, dissolved in absolute ethyl alcohol and assayed
using a UV-Spectrophotometer (UV-5130, Shimadzu, Kyoto,
Japan) at 225 nm. In detail, the free EVO concentration was
calculated from standard curves. The standard regression
equation in the range of C=1.05~4.20 pg/mL was linear (A=
0.1776 C+0.006, r=0.9997; A means the absence of EVO).
The recoveries of EVO are (99.71+£0.26) % (n=9), which
showed that the above method was reliable for determination
under the described conditions. The complexation rate of
EPLC was determined by the following formula:

. m m —m
Complexation rate = “2 % 100% = ——2 % 100%
my my
where “m;” is the total content of EVO added, “m,” is the

content of EVO “present as a complex,” and “m3” is the free
EVO or non-complexed EVO.

Determination of the Content of EVO in EPLC

The content of EVO in phospholipid complex was deter-
mined as follows (12). Briefly, approximately 10.5 mg of
EPLC was dissolved in 100 mL of mobile phase (methanol/
water=75:25, v/v) and 10-pL aliquot of the resulting solution
was injected into a high-performance liquid chromatography
(HPLC) system. The stationary phase (Lichrospher C;g
column, 250x4.6 mm, 5 um) was kept at 35 °C, and the mobile
phase was run at the flow rate of 1 mL/min. Effluent was
monitored at 225 nm.

Central Composite Design

Based on the preliminary experiment, factors (indepen-
dent variables) which have relatively great influence on the
complexation rate (dependent variable) were chosen. These
included: phospholipid-to-drug ratio (X7, mol/mol), volume
fraction of ethanol in the reaction medium (X5, v/v), and
concentration of EVO (X3, mg/mL). An optimization proce-
dure, namely circumscribed central composite design, was
performed. Briefly, these three factors with five levels each
were evaluated and experimental trials were performed at all
20 possible combinations (13,14). Complexation rates were
taken as the response variable. The data were fitted to a linear
model (including linear effects, Eq. 1 and a quadratic model
(including linear and quadratic main effects plus two-way
interactions, Eq. 2 by SPSS program (Version 17.0, SPSS
Inc., Chicago, USA). The models were expressed as follows,
respectively:

Y=ay+a X1 +aX; +a3X3 (1)

Y = by + b1 X1 + b Xs + b3 X5 + b Xi? + bnXo?
+ b33 X3 + b1 X1 X2 + b3 X1 X5 + b Xa X3 (2)

where Y was the dependent variable (complexation rate), aq
and by were the intercepts representing the arithmetic mean
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response of the 20 runs, and a;, b; were the estimated coef-
ficients for the factor Xj. The main effects (X7, X5, and X3)
represented the average result of changing one factor at a time
from its minimal to maximal value. The interaction terms
(X1X>2, X2X3, and X1X3) showed how the response changes
when two factors were simultaneously changed. The polyno-
mial terms (X 2, X%, and X32) were included to investigate
non-linearity. The level values of three independent variables
and the composition of the central composite design batches
were presented in Tables I and II.

Characterization of EPLC

Differential Scanning Calorimetry

The samples, sealed in the aluminum crimp cells, were
heated at the speed of 5 °C/min from 0 to 300 °C under a
nitrogen atmosphere. The phase transition onset temperatures
of phospholipids, pure EVO, EPLC, and the physical mixture
were determined and compared with the help of a differential
scanning calorimeter (Netzsch STA-449 C, Selb, Germany).

The UV Spectroscopy

The tested samples (phospholipid, EVO, EPLC, and
physical mixture) were dissolved in ethanol and then scanned
with a UV spectrometer (UV-5130, Shimadzu, Kyoto, Japan)
over the wavelength range of 200-600 nm.

The FT-IR Spectroscopy

The tested samples (phospholipid, EVO, EPLC, and
physical mixture) were taken in KBr pellets using a FT-IR spec-
trophotometer instrument (Spectrum One NTS, PerkinElmer
Inc., Massachusetts, USA).

The "H-NMR Spectroscopy

The tested samples (phospholipid, EVO, EPLC, and
physical mixture) were dissolved in D-substituted solvent
and then analyzed with a '"H-NMR spectrometer (Brucker
Advance DRX-500, Brucker BioSciences Corporation,
Billerica, MA, USA) at 500 MHz.

The MALDI-TOF Spectroscopy
The MALDI-TOF spectroscopy of the tested samples

(phospholipid, EVO, EPLC, and physical mixture) was car-
ried out by using a MALDI-TOF mass spectrometry (Voyager

Table I. Coded Levels and “Real” Values for Each Factor Under

Study
Levels
Factors -1.732 -1 0 1 1.732
X; (mol/mol) 0.50 1.03 1.75 2.47 3.00
X5 (vIv) 0.00 0.21 0.50 0.79 1.00
X35 (mg/mL) 1.00 1.85 3.00 4.15 5.00

Tan et al.

Table II. Composition of Central Composite Design Batches (Mean

+SD, n=3)
Batches X, X5 X; Complexation rate (%)
1 1.03 0.21 1.85 88.71+1.68
2 2.47 0.21 1.85 95.43+1.69
3 1.03 0.79 1.85 86.45+0.33
4 2.47 0.79 1.85 94.26+2.01
5 1.03 0.21 4.15 95.28+1.18
6 2.47 0.21 4.15 95.20+0.30
7 1.03 0.79 4.15 71.52+0.06
8 2.47 0.79 4.15 75.56+0.08
9 0.50 0.50 3.00 87.21+0.29
10 3.00 0.50 3.00 91.80+0.77
11 1.75 0 3.00 94.75+0.09
12 1.75 1.00 3.00 72.41+0.40
13 1.75 0.50 1.00 96.07+0.18
14 1.75 0.50 5.00 85.14+0.11
15-20 1.75 0.50 3.00 93.41+0.22

DE Pro, Applied biosystems company, Carlsbad, CA, USA).
CHCA (MW, 189.17) was used as internal standard. The
angiotensin linear 3.1 bic model was chosen.

Scanning Electron Microscopy

The EPLC powders were dispersed in a pH 7.4 phos-
phate-buffered solution and a drop of suspension was placed
on a slide slip before it was fixed, dehydrated, and freeze-
dried. And then, the sediments were coated with platinum in a
sputter coater (E-1010, Hitachi, Japan), and their surface
morphology was viewed and photographed with a Hitachi
scanning electron microscope (3,000 N, Hitachi, Japan).

Particle Size and Zeta Potential

The particle size and zeta potential of EPLC were deter-
mined at 25 °C using photon correlation spectroscopy (Zeta-
Sizer Nano-ZS90, Malvern, UK); 100 mg of EPLC powders
were dispersed in about 15 mL of double-distilled water be-
fore analysis.

Apparent Solubility Studies

Apparent solubility was determined by adding excess EVO
and EPLC to 6 mL of water or n-octanol in sealed glass contain-
ers at 25 °C. Each experiment was performed in triplicate. The
liquids were agitated for 24 h, and then centrifuged to remove
excess EVO at 4,000 rpm for 10 min. The supernatant was
filtrated through a 0.45-pm membrane. Then 1 ml filtrate was
mixed with 9 mL of mobile phase (methanol/water=75: 25, v/v)
and a 10 pL aliquot of the resulting solution was injected into a
HPLC system and detected at 225 nm to measure the concen-
tration of EVO (15,16).

Dissolution Studies

The dissolution studies were carried out according
to dissolution test apparatus specifications of China
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Table III. ANOVA of the Quadratic Model
F
Source Sum of squares Degrees of freedom Mean square critical p value
Regression 1,027.932 9 114.215 93.397 <0.001
Residual 6.114 5 1.223
Total 1,034.046 14

pharmacopoeia (2010 edition, paddle method). The disso-
lution flasks were immersed in a water bath at 37 °C;
900 mL of dissolution medium (pH 6.8 phosphate-buffered
saline) was continuously stirred at 100 rpm. The complex
and the physical mixture of phospholipids and EVO
equivalent to 5.5 mg of EVO were added on the surface
of the stirred dissolution medium at the beginning of the
study. At different time intervals, 5 mL of samples were
withdrawn and filtrated using 0.12 pm cellulose nitrate
membranes. Five milliliters of fresh medium were supple-
mented into the corresponding flasks. Then 1 mL of fil-
trate was mixed with 9 mL of mobile phase (methanol/
water=75: 25, v/v) and 10-pL aliquot of the resulting
solution was injected into a HPLC column for analysis
as described above.

In vivo Pharmacokinetics Study of EPLC

Chromatography

The plasma concentrations of EVO were determined
by a HPLC system. The stationary phase (Lichrospher Cig
column, 250x4.6 mm, 5 um) was kept at 35 °C, and the
mobile phase (methanol/water=75: 25, v/v) was run at a
flow rate of 1 mL/min. Honokiol was chosen as an inter-
nal standard (3). Effluent was monitored at 225 nm. The
peaks of EVO and honokiol were detected at about 5.7
and 8.2 min, respectively.

Plasma Sample Preparation

Under ether anesthesia, 500 pL of ophthalmic vein
blood samples were collected from both groups of rats
into centrifuge tubes at 0.083, 0.167, 0.333, 0.667, 1, 2, 4,
6, 8, 10, 12, and 24 h after dosing. Each blood sample was
centrifuged at 3,000xg for 10 min. One hundred fifty
microliters of plasma sample was taken from the upper
layer, and then 10 pL of internal standard solution (Hon-
okiol, 20 pg/mL) and 75 pL of ammonia solution were
added to the resulting plasma and agitated for 30 s. After
750 puL of ethyl ether was added to the solution above,
this mixture was shaken for 3 min and then centrifuged at
4,000xg for 10 min. Five hundred microliters of the or-
ganic layer was drawn into the respective centrifuge tube
and evaporated under nitrogen at 40 °C. The residue was
reconstituted with 100 pL of methanol and centrifuged at
12,000xg for 10 min. Forty microliters of the supernatant
was retained for HPLC analysis (17). The same sample
handling process was used for the determination of line-
arity, precision, and accuracy. Various quantities of EVO

were added to the blank rat plasma, and the resulting
concentrations of EVO were 0.01, 0.05, 0.075, 0.1, 0.5,
1.5, and 2.0 pg/mL, respectively. These calibrations were
subjected to the entire analytical procedure, so as to test
the linearity, precision, and accuracy of the method.

Pharmacokinetic Study of EPLC in Rats

Male Sprague-Dawley rats (270+20 g) were obtained
from the Laboratory Animal Center of Chongqing Medical
University. All experiments were approved by the Institution-
al Animal Care and Use Committee of Chongqing Medical
University.

Twelve male rats were fasted for 12 h but allowed to
take water freely prior to the experiment. These rats were
divided randomly into two groups, one group for admin-
istration of EVO (suspended in 2.5 ml of 0.5 % CMC
solution) at a dose of 500 mg/kg and the other group for
administration of the complex at a dose equivalent to
500 mg/kg of EVO (3,18). Peak concentration and peak
time were derived directly from the concentration-time
curve. The other pharmacokinetic parameters were com-
puted using the standard software program DAS 2.1.1
(Mathematical pharmacology professional committee of
China, Shanghai, China).

Statistical Analysis
All data were expressed as meanzstandard deviation. An

F test for analysis of variance (ANOVA) was performed for
validation of the fitting model.

XaXs || -0.712 (P= 0.082)

XX | -1.5%6 (P=10.020)
XX, [H -2.528 (P=0.030)
XX [ 3.119 (P=0.157)

X | 1 11.692 (P=0.003)

X | 7| 14.694 (P=0.008)
X | | -14.981 (P<0.001)
NaXs | 1 -39.501 (P=0.001)

X | 1 57.883 (P<0.001)

0 10 20 30 40 50 60 70 80
Effect estimate (absolute value)

Fig. 2. Pareto diagrams for effect estimation. The effects presenting
probability values higher than 0.05 are not considered as statistically
significant
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Fig. 3. The response surface and contour plots based on complexation rate (Y %) as a function of the factors studied:

phospholipid-to-drug ratio (X;, mol/mol), volume fraction of ethanol in the reaction medium (X5, v/v), and reaction
concentration of EVO (X3, mg/mL)

RESULTS AND DISCUSSIONS
Preparation of EPLC
~ As depicted in Table II, complexation rate (in percent)
% for the 20 batches varied considerably from 71.52 to 96.07 %.
i Quadratic model fitting (Eq. 4) of the experimental data is
B apparently superior to the linear model (Eq. 3) with respect to
E‘ the correlation coefficient (R?). Accordingly, the quadratic
Y 40 o<t b mighul model (Eq. 4) was chosen as the optimal fitting model and
- 2.5mg/mL
20 -~ 3.5mg/mL
= 5.0mg/mL Table IV. Observed and Predicted Values of Complexation Rates of
EPLC Prepared Under the Optimal Protocol (Mean+SD, n=3)
0.0 0.2 0.4 0.6 0.8 1.0
. Predicted Observed
Volume fraction of ethanol Batches values (%) values (%) Bias® (%)
Fig. 4. Influence of the volume fraction of ethanol in the reaction ° ° °
medium (X3, expressed as actual value for simplification, ranged from 1 95.36 95.69+0.06 0.34
0 to 1.0) and the concentration of EVO (X3, fixed at 1.5 (empty 2 95.36 93.10+0.11 2.37
circles), 2.5 (filled circles), 3.5 (empty squares), and 5.0 (empty squares) 3 95.36 96.51+0.24 -1.21
mg/mL, respectively) on complexation rate when phospholipids-to-
drug ratio (X;) is fixed at 2. Complexation rate is calculated based “Bias was calculated according to this equation: bias (% )=(predicted
on the quadratic model equation (Equation 4)

value-observed value)/predicted valuex100 %
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was further validated with an F test for ANOVA analysis to
evaluate the significance of the regression. The data from
Table III indicate that the model is statistically significant
(Feateutation > Feriticar; p<0.001) and explains 95 % of the
observed variance (R*=0.994).

Y =102.778 + 2.62X; — 21.104.X,

—2.866X3(R? = 0.701, F = 8.595,p = 0.003)  (3)

Y = 55.826 + 14.694X, + 57.883X, + 11.692X5 — 2.528X,>
—39.501X5% — 0.712X5% + 3.119X1 X, — 1.596X; X5
— 14.981X,X;3(R* = 0.994, F = 93.397,p < 0.001)

4)

The results presented in Fig. 2 indicate that all linear
main effects (X, X5, and X3) were statistically significant (p
values were all below 0.01). These linear effects had positive
effects on the response variable, meaning that complexation
rate increases as these variables increase. The quadratic
effects (Xl2 and Xzz) and the interaction terms (X;X; and
X, X3) were also statistically significant (p values are equal to

EVO

Phospholipids

|

Physical mixture

R

EPLC

eestsasssse fpmsssere

R

P ——

H
H
H
H
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0.03, 0.001, 0.02, and <0.001, respectively) but had negative
effects on the response variable. The opposite signaling
between linear and quadratic effects suggested that the two
variables (X; and X;) were approaching maximum values.
Moreover, the effects of the interactions between variables
(e.g., X1 X3 or X,X3) were contrary to that of individual
effects, suggesting a complex relationship between variables
and response (13). The influence of main variables on
complexation rate decreased in the order of X5, X2, Xo X,
Xl’ and X3.

The relationship between variables and response could be
easily visualized by means of response surface methodology
(13,19,20). Based on the mathematical model of Eq. 4, predicted
response surfaces and contour plots were generated using Ori-
gin software (Version 7.5, Origin Lab Corp., Wellesley, USA).
As depicted in Fig. 3, high level of X; and low levels of X, and
X5 were found to be favorable conditions for obtaining high
complexation rate (in percent). Particularly, X, was found to
exhibit significant influence on complexation rate (in percent).
Both non-polar solvent and polar solvent can be used to prepare
phytosome (vegetal phospholipid complex) (10,16,19,21-24).
On one hand, our preliminary study showed that the complex-
ation rate of EPLC prepared by non-polar solvent (e.g., tetra-
hydrofuran) was usually much higher than that prepared by
polar solvent (e.g., ethanol) when the same amount of EVO
was added. On the other hand, polar solvent, was more cost-

T
VT

Vo

3

/Y

4000 3600 3200 2800 2400 2000 1800

1600 1400 1200 1000 800 600 400

Frequency (cm!)
Fig. 7. FT-IR spectra of EVO, phospholipids, physical mixture, and EPLC
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effective (the price of ethanol is about one quarter that of
tetrahydrofuran). Considering the above information, the mixed
polar and non-polar solvents (ethanol and tetrahydrofuran) at
suitable volume ratio were chosen as a reaction solvent in our
experiment in order to obtain a relatively high complexation
rate of phospholipid complex at low cost, which would be favor-
able towards future mass-production or industrialization.

Figure 4 showed the effects of polarity of mixed solvents
and the concentration of EVO on complexation rate when
phospholipid-to-drug ratio was fixed at 2. When the concen-
tration of EVO was fixed at 5.0 mg/mL, complexation rates of
EPLC decreased dramatically from 99.80 to 58.10 % while the
volume fraction of ethanol varied from 0 to 1. Similarly, in the
case of the concentration of EVO fixed at 3.5 mg/mL, com-
plexation rate decreased slowly from 96.90 to 74.65 % with the
incremental change of the volume fraction of ethanol. More-
over, when the concentration of EVO was fixed at 1.5 and
2.5 mg/mL, both of the complexation rate-volume fraction of
ethanol curves were parabola. Briefly, the complexation rate
reached its highest point (97.21 %) when the concentration of
EVO and the volume fraction of ethanol were 1.5 mg/mL and
0.5, respectively. The complexation rate (95.36 %) was very
close to the maximal rate and so acceptable when the concen-
tration of EVO and the volume fraction of ethanol were
2.5 mg/mL and 0.5, respectively. Taken together with these
previous findings, our results suggested that to develop a cost-
effective EPLC with high complexation rate, optimal values
for phospholipid-to-drug ratio (X;, mol/mol), volume fraction
of ethanol in the reaction medium (X3, v/v) and reaction
concentration of EVO (X3, mg/mL) should be 2, 0.5, and
2.5 mg/mL, respectively.

EVO

Phospholipid

EPLC

wha
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Validation of Model Optimization

In order to evaluate the optimization capability of the
generated models according to the results of the circumscribed
central composite design, EPLC was prepared under the
above described protocol (X7, X5, and X3 were set to 2, 0.5,
and 2.5 mg/mL, respectively). The complexation rates
obtained with the predicted model were shown in Table IV,
which was in good agreement with theoretical predictions.
The average complexation rate and the content of EVO in
EPLC prepared under the optimized conditions were found to
be 95.1+0.50 and 24.27+0.97 % (n=3), respectively.

Differential Scanning Calorimetry

DSC, a fast and reliable method to investigate drug-ex-
cipient compatibility, might provide some information about
the possible interaction of EVO with phospholipids. Interac-
tion between EVO and phospholipids may be ascertained by
the elimination of an endothermic peak, the appearance of
new peak, change in peak shape, onset temperature, peak
temperature (melting point), relative peak area, or enthalpy
(25,26). Figure 5 showed the DSC thermograms of EVO,
phospholipids, EPLC, and physical mixture of EVO and
phospholipids.

The thermogram of phospholipids exhibited two different
peaks: the first one (135.9 °C) is mild, and the formation of
this peak might be due to the rapid movements of phospho-
lipid molecule polar head groups; the second endothermal
peak at 223.2 °C was very sharp and the appearance of this
peak might be owing to the melting or isomerization of the

16 15 14 13 12 11 10 9 8 7

5 4 3 2 1 0 -1 -2

Fig. 8. Proton NMR spectra of EVO, phospholipids, and EPLC
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Fig. 10. Scanning electron micrograph of EPLC

carbon-hydrogen chains in the phospholipids or the change of
the crystal during the phase transition from gel state to liquid
crystal state (16,25). The thermogram of EVO showed a single
peak at 295.5 °C, suggesting that EVO was of high purity.
Physical mixture of EVO and phospholipids showed two endo-
thermal peaks, one at 224.4 °C and the other at 263.8 °C. The
former had the same onset temperature (220.6 °C) with
phospholipids and the later had the same onset temperature
(259.2 °C) as the complex. It might be surmised that with rising
temperature, phospholipids melt and EVO dissolved in the
phospholipid, partially forming the complex, which might be
explained by the theory of preparation by melt-out method.
Three endothermal peaks which differed radically from that of
EVO and phospholipids appeared in the thermogram of the
complex, and the intrinsic endothermal peak of EVO was
“shielded,” as depicted by Kidd ez al. (8). The three new peaks,
with onsets and maximums at 152.0 and 163.5 °C, 196.0 and
199.3 °C, and 255.9 and 262.1 °C, respectively, may indicate that
EVO and phospholipids had some interaction, as previous
researchers claimed in the cases of curcumin-phospholipid com-
plex (27) and silybin-phospholipid complex (28-30). Here,
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Table V. Apparent Solubility of EVO, Physical Mixture, and EPLC in
Water and in n-octanol at 25 °C (Mean+SD, n=3)

Apparent solubility (pg/mL)

Samples In water (Cy) In n-octanol (C,)
EVO 3.39+0.06 598.59+0.05
Physical mixture 5.00+0.04 602.27+0.03
EPLC 11.64+0.01 617.62+£0.04

taking EPLC as a hybrid molecule, we assumed that the first
broad peak and the second sharp peak of the complex, shifted
right and left respectively when compared with the thermogram
of phospholipids, corresponding to the rapid movements and
phase transition evoked by endothermal peaks of phospholipids,
and the third sharp peak corresponded to that of EVO. Previous
work had shown that the interactions between drug and phos-
pholipids may be considered to be hydrogen bonding and/or van
der Waals forces, although the exact interaction mechanism
remained unclear.

The UV Spectroscopy

The UV spectra were shown in Fig. 6. In the spectrum
profile of EVO, three typical absorption bands were present
at 225, 282, and 291 nm. The spectrum profile of physical
mixture was quite similar to that of EVO, except for a slight
red-shift at the absorbance peak (225 nm) and absorbance
trough. In the absorbance curve of EPLC, a slightly more
significant red-shift occurred. The changes in the UV spectra
among drug, physical mixture and phospholipid complex sug-
gested the successful formation of EPLC. Opposed to our
findings, it was reported by Xu et al. (31) that there was no
difference between the UV spectra of the luteolin phospho-
lipid complex and that of the physical mixture. The most
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Fig. 11. Size distribution and zeta potential profiles of EPLC
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Fig. 12. Dissolution profiles of EPLC (filled triangles), EVO (filled circles), and physical
mixture (filled squares) in phosphate buffer saline (pH 6.8), respectively

reasonable interpretation construed from their molecular im-
aging spectra were that the polyphenol molecule (luteolin)
was being shielded from detection by the imaging probes.

The FT-IR Spectroscopy

As shown in Fig. 7, the characteristic absorptions of EVO
(32,33) were present at 3,216.36, 3,070.79, 2,942.26, 2,903.32,
1,632.41, 1,507.67, 1,446.64, 1,274.40, and 739.70 cm'. The
characteristic absorptions of phospholipids (34) were seen at
2,922.05 cm ' (-CHy), 1,734.06 cm™ ! (C=0), 1,462.87 cm™!
(-CH3), 1,232.60 cm ™' (P=0), 1,080.07 cm ' (P-O-C), and
966.26 cm ' (C-C-N). The spectrum of the complex was
quite different from that of EVO and phospholipids. As
indicated with dashed lines, peaks at 3,216.36, 3,070.79,
1,507.67, and 1,274.40 cm™ ! were absent or shielded by
phospholipids, and the absorption peaks at 2,942.26 and

2,903.32 cm™! were likely “drowned” in the big sharp peak
(2,922.05 cm ') of phospholipids occupying the same region.
The peak at 1,446.64 cm™" shifted left to 1,462.87 cm ™" and the
other peak shifted right to 731.44 cm™ !, respectively. The
spectrum profile of the physical mixture nearly perfectly
overlaid that of the spectra of EVO and phospholipids. All
the differences between spectra were highlighted with dash
lines for a clear comparison, and three dash lines with plus
signs were used for calibration.

The 'H-NMR and MALDI-TOF Spectroscopy

As shown in Figs. 8 and 9, the "TH-NMR and MALDI-
TOF spectra of the complex were quite different from that of
EVO, phospholipids, or the additive effect. Chemical shift
values in '"H-NMR and MALDI-TOF spectra of the EPLC
complex indicated that EVO and phospholipids might have
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Fig. 13. Typical chromatograms of EVO. a Blank rat plasma; b blank rat plasma spiked with EVO; ¢ a sample after oral administration of EPLC.
1, EVO and 2, honokiol (internal standard)
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some intermolecular interactions. The spectra of the EPLC
complex or physical mixture were complicated partly because
phospholipid was a mixture instead of a pure compound.

Scanning Electron Microscopy

The scanning electron microscopic view, as shown in
Fig. 10, indicated the presence of spherical or sphere like
structure of the phospholipids complex in water (25,35).

Particle Size and Zeta Potential

Figure 11 summarized the particle size and zeta potential of
EPLC. The particle size was distributed in a narrow range about
246.1 nm with a polydispersity index of 0.164. The zeta potential
of EPLC was —26.94 mV with the negative charge coming from
the type and composition of phospholipid used. Zeta potential
was a reliable indicator in the prediction of stability of particles in
liquid medium and the possible interactions with other materials.
Previous work had shown that negatively charged lipid vesicles
(especially with a charge around —30 mV) had good stability and
might be optimized for drug delivery (36). In previous studies, the
particle size and zeta-potential were documented to be
169.2 nm and -21.6 mV (for bergenin PLC (B-PLC)),
and 112.2 nm and —44.2 mV (for salvianolic acid B-PLC),
respectively (35,37).

Apparent Solubility Studies

Table V showed average apparent solubility of EVO, the
physical mixture, and EPLC in water and in n-octanol. The
data indicated that EPLC significantly increased the hydro-
philicity of EVO (solubility of EPLC in water is 3.43 times that
of EVO material, p<0.05). And the physical mixture also
enhanced the solubility of EVO, but in a less-effective way.
It was believed that the hydrophobic moiety of EVO held
close to the phospholipid molecule by quasi-stable bonding
and the non-polar group of EVO was masked by the phos-
pholipid (8).

Dissolution Studies

Figure 12 showed the dissolution profiles of EVO
from EPLC, EVO, and the physical mixture in phosphate
buffer saline (pH 6.8). The dissolution of EPLC was the
highest compared with that of EVO material and the
physical mixture at almost every corresponding time
point. Based on these results, we can conclude that the
amphiphilic phospholipid molecules showed a positive
effect on the dissolution of EVO and conversion of
EVO into phospholipid complex significantly magnifies
this effect.

Pharmacokinetic Study in Rats
Validation of Extraction and Quantification Method

EVO was completely separated from rat plasma under
analytical conditions described above (Fig. 13), and standard

curves ranging from 0.01 to 2.00 pg/mL were linear (r=0.9999).
The lowest detection limit was 0.01 ng/mL. The validation of the
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method for extraction and quantification of EVO from rat plas-
ma was done by performing recovery rate experiments with the
procedures described before. The method recovery rates of
EVO from high, middle and low concentration ranges were
101.44, 99.82, 96.53 %, respectively. Intra- and inter-day preci-
sions expressed as the relative standard deviation for the method
were 2.70-4.14 and 1.89-4.21 %, respectively.

Concentration of EVO in Rat Plasma

Figure 14 illustrated the drug plasma concentration versus
time curves when the equivalent amount of EVO and EPLC
were orally administered to rats (n=6), respectively. The con-
centration-time curve of EVO displayed a low concentration
peak (0.12 pg/mL) at 20 min followed by a much higher
concentration peak (0.35 pg/mL) at 4 h, and these results were
in agreement with the report written by Shyr et al. (3). In the
case of EPLC, the first peak concentration (0.05 pg/mL) was
almost half of that of free EVO at 20 min and the second peak
concentration (0.60 pg/mL) was about two times that of free
EVO at 8 h. Former research on phytosome preparations also
confirmed that complexation technology could greatly in-
crease the blood levels of botanical polyphenol constituents
when administered orally (8,35).

The pharmacokinetic data were simulated by non-linear
least squares. The results showed that both of the pharmaco-
kinetic behaviors of EVO and EPLC confirm to two-compart-
ment, first-order absorption for rats in vivo. From the above
profile and Table VI, we knew that metabolism of EPLC was

Table VI. Main Pharmacokinetic Parameters of EVO and EPLC with
Non-model in Rats (Mean+SD, n=6)

Parameters EVO EPLC
Crnax (ng/L) 352.01 599.66
Trmax () 4.00 8.00
AUCy (ngh' L™ 1,762.05 3,874.88
AUCy_., (ng 1,772.35 3,878.24
h*l L*l)

T, (h) 1.33 2.07
Ko (hh) 0.52 0.33

C,.ax peak concentration, 7, peak time
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much slowly than that of EVO. Furthermore, the complex
persisted for a longer period of time in vivo with a higher
relative bioavailability of 218.82 % by comparing the AUC,_,
of EPLC with that of EVO. The relative bioavailabilities of
curcumin-PLC, oxymatrine-PLC, bergenin-PLC were docu-
mented as 125.80, 329, and 439 % in the literature (19,25,35).

The improvement of the relative bioavailability of EPLC
after oral administration might be due to the following rea-
sons: (1) the hydrophilicity and solubility of EPLC increased
significantly, as a result of the interaction between the non-
polar head of water-miscible phospholipid and the poorly
water-soluble EVO molecular. Moreover, the high dispersibil-
ity of the phospholipid complexes was also responsible for the
increased hydrophilicity and solubility of EPLC. (2) The dis-
solution rate of EPLC increased effectively. Being a lipophilic
drug, the absorption and bioavailability of EVO was limited
by its dissolution rate. Naturally, the EPLC complex with
higher in vitro dissolution rate was expected to have better
absorption, longer action time and higher bioavailability than
that of EVO. Similar phenomena (the lipophilic drug-phos-
pholipid complex with higher in vitro dissolution rate had
better absorption, longer action time and higher bioavailabil-
ity) were also reported by former researchers (12,16). (3) The
extended release of EVO from EPLC and the decreased
metabolism rate of EVO in EPLC might also be responsible
for the prolonged action time and higher bioavailability. It was
reported by Komatsu et al. (4) that free EVO metabolized
quickly to EM-2 which eliminated rapidly (the plasma half-life
of EM-2 was 1.53 h). The sustained characteristics of EPLC
decreased the degradation of EVO from EPLC to EM-2.
EVO undergoes extensive hepatic uptake and biliary excre-
tion of enterohepatic circulation, as previously validated by
Shyr et al. (3). The intestinal lymphatic transport occurred in
the case of salvianolic acid B phospholipid complex (37), and
the similar absorption phenomena might also occur in the case
of EPLC. If so, EPLC might reduce the first-pass metabolism
of EVO by bypassing liver. In the meanwhile, the EPLC which
enter the liver might decrease the first-pass metabolism of
EVO by complexing EVO into phospholipid and therefore
avoiding the direct contact of the EVO with the hepatic me-
tabolism enzymes. Of course, further studies are necessary in
order to confirm these hypotheses. (4) The occurrence of
intestinal lymphatic transport might be contributed to the
better oral bioavailability of EPLC by enhancing the drug
absorption through additional absorption route compared
with that of free EVO.

CONCLUSIONS

The vegetal drug EVO could be successfully complexed
with phospholipids to form phytosome (EPLC). The results of
the central composite design study confirmed that the values
of phospholipid-to-drug ratio, volume fraction of ethanol in
the reaction medium, and reaction concentration of EVO
significantly influenced the dependent variable (the complex-
ation rate). DSC, UV, FT-IR, 'H-NMR, and MALDI-TOF
spectroscopy curves of EPLC showed that EVO and
phospholipids combined and formed supramolecular
structures by non-covalent bonding, such as hydrogen bonds
or van der Waals forces. The apparent solubility study showed
that EPLC apparently increases the hydrophilicity of EVO.

Tan et al.

The in vitro dissolution rate of EPLC increased significantly.
Compared with free EVO, the complex remarkably enhanced
the oral bioavailability of EVO in vivo for rats. Further studies
are necessary to evaluate the transport of EPLC through the
gastrointestinal tract. EPLC is very promising candidate for
drug delivery and warrants further study.
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