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Abstract Starting from MPEG-NH2, a series of amphiphilic
triblock copolymers MPEG-b-PLL-b-PLA were synthesized
through PEG-NH2-initiated ring-open polymerization of
Nε-benzyloxycarbonyl-L-lysine, followed by acylation cou-
pling between the amino-terminated MPEG-b-PZLL-NH2

and carboxyl-terminal PLA and the deprotection of amines.
The block copolymers were characterized by FT-IR, 1HNMR,
GPC, DSC and TEM. The copolymer functional groups,
molecular and block structures were verified by FT-IR, 1H
NMR and DSC, respectively. The GPC results indicate that
the chain lengths of each block can be controlled by varying
the feed ratios of the monomer and initiator, providing the
polymer samples with a narrow molecular weight distribution
(Mw/Mn01.10~1.25). The TEM analysis shows that the tri-
block polymers can self-assemble into polymeric micelles in
aqueous solution with spherical morphology. The cell-
cytotoxicity assay indicates that the triblock polymers show
no obvious cytotoxicity against Bel7402 human hepatoma
cells.
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Introduction

The discovery and delivery of antitumor drugs have remained
a major goal in the past decades [1]. The development of each
single-component antitumor drug succeeds in a limited level
because of in vivo multidrug resistance [2]. The hope of drug
delivery systems to bypass the multidrug resistance probably
lies on the combinatorial therapeutics of multiple drugs involv-
ing different pharmacological mechanisms before the mecha-
nisms of multidrug resistance have been completely identified.
The majority of antitumor drugs discovered by the pharma-
ceutical industry today are hydrophobic compounds [3]. Poor
solubility and hydrophobic character of drugs limit their suc-
cessful applications in cancer therapy. Relative to highly solu-
ble compounds, low drug solubility often causes in vivo
consequences in systematical administration including low-
ered bioavailability, incomplete release from the dosage form,
and higher personalized variability. Therefore, novel biocom-
patible carriers for hydrophobic antitumor drugs remain to be
determined in the long term until the actualization of a
technologically-mature drug delivery system.

Among the nonviral gene delivery carriers, poly(amino
acid)s (PAA) are very important biological macromolecules
due to their excellent physical properties, biocompatibility and
biodegradability, which are suitable for biomedical applica-
tions such as sutures, artificial tissues implants and drug
delivery [4–6]. PAA usually serves as the hydrophilic or
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hydrophobic segment in these amphiphilic copolymers be-
cause they may be acted as nanocarriers for either hydrophilic
or hydrophobic drugs depending on the nature of amino acids
used as building blocks [7, 8]. In special cases both hydro-
philic and hydrophobic segments are made of PAAs [9, 10].
Poly(L-lysine) (PLL) is a kind of cationic poly(amino acid)
that possesses side chains with terminal amines with the
ability to deliver DNA molecules and siRNA, the low immu-
nogenicity and relative safety [11–14]. It is an attractive option
for gene therapy techniques since it is synthesized from a low
cytotoxic, naturally occurring monomer [14]. Furthermore,
the composition of PLL is definite so that it can be prepared
in large quantities with relative ease. At the same time, it is
possible to design and develop new ideal vector systems
because of the diversity of the chemical structure of PLL
[15]. Therefore, chemical modifications of aliphatic polyesters
can be realized by preparing hyperbranched polyesters [16,
17], star block copolymers [18] and preparing co-polyesters
[19] such as PEG-polyester and polyester-poly(amino acid)
[20, 21].

Poly(L-lactic acid) (PLA) has been utilized as an important
synthetic biodegradable material in the medical and pharma-
ceutical fields [22–26]. Such fields include surgical repair
carriers, in drug delivery and temporary matrixes or scaffolds
[27–29] in tissue engineering [30] because of its good biocom-
patibility, high mechanical properties and excellent shaping
and molding properties [31, 32]. However, PLA cannot be
easily modified with biologically active moieties due to lack
of highly reactive functional group as a trigger of chemical
reaction on the hydrophobic surface of the PLAmatrix. There-
fore, the application scope of poly(L-lactide) is limited. To
address these issues described above, the introduction of many
kinds of hydrophilic units into PLA has been tried to improve
the property of hydrophobic aliphatic PLA. The techniques of
copolymerization of L-lactide with other monomers and chem-
ical modification on the poly(L-lactide) chain directly have
been investigated [33–35].Additionally, poly(ethylene glycol)
(PEG) is a kind of polyether approved by FDA for in vivo
experiments and it has been widely used in the preparation of
proteins, polypeptides, enzymes and other new bio-medical
materials because of its biocompatibility, hydrophilicity, low
cytotoxicity and nonimmunogenicity. With respect to block
copolymers containing polyesters, many kinds of hydrophilic
units, such as PEG-polyester and polyester-poly(amino acid)
have been incorporated into PLA and the resulting copolymer
has been investigated in a number of medical and pharmaceu-
tical applications [23, 24]. Recently many investigations have
attempted to provide functionalization of the polyester and
therefore improve the hydrophilicity [36].

Through the synthesis of the block copolymer consisting of
PEG and poly(amino acid) and PEG-PZLL which is the
intermediates of this study were once reported, [37, 38] the
multiple sequential combination of PEG, PLA and PLL, such

as PEG-PLA-PLL [14, 38–40] and PLA-PLL-PEG [41] could
yield attractive block copolymers for drug delivery. The in-
vestigation of these copolymers starting from PEG-OH, PEG-
NH2, or PLA-NH2 remains a highly desirable issue for the
following drug delivery.

Recently a topic of great interest has been focused on the
formation of polymeric micelles by the self-association of
block copolymers consisting of hydrophilic and hydrophobic
segments in aqueous medium currently [42–46]. At present
the laboratory preparation of polymer micelles is usually
carried out in two steps, firstly dissolving the polymer in an
organic solvent and then inducing aggregation by the addition
of water [47]. If the obtained polymeric micelles exhibited no
obvious cytotoxicity against human cells so they should be
useful for biodegradable biomedical materials such as drug
and gene delivery vehicles.

Here, we propose a dual drug delivery strategy named
cocktail therapeutics, that is, a nanocarrier that is able to load
simultaneously antitumor chemical therapeutical agents (such
as Paclitaxel) and oligonucleotides (such as siRNA), which
involves two different pharmacological mechanisms. In this
respect, we have designed and synthesized an amphiphilic
triblock copolymer, poly(ethylene glycol)-b-poly(L-lysine)-b-
poly(L-lactide) (PEG-b-PLL-b-PLA), which is expected to
self-assemble into spherical nanocarriers with a core-corona-
shell sandwich structure by the solvent diffusion method. The
solvents used for themicelle preparation of the triblock copoly-
mers are DMF and water. The self-assembly behavior of the
triblock copolymer with PEG and PLL as the hydrophilic
block and PLA and PZLL as hydrophobic blocks was inves-
tigated by TEM. The PEG shell contributes to the hydrophilic
(or water soluble) nature and biocompatibility of drug nano-
carriers; PLL interlayer containing amino groups allows for the
loading of DNA or RNA therapeutical agents by polyion
complex; PLA core is one of the certificated candidates for
hydrophobic antitumor therapeutical agents, such as Paclitaxel.

Experimental

Materials

Nε- benzyloxycarbonyl L-lysine [Lys(Z)] was purchased
from GL Biochem (Shanghai) Co. Ltd. and used without
further purification. Triphosgene was purchased from TCI
Co. Ltd. Japan and used without further purification. Nε-
benzyloxycarbonyl-L-lysine N-carboxy anhydride [lys(Z)-
NCA] was prepared in 89.5% yield according to the litera-
ture method reported by Poché et al. [48]. and Dorman et al.
[49]. using bis(trichloromethyl)carbonate (triphosgene)
[50]. Methoxypolyethyleneglycol (MPEG, Mn05000) was
purchased from Shearwater Polymers. Carboxyl-terminal
poly (L-lactic acid) (Mn05000,Mn/Mw01.25) was purchased
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fromDaigang (Jinan) biological technology Co. Ltd. and used
without further purification. 33% HBr/AcOH from Sigma-
Aldrich was used without further purification. Tetrahydrofu-
ran(THF) and n-hexane were dried and distilled in the pres-
ence of sodium and benzophenone before use. N, N-
Dimethylformamide (DMF) was purified by distillation from
CaH2 under reduced pressure and subsequently stored over
molecular sieves (4 Å) under argon atmosphere before use.
Methylene chloride and chloroform (Wako Pure Chemical)
were purified by distillation over CaH2 and stored over mo-
lecular sieves (4 Å) before use. Pyridine was purified by
distillation from KOH (pellets) and stored in a flask sealed
with paraffin wax before use. Trifluoroacetic acid (TFA) was
purchased from Wako Pure Chemicals and was used without
further purification. Dicyclohexylcarbodiimide(DCC), N-
hydroxy succinimide (NHS), sodium azide (NaN3), p-Toluene-
sulfonyl chloride (TsCl), triphenylphosphine, acetonitrile were
purchased from commercial suppliers and used as received
without further purification.

MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide) (Invitrogen), DMSO (Invitrogen), Hela human
cervical cancer cells (ATCC), Bel7402 human hepatoma cells
(ATCC), PBS(Phosphate Buffered Saline) (Invitrogen),
RPMI-1640 complete medium (containing 10% newborn calf
serum) (Invitrogen), Tripsin 1:250 (Amresco),96-well plate
(Invitrogen) were used as received.Microplate Reader (Thermo
Fisher Scientific) was used for MTT assay.

Characterization

FT-IR spectra in pressed KBr pellets were recorded using a
fourier transformation infrared spectrometer (WQF-410). 1H
NMR spectra in D2O, DMSO-d6 or CDCl3 were measured
with a Varian INOVA-400 nuclear-magnetic resonance spec-
trometer at room temperature (20 °C), chemical shifts are
reported in parts per million (ppm), and tetramethylsilane
was used as an internal standard. Gel permeation chromatog-
raphy (GPC) was performed using a chromatograph to detect
the molecular weights and molecular weight distributions of
the polymers. The molecular weights and molecular weight
distributions of EZL and EZLA were measured on a PL-50
GPC equipped with two PL gel 5 μm MIXED-C columns
connected in series and an internal refractive index (RI) de-
tector. The columns were eluted with DMF containing lithium
bromide (0.05 M) at a flow rate of 0.7 mL/min at 48 °C. The
molecular weights were calibrated with poly (ethylene
glyco1) standards. The molecular weights and molecular
weight distributions of ELAwere measured on a PL-50 GPC
equipped with two PL aquagel-OH 30 8 μm and 40 8 μm
columns connected in series and an internal RI detector. The
columns were eluted with H2O containing sodium chloride
(0.1 M) at a flow rate of 1.0 mL/min and were maintained at a
temperature of 40 °C. The molecular weights were calibrated

with poly (ethylene glyco1) standards. Differential scanning
calorimetry (DSC) was recorded on NETZSCH STA 409 PC/
PG instruments with N2 at a rate of 50 mL/min. The samples
were scanned from 20 to 300 °C at a rate of 10 °C /min.
Dynamic light scattering (DLS) was performed using a
Malvern MPT-2 multi purpose titrator Zeta potentiometer
(Malvern, UK) to determined the mean size of nanoparticles.
The solution of nanoparticles was performed at a scattering
angle of 90°and at 25 °C. Transmission electron microscopy
(TEM) was performed using a JEOL-1230 operating at an
acceleration voltage of 100 kV.

MPEG-OTS, MPEG-N3 andMPEG-NH2 were prepared in
38%, 91% and 87% yield, respectively, by following the
procedure reported in supporting information of ref. (51).

Synthesis of diblock copolymer MPEG-b-PZLL-NH2 (EZL)

MPEG-NH2 was added to 40 mL CHCl3 as the macroinitiator
at a monomer/initiator ratio of 50:1 (EZL1), 100:1 (EZL2),
150:1 (EZL3), 200:1 (EZL4), 250:1 (EZL5) and 300:1 (EZL6).
The detailed feeding amount of material for MPEG-b-PZLL-
NH2 synthesis is presented in Table 1. The mixture solution
was stirred under an inert atmosphere for 72 h at 40 °C. The
product mixture was precipitated with an excess of anhydrous
ethanol under vigorous stirring to obtain a white solid, while
the unreacted MPEG-NH2 remained dissolved in the mixture
solution. After filtration, diblock copolymer MPEG-b-PZLL-
NH2 (EZL) was obtained and subsequently dried under re-
duced pressure at 40 °C for 24 h. All the purified yields were
79.5–85.0%.

Synthesis of triblock copolymer MPEG-b-PZLL-b-PLA
(EZLA)

As the first step, the NHS derivative of PLAwas prepared. 1 g
of carboxyl-terminal PLA (0.2 mmol carboxyl groups) was
dissolved in 25 mL of anhydrous DMF, and placed in a flask
equipped with a magnetic stirrer bar. The flask was cooled in an
ice-water bath, then DCC (197.6 mg, 1 mmol) and NHS
(127 mg, 1 mmol) were added. Therefore, the molar ratio of
NHS and DCC to carboxyl groups on PLAwas about 5:1. The
reaction mixture was sealed under argon and was stirred at 0 °C
for 2 h and at room temperature for 24 h. After the reaction,
EZL (0.01 mmol) was dissolved in 30 mL of anhydrous DMF
and injected dropwise into the solution. The detailed feeding
amount of material for EZLA synthesis is presented in Table 2.
The mixture was then stirred at room temperature for 24 h to
allow the conjugation between the amine and carboxyl group.
The crude copolymer was recovered by the rotary evaporation
of solvent under reduced pressure and collected by precipitation
into anhydrous diethyl ether (3×30 mL). After that, the poly-
mer was dissolved in CHCl3 and the unreacted EZL and PLA
remained dissolved in the mixture solution. After filtration,
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the laurel-green triblock copolymer EZLA was obtained and
dried under vacuum at room temperature. All the purified yields
were 70.2–75.9%.

Synthesis of MPEG-b-PLL-b-PLA (ELA)

A 100 mL round-bottom flask was charged with EZLA
(200 mg) and TFA (8 mL). The flask was placed in an ice bath
and purged under argon for 15 mins, then allowed to stir for
15 mins to ensure polymer dissolution and efficient cooling to
0 °C. After 33% HBr in HOAc (5 equivalents) was added via
syringe to the polymer under argon to form a slurry and the
solution was then allowed to stir in the ice bath for 1 h. The
detailed feeding amount of material for EZLA synthesis is
presented in Table 3. After this time, the solution was added
dropwise into 20 mL diethyl ether in order to precipitate the
product. The mixture was centrifuged to isolate the solid
precipitate, and the product was subsequently washed with
diethyl ether (20 mL) several times and followed by dialysis
against distilled, deionized water (3 days) using a dialysis bag
with 7.0 kDa molecular weight cut off (MWCO), then freeze-

dried to yield a white solid. The white solid was dried under
vacuum at 40 °C for 24 h to obtain the purified product ELA
with free amino groups in the side chains. All the purified
yields were 82.4–85.3%.

Preparation of micelles from EZLA and ELA

The triblock copolymer (10 mg) of EZLA or ELA was first
dissolved in 10 ml of DMF to obtain a homogeneous solution,
and then the polymer solution was slowly added to 10 ml of
distilled water at a rate of 1 drop every 10 s with vigorous
stirring. The solution was transferred into a dialysis bag (cut-
off MWCO: 8.0 kDa) and dialyzed against distilled water for
1 week at room temperature to tardily remove DMF and
immediately lyophilized for 2 days to obtain the micelles.

Cytotoxicity of EZLA and ELA nanoparticles

The cytotoxicity of the EZLA or ELA nanoparticles was
evaluated by a cell viability assay on the Bel7402 cell line.
At first, Bel7402 cells were seeded in 96-well plates at an

Table 1 Feed composition and molecular characteristics of diblock copolymer PEG-b-PZLL

MPEG-b-PZLL copolymer amount in feed Mn of each block Mn
b Mn

c Mw/Mn
c

n(MPEG-NH2): n(Lys(Z)-NCA) MPEGa PZLLb

EZL1 1:50 5000 26500 31500 29700 1.13

EZL2 1:100 5000 29800 34800 31300 1.18

EZL3 1:150 5000 34800 39800 36100 1.08

EZL4 1:200 5000 37900 42900 38700 1.14

EZL5 1:250 5000 44000 49000 44300 1.10

EZL6 1:300 5000 60900 65900 59100 1.09

MPEG poly(ethylene glycol) monomethyl ether; PZLL poly(Nε -Benzyloxycarbonyl-L-lysine); EZL Amine-terminated poly(ethylene glycol)
monomethyl ether -b- poly(Nε -Benzyloxycarbonyl-L-lysine)
aNominal value. bAs determined by 1 H NMR spectroscopy. cAs determined by GPC.

Table 2 Feed composition and molecular characteristics of triblock copolymer MPEG-b-PZLL-b-PLA

copolymer intermediate copolymer amount in feed(g) Mn of each block Mn
b Mn

c Mw/Mn
c

EZL PLA MPEGa PZLLb PLAa

EZLA1 EZL1 0.3150 1.0 5000 26500 5000 36500 34800 1.19

EZLA2 EZL2 0.3480 1.0 5000 29800 5000 39800 36700 1.20

EZLA3 EZL3 0.3980 1.0 5000 34800 5000 44800 40300 1.12

EZLA4 EZL4 0.4290 1.0 5000 37900 5000 47900 43500 1.24

EZLA5 EZL5 0.4900 1.0 5000 44000 5000 54000 49600 1.09

EZLA6 EZL6 0.6590 1.0 5000 60900 5000 70900 64000 1.15

MPEG poly(ethylene glycol) monomethyl ether; PZLL poly(Nε-Benzyloxycarbonyl-L-lysine); PLA poly(L-lactic acid); EZL Amine-terminated
poly(ethylene glycol) monomethyl ether -b- poly(Nε -Benzyloxycarbonyl-L-lysine); EZLA poly(ethylene glycol) monomethyl ether-b-poly(Nε-
benzyloxycarbonyl -L-lysine)-b-poly(L-lactic acid)
aNominal value. bAs determined by 1 H NMR spectroscopy. cAs determined by GPC
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appropriate density of cells per well in RPMI-1640 medium
supplemented with 10% fetal calf serum and 1% double anti-
oxidant. When the cells adhered well and were incubated for
24 h at 37 °C, the medium was removed and cells washed with
phosphate-buffered saline (PBS). Then, the samples of EZLA
or ELA nanoparticles conjugates of different concentrations in
four wells with 100 μL per well: 0.032, 0.16, 0.8, 4, 20 and
100 μg/mL (5 diluted concentrations), were incubated with
cells for 24 h or 72 h. Then, themediumwas removed and cells
washed with PBS and MTT (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide) (40 μL, 2.5 mg/mL) for 4 h.
After, theMTTwas removed carefully and 150μLDMSOwas
added per well before shaking on the vortex turbulence appa-
ratus for 10 mins to completely dissolve the dark blue forma-
zan crystals inside the living cells, which was recorded on the
microplate reader with absorbance measured at 570 nm. Cells
relative activity equal to the average absorbance of the sample
divided by the average absorbance of control group. Finally we
made charts using sample concentration (μg/mL) as the ab-
scissa and relative activity of cells (%) as the vertical axis.

Results and discussion

Design and synthesis of ELA

As described in the introduction, we aimed to synthesize
amphiphilic triblock copolymers ELA. Although, Healy et
al. [14]., Deng et al. [38]., Peng et al. [39]. and Lu et al.
[40]. have previously reported the similar polymers, we
wanted to try another general procedure to obtain amine-
terminated MPEG (MPEG-NH2) from hydroxyl-terminated
MPEG (MPEG-OH). The synthesis involves the conversion
of the hydroxyl groups into bromo, chloro, sulfonic, and
aldehyde groups, followed by other chemical reactions lead-
ing to the formation of amino groups [51, 52]. For example,
Buckmann et al. [53]. and Johansson et al. [54]. reduced the

brominated PEO into the corresponding alcohol using ammo-
nia and hexadiamine, respectively. Mutter transformed a PEO
end-capped with sulfonic acid groups into the corresponding
amine via a classical Gabriel synthesis [55, 56]. Harris et al.
[57].converted an aldehyde-PEO into the analogous amine-
PEO using NaCNBH3. Besides the above strategies, Zalipsky
et al. [58]. carried out an approach similar to that for the
preparation of amine-terminated PCL by treating the chloro-
precursor with NaN3 and Pd/C-catalyzed hydrogenation in
succession. In this work, we first converted an hydroxyl-
terminated MPEG into the p-toluenesulfonic acid analogue
and subsequently usedNaN3 [59, 60] and triphenylphosphine-
catalyzed hydrogenation successively, to finally obtain the
required amine-terminated MPEG. Our design was to create
biodegradable backbone poly(amino acid) derivatives (EZL)
by the ring-opening polymerization (ROP) of Lys(Z)-NCA
with MPEG-NH2 as a macroinitiator. After which, the desired
triblock copolymer ELAwas synthesized by acylation of EZL
using PLA-COOH and then subsequently removing the side
chain protecting groups with 33% HBr/AcOH [61] to liberate
the amino groups. The copolymer ELA was synthesized in
three steps as shown in Scheme 1.

The synthesis of diblock copolymer EZL is a typical
amine-initiated anionic polymerization. It is well known that
poly(R-amino acid) can be prepared by ROP of NCA through
a nucleophilic addition to the C-5 carbonyl group of the NCA
with a nucleophilic initiator such as alkali, alcohols, amines,
transition metals, and even water [49, 62]. Therefore, in the
present study, the diblock copolymer of EZL was synthesized
via the ROP of Lys(Z)-NCA using primary amine MPEG-
NH2 as a macroinitiator in CHCl3. MPEG-NH2 is a kind of
neutral nucleophile, and its N-terminal amino group has an
unshared electron pair. Therefore, during the course of initia-
tion and propagation an amphoteric ion of charge separation is
formed, so the activity of the initiator is relatively weak. Lys
(Z)-NCA is a very active monomer and can very easily form
the block copolymer via the ROP, even if water is used as a

Table 3 Feed composition and molecular characteristics of final product MPEG-b-PLL-b-PLA

copolymer amount in feed Mn of each block Mn
b Mn

c Mw/Mn
c

EZLA(g) 33% HBr in HOAc (mL) MPEGa PLLb PLAa

ELA1 0.2 0.80 5000 12900 5000 22900 21600 1.19

ELA2 0.2 0.70 5000 14600 5000 24600 22300 1.20

ELA3 0.2 0.65 5000 17000 5000 27000 24500 1.12

ELA4 0.2 0.60 5000 18500 5000 28500 25100 1.24

ELA5 0.2 0.50 5000 21500 5000 31500 30300 1.18

ELA6 0.2 0.40 5000 29800 5000 39800 36300 1.15

MPEG poly(ethylene glycol) monomethyl ether; PLL poly(L-lysine); PLA poly(L-lactic acid); PLA poly(L-lactic acid); EZLA poly(ethylene glycol)
monomethyl ether-b-poly(Nε -carbobonzyloxy-L-lysine)-b-poly(L-lactic acid); ELA poly(ethylene glycol) monomethyl ether-b-poly(L-lysine)-b-
poly(L-lactic acid)
aNominal value. bAs determined by 1 H NMR spectroscopy. cAs determined by GPC
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macroinitiator. As a result, Lys(Z)-NCA can easily form a
block copolymer with MPEG-NH2 because of its stronger
activity of initiator compared with water. Because initiations
are usually faster than chain propagations, the reaction imme-
diately take places and gives off CO2 when adding the initia-
tors, and the reaction is terminated until the monomer is
exhausted. In addition, the reaction is extremely sensitive to
water and O2, and so it should proceed under the protection of
N2. By controlling the various feed ratios of Lys(Z)-NCA/
MPEG-NH2, the diblock polymers with different contents and
molecular weights can be obtained.

Finally, the acylation reaction was employed to form EZLA
by coupling NHS-activated PLA-COOH to the backbone of
EZL. The reaction process is relatively simple and the acylation
coupling yield is more than 70%. In order to prove the success

of this reaction, the molecular weights and molecular weight
distributions of the as-synthesized EZLA 1-6 was measured by
GPC and 1H NMR. Fortunately, the average molecular weight
of EZLA is very close to that determined by 1H NMR, and the
results are exhibited in Table 2. However, in order to gain the
primary amine on the lysine side chain, the copolymer EZLA
was then treated with a 33% solution of HBr in HAc to remove
the benzyloxycarbonyl protective group in the side chain by
acidolysis [63] and yield ELAwith free amino group. During
the deprotection reaction, trifluoroacetic acid was first added to
dissolve the copolymer of EZLA, which was cooled in an ice
bath. Otherwise the chain of EZLAwould be easily degraded if
hydrogen bromide was directly added into it. The deprotection
reaction could be finished within 1 h. The resulting crude
product, which was washed by ether several times, was a
yellow viscous solid because of a large amount of acid present.
Dialysis was carried out against deionized water (3 days) using
a dialysis bag (MWCO07.0 kDa) to remove the excess acids
and then freeze-dried to yield a white solid. In addition, the
speed of adding HBr is slow enough that the heat generated
form the reaction can disperse thoroughly, so the temperature
of the reaction systemwould not rise and the carbon skeleton of
the copolymer would not be broken. The amino group in the
side chain of ELA can help to improve the affinity of the
polymer for DNA, proteins and cells or to combine the polymer
with drugs, antibodies, and DNA covalently or ionically.

Characterization of ELA

Figure 1 shows the FT-IR spectra of the block copolymers
(200:1). For MPEG-NH2 (Fig. 1a), the peak at 2868 cm

−1 (C-
H stretch vibration) and 1,109 cm−1 (C-O stretch vibration)
are characteristic peaks of the PEG block. PEG blocks were
also present in the diblock prepolymer EZL (Fig. 1b), the graft
triblock copolymer EZLA (Fig. 1c) and the final deprotected
triblock copolymer ELA (Fig. 1d). With respect to the
IR spectra for EZL (Fig. 1b), a strong peak at 3,340 cm−1

was assigned to N-H/O-H stretch vibration, the peaks at
3,065 cm−1, 1,269 cm−1, 741 cm−1 and 698 cm−1 from the
phenyl group and the peak at 1,693 cm−1 from the ester
carbonyl group are characteristic of PZLL block carrying
benzyloxy protecting groups. Obviously, these peaks from
the phenyl group and ester carboxyl group are also present
in EZLA (Fig. 1c). For EZL (Fig. 1b), the absorptions at
1,641 cm−1 (amide I) and 1,539 cm−1 (amide II) are attributed
to the amide group, suggesting the formation of the poly
(amino acid) block. Regarding triblock copolymer EZLA
(Fig. 1c) and ELA (Fig. 1d), similarly the IR spectra also
shows the characteristic absorptions at 1,641 cm−1 (amide I)
and 1,539 cm−1 (amide II), indicating the presence of the poly
(amino acid) block (PLL). The peak at 2,944 cm−1 (C-H stretch
vibration) and 1,385 cm−1 (C-H stretch vibration) are charac-
teristics of the PLA block. PLA blocks are also present in the

Scheme 1 Synthesis Procedure of ELA
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triblock copolymers EZLA (Fig. 1c) and ELA (Fig. 1d), which
is evidence that the coupling reaction between EZL and PLA-
COOH took place. The IR spectrum for ELA (Fig. 1d), in
comparison to EZL (Fig. 1b) and EZLA (Fig. 1c), shows no
peaks at 3,065 cm−1, 1,269 cm−1, 741 cm−1 and 698 cm−1,
which are attributed to the phenyl group of the benzyloxy
protecting group. Also, there is an absence of the characteristic
ester peak around 1,693 cm−1 However, the N-H stretch vibra-
tion at 3,278 cm−1 indicates that the debenzylation reaction

took place successfully. These FT-IR results are consistent with
the expected structure of copolymer ELA.

The structure of the block copolymers (200:1) of EZL,
EZLA and ELA were also confirmed by 1H NMR spectra
(Fig. 2). The peak d at 3.51 ppm (-CH2CH2-) is attributed to
the protons of the PEG block (Fig. 2a). The characteristic peak
of the PEG block can also be observed in Fig. 2b, c and d,
indicating the existence of a PEG block in EZL as well as in
the copolymer EZLA and ELA.With respect to EZL (Fig. 2b),
the peak c at 4.21 ppm, the peak f at 2.96 ppm, and the peaks e
at 1.39–1.95 ppm are assigned to (-CH-), (ε-CH2) and (β-
CH2, γ-CH2 and δ-CH2), respectively Furthermore, the peaks
j at 7.30–7.40 ppm (-C6H5) and the peak i at 5.02 ppm
(-CH2Ph) are attributed to the phenyl group of the protecting
benzyloxy group. These characteristic peaks are observed in
Fig. 2c and are characteristic of the PZLL block. This dem-
onstrates the efficient reaction of MPEG-NH2 with Lys(Z)-
NCA and the incorporation of the PZLL block into the poly-
mer backbone. The peaks a at 1.58 ppm and b at 5.17 ppm are
attributed to the protons (-CH3) and (-CH-), respectively, and
are assigned to the PLA block. These characteristic absorp-
tions of the PLA block are observed in Fig. 2c and d, demon-
strating successful amidation of PLA-COOH with EZL and
subsequent incorporation of the PLA blocks in the copolymers
EZLA and ELA. In the case of triblock copolymer ELA
(Fig. 2d), the peaks at 7.30–7.40 ppm and 5.02 ppm, attributed
to the phenyl group, are absent compared to the 1H NMR
spectra of EZL and EZLA, demonstrating successful depro-
tection using 33% HBr / AcOH. The 1H NMR results are
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consistent with those described above obtained from the
FT-IR measurements and demonstrates the successful synthe-
sis of diblock copolymer EZL, the triblock copolymer EZLA
and ELA.

The degree of polymerization of PZLL (DPPZLL) in
the diblock copolymer EZL (Fig. 2b) was obtained
from the integral ratio of -CH2CH2- (3.51 ppm, d) to ε-
CH2 (2.96 ppm, f), as shown in the following formula,
DPPZLL0(5000/44)×2A(f)/A(d), Mn(PZLL)0262×DPPZLL
and Mn(EZL)0Mn(PZLL)+Mn(MPEG)0Mn(PZLL)+5000.
The detailed feed composition and molecular characteristics
of diblock copolymer EZL are summarized in Table 1. In the
same way, from the 1H NMR spectra of EZLA (Fig. 2c) and
ELA (Fig. 2d), the degree of polymerization of PZLL
(DPPZLL) or PLL (DPPLL) in the triblock copolymer was
obtained from the integral ratio of -CH2CH2- (3.51 ppm, d)
to ε-CH2 (2.96 ppm, f), as shown in the following formula
DPPLL or DPPZLL0(5000)/( 44)×2A(f)/ A(d). Thus
Mn( PZLL)0262×DPPZLL and Mn( PLL)0128× DPPLL.
The chain lengths of PZLL and PLL or the molecular
weights of EZLA and ELAwere calculated using the known
molecular weights of PEG and PLA. The detailed composi-
tions and the molecular weights of EZLA and ELA are
summarized in Tables 2 and 3.

The molecular weights and molecular weight distributions
of the final deprotected triblock copolymers ELA1 to ELA6
were also confirmed by GPC as illustrated in Fig. 3a, b, c, d, e
and f. After purification, the unimodal, symmetrical and ho-
mogeneous molecular weight distributions in the GPC traces
indicated single component and no or negligible homopoly-
mer residue in these polymers. The GPC results indicate that

the polymer chain backbone was not broken by treatment with
HBr in HOAc and the deprotection reaction took place with-
out any unwanted side reactions. The GPC peaks of the
resulting copolymers (ELA) gradually shifted to higher mo-
lecular weights by increasing the feed ratios of the monomer
and initiator. The chain lengths of each block can be controlled
by varying the feed ratios of Lys(Z)-NCA and the starting
material (MPEG-NH2), in other words by changing the mono-
mer/initiator ratios in the ring-opening polymerization. Al-
most quantitatively molecular weights were achieved and
the molecular weights and molecular weight distributions of
these polymers are analyzed in Table 3. The number average
molecular weights (from 21,600 to 36,300) of these copoly-
mers slightly increase when the monomer/initiator ratios are
increased. However, the values ofMw/Mn are not significantly
changed and the polymers exhibit a narrow molecular weight
distribution (Mw/Mn01.10–1.25). The molecular weights and
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Fig. 3 Gel permeation chromatograms of a ELA1, b ELA2, c ELA3, d
ELA4, e ELA5 and f ELA6 (PEG standard; eluant, H2O; temperature,
40 °C; RI detection)
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Fig. 4 DSC thermograms of the second heating for a EZL4 and b
EZLA4, 10 °C /min

Table 4 DSCmeasurements: second heatingwith a rate of 10 °C /min (°C)

Polymer Tm of PEG
blocks

Tm of PZLL
blocks

Tm of PLA
blocks

MPEG5000 66.6 − −

PZLL − 282.4 −

PLA5000 − − 180.8

EZL4 58.9 274.9 −

EZLA4 57.6 273.5 158.9

MPEG poly(ethylene glycol) monomethyl ether; PZLL poly(Nε -benzy-
loxycarbonyl-L-lysine); PLA poly(L-lactic acid); EZL poly(ethylene gly-
col) monomethyl ether-b-poly(Nε -benzyloxycarbonyl-L-lysine), EZLA
poly(ethylene glycol) monomethyl ether-b-poly(Nε -benzyloxycarbonyl-
L-lysine) -b-poly(L-lactic acid)
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molecular weight distributions of these polymers are in good
agreement to those calculated from the 1H NMR spectra. The
narrow molecular weight distributions of these polymers
shows that the reactivity of each deprotection reaction was
high enough and the final product did not contain unreacted
EZLA. The GPC results were performed to verify the suc-
cessful synthesis of these final triblock copolymers ELA.

The second heating thermograms of the EZL diblock and
EZLA tiblock copolymers by differential scanning calorimetry
(DSC) are shown in Fig. 4. For EZL (Fig. 4a) the melting
peaks at 58.9 °C and 274.9 °C are attributed to the MPEG
blocks and PZLL blocks, respectively. The characteristic peaks
of the MPEG (57.6 °C) and PZLL (273.5 °C) blocks are also
observed in Fig. 4b for the copolymer EZLA. In the DSC scan
for EZLA there is an additional melting peak at 158.9 °C
(Fig. 4b), compared to the DSC scan for EZL, which is
assigned to the PLA block. This demonstrates the successful
synthesis of the tirblock copolymer EZLA. The Tm of EZL and
EZLA are summarized in Table 4.

Both the morphology and the average size of the copolymer
nanoparticles of EZLA or ELAwere investigated by the tech-
niques of TEM and DLS, and the detail results were as shown
in Figs. 5 and 6. First polymeric micelles of the copolymers
EZLA or ELAwere formed in aqueous solution, dropped in a

copper mesh and were subsequently negatively stained with
phosphotungstic acid (0.5 wt %) and finally dried at room
temperature. From DLS (Fig. 5), the polymeric micelles
formed from EZLA showed mono size distribution with PDI
0.42 and the mean size was determined to be 58.8 nm (Fig. 5a),
and that of the polymeric micelles formed from deprotected
ELAwere 0.11 and 68.1 nm, respectively (Fig. 5b). FromTEM
(Fig. 6), it was found that the polymeric micelles were all with
good size uniformity and good dispersion. The polymeric
micelles formed from EZLAwere adhesive spherical in shape
and the particle size of EZLAwas about 40–50 nm (Fig. 6a),
while the ELA was self-assembled into isolated spherical
micelles and the particle size of ELA was about 50–60 nm
(Fig. 6b). The results were in good agreement with that of the
DLS observations. Figure 7 shows the self-assembly schema-
tic diagram of the triblock copolymers EZLA and ELA. It was
found that the EZLA micelles had a hydrophobic PLA-b-
PZLL block core surrounded by a hydrophilic MPEG shell
and the ELA micelles had a hydrophobic PLA core sur-
rounded by a hydrophilic MPEG-b-PLL block shell. The
adhesive spheric micelles which look like worms in Fig. 6a
can be attributed to the fact that the hydrophobic PLA and
PZLL blocks intertwined each other to some extent, resulting
in deformation of spherical micelles. And the deprotected
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Fig. 6 Transmission electron
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copolymer ELA can self-assemble into nearly spherical
micelles and the average diameter of them was bigger than
that of EZLA, which maybe due to the electrostatic repulsion
of the amino groups of PLL after deprotection.

The cell-cytotoxicity of the ELA and EZLA polymeric
micelles were evaluated by the widely established MTT
assay performed with Bel7402 human hepatoma cells, as
shown in Fig. 8. Samples of EZLA and ELA nanopar-
ticle conjugates were 5-fold diluted in concentration from
100 μg/mL to 0.032 μg/mL, and incubated with cells for
24 h or 72 h. Figure 8 shows that cytotoxicities of ELA
and EZLA are dose- and time-dependent. Although the
cell activity decreases when the concentration of the
sample increases, the degree of apoptosis caused by
ELA was very low, and even at high concentration of
100 μg/mL the cell death rate was only about 20%. In
addition, as time increases the cell activity affected by
the samples of the ELA becomes weakened, however,
this effect is not obvious. However, the cell death rate of
EZLA was relatively on the high side under the same
experimental condition. But even at high concentration
of 20 μg/mL the cell death rate was no more than 20%.
Generally speaking, drug concentration is about 10 μg/mL in
actual applications, so they are both in the reasonable scope of
biological applications. This means that ELA and EZLA have
good biocompatibility if used in biological research. More-
over, the similarity of the cytotoxicity of ELA and EZLA
indicates that the presence or absence of the protecting ben-
zyloxy group, which is an important structural feature of ELA

and EZLA, have negligible effect on cell metabolism even
though the deprotected polylysine was charge-positive in
aqueous solution. Studies of the mechanical properties of
selected stereo complexes and studies of their usefulness
in drug release devices are in progress and will be reported
later.

Conclusions

In a few straightforward steps, the degradable ABC-type
amphiphilic triblock copolymers, MPEG-b-PLL-b-PLA
(ELA), consisting of hydrophilic segments (PLL and MPEG)
and hydrophobic PLA segments were successfully synthe-
sized by acidolysis of MPEG-b-PZLL-b-PLA (EZLA) to re-
move the side chain protecting groups with HBr. While
starting from PEG, the triblock copolymers MPEG-b-PZLL-
b-PLA (EZLA) were obtained by amidation of PLA-COOH
with MPEG-b-PZLL-NH2 (EZL). The latter was synthesized
from the ring-opening polymerization (ROP) of Lys(Z)-NCA
with amino-terminated PEG (MPEG-NH2) as the macroinitia-
tor. The chemical structures of the intermediate and final
products were confirmed by 1H NMR, FT-IR, GPC and
DSC. The results confirmed that the chain length of each
block polymer could be controlled by adjusting the feed ratios
of the monomer Lys(Z)-NCA and MPEG-NH2. The TEM
results demonstrate that the copolymers EZLA and ELA
easily form polymeric micelles in aqueous solution and the
polymeric micelles are spherical in shape. Moreover, the
obtained polymeric micelles exhibit no obvious cell-
cytotoxicity against Bel7402 human hepatoma cells and
should be useful for biodegradable biomedical materials such
as drug and gene delivery vehicles.

Fig. 7 The self-assembly schematic diagram of copolymers EZLA4 a
and ELA4 b
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