
Abstract. Background/Aim: Polymeric micelles are promising
vehicles for paclitaxel delivery. Further improvement in the
stability of the micelle formulation is desirable. Materials and
Methods: Monomethoxy poly(ethylene glycol)-block-poly(D,L-
lactide)-9-fluorenylmethoxycarbonyl-L-phenylalanine (mPEG-
PDLLA-Phe(Fmoc)) was synthesized through a classical
esterification reaction. Paclitaxel-loaded mPEG-PDLLA-
Phe(Fmoc) micelles (PTX-PheMs) were prepared by the self-
assembly method. Composition, structure and physicochemical
properties were characterized. Pharmacokinetics were
evaluated in rats. Therapeutic effect was evaluated in tumor-
bearing mice. Safety profile was assessed by a hemolysis assay
and an acute-toxicity study. Results: The average size of PTX-
PheMs was about 45 nm. The hemolysis and acute-toxicity
tests confirmed its biocompatibility and safety. The
pharmacokinetics and therapeutic effect experiments
demonstrated its long circulation property and superior
antitumor effect. Conclusion: mPEG-PDLLA-Phe(Fmoc)
micelle is a biocompatible and effective drug delivery system
for hydrophobic drugs such as PTX.

Paclitaxel (PTX) is a mitotic inhibitor that presents high
therapeutic efficacy against a wide range of solid tumors.
The clinical advances of PTX have been limited due to its
dose-limiting neurotoxic adverse effects and hypersensitivity
caused by Cremophor EL (1). To overcome these limitations,

Abraxane was developed and approved by the U.S. FDA in
2005 (2). Although Abraxane has shown advantages over
Taxol, a significant decrease in white blood cells, red blood
cells, and allergic reactions have been associated its use (3).
Other delivery systems studied include polymer conjugates,
liposomes, nanoparticles and micelles (4). Among these,
polymeric micelles have gained considerable attention for
their unique core/shell structure and high loading capacity.
Genexol®-PM is a polymeric micellar formulation in clinical
trial in U.S.A. and approved in the Republic of Korea (5). 

Although current PTX-polymeric micelle formulations
significantly improve PTX solubility and decrease its
toxicity, their therapeutic efficacy is comparable to Taxol (6).
Indeed, it has been frequently observed that PTX
encapsulated in polymeric micelles has similar
pharmacokinetics to that of PTX free drug. This might be
caused by destabilization of the micelles after i.v. injection,
as well as by rapid PTX release from the micelles (7).
Improving the stability of micelles preparation in vivo is
critical in further improvement of this formulation. 

Monomethoxy poly(ethylene glycol)-block-poly(D,L-
lactide) (mPEG-PDLLA) has been used to construct micelles,
and has been used in Genexol®-PM (5, 8). π-π stacking is a
physical interaction among molecules with aromatic groups
that can drive supramolecular self-assembly (9-11.
Introducing π-π stacking will likely increase the interaction
between anticancer drugs and the cores of polymeric micelles.
Herein, mPEG-PDLLA was modified by conjugation to 9-
fluorenylmethoxy carbonyl-L-phenylalanine (Fmoc-L-Phe) to
obtain end-capped Monomethoxy poly(ethylene glycol)-
block-poly(D,L-lactide)-9-fluorenylmethoxy carbonyl-L-
phenylalanine (mPEG-PDLLA-Phe(Fmoc)). PTX-loaded
mPEG-PDLLA-Phe micelles (PTX-PheMs) were prepared
and compared with PTX-loaded mPEG-PDLLA (PTX-Ms).
The physicochemical properties of PTX-PheMs were
characterized. In vitro and in vivo activities were systematically
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studied. Furthermore, hemolysis and acute toxicity were
evaluated in order to assess the safety of PTX-PheMs.

Materials and Methods

Materials. PTX was purchased from Yew Biotechnology Co.
(Jiangsu, P.R.China). BEL-7402 cells (human hepatocellular
carcinoma cells) were obtained from Shanghai Institutes for
Biological Sciences (Shanghai, P.R.China). Culture plates and
dishes were purchased from Corning Inc. (New York, USA). Male
Sprague-Dawley (SD) rats (250±20 g) and female BALB/c nude
mice (20±2 g) were supplied by Animal Experiment Center of
Zhejiang Academy of Medical Sciences (Hangzhou, P.R.China) and
kept under SPF conditions. MPEG2000-PDLLA2000 was purchased
from Advanced Polymer Materials Inc. Fmoc-L-Phe, pivaloyl
chloride (PC), triethylamine (TEA) and 4-(dimethylamino)-pyridine
(DMAP) were purchased from Aladdin Biochemical Technology
Co., Ltd (Shanghai, P.R.China). Dry dichloromethane (DCM) was
purchased from J&K Scientific Ltd (Beijing, P.R.China). All other
reagents and buffer solution components were of analytical grade.

Synthesis of mPEG-PDLLA-Phe(Fmoc). The conjugation of Fmoc-L-
Phe with the terminal hydroxyl group of mPEG-PDLLA was
achieved using a mixed acid anhydride of Fmoc-L-Phe in the
presence of DMAP (Figure 1) (12). In brief, Fmoc-L-Phe and TEA
were dissolved in ethyl acetate and PC was added. The vessel was
stirred at 0˚C for 2 h then at room temperature (RT) for 1 h. After
filtration, the reaction solution was dried under vacuum. The obtained
solid was dissolved in dry DCM and mixed with precooled dry DCM
solution containing mPEG2000-PDLLA2000, TEA and DMAP. The
reaction lasted for 2h at 0˚C then continued for 24 h at RT. The
solvent was removed under vacuum. The crude product obtained was
purified by silica gel column chromatography and collected liquid
was dried in vacuum to give the final product mPEG2000-
PDLLA2000-Phe(Fmoc) (85.3% yield). 1H NMR spectra was used
for structure analysis recorded on a 500 MHz Bruker nuclear
magnetic resonance spectrometer (AVANCE III, Germany) at 25˚C.
Critical micelle concentration (CMC) measurement of polymers. CMC
of polymers were determined by pyrene as a florescent probe recorded
on a Hitachi F-4600 spectrofluorometer in a spectral range of 350 to

650 nm. The fluorescence intensity ratio of I373/I384 was analyzed as
a function of micelle concentration (13-14). The excitation wavelength
of 335 nm with the scanning speed is 1,200 nm/min. 

Micelle preparation. Micelles were easily prepared though film
hydration method (15). In brief, antitumor drugs and mPEG2000-
PDLLA2000-Phe(Fmoc) were completely dissolved in acetone to
obtain a clear solution. Acetone was removed on a rotary
evaporator under reduced pressure to prepare drug-containing
polymeric films. Then, the vessel was filled with water and rotated
under normal pressure in a 37˚C water bath to form micelle
aqueous solution.

Size, zeta potential and morphological determination. Z-average
diameter and zeta potential (ξ) of nanoparticles were characterized
by a Malvern Zetasizer (Nano-ZS, Malvern, Worcestershire, UK) at
room temperature. Their morphology was observed through a JEM-
200C transmission electron microscope (TEM) from JEOL (Tokyo,
Japan) at an acceleration voltage of 200 kV.

In vivo pharmacokinetic studies. Twelve male Sprague-Dawley rats
(250±20 g) were randomly divided into three groups (n=4), and
given a single 10 mg/kg dose of Taxol injection or PTX-contained
micelles of mPEG2000-PDLLA2000-Phe(Fmoc). Then blood
samples were collected at various times (5, 15, 30 min, 1, 2, 4, 8,
12, 24 h) and treated according to previously described methods
(16). The concentration of PTX was measured by RP-HPLC. 

In vivo antitumor efficacy. In vivo tumor growth-inhibition was
evaluated to assess the antitumor efficacy of PTX-PheMs. Specific
procedures were as described in 17. Tumor volume was calculated
using formula: Volume=Length×Width2/2, and body weight was
measured regularly as an indicator of antitumor efficacy.

Acute-toxicity experiment. To study the toxicity of the formulation,
PTX-PheMs were injected as a single injection into five healthy
male mice by tail vein at a concentration of 10 mg/kg (PTX
equivalent). PBS was used as a negative control, and PTX injection
was used as a positive control. Subsequently, the weight of the mice
was measured for one week, and the blood samples were collected
to determine routine blood and biochemical parameters.

ANTICANCER RESEARCH 38: 219-225 (2018)

220

Figure 1. The synthetic routes of mPEG-PDLLA-Phe(Fmoc).



Results

Characterization of mPEG2000-PDLLA2000-Phe(Fmoc).
The mPEG2000-PDLLA2000-Phe(Fmoc) copolymer was
synthesized by esterification reaction between mPEG2000-
PDLLA2000 and acid anhydride of Fmoc-L-Phe. 1H NMR
spectrum of the obtained copolymer is shown in Figure 2.
Chemical shifts observed at 3.66 ppm and at 5.23 ppm
belong to –CH2 protons in the PEG block and –CH protons
in the PLA block, respectively. Compared with Figure
2a(I), clear resonances at δ 7.0~7.7ppm observed in Figure
2a(II) can be attributed to benzene ring or fused ring
protons of the Fmoc-L-Phe residue, indicating the presence
of Fmoc-L-Phe units in the copolymer chains. CMCs of
mPEG2000-PDLLA2000 and mPEG2000-PDLLA2000-
Phe(Fmoc) were calculated to be 0.0117 and 0.0108 mg/ml,
respectively (Figure 2b). It indicated that Fmoc-L-Phe was
incorporated in the polymer chain and enhanced its
hydrophobicity. However, the conjugate remained soluble
since Fmoc-L-Phe occupied a small proportion in the whole
polymer chain. 

Characterization of nanoparticles. PTX-Ms and PTX-PheMs
were prepared though film hydration method and their
particle size and zeta potential are summarized in Table I. Z-
average size of PTX-Ms and PTX-PheMs are 31.79 nm and
45.16nm, respectively. Meanwhile, both had a narrow
distribution. The particle size distribution and TEM images
are shown in Figure 3 and demonstrated low polydispersity
and homogeneous size of particles.

In vitro hemolysis. Cremophor EL and ethanol, which are
used in Taxol injection, can cause hemolysis. However,
PTX-PheMs should overcome this problem. To confirm this,
an in vitro hemolysis test was performed and the results are
shown in Figure 4. They clearly show that hemolysis was
not observed until the concentration of PTX-PheMs reaches

500 μg/ml. The results confirm that PTX-PheMs is safer and
more biocompatible than Taxol.

Pharmacokinetics of PTX-PheMs. Compared with Taxol, PTX-
PheMs maintained a similar plasma concentration trend within
the first 4 h (Figure 5a). But, after that the plasma
concentration of PTX released from PTX-PheMs was much
higher than that of Taxol. The formula of PTX-PheMs can
maintain a higher plasma concentration in the body until 24 h,
which indicates improved systemic circulation. The area under
the curve (AUC) for PTX-PheMs was significantly higher. 

In vivo antitumor efficacy. Further, the anti-tumor efficacy
of the formula was evaluated by using nude mice bearing
Bel-7402 tumor. The results (Figure 5b) showed that similar
antitumor efficacies were observed between PTX-PheMs and
Taxol injection based on tumor volume changes within 18
days of beginning. After that, the tumor volume of the Taxol
formula was gradually increased, while that of the PTX-
PheMs formula was slowly reduced to a constant level. The
results indicated that the PTX-PheMs induced efficient and
extensive intratumoral apoptosis. The body weight changes
(Figure 5c) were monitored during the therapeutic study,
demonstrating safety of PTX-PheMs formula.

Acute toxicity experiment. The biochemical analyses of mice
showed that the PTX-PheMs group had no impact on any
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Figure 2. NMR spectrum and micelle formation of polymers. a) 1H NMR spectrum of (I) mPEG2000-PDLLA2000 and (II) mPEG2000-PDLLA2000-
Phe(Fmoc) polymer in CDCl3. b) Fluorescence intensity ratio I373/I384 (from fluorescence spectra) as a function of mPEG2000-PDLLA2000 and
mPEG2000-PDLLA2000-Phe(Fmoc) copolymer concentrations at room temperature. 

Table I. Mean±SD size and zeta potential of PTX-Ms and PTX-PheMs
(n=3).

Formulation          Size (nm)                  PDI             Zeta potential (mV)

PTX-Ms               31.79±1.56         0.171±0.042            –10.86±0.85
PTX-PheMs        45.16±3.22          0.112±0.017              –7.17±0.33



indexes measured which indicated no hepatotoxicity (Figure
6). As shown in Table II, the results of routine blood tests of
mice indicated that the value of mice was almost within
normal range both for Taxol and PTX-PheMs groups. 

Discussion

Ethanol and Cremophor EL used in Taxol, the clinical
formulation of PTX injection, can cause hemolysis, allergies
and other adverse reactions. Studies have shown that Taxol is
metabolized faster in vivo (18-20). In order to overcome these

limitation, we developed a new formulation for delivery of
PTX. The water solubility of PTX was improved by self-
assembly of amphiphilic block polymers of mPEG2000-
PDLLA2000-Phe(Fmoc) and PTX. In vivo pharmacokinetic
studies showed that PTX-PheMs formula can keep plasma
concentration at a high level and have a higher AUC value than
Taxol. The results demonstrated that PTX of PTX-PheMs
formula was slowly released, achieving long circulation of drug
in vivo to a certain extent. This might be due to the structure
of the terminal benzene ring of polymer, which interacts with
the benzene ring of PTX through the π-π interaction. In vivo
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Figure 3. Particle size distribution and TEM images of PTX-Ms (a.c) and PTX-PheMs (b.d).

Figure 4. In vitro hemolysis. a) Image of hemolysis resulting from PTX-PheMs micelles and Taxol after centrifuging. b) The percentage of hemolysis
induced by PTX-PheMs and Taxol (data are mean±SD, n=3).



antitumor efficacy experiment on BALB/c nude mice bearing
Bel-7402 tumor showed that PTX-PheMs had more effectively
inhibited the growth of the tumor compared to the PTX
injection. Furthermore, in vitro hemolysis study demonstrated
that PTX-PheMs could prevent hemolysis below the
concentration of 500 μg/ml. However, Taxol caused hemolysis
as it contained Cremophor EL. Acute toxicity experiment
showed no hepatotoxicity compared with PBS group and Taxol
group. In summary, PTX-PheMs have superior pharmaco-
dynamic behavior, antitumor efficacy and safety.

Conclusion

An amphiphilic block polymer terminal modified with a fused
ring, mPEG2000-PDLLA2000-Phe(Fmoc), was synthesized.
Micelles were prepared though self-assembly of mPEG2000-
PDLLA2000-Phe(Fmoc) and PTX. In vivo pharmacokinetic
study showed a long circulation property of PTX-PheMs which
can maintain a higher plasma concentration and AUC value than
Taxol. In vitro hemolysis test showed the safety of PTX-PheMs.

In addition, in vivo antitumor efficacy data demonstrated
excellent therapeutic efficacy. These results indicate that PTX-
PheMs are excellent carriers for poorly soluble PTX and has
potential applications in the field of drug delivery.
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(n=6). The data are expressed as the means±s.d.; *p<0.05, **p<0.01.
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WBC: White blood cells; NE: neutrophil granulocytes; LY: lymphocytes; MO: monocytes; EO: eosinophilic granulocytes; BA: basophilic
granulocytes; RBC: red blood cells; HGB: hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin;
MCHC: mean corpuscular hemoglobin concentration; RDW: red blood cell distribution width; PLT: blood platelet; PCT: plateletcrit; MPV: mean
platelet volume; PDW: platelet distribution width.

Figure 6. Blood biochemical analyses. T-BIL: Total bilirubin (μmol/L); UREA: carbamide (mmol/L); CREA: creatinine (μmol/L); UA: uric acid
(μmol/L); ALT: alanine aminotransferase (U/L); AST: aspartate aminotransferase (U/L); TP: total protein (g/L); ALB: albumin (g/L); GLOB:
globulin (g/L) (data are mean±SD, n=5).
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