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ABSTRACT: A novel approach to self-assembled and
shell-crosslinked (SCL) micelles from the diblock copolymer
poly(L-lactide)-block-poly(L-cysteine) to be used as drug and
protein delivery carriers is described. Rifampicin was used
as a model drug. The drug-loaded SCL micelles were
obtained by self-assembly of the copolymer in the presence
of the drug in aqueous media. Their morphology and size
were studied with dynamic light scattering and field emis-
sion scanning electron microscopy. The rifampicin loading
capacity and encapsulation efficiency were studied with
ultraviolet–visible spectrophotometry. The drug-release rate

in vitro depended on the oxidizing and reducing environ-
ment. Moreover, a straightforward approach to the conjuga-
tion of the copolymer with bovine serum albumin (BSA)
was developed, and a gel electrophoresis test demonstrated
that this conjugated BSA could be reversibly released from
the copolymer substrate under reducing conditions. In con-
clusion, this L-cysteine copolymer can be used in drug deliv-
ery and in protein fixation and recovery. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 118: 1738–1742, 2010
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INTRODUCTION

In the past 3 decades, biodegradable polymers have
become more and more important in pharmaceutical
and biomedical fields.1,2 Among them, polylactide, a
very important synthetic biodegradable material, has
been widely used in surgical repair, in carriers for
drug delivery, and in temporary matrices or scaffolds
for tissue engineering3–5 because of its biodegradabil-
ity, biocompatibility, high mechanical properties, and
excellent shaping and molding properties. Its block
copolymerization with peptides can modify its degra-
dation pattern because peptidase is required to hy-
drolyze the peptide bonds. Moreover, polypeptide, a
natural material, is a good choice for the design of
novel biomaterials. Compared with those block

copolymers without polypeptide blocks, polypeptide-
containing ones can simulate not only the shape of
natural aggregates but also their biological perform-
ance. However, only a few biodegradable copolymers
consisting of aliphatic polyester and polypeptide
chains have been studied so far.4–10

Amphiphilic block copolymers have been re-
searched extensively in recent years.11–13 In aqueous
media, these copolymers can spontaneously form
micelles, which have a kind of core–shell architecture.
The hydrophobic segments of the copolymers segre-
gate into the core, which is protected by the shell
from the external media, whereas the hydrophilic
segments of the copolymer form the shell. This kind
of core–shell architecture is widely used in pharma-
ceutical applications.14–18 The hydrophobic core
serves as a nanocontainer for hydrophobic drugs,
whereas the hydrophilic shell increases the micelle
stability and protects the system from the environ-
mental reticuloendothelial system uptake.19 Many
factors can influence the drug-loading capacity and
release kinetics: the length of the core and shell-form-
ing segments in the copolymer, the physical and
chemical properties of the drug and the core-forming
hydrophobic segments, the compatibility between the
two, and so forth. Furthermore, an important consid-
eration in drug-delivery applications is that the co-
polymer micelles will dissociate into unimers when
the copolymer concentration falls below the critical
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micelle concentration with dilution under physiologi-
cal conditions, and this will result in prerelease of the
encapsulated drugs.20 However, this problem can be
overcome with shell-crosslinked (SCL) micelles.21 To
date, several methods have been employed for the
formation of SCL micelles.22,23 Recently, we synthe-
sized a new diblock copolymer, poly(L-lactide)-block-
poly(L-cysteine) (PLLA-b-PLC), by the ring-opening
polymerization (ROP) of N-carboxyanhydride of b-
benzyloxycarbonyl-L-cysteine (ZLC–NCA) with
amino-terminated poly(L-lactide) (PLLA–NH2) as a
macroinitiator, and from it, reversible SCL spherical
micelles were obtained in aqueous media.24 In this
study, the model drug rifampicin was encapsulated
into SCL micelles, and its release was tested in vitro.
Moreover, the thiol groups that formed after reduc-
tion in the copolymer PLLA-b-PLC were used to com-
bine a model protein: bovine serum albumin (BSA).
After its reaction with dithiothreitol (DTT), the escape
of BSA from the copolymer was observed, and this
demonstrated the reversible conjugation of BSA with
PLLA-b-PLC. This can be used in medicine and
biotechnology.25,26

EXPERIMENTAL

Materials

The PLLA-b-PLC copolymers were reduction products
of poly(L-lactide)-block-poly(S-benzyloxycarbonyl-L-
cysteine) and were synthesized via ROP of ZLC–NCA
initiated by PLLA–NH2, as reported by Jing et al.24

Rifampicin (a drug for tuberculosis) was a commercial
product (Shanghai, China). BSA (96%) was purchased
from Sigma, USA. DTT was purchased from Beijing
Xiasi Biotech Co., Ltd. (Beijing, China).

Rifampicin loading into block copolymer micelles

The SCL micelles containing rifampicin were pre-
pared according to ref. 24. Rifampicin (15 mg) and
the block copolymer PLLA-b-PLC (15 mg) were dis-
solved together in 10 mL of dimethylformamide.
Then, 50 equiv of DTT with respect to the thiol
groups was added, and the mixture was stirred for
2 h at room temperature. Then, a given amount of
deionized water was added to the copolymer solu-
tion with gentle stirring. To reach equilibrium, the
mixture was stirred overnight. After that, the mix-
ture was further diluted with a large amount of
deionized water. Then, it was dialyzed against a
phosphate buffer (pH 6.8) to form SCL micelles and
against deionized water to remove the salt and free
rifampicin and DTT. The drug content in the micel-
lar solutions was determined at 480 nm with an
ultraviolet–visible (UV–vis) spectrophotometer (UV-
2401PC, Shimadzu, Japan). After freeze drying, the

rifampicin-loaded micelles were stored at �20�C
until use. The drug-loading content and entrapment
efficiency were defined as the weight percentages of
the drug in the micelles with respect to the total
weight of the micelles and with respect to the total
weight of the drug fed initially, respectively.

Dynamic light scattering (DLS) measurements

DLS measurements were carried out with a Dawn
EOS instrument (Wyatt Technology, USA) equipped
with a He–Ne laser with a 632.8-nm wavelength at a
scattering angle of 90�. A rifampicin-loaded micelle
solution (ca. 0.4 mg/mL) was passed through a 0.45-
lm filter before measurement.

Environmental scanning electron microscopy
(ESEM) measurements

The ESEM images were recorded with an XL 30 field
emission gun scanning electron microscope from
Micro FEI Philips, USA. A rifampicin-loaded micelle
solution was deposited onto a silicon wafer to form
a very thin layer and was dried at room tempera-
ture. A thin layer of gold was coated onto the sam-
ple surface before measurement.

In vitro rifampicin release from block
copolymer micelles

In vitro release profiles of the rifampicin micelles
were investigated in phosphate-buffered saline (PBS;
pH ¼ 7.4). The weighed and freeze-dried rifampicin
micelles were suspended in a 4-mL PBS solution in
a dialysis membrane bag (molecular weight cutoff
¼ 3500 Da). The release experiment was initiated by
the placement of the end-sealed dialysis bag in a 16-
mL PBS solution at 37�C with continuous shaking at
70 rpm to measure the released rifampicin from the
micelles. At a certain interval, samples (4 mL) were
withdrawn, and then the same volume of a fresh
buffer medium was added. The amount of released
rifampicin in the collected medium was measured at
472 nm with a UV–vis spectrophotometer (UV-
2401PC, Shimadzu). All experiments were done in
duplicate.

Conjugation of BSA to PLLA-b-PLC

The block copolymer (5 mg) was dissolved in
0.5 mL of DMSO. Then, 50 equiv of DTT with
respect to the thiol groups was added under stirring.
A solution of BSA [1 mg of BSA/0.25 mL of phos-
phate buffer (pH ¼ 8.0)] was added to the copoly-
mer solution with gentle stirring. After 12 h, it was
dialyzed against the phosphate buffer (pH 8.0) and
then stored at 4�C until use. Sodium dodecyl
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sulfate/polyacrylamide gel electrophoresis (SDS–
PAGE) was performed with 10% polyacrylamide
gels. The samples were heated at 100�C for 5 min af-
ter vortexing with a given amount of a sodium do-
decyl sulfate solution. Staining was accomplished
with Coomassie blue. For reducing conditions, DTT
was freshly added.

RESULTS AND DISCUSSION

Synthesis and characterization
of the diblock copolymers

Recently, Jing et al.24 reported on the synthesis of
the novel diblock copolymer PLLA-b-PLC. First,
PLLA–NH2 was obtained by ROP of L-lactide with
stannous octoate as the catalyst and 2-benzyloxycar-
bonyl aminoethanol as the initiator and by subse-
quent deprotection. The second block was syn-
thesized by ROP of N-carboxyanhydride of
S-benzyloxycarbonyl-L-cysteine with PLLA–NH2 as
the macroinitiator and by subsequent deprotection
with HBr. In this study, the same procedure was
adapted to prepare the diblock copolymer PLLA(40)-
b-PLC(8); the numbers in parentheses designate
degrees of polymerization of the two blocks
(Scheme 1). As shown in ref. 24, this copolymer can
self-assemble into spherical micelles in an aqueous
medium with poly(L-lactide) (PLLA) segments in the
core and poly(L-cysteine) (PLC) segments in the co-
rona; most of the thiol groups exist in disulfide form
because of oxidation by air, and this leads to shell
crosslinking of the micelles. On the other hand, this
shell crosslinking can be destroyed by the addition
of enough DTT. This reversible conversion from
thiol groups to disulfide bonds was used in this
study to control the drug release and trigger the pro-
tein fixation and release, as shown in the following
sections.

Preparation and characterization of the
rifampicin-loaded SCL micelles

It has been reported that the kinetic stability of poly-
mer micelles is greatly improved by the formation of
crosslinked shells.21 These biodegradable, water-
soluble colloids are less prone to aggregation during
the lyophilization process, and the dried particles
are recovered as polymer micelles from the aqueous
solution; therefore, they have attractive potential for
drug-release systems.21 In this study, nanoscale
core–shell-type polymeric micelles of the diblock co-
polymer PLLA(40)-b-PLC(8) were prepared in the
presence of a model drug with a normal micelle
preparation procedure, as described in the Experi-
mental section. Rifampicin (Scheme 1) was used as a
model compound for controlled-release studies.

Rifampicin could be easily encapsulated in the
hydrophobic core because of its hydrophobic interac-
tion with PLLA segments. The drug-loading content
and entrapment efficiency of the polymeric micelles
were 15.0% and 17.5%, respectively. The morphol-
ogy of the rifampicin-loaded polymeric micelles was
observed by ESEM [Fig. 1(B)]. The nanoparticles
were also spherical in shape, and their mean diame-
ter was about 65 nm. The size distribution of the
nanoparticles was measured by DLS [Fig. 1(D)]. The
hydrodynamic radius (Rh) of the rifampicin-loaded
polymeric micelles was 66.6 nm, which was a little
larger than that of the polymeric micelles without
rifampicin [47.1 nm; Fig. 1(C)]. The particle diame-
ters measured by ESEM were a little smaller than
the hydrodynamic diameters measured by DLS. This
may be due to the volume shrinkage during sample
drying. A few aggregates were found in the rifampi-
cin-loaded micelles by ESEM [Fig. 1(B)]. They prob-
ably formed during sample drying because the
micelles were not stable enough on account of the
increased hydrophobicity of the micellar cores
caused by rifampicin incorporation.

In vitro drug-release behavior

The rifampicin release behavior from the SCL
micelles in vitro was examined in PBS (0.1 mol/L,
pH 7.4) at 37�C with a conventional dialysis method.
To demonstrate the effect of shell crosslinking in the
micelles, release experiments were performed in the
presence and absence of DTT; that is, 50 equiv of
DTT with respect to the thiol groups was added to
the micelle solution 2 h before the beginning of the
release experiment for the former case, and nothing
was added in the latter case. Because DTT could
reduce disulfide bonds into thiol groups, the

Scheme 1 Chemical structures of rifampicin and its car-
rier polymer.
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crosslinking in the micelles in the presence of DTT
was considered to have been destroyed.24 As shown
in Figure 2, the two samples showed similar release
kinetics, that is, faster release in the initial stage and
slower release in the later stage. However, the
release rate was higher in the presence of DTT than
in the absence of DTT. After 24 h, the rifampicin
release percentage of the SCL micelles was about
50%, whereas it was about 90% in the presence of
DTT. This difference can be explained by the elimi-

nation of the shell crosslinking of the micelles in the
presence of DTT: the drug molecules could diffuse
faster from a noncrosslinked micelle to the phos-
phate buffer than from an SCL micelle.

Conjugation of BSA to PLLA-b-PLC

Because of the existence of the pendent thiol groups
on the PLC segments, the copolymers could react
with proteins to form bioconjugates. To demonstrate
this, BSA, a globular protein possessing 17 disulfide
bonds and a free cysteine as residue 34, was used as
a model protein. Because oxygen in the air could
oxidize the free thiol groups on the copolymer into
disulfide bonds, the copolymer was reduced with
DTT first to make the thiol groups available, and

Figure 1 (A) ESEM micrograph of the SCL micelles prepared in H2O, (B) ESEM micrograph of the micelles containing
rifampicin, (C) DLS graph of the micelles prepared in H2O, and (D) DLS graph of the micelles containing rifampicin.

Figure 2 In vitro release of rifampicin from the polymeric
micelles in the presence and absence of DTT.

Figure 3 SDS–PAGE under (a) reducing and (b) nonre-
ducing conditions: (a1,b1) pure BSA; (a2) BSA and
reduced copolymer; (a3) BSA, reduced copolymer; and
DTT; and (b2) BSA and nonreduced copolymer.

DRUG DELIVERY AND PROTEIN CONJUGATION 1741

Journal of Applied Polymer Science DOI 10.1002/app



then it was incubated with BSA. Formation of the
conjugates was verified by gel electrophoresis
[Fig. 3(a)]. The conjugates (lane a2) showed no bar
comparable to free BSA (lane a1). However, when
this system was treated with DTT (lane a3), an iden-
tical bar with free BSA was observed. This can be
described as follows. After the conjugation of BSA to
the reduced copolymers followed by dialysis, the
formed conjugates precipitated from the aqueous
media, mainly because of the hydrophobic feature of
the PLLA segments. The precipitated micelles were
not movable in the gel plate, and so nothing was
observed at the position of free BSA (lane a2). When
the reducing agent DTT was added to the system,
the conjugates were destroyed, and free BSA was
released; this yielded the same gel electrophoresis
bar as free BSA (lane a3).

To exclude the possibility of simply mixing BSA
and the copolymer, BSA was incubated with the
nonreduced copolymer. As expected, the same band
found for the free BSA was obtained (lane b2). This
result showed that the coupling of the copolymer
and BSA did not occur because the free thiol groups
were not available in the nonreduced copolymer.

In summary, these SDS–PAGE results have shown
that under reducing conditions, BSA can be conju-
gated to the PLLA-b-PLC copolymer, and by dialy-
sis, the unreacted BSA can be removed completely;
the conjugated BSA can be released by the addition
of DTT. Although we cannot know whether BSA is
attached to the copolymer chain at cysteine residue
34, it is safe to say that the conjugation occurs
through a reversible disulfide bond between the
PLC segment and the BSA molecule.

CONCLUSIONS

Diblock copolymer micelles containing the model
drug rifampicin or the model protein BSA were pre-
pared from a novel diblock copolymer (PLLA-b-
PLC) that could self-assemble into SCL micelles in
an aqueous solution because of the oxidative cou-
pling of the thiol groups on the PLC segments. The
disulfide bonds that formed could be reduced to
thiol groups with DTT. Because of this reversibility
between thiol groups and disulfide bonds, the SCL
micelles could be used to encapsulate drugs or con-
jugate proteins. The drug or protein release could be
accelerated by the reduction of the disulfide bonds.

Therefore, this copolymer could be used in drug
delivery or in protein fixation and recovery. Because
there are glutathione and related enzymes in the
cytoplasm, they can serve as reducing agents for the
disulfide bonds and accelerate the intracellular
release of drugs or proteins. Further investigations
are underway, and related results will be published
elsewhere.
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