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Abstract Docetaxel (DTX) is a poorly soluble drug. The purpose of this study was to explore a
DTX-loaded micelle delivery system using N-(all-trans-retinoyl)-L-cysteic acid methyl
ester sodium salt (XMeNa) as the carrier materials. In this study, amphiphilic surfactant
XMeNa was synthesized. Then, the blood biocompatibility and the value of critical
micelle concentration (CMC) were assessed by a hemolysis test and pyrene-based
fluorescent probe techniques, respectively. The XM-DTX micelles were prepared using
the method of thin-film hydration, and characterized by dynamic light scattering and
transmission electron microscopy (TEM). The entrapment efficiency (EE) and drug
loading efficiency (DLE) were assessed by the ultrafiltration method. In vitro release and
pharmacokinetic behaviors of XM-DTX micelles were performed in rats using Taxotere
(a commercialized DTX injection) as a control. Our data confirmed the excellent blood
biocompatibility of XMeNa as a carrier. XMeNa can self-assemble into micelles in
aqueous media with a very low CMC (6.2 μg/mL). The average size and zeta potential of
the XM-DTXmicelles were 17.3� 0.2 nm, and�41.6�0.3mV, respectively. EE and DLE
reached up to 95.3� 0.7% and 22.4�0.2%, respectively, which may account for the
high solubility of DTX in normal saline. The micelles were spherical in TEM with good
dispersion and no aggregation and adhesion, and exhibited good stability after
reconstitution over 8 hours. Results from in vitro release assay suggested a much
slower release behavior of XM-DTX micelles in comparison to Taxotere. Additionally,
XM-DTX micelles prolonged DTX retention in blood circulation, increased the area
under the curve by 2.4-fold, and significantly decreased the clearance of the drug.
Given above, the XM-DTX micelles could improve the solubility and the release of DTX.
The amphiphilic surfactant XMeNa also exhibited great potential as a vehicle for
exploring delivery of poorly water soluble drugs in the future.
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Introduction

Docetaxel (DTX), a typical taxane, has been approved as a
first-line antitumor drug in clinical treatments, including
breast cancer, nonsmall cell lung cancer, and castration-
resistant prostate cancer.1–4 It can effectively inhibit the
proliferation of rapidly growing cells by stabilizing the
microtubule during mitosis.5 However, its poor water solu-
bility prevents the full exploitation of the drug. Taxotere is
the current marked formulation of the DTX, yet, used poly-
sorbate 80 and ethanol as the co-solvent that might induce
adverse reactions following intravenous injection.6,7 Thus,
developing a novel DTX delivery system with improved
solubility is of important significance.

Notably, nanotechnology has played an important role in
improving the properties of DTX for appropriate applica-
tion.8,9 Over the past decades, nanoparticles and micelles
have been widely developed as DTX delivery systems to
conceal the weak solubility of the drug.10–12 Micelles are
self-assembled core-shell nanocarriers formed by surfac-
tants or polymers. The micellar drug formulation can
passively target solid tumors (even poorly permeable
tumors) and effectively internalize cells due to its smaller
particle size (10–100 nm).13 Moreover, micelles have higher
vascular permeability, and are not easily opsonized by
plasma proteins, which enables them to effectively avoid
phagocytosis by the reticuloendothelial system (RES) and
reduce renal excretion, and thus the circulation time of
micelles in blood is considerably long.14 In addition to the
advantages mentioned above, micelles have ease of produc-
tion, have a high drug loading rate (up to 30%), and small
particle sizes,15 which make them a good choice for im-
proving the safety and therapeutic efficacy of intravenous
formulations.16

A nano-sized micellar formulation of paclitaxel (PTX;
Apealea/Paclica) has been approved by European Medicines
Agency (EMA) in 2018, in which isoforms of retinoic acid
derivatives were used as micelle-forming excipients to
enhance water solubility of the drug.17 It has also received
market authorization in Russia (2015) and Kazakhstan
(2017). PTX is formulated with the surfactants that consist
of an equimolar mixture of two iso-forms of N-retinoyl-L-
cysteic acid methyl ester sodium salt (XR17). Once recon-
stituted in an aqueous solution for infusion, the drug and
the surfactant are present as micelles at sizes of 20 to 30 nm
in a clear solution. The Cremophor EL-free PTX micellar
formulation allows a shorter infusion time and can be
administered at a high dose without mandatory premed-
ication, which possibly reduce excipient-induced systemic
toxicity and hypersensitivity reactions.18 A crossover study
of the PTX micellar formulation and nab-PTX demonstrated
that the two formulations met bioequivalence criteria, and
supported safe administration of the PTX micellar formula-
tion with no serious events or deaths reported.19 Given the
success of the PTX micellar formulation (Apealea), this
study synthesized a surfactant, N-(all-trans-retinoyl)-L-cys-
teic acid methyl ester sodium salt (XMeNa), and then used it
as a solubilizer to prepare a DTX-loaded micelle delivery

system (XM-DTX) to improve the solubility and avoid side
effects of the drug. The micelles were prepared and charac-
terized in terms of particle size, drug loading, in vitro
release, and pharmacokinetic behaviors in rats. Our data
suggested that the all-trans-retinoic acid-based micelles
may be an effective delivery system for poorly water-solu-
ble drugs.

Materials and Methods

All-trans-retinoic acid was purchased from Nanjing Dulai
Biotechnology Co., Ltd. (Jiangsu, China). All chemicals and
reagents used in this study were of analytical grade and
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). DTX was procured from Chongqing Taihao
Pharmaceutical Co., Ltd. (Chongqing, China). Taxotere (DTX
injection)was obtained from Sanofi (Hangzhou) Pharmaceu-
tical Co., Ltd. (Zhejiang, China).

Synthesis of XMeNa
An amphiphilic drug carrier of XMeNa was synthesized
according to previous reports (►Fig. 1).20,21 Based on retro-
synthetic analysis, XMeNa was obtained in two steps.

The first objective was to synthesize L-cysteic acid methyl
ester (LAME). Briefly, L-cysteic acid monohydrate (28 g,
0.15mol) was suspended in methanol (700mL), stirred for
5 to 10minutes at room temperature (r.t.), and then thionyl
chloride (SOCl2, 80mL, 1.07mol) was added dropwise. The
resulting solution was stirred for 10hours, and the reaction
was monitored by thin layer chromatography. After the
reaction was completed, methanol was evaporated to give
a crude product of LAME, which was washed by anhydrous
ethanol–methyl tert-butyl ether (1:1, v/v), filtered, and then
dried at 50°C under vacuum to obtain the target compounds
as white powder.

Subsequently, XMeNa was prepared as follows. A mixture
of all-trans-retinoic acid (9 mmol), tetrahydrofuran (THF)–
acetonitrile (1:2, v/v), and triethylamine (TEA; 10mmol)was
stirred at �20°C. Butylchloroformate (9.9 mmol) was added
slowly, and the mixture was stirred for 30minutes. Then,
LAME (13.5 mmol), N,N-dimethylformamide (60mL), and
TEA (2.4mL) were added and the reaction mixture was
stirred for 2.5 hours at 25°C before the removal of solvents.
The residue was stirred with saturated aqueous sodium
bicarbonate (NaHCO3) and purified with methyl tert-butyl
ether. The aqueous solution was saturated with sodium
chloride, and added ethyl acetate for extraction. The com-
bined organic layers were dried, filtered, and concentrated to
give the target product.

XMeNa Characterization

Identification of LAME and XMeNa
Proton nuclear magnetic resonance (1H NMR) spectra of
LAME and XMeNa were recorded on a Bruker Ascend spec-
trometer operating at 400MHz. Electrospray ionization
mass-spectrometry (ESI-MS) was acquired with a Waters
Micromass Q-TOF run in a liner mode.
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Stability study of XMeNa
The stability of XMeNa was examined in the solid form at r.t.
under normal ambient light/dark for 10 days, and in metha-
nol and ethanol over 180 days at 4°C, respectively. High-
performance liquid chromatography (HPLC) analysis of
XMeNa was performed on an Agilent 1260 HPLC System
(Agilent, United States) under the following conditions: an
Ultimate XB-C18 column (250 mm�4.6mm, 5 μm, Welch,
Shanghai, China) was used with a mobile phase of acetoni-
trile/20 mmol/L potassium dihydrogen phosphate in water
(55/45, v/v) at a flow rate of 1.2mL/min. The UV detection
wavelength was performed at 350nm and the column tem-
perature was set to 40°C. Each sample was dissolved in
methanol (0.5mg/mL), and 10 μL was injected for HPLC
analysis. The content of XMeNa in the tested solution was
calculated via the external standard method.

Critical Micelle Concentration Determination
The critical micelle concentration (CMC) was determined
using pyrene-based fluorescent probe techniques according
to a reported study.22 Briefly, a pyrene solution in acetone
(5�10�5 mol/L) was added dropwise to a brown volumetric
flask. Next, the acetone was completely evaporated at r.t.
XMeNa solutions at appropriate concentrations (0.00001 to
1mg/mL inwater) in the assay buffer were added to the vials
to obtain a final concentration of 5�10�7 mol/L of pyrene.
The obtained solutions were incubated at 37°C, at 50 rpm for
6hours in the dark. The fluorescence intensity in each vial
was then determined using a spectrofluorometer at an
excitation wavelength of 334nm and emission wavelengths
of 375nm for I1 and 384nm for I3. The CMC was given as the
concentration for which an intersection of two straight lines
of the I3/I1 ratio was observed.

Hemolysis Assay
Red blood cells (RBCs) from rats were extracted (removing
white bold cells and platelets) and suspended in normal

saline containing 2% (v/v) RBCs. XMeNa solutions (0.5mL)
were tested for hemolysis at a concentration range of 0.01 to
2mg/mL, using 2% RBCs solution (2.5mL), in a solutionmade
up to 5mL using normal saline. A positive control consisting
of RBCs using distilled water and a negative control consist-
ing of RBCs incubated in normal saline were also prepared.
These XMeNa–RBCs solutions and controls (10 tubes in total)
were incubated at 37°C for 2 hours, followed by centrifuga-
tion at 500 g for 5minutes. Absorbance of the supernatants
was measured at 570nm using a spectrophotometer and the
percent hemolysis was calculated for each supernatant and
plotted against XMeNa concentrations. The percent hemoly-
sis was calculated using Eqn. (1):

Preparation of the XM-DTX Micelles
XM-DTX micelles were prepared by a thin-film hydration
technique with a 2.5:1 (w/w) ratio of XMeNa to DTX
(►Fig. 2). XMeNa (50mg) and DTX (20mg) were dissolved
in 3mL methanol and the solvent was removed via evapora-
tion under vacuum at 40°C to form a stripped film. The
resulting thin film was hydrated with 2mL of deionized
water at 40°C. Nonencapsulated DTX was removed by filtra-
tion of the micelle suspensions through a 0.22 μm micropo-
rous membrane filter. The solution was lyophilized with a
freezer dryer (VirTis Advantage, SP Scientific) using a
designed procedure. The micellar preparations were stored
at 4°C for further experiments.

Characterization of XM-DTX Micelles

Particle Size, Zeta Potential, Morphological and Stability
Analysis
Particle size, polydispersity index (PDI), and zeta potential of
the XM-DTX micelles were determined via dynamic light
scattering (DLS; Malvern Zetasizer Nano ZS, United

Fig. 1 Synthetic routes of (A) LAME and (B) XMeNa.
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Kingdom) with a scattering angle of 90° at 25°C after
reconstituting the micelles to an appropriate volume with
normal saline.

Transmission electron microscopy (TEM; JEM-2011, JEOL,
Japan) was used to visualize the morphological features of
the prepared micelles. The sample was allowed to dry on a
400 mesh copper grid with carbon film coating. The image
was obtained with 200 kV voltage.

After reconstitution, the stability of XM-DTXmicelles over
24 hours was further determined by monitoring the particle
size distribution using DLS.

Determination of the Entrapment Efficiency and Drug
Loading Efficiency
To determine the entrapment efficiency (EE) and drug load-
ing efficiency (DLE) of XM-DTXmicelles, 10mg of the freeze-
dried powder was reconstituted in 10mL normal saline.
Ultrafiltration centrifugation (7,500 g, 20minutes) was
then used to remove the unentrapped drugs. The content
of encapsulated DTX was evaluated on a Shimadzu LC-20AD
series HPLC system equipped with a SPD-20A UV detector
and a CTO-20A thermostatic column compartment (Shi-
madzu, Japan). The mobile phase consisting of acetonitrile
and water (55:45, v/v) was pumped through a C18 column
(250 mm�4.6mm, 5 μm, Dikma, China) at a flow rate of
1.0mL/min and the eluent was monitored at 229 nm. The
injected sample volume was 20 μL. The standard curve of
DTX was prepared using acetonitrile DTX with the concen-
trations ranging from 20 to 500 μg/mL, with coefficients of
determination (r2) above 0.999. The limit of quantification
(LOQ) was 0.05 μg/mL, determined at a signal-to-noise ratio
of 10. The EE and DLE values were calculated using Eqn. (2)
and (3), respectively:

In Vitro DTX Release Profile
The in vitro release of DTX from themicelleswas investigated
using a dialysis method. Phosphate-buffered saline (PBS; pH
7.4) containing 0.1% Tween 80 was selected as the release
medium. Briefly, appropriate lyophilized power of XM-DTX
micelles equivalent to 1mg of DTX was dispersed to 1mL of
the release medium, and added into a dialysis bag (8,000–

14,000 Da). Then, the sealed bag was placed into a container
with 100mL release medium, which was kept at 37�0.5°C
with continuous shaking in an incubator shaker at 100 rpm.
At predetermined time intervals, samples (2mL) of release
solution were removed and immediately replaced with the
same volume of fresh release medium (n¼3). A parallel
dialysis, in which a dialysis bag containing the same amount
of DTX in Taxotere (treated with DTX commercial solution of
10mg/mL and diluted to 1mg/mLwith the release medium),
was used for comparison. The concentration of DTX in the
release medium was determined using the HPLC method as
described above.

Pharmacokinetics
Sprague-Dawley (SD) rats (male, weighed 200–220 g) were
purchased from Shanghai Laboratory Animal Center (Shang-
hai, China). The animals were housed in standard cages and
under light conditions, fed a standard diet, and had free
access towater. The animals were fasted for 12 hours prior to
drug administration but given free access towater. The use of
rats in the experiment was approved by the Ethics Commit-
tee of Fudan University, and animal handling was performed
in accordance with the Guidelines on Laboratory Animal
Welfare issued by the Ministry of Science and Technology of
the People’s Republic of China.

Male SD rats were randomized into XM-DTX and Taxotere
groups (n¼6 in each group). Rats in the XM-DTX groupwere
intravenously (iv) administered with XM-DTX micelles (DTX
dose of 10mg/kg) via the tail vein, and rats in the Taxotere
group were administered in the same way as the XM-DTX
group, except that DTX commercial solution with a dose of
10mg/kg was given. Then, blood was withdrawn through
retro-orbital bleeding by heparinized capillary tubes at
0.083, 0.25, 0.5, 1, 2, 4, 6, 8, 10, and 24hours. The collected
blood was mixed with heparin sodium and immediately
centrifuged (12,000 g, 3minutes at 4°C). Plasma samples
(100 μL) were transferred into centrifuge tubes, mixed
with 100 μL of PTX acetonitrile solution (PTX as the internal
standard substance, 5 μg/mL) and 200 μL of acetonitrile,
vortexed for 3minutes, and then centrifuged at 4°C for
3minutes at 12,000 g. The supernatant was collected. The
DTX content was measured using HPLC as described in the
Determination of the Entrapment Efficiency and Drug Load-
ing Efficiency section. In parallel, the drug and PTX were
spiked into the plasma, and a standard DTX calibration curve
was obtained with the concentrations of DTX in the range of

Fig. 2 Schematic illustration of preparation of XM-DTX micelles.
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0.05 (LOQ) to 10 μg/mL as the abscissa, and the peak area
ratio of DTX to PTX as the ordinate, with r2 above 0.997. The
content of DTX was calculated according to the calibration
curves with the internal standard method.

Statistical Analysis
The results were depicted as average� standard deviation.
Statistical analyses of data were performed using one-way
analysis of variance (ANOVA), and Tukey’s significant differ-
ence was used post hoc to compare differences between
individual groups. A p-value <0.05 was accepted as statisti-
cally significant.

Results and Discussions

Synthesis and Characterization of XMeNa

Identification of the Synthesized Compound: 1H NMR and
ESI-MS
LAME was synthesized using the above method with an 85%
yield. As shown in ►Fig. 3A, 1H NMR (400MHz, D2O) d 4.53
(dd, J¼7.0, 4.1 Hz, 1H), 3.82 (s, 3H), 3.48 (qd, J¼15.1, 5.6Hz,
2H). MS (ESIþ , m/z) [MþH]þ: 184.04, [M�H]�: 182.07.
These results implied the successful synthesis of LAME.

XMeNa was obtained with a 90% yield and 99.79% purity.
As shown in ►Fig. 3B, 1H NMR (400MHz, CD3OD) d 8.00 (s,
1H), 7.75 (d, J¼15.4Hz, 1H), 7.00 (dd, J¼15.4, 11.4Hz, 1H),
6.22 (dt, J¼26.3, 16.1Hz, 3H), 5.78 (s, 1H), 4.83 (dd, J¼6.7,
4.8 Hz, 1H), 3.77 (s, 3H), 2.95 (d, J¼53.2Hz, 2H), 2.08 (d,
J¼1.0Hz, 3H), 2.05 (d, J¼6.2Hz, 2H), 2.00 (d, J¼11.1Hz,
3H), 1.73 (s, 3H), 1.66 (ddd, J¼8.9, 7.9, 4.5Hz, 2H),
1.55�1.47 (m, 2H), 1.05 (s, 6H). ESI-MSwas used to confirm
themolecular weight of XMeNa, and revealed:m/z [M�H]�:
464.44. These results were in good agreement with the
previous report.20 Based on these results, we conclude that
XMeNa was successfully synthesized.

Chemical Stability of XMeNa
The storage stability of XMeNawas studied in their solid form
and in solution (methanol and ethanol). ►Fig. 4A shows that
XMeNa solid, protected from light,wasmore stable at ambient
temperature thanunder ambient light conditions. Such results
were probably due to the unstable retinol part of all-trans-

retinoic acid, which is responsible for the rapid degradation of
the drug.23 As shown in ►Fig. 4B, XMeNa was stable both in
methanol andethanol at 4°C forover180days, and less than2%
degradation was detected in methanol. Hence, our data sug-
gested that XMeNa should be stored inmethanol solution at 4°
C and protected from light to avoid degradation, which were
consistent with the published report.17

Determination of the CMC
As known, amphiphilic surfactants in aqueous solution could
self-assemble into micelles at concentrations above their
CMC. Micelles with low CMCs, an indication of micelles’
stability, are necessary for intravenous applications.24 The
lower the CMC, the greater the stability of micelles. The

Fig. 4 Characterization of XMeNa. Chemical stability of XMeNa in (A) solid and in (B) methanol/ethanol. (C) The CMC value of XMeNa, assessed
by pyrene-based fluorescent probe techniques. (D) Hemolysis test of different concentrations of XMeNa. CMC, critical micelle concentration.

Fig. 3 1H NMR spectra of (A) LAME and (B) XMeNa.
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pyrene method is one of the most sensitive methods for the
determination of CMCvalues.►Fig. 4C shows that the CMC of
XMeNa was 6.2 μg/mL, determined by a fluorescence spec-
trophotometer using pyrene as a fluorescence probe. This
assay monitors a change in fluorescence characteristics of
pyrene that occurs when it is encapsulated in the micellar
medium. In brief, the peak excitation of pyrene shifts from
334nm (in polar environments) to 337nm (in nonpolar
environments). The CMC of XMeNa is significantly lower
than those of conventional surfactants, such as sodium
dodecyl sulfate (CMC¼2.39mg/mL).24 The lower CMC indi-
cated that the micelles formed by XMeNa might exhibit a
relatively high stability in systemic circulation upon dilution
in the blood stream after iv injection.

Hemolysis Assay
An in vitro hemolysis test was conducted to assess the blood
biocompatibility of XMeNa, which is an important factor in
the development of new agents delivered intravenously. As
shown in►Fig. 4D, the hemolysis rates of XMeNa at different
concentrations were far below the threshold value of 5%,
indicating that XMeNa has excellent blood biocompatibility
and is suitable for further intravenous study. More broadly,
consideration of carrier’s toxicity is critical to ensure that
they have high biocompatibility. According to an EMA as-
sessment report of Apealea, XR17 did not show cytotoxic
effects up to 200 µg/mL, the maximum concentration test-
ed,17 which provides a fourfold safety margin based on a
phase I randomized placebo-controlled study to assess the
pharmacokinetics, safety, and tolerability in healthy sub-
jects. Therefore, XMeNa is a suitable carrier of drug delivery
for further clinical development.

Characterization of XM-DTX Micelles

Particle Size, Zeta Potential, Morphological, EE, DLE, and
Stability Analyses
Physicochemical properties of micelles play a significant role
in determining their fate after administration. The prepared
DTX-loaded XM-DTX micelles were therefore characterized
by particle size, zeta potential, morphology, EE, and LDE. As
shown in ►Fig. 5A, the nanoscale sizes of XM-DTX micelles
were 17.3�0.2 nm, suggesting that the micelles were suit-
able for passive tumor targeting by enhancing permeation
and retention effects, while reducing RES-mediated clear-
ance (CL) and avoiding renal filtration.25 Additionally, the
micelles exhibited a negative zeta potential of �41.6�0.3
mV, which was helpful for decreasing protein adsorption on
the micelle surface, and might avoid CL by a mononuclear
phagocyte system and led to a longer circulation life-
time.26,27 Results from the TEM image provided a direct
evidence that the XM-DTX micelles were uniformly spheri-
cal, well dispersed without aggregation and adhesion, and
the average size was approximately 20 nm (►Fig. 5B). More-
over, the EE and DLE values of the prepared XM-DTXmicelles
were determined to be 95.3�0.7% and 22.4�0.2%, respec-
tively, suggesting that DTX could be efficiently entrapped
into the XM-DTX micelles.

Storing XM-DTXmicelles in a powder form could alleviate
potential pitfalls associated with storage in the solution
form. Thus, we monitored the particle size of the micelles
to evaluatewhether the colloidal stability of themicelleswas
preserved after reconstitution. As shown in►Fig. 5C, average
particle sizes are stable at approximately 20 nm within
24 hours after the reconstitution of the lyophilized powders

Fig. 5 Characterization and the stability assay of XM-DTX micelles. (A) Particle size profile and (B) TEM image (scale bar: 20 nm) of XM-DTX
micelles. (C) Stability of the XM-DTX micelles after reconstitution assayed by the size and PDI over 24 hours. PDI, polydispersity index; TEM,
transmission electron microscope.
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with normal saline. No significant changeswere observed for
the particle size and size distribution, indicating their supe-
rior colloidal stability.

In Vitro DTX Release Profile
The in vitro release behavior of DTX from XM-DTX micelles
was investigated in PBS buffer (pH 7.4) containing 0.1%
Tween 80 at 37°C. ►Fig. 6 shows that 80.5�3.2% of DTX
from Taxotere diffused out of the dialysis bag at 4 hours;
however, only 46.3�2.4% of DTXwas released fromXM-DTX
micelles at this time point. Inspiringly, only 74.2�1.9% of
DTX was released from the micelles at 48 hours. Our data
suggested that XM-DTX micelles exhibited a comparable
slower release profile in comparison to Taxotere. To achieve
a better understanding of the mechanism of DTX release
kinetics from XM-DTX micelles, each of the drug release
stages was fitted with various mathematical models, includ-
ing zero-order kinetics, first-order kinetics, the Higuchi
model, and the Hixson–Crowell model.28–30 On the basis of
the correlation coefficient values r2, the Higuchi model (the
r2 value was 0.9933) turned out to be the most suitable
model to describe the DTX release from XM-DTX micelles.
The simplified Higuchi model can be described by the
following equation: Q¼K t1/2, where Q is the cumulative

amount of drug released in time t and K is the Higuchi release
rate constant.►Fig. 6 shows the experimental data plotted as
cumulative percentage drug release versus time. The Higuchi
mode showed a good correlation with experimental data as
given in ►Table 1, indicating that DTX release from XM-DTX
micelles was mainly diffusion-controlled.

Pharmacokinetics
Pharmacokinetic studies were conducted in SD rats using
DTX at a dose of 10mg/kg, and Taxotere as a control. Plasma
concentration–time curves of DTX after administration of
XM-DTX micelles (iv) and Taxotere (iv) are shown in►Fig. 7.
Our data showed that the content of DTX in plasma samples
of rats in the Taxotere group was less than 0.05 μg/mL at
10 hours, and below the detection limit afterward. Interest-
ingly, intravenous XM-DTX micelles displayed prolonged
blood circulation profiles in the plasma, and DTX was still
detectable after 24hours of administration. The main phar-
macokinetic parameters of DTX were calculated via DAS 2.0
using a noncompartmental model and are presented
in ►Table 2.

Fig. 6 Release pattern of DTX from Taxotere and XM-DTX micelles in
phosphate buffer (pH¼ 7.4, release media contained 0.1% Tween 80)
at 37°C. All results were displayed as mean� SD (n¼ 3). DTX, doce-
taxel; SD, standard deviation.

Table 1 Drug cumulative release kinetics results of XM-DTX micelles

Model Eqn. r2

Zero-order Q¼1.3545 tþ29.283 0.4536

First-order In (100�Q)¼ �0.1488 tþ 4.5661 0.9762

Higuchi Q¼0.0357 t1/2–0.1152 0.9933

Hixson–Crowell (100�Q)1/3¼ � 0.1616 tþ 4.5102 0.9481

Weibull In [In (100/(100�Q))]¼ � 0.0611 In tþ0.6214 0.7916

Abbreviation: Q, amount of drug released in time t.

Fig. 7 Plasma concentration–time profiles of DTX in rats following
intravenous administration of XM-DTX and Taxotere (10mg/kg)
(mean� SD, n¼ 6). DTX, docetaxel; SD, standard deviation.
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Notably, the half-life (t1/2) of XM-DTX micelles was
3.25�0.25hours, as compared with 2.99�0.35hours for
Taxotere, suggesting a longer half-life of the micelles. The
maximal plasma concentrations (Cmax) of XM-DTX micelles
and Taxoterewere 5.85�0.31 and 4.99�0.24 μg/mL, respec-
tively. XM-DTX micelles have a significantly increased area
under the curve by 2.4-fold as compared with Taxotere
(p<0.05). The systemic CL of XM-DTX micelles was signifi-
cantly slower than that of the Taxotere group (p<0.05),
which may be attributed to the less removal of XM-DTX
micelles through the RES. Differences in CL also led to the
observed differences in blood half-life and mean residence
time (MRT). Compared with Taxotere, XM-DTX micelles
prolonged the MRT of DTX by 2.7-fold. The long circulation
time of XM-DTX micelles in the blood can be attributed to
their suitable particle size, high negative charge, and hydro-
philic surface. Due to misunderstandings about the mecha-
nism of micellar solubilization, micelles are sometimes
regarded as the “solution” of the solutes, but this is not the
case.31 Hence, XM-DTX micelles can exhibit different phar-
macokinetic performances when compared with intrave-
nous injection solutions. In general, due to the hydrophilic
shell, micelles can signal the recognition of the RES, thus,
decreasing the CL ratio of RES and leading to a prolonged
circulation in vivo.32,33

Conclusion

DTX is among the most frequently prescribed chemotherapy
drugs. However, its poor water solubility prevents the full
exploitation of the drug. In this work, we successfully syn-
thesized and evaluated an amphiphilic surfactant, XMeNa, as
carrier materials for the delivery of anticancer drugs. Based
on XMeNa, XM-DTXmicelles were successfully obtained by a
sample thin-film hydration method, which allowed an effi-
cient encapsulation of DTX with high EE and DLE. XM-DTX
micelles were spherical in morphology with a particle size
around 20nm, and exhibited sustained release property.
XM-DTX micelles also prolonged DTX retention in blood
circulation, and significantly increased AUC when compared
with Taxotere in vivo. Given above, XM-DTX micelles have
great potential in DTX delivery in cancer therapy. Inspiringly,

the amphiphilic surfactant XMeNa could be served as an
ideal vehicle for exploring a novel delivery system of poorly
water soluble drugs in the future. Although our pharmaco-
kinetic results are quite encouraging, additional studies will
be needed to take this potential delivery system to the next
level of drug development.
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