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A mixed micelle that comprised of monomethylol poly(ethylene glycol)-poly(p,L-lactic acid) (MPP),
D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS) and stearic acid grafted chitosan
oligosaccharide(CSO-SA) copolymers was developed to enhance the oral absorption of docetaxel (DTX).
DTX-loaded MPP/TPGS/CSO-SA mixed polymeric micelles (MPMs) were prepared with thin film hydration
method and characterized in terms of morphology, size, zeta potential, encapsulation efficiency, criti-
cal micellization concentration, and in vitro stability in media modeling physiological conditions. The

;\(A?; ‘2/1725: in vitro release of docetaxel from the mixed micelles was studied with dialysis method. The oral bioavail-
Docetaxel ability studies were conducted in rats and the pharmacokinetic parameters were evaluated. The results
mPEG-PLA showed that DTX-loaded MPP/TPGS/CSO-SA MPMs had a mean diameter of 34.96 nm and exhibited spher-

TPGS ical shape under transmission electron microscopy. The drug loading of DTX in the mixed micelles was
CSO-SA 19.15%. The critical micellization concentration of MPP/TPGS/CSO-SA copolymer was 2.11 x 10> M, and
the size of mixed micelles in gastric fluid (pH 1.6) for 2 h and simulated intestinal fluid (pH 6.5) for 6 h
showed no significant change. The in vitro release study showed that DTX-loaded MPP/TPGS/CSO-SA
MPMs exhibited slower release characteristics compared to DTX solution. The oral bioavailability of the
DTX-loaded MPP/TPGS/CSO-SA MPMs was increased by 2.52 times compared to that of DTX solution.
The current results encourage further development of DTX mixed polymeric micelles as the oral drug
delivery system.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Docetaxel (DTX) is a potent anticancer drug used to treat var-
ious cancers including metastatic and the androgen-independent
prostate cancer, breast cancer, and advanced non-small cell lung
cancer [1,2]. DTX inhibits cell growth by binding to microtubules,
stabilizing them, and preventing their depolymerization. How-
ever, the clinical application of DTX is limited by the poor aqueous
solubility, low bioavailability and high toxicity. The currently
marketed form of DTX (Taxotere®) for intravenous infusion is
formulated utilizing Tween 80 and ethanol. Due to hemolysis
caused by Tween 80, patients were often subjected to hypersensi-
tivity after administration. To avoid these disadvantages, enhance
the patient’s convenience, and facilitate the use of more chronic
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treatment regimens, many studies have been directed toward
developing new oral formulations of DTX [3-5].

Oral administration of anticancer agents, such as DTX, repre-
sents the easiest and the most convenient route of drug delivery.
Moreover, it facilitates a prolonged exposure to the cytotoxic agent
and could ease the use of more chronic regimens. Therefore, the
enhancement of oral bioavailability of emerging cytotoxic agents
is gaining the increasing attention for successful development of
oral modes for cancer and leukemia treatment. Unfortunately, the
bioavailability of DTX after oral administration is very poor. Sev-
eral investigators reported that the poor bioavailability of DTX was
resulted from the membrane transporter P-glycoprotein (ABCB1)
[6,7] as well as poor solubility and permeability. To overcome these
drawbacks, several approaches have been investigated, such as co-
administration with a P-glycoprotein inhibitor [8], solubilization in
self-emulsifying or self-micro-emulsifying drug delivery systems
[9], formation of inclusion complexes with cyclodextrins [10], and
lecithin nanoparticles [11].

Polymeric micelles (PMs) have a core-shell structure, and the
inner core is the hydrophobic part of the polymer, which can incor-
porate poorly soluble drugs, while the outer shell or the corona


dx.doi.org/10.1016/j.colsurfb.2013.09.010
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2013.09.010&domain=pdf
mailto:professorgxzhai@126.com
dx.doi.org/10.1016/j.colsurfb.2013.09.010

J. Dou et al. / Colloids and Surfaces B: Biointerfaces 114 (2014) 20-27 21

of the hydrophilic part of the polymer protects the drug from
inactivation in biological environment such as the gastrointesti-
nal tract [12]. Due to their small particle size (<200 nm), PMs
could be absorbed in their intact form via endocytosis which trans-
ported macromolecules through enterocyte cell membrane [13,14].
Moreover, PMs possess high loading capacity for poorly water
soluble drugs, significantly lower critical micelle concentration
(CMC) values and longer lifetime (indicating greater thermody-
namic stability) than those of low-molecular weight surfactants
[15]. All these issues related to PMs make them become ideal car-
riers of anticancer drugs for oral delivery. More recently, a large
number of studies on mixed polymeric micelles (MPMs) have
appeared because the prominent advantages for different types
of copolymers concentrated in a single polymeric micellar sys-
tem. Di/multifunctional PMs can be realized by preparing mixed
micelles. The loading content and stability of drug in mixed micelles
can be improved greatly with different kinds of polymers compared
with single polymer micelles. The release and function of micelles
can be modified to be desirable by forming MPMs. Therefore, MPMs
would be an ideal formulation that can solubilize DTX efficiently
and solve some of the aforementioned problems.

The amphiphilic block copolymer methoxy poly(ethylene
glycol)-poly(lactide) (mPEG-PLA, MPP) was often used because of
its excellent micelle formation capacity, drug loading capability
and release behavior [16,17]. D-a-Tocopheryl polyethylene glycol
1000 succinate (TPGS) is a PEGylated-vitamin E, which has greatly
improved the pharmaceutical properties of vitamin E and thus has
been widely applied in the food and drug industry. It has been found
that TPGS can enhance the solubility [18], inhibit P-gp-mediated
multidrug resistance [19], and increase the oral bioavailability of
anticancer drugs [20]. Chitosan (CS) is a cationic polysaccharide
with good safety and biocompatibility, which can open the tight
junctions [21] and improve the oral uptake of hydrophilic drugs
such as peptides. Despite its favorable biological properties, CS is
rarely used in oral administration of drugs due to its low solubility
under the physiological conditions and limited capacity for control-
ling the release of drugs. Chemical modification of CS was a feasible
way to overcome those disadvantages, making it more suitable as
oral delivery vector. Stearic acid grafted chitosan oligosaccharide
(CSO-SA) is a kind of hydrophobic modification of CS with low
molecular weight [22]. The CSO-SA could form micelles in the aque-
ous medium, and the CSO-SA micelles could be rapidly internalized
into cancer cells [23]. Possessing the same merits as CS, such as bio-
compatibility, biodegradability and muco-adhesivity, CSO-SA could
also be used as a promising oral drug carrier.

In the present study, the DTX loaded mixed micelles composed
of MPP, TPGS and CSO-SA were prepared to increase the aqueous
solubility and oral absorption of DTX. The physicochemical char-
acteristics of DTX-loaded MPMs such as micro-morphology, size,
zeta potential, critical micelle concentration, the in vitro stability
in modeling physiological conditions of gastrointestinal tract and
in vitro release were investigated. In addition, the oral bioavailabil-
ity of DTX-loaded MPMs in rat was also evaluated.

2. Materials and methods
2.1. Materials and animals

DTX was purchased from Baoji Guokang Biotechnology Co.,
Ltd. (Shanxi, China). mPEGggp-PLA2p00 Was obtained from Jinan
Daigang Biotechnology Co., Ltd. (Shandong, China). TPGS was
purchased from Eastman Co. (USA). Chitosan (M, =5kDa, 85%
deacetylated degree) was supplied by Haidebei Marine Biological
Engineering Co., Ltd. (Shandong, China). Stearic acid was purchased
from Tianjin Kemeng Chemical Industry Co., Ltd. (Tianjin, China).

1-Ethyl-3-(3-dimethylami-nopropyl) carbodiimide (EDC) was pur-
chased from Shanghai Aladdin Co., Ltd. (China).

Male Wistar rats (250 +20g) were supplied by Laboratory Ani-
mals Center of Shandong University, Jinan, China. The animals were
used following the guidelines of the Ethical Committee for Animal
experiments of Shandong University. The animals were acclima-
tized atatemperature of 25 + 2 °Cand arelative humidity of 70 +- 5%
under natural light/dark conditions for at least 24 h before dosing.

2.2. Synthesis and characterization of CSO-SA.

The CSO-SA copolymer was synthesized via the reaction of car-
boxyl groups of SA and amine groups of CSO in the presence of EDC,
as described in previous report [24]. Briefly, 0.4460 g of CSO was
dissolved in 20 mL of distilled (DI) water and heated up to 60°C. SA
and EDC with the molar ratio of 1-10 were dissolved in 10 mL of an
ethanol/acetone mixture (ethanol/acetone =2/5, v/v). After stirring
for 1 h at 400 rpm, 60 °C, the solution was added into CSO aqueous
solution, followed by stirring for another 24 h. Then, the reaction
solution was dialyzed against DI water using a dialysis membrane
with MWCO of 3.5 kDa (Solarbio, China) for two days, and then the
reaction solution was lyophilized. Then the lyophilized product was
further purified with ethanol to remove the byproduct. Finally, the
ethanol was evaporated to obtain the CSO-SA product.

2.3. Preparation of micelles

MPP/TPGS/CSO-SA MPMs were prepared by thin film hydration
method as described earlier [25]. Briefly, CSO-SA (10 mg) was dis-
solved in 3 mL water. Acetonitrile solution of MPP and TPGS with
different weight ratio (the total amount of MPP and TPGS was
30mg) was evaporated by rotary evaporation at 37°C to obtain
a solid polymer matrix. Residual acetonitrile remaining in the film
was removed under vacuum overnight at room temperature. Then,
the film was dispersed with CSO-SA solution at 60°C and vor-
texed for 5 min, the mixture was then centrifuged to obtain a clear
micellar solution. DTX-loaded MPP/TPGS/CSO-SA MPMs were also
prepared as described above, except for the addition of DTX in
acetonitrile.

DTX-loaded or blank MPP/TPGS MPMs were prepared by replac-
ing the CSO-SA solution with water.

2.4. Characterization of the mixed micelles

Transmission electron microscope (TEM, JEM-1200EX, JEOL,
Tokyo, Japan) was performed to evaluate the surface morphology of
micelles after negative staining with phosphotungstic acid solution
(2%, w|v). The mean particle size and zeta potential of the micelles
were determined by dynamic light scattering (DLS, DELSATMNANO
particle size and zeta potential analyzer, Beckman Coulter Inc.,
USA). All measurements were performed at 25°C. Experimental
values were calculated from the measurements performed at least
in triplicate.

2.5. Determination of docetaxel content in mixed micelles

To determine drug loading content (DL), encapsulation effi-
ciency (EE) and precipitated drug percentage (PD) of micelles, the
DTX-loaded MPMs was dissolved with acetonitrile properly and
vortexed to get a clear solution, after which the concentration of
DTX was measured by high performance liquid chromatography
(HPLC). The DL, EE and PD were calculated using the following
equations:

_ weight of the drug in micelles
~ weight of the feeding polymer and drug

DL% x 100% 1)
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_ weight of the drug in micelles

EE% = weight of the feeding drug x 100% 2)

PD% =

drug content of micelles — drug content of micelles after storage

(SGF, SIF or PBS). The in vitro release behavior of DTX-loaded MPMs
was measured and compared with that of DTX solution (2 mg/mL,
DTX was dissolved in the solution containing 520 mg of Tween

drug content of micelles

In formula (3), the drug content of micelles means the weight of
DTX in freshly prepared micelles, and the drug content of micelles
after storage means the weight of DTX in micelles which have been
stored at 4°C for 24 h.

2.6. Critical micelle concentration determination

Critical micelle concentration (CMC) of the mixed micelles was
determined by fluorescence spectroscopy using pyrene as fluores-
cence probe [26]. Upon formation of micelles, pyrene would move
inside micelles from the aqueous phase, which results in an alter-
ation in the intensity ratio of I37,/I3g3. Fluorescence spectrum was
recorded on a F-2500 fluorescence spectrophotometer (Hitachi,
Japan) atroom temperature. Solutions of the mixed copolymer with
different concentrations were prepared by diluting MPP/TPGS or
MPP/TPGS/CSO-SA mixed copolymer in distilled water. The mixed
copolymer solution were added and mixed with pyrene, allowed
to stand to equilibrate for 24 h at room temperature. The copoly-
mer concentration in these experiments ranged from 6.67 x 10~4
to 3.34x10~7M and 7.3 x 1074 to 3.65x 10~7 M for MPP/TPGS
and MPP/TPGS/CSO-SA, respectively. The final pyrene concentra-
tion was 6.0 x 10~7 M, slightly below the saturation concentration
of pyrene in water at 25 °C. All samples were excited at 334 nm, and
fluorescence spectra were recorded between 350 and 500 nm. The
excitation and emission slit widths were set at 5 nm.

2.7. Stability in media modeling physiological conditions of
gastrointestinal tract

The stability of the DTX-loaded MPP/TPGS/CSO-SA MPMs dis-
persions was evaluated after dilution with simulated gastric fluid
without pepsin (SGF, pH 1.6) and simulated intestinal fluid without
trypsin (SIF, pH 6.5), respectively [27]. SGF was composed of 0.2%
sodium chloride (NaCl), 0.25% Sodium dodecyl sulfate (SDS), and
0.7% hydrochloric acid (HCl) in water, and the pH was adjusted to
1.6 by adding concentrated HCI. SIF was composed of 0.3% dipotas-
sium hydrogen phosphate (K;HPO4) with 0.77% potassium chloride
(pH adjusted to 6.5 using NaOH), 3 mM sodium taurocholate and
0.75 mM lecithin. The DTX-loaded MPP/TPGS/CSO-SA MPMs dis-
persions were mixed with appropriate volumes of the media (SGF
or SIF) to dilute the samples 10 times. The diluted samples were
incubated at 37 °C. Samples were taken to determine the particle
size at 2, 4, 6, 8, 12 h. The experiments were repeated three times,
and the average values are reported (n=3).

2.8. Invitro release studies

In vitro DTX release test was investigated according to the
reported procedure with modifications [28]. Briefly, 200 pL of
DTX-loaded MPMs was introduced into a dialysis membrane bag
(Mw cut-off = 3-5 kDa, Solarbio) and the end-sealed dialysis bag was
incubated in 50 mL release media at 37 +0.5°C and shaken at a
speed of 100rpm. SGF, SIF, and phosphate-buffered saline (PBS,
pH 7.4) with 0.5% Tween 80 were used as release media, respec-
tively. After 1h incubation of DTX micelles in 50 mL SGF, the
bags were transferred into 50 mL SIF up to 48 h. Sink conditions
were achieved by the addition of sodium dodecyl sulfate (SDS)
in SGF, lecithin/sodium taurocholate in SIF and Tween 80 in PBS.
At predetermined time intervals, 0.5 mL of the release media was
withdrawn and replaced with an equal volume of the fresh solution

x 100% (3)

80 and 13% ethanol). Into each sample, 0.5 mL of acetonitrile was
added and stored till HPLC analysis. All assays were performed in
triplicate. Release profiles were expressed in terms of cumulative
release of DTX in percentage and plotted vs. time.

2.9. Pharmacokinetics studies

Before the experiment, 20 rats were kept overnight with free
access to water and randomly divided into four groups. Four groups
of rats were either injected a diluted DTX injection (2 mg/mL, DTX
was dissolved in the solution containing 520 mg of Tween 80 and
13% ethanol) at the dose of 10 mg/kg through the caudal vein, or
orally administered DTX-loaded MPP/TPGS/CSO-SA MPMs, DTX-
loaded MPP/TPGS MPMs and DTX solution at a dose of 20 mg/kg
respectively. The whole blood samples were collected by sinus
jugularis puncture from each rats in every group into heparinized
tubes at 0.167, 0.25, 0.5, 1, 2, 4, 8 and 12 h following oral admin-
istration and at 0.083, 0.25, 0.5, 1, 2, 4, 8 and 12h following
intravenous administration. Blood samples were centrifuged for
5min at 4000 rpm, and the plasma was collected and stored at
—20°C. 300 pL of plasma samples were combined with 600 p.L ace-
tonitrile, followed by vortexing for 3 min and centrifugation for
10minat 12 000 rpm, then the supernatant were transferred to new
tubes and dried under nitrogen gas stream at 40 °C. The residue was
dissolved in 100 pL acetonitrile and vortexed for 5 min. The solu-
tion was centrifuged at 10 000 rpm for 5 min, and the supernatant
was injected into the HPLC system.

The pharmacokinetic parameters of each formulation were cal-
culated using the DAS (version 2.0). The area under the curve and
the mean residence time were determined by standard methods
applying the linear trapezoidal rule. The maximum plasma concen-
tration and time taken to reach the maximum plasma concentration
were determined by a visual inspection of the experimental data.
The absolute bioavailability of docetaxel after oral administration
compared to the intravenous administration was calculated as fol-
lows:

_ AUC;a)

o i.V.gose 9
F% = AUC, x —=— x 100%

Oraldose

F represents the absolute bioavailability, AUC represents the area
under the curve, and i.v. stands for intravenous.

2.10. HPLC analysis

HPLC method was used for the analysis of docetaxel con-
centration in all samples. The HPLC system (Agilent 1200 liquid
chromatograph, USA) was equipped with a UV detector (Agi-
lent G1314-60100) and reversed phase column (Elite ODS C-18,
4.6 mm x 250 mm, Dalian Elite Analytical Instruments Co., Ltd.,
China). The wavelength of the UV detector was setat 230 nm [29]. A
degassed mixture of acetonitrile and water (45/50, v/v) was used as
the mobile phase and the mobile phase was pumped at a flow rate
of 1.0mL/min. The column temperature was maintained at room
temperature. Sample solution was injected at a volume of 20 L.

2.11. Statistical analysis

The statistical significance of differences among more than two
groups was determined by one-way ANOVA. A value of P<0.05 was
considered to be significant.
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Fig. 1. "H NMR spectra of SA (A), CSO (B) and CSO-SA(C). Infrared spectroscopy (D) of SA (a), CSO (b), CSO-SA (c).

3. Results and discussion
3.1. Synthesis and characterization of the CSO-SA

The CSO-SA with 50% theoretical charged amount of SA was
synthesized by the coupling reaction between the carboxyl groups
of SA and primary amino groups of CSO with average molecular
weight of 5kDa in the presence of EDC. The structure of synthe-
sized CSO-SA chemical conjugate was confirmed by the 'TH NMR
spectrum and infrared spectroscopy (IR) (Fig. 1). 'H NMR spec-
trum showed that there are proton characteristic peaks of —CH,
belonging to steric acid in the spectroscopy of SA and CSO-SA, not
shown in that of CSO. In infrared spectroscopy, it was clear that
the peaks of amide bands I and II of CSO appeared at 1629 cm™!
and 1521 cm1, respectively. The new peaks of amide band were
observed at 1632cm~! and 1560cm~! in the spectra of CSO-SA,
respectively. The changed peaks of amide band were caused by the
amide band between CSO and SA. On the other hand, no peak for
the carboxyl groups of SA at 1700 cm~! was found in the IR spectra
of CSO-SA. Both the TH NMR spectrum and infrared spectroscopy
indicate the success conjugation of CSO and stearic acid.

3.2. Optimization of micelle composition and characterization of
mixed micelles

Many studies have reported that the major factor influencing
both the loading capacity and encapsulation efficiency of poly-
meric micelles is the compatibility between the solubilizate (drug)
and core-forming block [30]. In pre-experiments, it was found
that CSO-SA had less impact on the encapsulation of DTX (data
not shown), however, considering the merits of CSO-SA in oral

absorption, the weight of CSO-SA was fixed at 10 mg. To investigate
the impact of different proportion of TPGS in copolymers on the
EE of DTX in mixed micelles, the EE of DTX was determined in the
mixed micelles with varied weight ratio of MPP to TPGS with a fixed
amount of DTX (27%) (Fig. 2). The amount of DTX (27%) was chosen
because preliminary experiments showed that at this level, the
difference of EE values of micelles composed of MPP/TPGS/CSO-SA
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Fig. 2. The influence of TPGS weight ratio on the entrapment efficiency ns: P>0.05
between any two groups; **P<0.05; *P<0.01.
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Table 1
The effect of the amount of docetaxel on loading content and precipitated drug.

Theoretical loading Practical loading Precipitated

content (%) content (%) drug (%)

11 10.89 + 0.68 0.23 + 0.02
20 19.15 + 0.72 0.35 + 0.01
27 2295 + 0.89 8.95 + 0.65

with different weight ratio of TPGS was more obvious compared
to that of micelles containing lower amount of DTX (11% and
20%), which is helpful to choose the proportion of TPGS with best
drug loading capacity. The results indicated that the EE of DTX
had no obvious change (P>0.05) when the weight ratio of TPGS
less than 50% of total weight of MPP and TPGS. In comparison,
as TPGS content increased to 50%, the EE of DTX showed obvious
decrease (P<0.01). This could be attributed to the fact that the
higher affinity of drug to the relatively more hydrophobic PLA of
MPP copolymer than vitamin E of TPGS. Although MPP possesses
better ability of encapsulating DTX, owing to the inhibition of TPGS
on P-gp efflux pump, we fixed the weight ratio of MPP to TPGS at
2:1 to obtain suitable mixed micelles for oral administration.

The effect of amount of docetaxel used to prepare mixed
micelles on the EE and precipitated drug percentage was stud-
ied in the theoretical loading content of DTX at 11-27%, and the
results were profiled in Table 1. It was observed that the more
the drug amount used, the higher precipitated drug percentage of
MPP/TPGS/CSO-SA mixed micelles was. This could be due to the
fact that the drug super-saturation was formed when the dosage
of docetaxel exceeded the loading capacity of mixed micelles.
Stored at 4 °C for 24 h, the micelles would attain the balance state
and the excess docetaxel would precipitate [31]. This leads to the
assumption that micelle formulations could enhance the solubility
of poorly soluble drugs but to a maximum limit after which any
increase in the drug concentration can bring about drug precipita-
tion.

It was also shown in Table 1 that there was no significant
change in docetaxel loading content and precipitated drug percent-
age when the amount of docetaxel was lower than 20%, suggesting
that the weight ratio of docetaxel should be less than 20% to acquire
the best docetaxel solubilization. Thus the final optimized prepa-
ration of docetaxel-loaded mixed micelles applied in the following
evaluation had an ideal composition of MPP:TPGS:CSO-SA:DTX at
the weight ratio of 2:1:1:1.

3.3. Characterization of mixed micelles

Fig. 3 showed the TEM image of DTX-loaded MPP/TPGS and
MPP/TPGS/CSO-SA mixed micelles, which indicated that the self-
assembled micelles are well dispersed as individual particles with
spherical shape. The rough surface and increased size following the
addition of CSO-SA was confirmed by Fig. 3b. TEM image showed
that the size of DTX-loaded MPP/TPGS/CSO-SA mixed micelles was
about 50 nm.

The extent and rate of particle absorbed in gastrointestinal tract
are mainly dictated by the size and surface properties of the car-
rier [32]. Thus the effects of DTX and CSO-SA on particle size and
zeta potential were investigated. The mean sizes of DTX loaded
MPP/TPGS and MPP/TPGS/CSO-SA mixed micelles are 21.03 +£1.18
and 34.96 +0.51 nm, respectively. The increased micellar size indi-
cated the insertion of CSO-SA into micelles. Moreover, a decrease in
the average size after DTX loading was observed for both micelles
with or without CSO-SA copolymer, changing from 44.96 4+ 1.82 to
3496 £0.51 nm and 30.7+1.13 to 21.03 +1.18 nm, respectively.
All the micelles showed a relatively narrow polydispersity index,
which is close to 0.3.

Fig. 3. Transmission electron micrograms of DTX-loaded MPP/TPGS micelles (a) and
DTX-loaded MPP/TPGS/CSO-SA micelles (b).

A hydrophobic drug can be encapsulated into micelles by chem-
ical conjugation or physical entrapment. The physical entrapment
of drug in micelles mainly results from hydrophobic interactions,
hydrogen bond and van der Waals forces. In the DTX-loaded
mixed micelles, the decrease of micelle size could be attributed
to the effect of hydrogen bonds between the hydroxy groups of
MPP/TPGS and DTX. Furthermore, the enhanced cohesive force of
the hydrophobic interaction was another reason.

The zeta potential of both unloaded and DTX-loaded
MPP/TPGS/CSO-SA MPMs was 27.12mV and 29.87 mV, obviously
increased compared with 2.32mV and 6.69 mV, zeta potential of
both unloaded and DTX-loaded MPP/TPGS MPMs. The increase
of zeta potential value might be attributed to the cationic amino
groups of CSO-SA.

3.4. Critical micelle concentration determination

CMC is an important parameter for the stability of drug-loaded
micelles, both in vitro and in vivo. In this study, pyrene was used as a
hydrophobic probe to monitor the formation of mixed micelles. As a
small hydrophobic molecule, pyrene prefers to enter the hydropho-
bic microenvironment of copolymers, so that the solubility of the
compound in the detergent phase is significantly increased com-
pared to its solubility in pure water. The CMC values of MPP/TPGS
and MPP/TPGS/CSO-SA mixed copolymers were obtained by plot-
ting the ratio of I37,/I3g3 of the emission spectra profile vs. the
concentration of copolymers as shown in Fig. 4a and b. The CMC
values for MPP/TPGS and MPP/TPGS/CSO-SA micellar solution were
as low as 5.51x10°M and 2.11 x 10> M. The low CMC val-
ues indicated that the mixed micelles composed of MPP/TPGS or
MPP/TPGS/CSO-SA should show high stability and ability to main-
tain integrity even upon extreme dilution in gastrointestinal tract.

3.5. Stability in media modeling physiological conditions of
gastrointestinal tract

During the experiment, the optimal formulation was stored at
room temperature for one week, and 99.2 + 0.6% of the drug con-
tent in MPP/TPGS/CSO-SA/DTX MPMs remained after one week’
storage. In addition, there was also no obvious change in particle
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and in SIF (1-48 h). (b) Cumulative released amount of DTX as a function of time in
PBS (pH=7.4).

size (36.21 4+ 0.74 nm after storage). These results indicated that the
micelles were of satisfactory physical stability.

In order to ensure delivery of the carried drug to its site of
absorption, the micellar carrier must be able to resist rapid dis-
sociation upon dilution and exposure to the harsh conditions of
the gastrointestinal tract. Thus, the stability of the DTX-loaded
MPP/TPGS/CSO-SA MPMs was investigated at 37 °Cin SGF (pH 1.6),
SIF (pH 6.5) for 12 h (Fig. 4c). As presented in Fig. 4c, in SGF, the size
of micelles showed little change over 2 h. In SIF, the size of micelles
slightly increased from 36.11 to 45.08 nm over 6 h. Owing to the
retention time of micelles in intestine was less than 6h, there-
fore, the DTX-loaded MPP/TPGS/CSO-SA MPMs should not show
significant change in the course of absorption of DTX in the gas-
trointestinal tract.

3.6. In vitro release of DTX

In order to simulate in vivo biological environment, the in vitro
release experiments were conducted in a pH gradient condition
simulating the pH evolution of the gastrointestinal tract (SGF,
pH=1.6; SIF, pH=6.5), while PBS (pH=7.4) was used to simulate
the blood circulation.

Fig. 5a and b showed the release profile of DTX in SGF/SIF and
in PBS (pH 7.4), respectively. The release percentages of DTX from
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Table 2

Pharmacokinetic parameters after intravenous or oral administration of docetaxel formulations in rats.

Intravenous DTX solution Oral administration

DTX mixed micelles with CSO-SA DTX mixed micelles without CSO-SA DTX solution
Dose (mg/kg) 10 20 20 20
Tmax (h) 0.083 0.25 0.25 1
Crmax (ng/mL) - 168.13+8.52 123.86+15.90° 62.15+5.84
AUC (hng/mL) 4512.70 £25.96 889.59+13.98 764.25+5.34 353.63+21.46
MRT (h) 2.81+0.34 4.93+0.23 4.971+0.88 3.61+0.56
F (%) - 9.86 8.46 3.92

" P<0.01 compared DTX solution (oral).
" P<0.05 compared to DTX-loaded MPP/TPGS/CSO-SA MPMs.

DTX-loaded MPP/TPGS MPMs were about 37% in SGF/SIF and 58% in
PBS within 48 h, faster than that of DTX-loaded MPP/TPGS/CSO-SA
MPMs (24% in SGF/SIF and 36% in PBS). However, both DTX-loaded
MPMs possessed a lower drug release rate than DTX solution. And
the slower release of DTX from DTX-loaded MPMs compared to
DTX solution in SGF/SIF solution, could prevent the rapid leakage
and precipitation within the gastrointestinal lumen during the drug
delivery. It also can be seen from Fig. 5a and b that the release of
DTX from the 3 formulations in PBS solution (pH 7.4) was higher
than that from SGF/SIF solution, which might be related with pH
value. The larger the pH value, the faster the drug release. The rea-
son might be that swelling and erosion of the polymers could be
inhibited in lower pH value. And similar result of pH effect on the
drug release in vitro was reported [33].

Normally, three basic mechanisms, namely swelling/erosion,
diffusion and degradation are present for the release of the loaded
drug from polymeric particles [34]. Any or all of these mecha-
nisms may occur in a given release system. The hydrophilicity of
the polymer would determine the uptake speed of water during
the course of release. The difference between the release behav-
ior of docetaxel from the solution and DTX-loaded mixed micelles
might be attributed to the fact that the drug was encapsulated into
the core of micelles. With the uptake of water, the micelle par-
ticles would swell and allow the drug within to diffuse through
the pores. However, the MPMs core with high hydrophobic char-
acter could retard the diffusion of water into the core, and the
disintegration of the micelles after dilution was a relatively slow
process. As a result, the diffusion of DTX was prevented subse-
quently, which could be concluded from the sustained release
behavior of DTX loaded MPP/TPGS. In addition, the slow release
of DTX from MPP/TPGS/CSO-SA MPMs could be attributed to the
swelling of CSO-SA which would inhibit the diffusion of water into
the core of micelles.

SGF/SIF could successfully produce a sink condition (relatively
high solubility of DTX in the aqueous solution of lecithin/sodium
taurocholate, 193.4 wg/mL), but appeared to hardly interfere with
the micelle structure, which could be concluded from stability and
in vitro release experiments. However, the physiological condi-
tion cannot be perfectly mimicked by any simulated fluid. It is
unknown whether the orally administered micelles can be signif-
icantly affected by constituents of the fluid in the gastrointestinal
tract. Thus, the bioavailability of DTX formulated in the micelles
should be further examined by in vivo experiments.

3.7. Pharmacokinetic studies

The pharmacokinetic parameters of the DTX-loaded mixed
micelles and DTX solution are displayed in Table 2. The phar-
macokinetic study of free DTX through intravenous route (i.v.)
was conducted to calculate the absolute bioavailability of oral
formulations. The absolute bioavailability obtained by calculating
data obtained under same experiment condition would be more

convincing, compared to the calculated absolute bioavailability
according to literature data. As shown in Table 2, both the Tpax
value of DTX-loaded MPMs with or without CSO-SA were smaller
than that of the DTX solution by oral administration. Moreover,
both mixed micelles yielded higher plasma concentrations than
DTX solution did, with 168.13 ng/mL and 123.86 ng/mL for DTX-
loaded MPMs with and without CSO-SA, respectively, compared to
the DTX solution (62.15 ng/mL). The plasma AUC(q_;) of DTX-loaded
MPP/TPGS/CSO-SA MPMs and DTX-loaded MPP/TPGS MPMs was
889.59 hng/mL and 764.25 hng/mL, while 353.63 hng/mLfor the
DTX solution. From the above results, it is clear that DTX-loaded
MPMs can significantly improve the oral absorption of DTX. More-
over, DTX-loaded MPP/TPGS/CSO-SA micelles showed the highest
absolute oral bioavailability (9.86%) compared to that of DTX-
loaded MPP/TPGS micelles (8.46%) and DTX solution (3.92%). The
plasma concentration-time curves of the DTX-loaded MPMs and
DTX solution are shown in Fig. 6.

Although both DTX-loaded MPMs exhibited slow release behav-
iorin vitro, the earlier Tpax of DTX-loaded mixed micelles suggested
a rapid absorption of DTX. Owing to the reason that conditions
which bring about micelle dissociation and drug release upon dilu-
tion in vivo cannot be readily simulated in vitro, it was accepted
that the in vivo data was discordant with in vitro behavior [35].
And the difference between the in vitro and in vivo behavior
of DTX-loaded MPMs might be attributed to the more compli-
cated gastric and intestinal environment, such as the existence
of bile acid and digestive enzyme, which would accelerate the
release of DTX. In addition, a rapid interaction between micelles
and the gastrointestinal surface could result in a rapid absorption
of DTX.

—v— DTX Mixed Micelles with CSO-SA
—e— DTX Mixed Micelles without CSO-SA
—=&— DTX Solution ( oral administration)
—+—DTX Solution (i- v-)
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Fig. 6. Plasma concentration-time profiles of DTX solution after i.v. (10 mg/kg),
oral administration of DTX solution and DTX mixed micelles in rats (20 mg/kg)
(mean=+SD, n=5).
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The improved oral bioavailability of DTX in the DTX-loaded
MPMs with and without CSO-SA might be attributed to the follow-
ing effects. Firstly, the polymeric micelles increased the solubility of
drug and the high drug concentration could be helpful to the passive
diffusion of drug into the gastrointestinal membrane. Secondly, the
potent ability of inhibiting the P-gp efflux pump of TPGS and CSO-
SA copolymer could protect the drug from the P-gp efflux pump,
improving the absorption and maintaining higher concentration of
the drug in the plasma [36]. In addition, as a nano-sized drug deliv-
ery system (less than 100 nm), the micelles could be absorbed by
the adsorptive endocytosis pathway [37] and fluid-phase pinocy-
tosis, which results in the membrane invagination and vesicle
formation [38]. And the higher Cnax and oral bioavailability of
DTX-loaded MPP/TPGS/CSO-SA MPMs compared with DTX-loaded
MPP/TPGS MPMs, might be related to the ability of bio-adhesion
and opening the tight junctions of micelles caused by the existing of
CSO-SA. Zhang et al. reported that after modification with chitosan,
the poly(p,L-lactide-co-glycolide) nanoparticles could provide a
great many of advantages, such as a positive charge, mucosal adhe-
sion, and improved absorption [39]. Yuan et al. demonstrated that
apical administration of CSO-SA micelles in the Caco-2 cell mono-
layer would induce an increase in permeability coefficient and an
immediate and notable decrease in TEER values [36]. Therefore,
the presence of CSO-SA in micelles could enhance the absorption
of DTX.

Compared to other oral formulations of DTX, the bioavailabil-
ity of DTX-loaded MPP/TPGS/CSO-SA MPMs was 1.12-fold that of
DTX-lecithin nanoparticles (8.75%) [11]. While in comparison of
DTX-Cremophor EL/Transcutol/Capryol 90 microemulsion (34.42%)
[3],it was lower. However, the high concentration of surfactant and
cosurfactant used in microemulsion has stimulating effect to gas-
trointestinal mucosa, as well as chronic toxicity effect to the whole
body. The DTX-loaded MPP/TPGS/CSO-SA MPMs is a system pre-
pared with safe and biocompatible polymers, thus the DTX-loaded
MPP/TPGS/CSO-SA MPMs have less side effects than microemul-
sion.

4. Conclusion

In this paper, mixed micelles containing sparingly soluble drug
docetaxel with combinations of safe excipients MPP, TPGS and
CSO-SA at weight ratio of 2:1:1 were formulated successfully by
thin film hydration method. The prepared mixed micelles had a
mean diameter of 34.96 +£0.51 nm with drug loading capacity of
19.15+0.72%. The CMC value for MPP/TPGS/CSO-SA micellar solu-
tion was as low as 2.11 x 10~ M. The in vitro release studies of
DTX-loaded MPP/TPGS/CSO-SA MPMs demonstrated slow-release
property both in SGF/SIF and PBS. In addition, the absolute bioavail-
ability of DTX-loaded MPP/TPGS/CSO-SA MPMs was increased by
2.52 times compared to DTX solution with less side effect. These
results indicate that DTX-loaded MPP/TPGS/CSO-SA MPMs are
valuable as drug delivery carrier to enhance the oral absorption
of docetaxel.
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