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Self-assembly of polyion complex nanocarriers from
ammonium glycyrrhizinate and monomethoxy
poly(ethylene glycol)-b-poly(g-amino-3-caprolactone)

Yan Zhang,*a Jianjing Liu,a Yutong Fu,a Ke Tan,b Zhaoyang Yeb and Meidong Lang*a

A novel polyion complex (PIC) drug carrier was developed via electrostatic self-assembly in aqueous media

based on our previous copolymer methoxy poly(ethylene glycol)-b-poly(g-amino-3-caprolactone) (mPEG-b-

PACL) and anti-hepatotoxic drug ammonium glycyrrhizinate (AMG). The formation and the

physicochemical properties of the polyion complex nanoparticles in aqueous solution were investigated by

various methods. The results demonstrated that AMG was encapsulated successfully and the nanoparticles

had a core–shell or tri-layer spherical structure based on the length of the PACL. The AMG/PACL PIC also

displayed a high loading capacity and encapsulation efficiency of up to 41.8% and 91.7%, respectively.

Furthermore, the nanoparticles enabled a continuous and sustained in vitro AMG release and the release

half time was about 3 times that of the free AMG's. Results obtained by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT) assay, flow cytometry and fluorescence microscopy revealed that

AMG loaded nanoparticles demonstrated greater prevention of liver cell apoptosis induced by

lipopolysaccharide (LPS). These findings indicated that methoxy poly(ethylene glycol) (mPEG)-b-poly(g-

amino-3-caprolactone) could be an efficient AMG carrier and could even be used as a delivery template for

some other negatively charged water-soluble drugs or gene delivery systems.
Introduction

Polyion complex (PIC) nanoparticles, which arise from the
electrostatic interactions of double hydrophilic block ionomers
with oppositely charged species, have been a widely researched
topic for various applications,1–3 especially for delivery of low
molecular weight drugs, siRNA and so on.4,5 Such drug delivery
systems are spontaneously formed in aqueous solutions and
avoid complicated syntheses and the use of organic solvents,
which could eliminate side-effects caused by residual solvents.6

Also, PIC nanoparticles could overcome the biological hurdles
limiting the delivery of nucleic acids, enzymes and some
charged drugs.7 The simplicity of their design and their avail-
ability for preparation make them potential candidates in
pharmaceutical and biomedical elds.8–10

Poly(3-caprolactone) (PCL) is one of the most extensively
studied synthetic biodegradable polymers in various formula-
tions for drug delivery.11–13 However, the hydrophobicity of PCL
is the major drawback responsible for its limited use in polyion
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complex micelle carriers, thus the investigation of functional-
ized PCL has attracted great interest. For example, poly(g-
bromo-3-caprolactone-co-caprolactone) was synthesized with a
statistical and blocky structure, and the bromide pendant
groups were quaternized by pyridine, and further used to
condense DNA. However, a dose-dependent cytotoxicity was
observed with increasing concentration of the copolymer due to
the presence of pyridinium groups.14 In our previous report, we
have reported the biodegradable cationic monomethoxy poly-
(ethylene glycol)-b-poly(g-amino-3-caprolactone), which was not
cytotoxic until the concentration reached 500mg L�1. Moreover,
it is unique in that the pendant amino groups in each repeating
unit are positively charged which could impart water-solubility
to the polymer .15

Ammonium glycyrrhizinate (AMG) is a derivative of glycyr-
rhizinate and has improved aqueous solubility. The pharma-
cologically active form of AMG is glycyrrhetic acid (GA),
obtained by metabolism in vivo, which endows various phar-
macological effects such as anti-inammatory properties, anti-
allergic disorder effects and the therapeutic effect for viral
diseases such as chronic hepatitis.16–19 However, GA could cause
side-effects such as hypertension, edema and electrolyte
disturbances. Thus, the GA drug delivery system attracted great
interest to solve such problems.20

Glycyrrhizinate-loaded carriers have been reported by many
groups. For example, glycyrrhetic acid was encapsulated into
poly(DL-lactic acid-co-glycolic acid) by a solvent evaporation
This journal is ª The Royal Society of Chemistry 2013
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method.20 M. Carafa et al. used the niosomes made up of
surfactants and cholesterol to load ammonium glycyr-
rhizinate.21 Chitosan and poly-L-lysine were widely used as
cationic materials to incorporate the glycyrrhetic acid by elec-
trostatic interaction. However, either their biological properties
lacked supporting data or the preparation process has not been
studied thoroughly.22–25

Herein, we used cationic monomethoxy poly(ethylene
glycol)-b-poly(g-amino-3-caprolactone) and anionic drug
ammonium glycyrrhizinate to prepare the polyion complex
nanocarriers. The cationic poly(g-amino-3-caprolactone) and
ammonium glycyrrhizinate could form nite sized complexes
composed of a dense polyelectrolyte core and a swollen PEG
corona that stabilized the nanostructure in aqueous dispersion
and protected the core from aggregation by steric repulsion. The
in vitro drug release and the effect of protecting liver cells from
apoptosis induced by lipopolysaccharide (LPS) were examined
to assess their potential as AMG carriers. Overall, the results
further advance the potential use of mPEG-b-PACL for other
ionic drugs and genes.

Experimental
1 Materials and methods

1.1 Materials. Methoxy poly(ethylene glycol (Mn ¼ 2000 Da,
mPEG) was purchased from Aldrich (Milwaukee, WI, USA) and
further dried by azeotropic distillation with anhydrous toluene
prior to use. mPEG-b-PACL block copolymer was synthesized as
described in our previous report.15 The number of repeating
units for mPEG was 45, and the samples were named P-A1–P-A5
according to the length of the PACL blocks (Table 1). Ammo-
nium glycyrrhizinate (AMG, 97%) was bought from Aladdin and
used as received without further purication. Cell culture media
Rosewell Park Memorial Institute (RPMI 1640) and phosphate
buffered saline (PBS) were supplied by Invitrogen (CA, USA).
Lipopolysaccharide (LPS, Escherichia coli, 0111B4) was obtained
from Sigma. Albumin kit (Alb, 100 tube/96 samples) and lactate
dehydrogenase kit (LDH, 100 tube/48 samples) were both
obtained from Nanjing Jiancheng Bioengineering Institute.
3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide
(MTT) was provided by Sigma. HepG2 liver carcinoma cells were
supplied by School of Biotechnology, East China University of
Table 1 Effect of the chain length of PACL on the mean particle size and zeta
potential of the AMG-loaded nanoparticles at a weight ratio ofWAMG/WPACL¼ 0.25

Samplea Polymer Mn
b(kDa) DPc Dh (nm)

Zeta potential
(mV)

P-A1 3.4 12 120 1.1
P-A2 5.1 26 149 8.7
P-A3 8.5 55 153 12.3
P-A4 10.2 69 188 28.1
P-A5 11.3 79 203 29.8

a Five samples of mPEG-b-PACL with different polymer compositions
were synthesized, and AMG-loaded nanoparticles were prepared and
denoted as P-A1, P-A2, P-A3, P-A4 and P-A5, accordingly. b Calculated
using 1H NMR (D2O as solvent). c Degree of polymerization.

This journal is ª The Royal Society of Chemistry 2013
Science and Technology. All other commercially available
reagents and solvents were used without further purication
unless otherwise mentioned.

1.2 Preparation of AMG-loaded nanoparticles. The AMG-
loaded nanoparticles were prepared by electrostatic assembly
between positively charged mPEG-b-PACL and negatively
charged AMG at room temperature. Typically, given amounts of
mPEG-b-PACL were dissolved in double-distilled water at a
concentration of 2.0 mg mL�1 and stirred for 2 h, aer which
the nal pH of the solution was adjusted to 4 by the addition of
small amounts of NaOH or HCl as necessary. Meanwhile, AMG
was dissolved in double-distilled water at a concentration of
1.0 mg mL�1 and stirred for 2 h. Both solutions were puried by
passing through 0.45 mm syringe lters to remove dust. Under
gentle stirring, 5 mL AMG solution was added drop-wise to 5mL
mPEG-b-PACL solution. The mixture was stirred for 2 h to
ensure full complexation between mPEG-b-PACL and AMG at
room temperature. Aer that, an opalescent suspension of
nanoparticles was formed.

The solid complex aggregates were prepared by a centrifu-
gation method. Briey, the AMG-loaded aqueous suspension
was further ltered through a 0.45 mm syringe lter to remove
the AMG impurities. Then the AMG-loaded aqueous suspension
was ultra centrifugated at 150 000g at 20 �C for 2 h to get rid of
the free AMG. The residue was redispersed with double-distilled
water and separated by ultra centrifugation twice. The precipi-
tate was frozen and lyophilized to obtain dried AMG-loaded
nanoparticles.

1.3 In vitro drug release. The in vitro release proles of
AMG from AMG-loaded nanoparticles were studied using the
membrane diffusion technique. Typically, 4.5 mg dried AMG
and AMG-loaded nanoparticles were dispersed in 5 mL PBS
(pH 7.4) and placed in a dialysis tube (MWCO 3500), respec-
tively. The dialysis bag was directly immersed in 55 mL PBS
(pH 7.4), and incubated at 37 �C in a shaking bath (HZQ-F160,
Taicang Experiment Factory, Jiangsu Province, China) at a
constant stirring rate (100 rpm). At predetermined time
intervals, 5 mL PBS was withdrawn from the release medium,
and an equivalent volume of fresh PBS solution was added to
the medium. According to the standard curve of AMG solution
in PBS (pH 7.4), the amount of AMG in the release system was
analyzed by a UV/Vis spectrometer at a wavelength of 257 nm.
The cumulative release was calculated using the following
equation:

Cumulative release ð%Þ ¼ 60:0Cn þ 5:0
P

Cn�1

W0

� 100% (1)

where W0 (mg) is the weight of AMG in the AMG-loaded nano-
particles. Cn and Cn�1 (mgmL�1) are the concentrations of AMG
in the PBS which was withdrawn n and n � 1 (n > 0) times,
respectively.

1.4 In vitro cell experiments
1.4.1 Cell culture. Human HepG2 cells were maintained in

RPMI 1640 culture medium, supplemented with 10% fetal
bovine serum (FBS), 100 U mL�1 penicillin, and 100 mg L�1 of
streptomycin. The cells were cultured at 37 �C in a humidied
atmosphere containing 95% air and 5% CO2.
J. Mater. Chem. B, 2013, 1, 1614–1621 | 1615
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1.4.2 The effect on inhibiting liver cell apoptosis induced by
lipopolysaccharide

(1) Cell viability. For MTT assay, the HepG2 cells were
seeded at a density of 1 � 104 cells per well in a 96-well
microassay plate and incubated for 24 h to permit cell attach-
ment. Subsequently, the cells were incubated in RPMI 1640
culturemedium containing (a) free lipopolysaccharide (LPS), (b)
mPEG-b-PACL (DP ¼ 12) and LPS, (c) culture medium (without
LPS), (d) free AMG and LPS and (e) AMG-loaded nanoparticles
and LPS. All the samples were ltered through a 0.22 mm
microlter and diluted with RPMI 1640 to obtain pre-set
concentrations. The concentration of LPS was xed at 20 mg
mL�1 for each sample. The cells were incubated for an addi-
tional 24 h at 37 �C in a 5% CO2 incubator. The culture medium
was then replaced with fresh RPMI 1640 (200 mL) followed by the
addition of 20 mL of 5 mg mL�1 MTT solution in PBS and the
cells were incubated for an additional 4 h at 37 �C. The MTT-
containing medium was removed and 200 mL of DMSO was
added to solubilize the formazan products with gentle agitation
for 10 min. Absorbance was measured at 570 nm using a
microplate reader (Bio-Rad 550) to determine the optical
density (OD570) value.

Cell viability (%) ¼ (ODtreated/ODcontrol) � 100% (2)

where ODtreated was obtained for the cells treated by various
samples mentioned above, ODcontrol was obtained for the cells
treated only by RPMI 1640 culture medium, and the other
culture conditions were the same. The data are given as mean
+/� standard deviation (SD) based on three independent
measurements.

(2) Flow cytometry and uorescence microscopy. The cells
were seeded at a density of 4 � 105 cells per well in 6-well plates
and cultured for 24 h in RPMI 1640 culture medium. Thereaer,
the cells were incubated in the culture medium containing (I)
free lipopolysaccharide (LPS), (II) free AMG and LPS, (III) AMG-
loaded nanoparticles and LPS and (IV) culture medium (without
LPS) for another 24 h. The concentration of LPS was 20 mg mL�1

and that of AMG was 1 mg mL�1. The cells were washed with
PBS three times and harvested with trypsinization without
ethylene diamine tetraacetic acid (EDTA). The cell pellets were
redispersed in a xing buffer (FACS buffer with 1% formalde-
hyde), followed by xation and double-staining with Annexin
V-uorescein isothiocyanate (Annexin V-FITC) and propidium
iodide (PI). The cells were kept in the dark for 15 min and
transferred to FACS tubes. Flow cytometry was performed using
a BD FACS Calibur TM (BD Bioscience Immunocytometry
Systems, CA, USA). The data were analyzed by Cell Quest so-
ware and are given as mean +/� standard deviation (SD) based
on four independent measurements.

For the uorescence study, HepG2 cells were seeded at a
density of 1 � 105 cells per well in 6-well plates. Other pro-
cessing procedures were performed as described above. The
harvested HepG2 cells were washed twice with PBS and xed
with 1.5 mL 3.7% paraformaldehyde for 30 min at room
temperature. They were then stained with 100 mL 40,6-dia-
midino-2-phenylindole (DAPI) and kept in the dark for 30 min
1616 | J. Mater. Chem. B, 2013, 1, 1614–1621
at 4 �C until observation. The nuclei states of HepG2 cells were
veried by a uorescence microscope (Ecl IPSE Ti-s Nikon).

(3) Measurement of albumin (Alb) and lactate dehydrogenase
(LDH). The albumin and lactate dehydrogenase levels secreted
by HepG2 cells were measured by Alb and LDH kits according to
the manufacturer's instructions. Based on the cells cultured in
the ow cytometry assay, the supernatants were collected to
analyze the albumin and lactate dehydrogenase concentrations
on a microplate reader (Sunrise remote Tecan) at the pre-set
time intervals.
2 Characterization

2.1 The formation of the AMG-loaded nanoparticles. UV-
vis spectra were recorded on a UV-vis spectrophotometer (UV-vis
8500 Techcomp, China) in the range of wavenumbers between
200 nm and 400 nm to conrm the complex formation between
mPEG-b-PACL and AMG.

The steady-state uorescence spectroscopy measurements
were performed on a uorescence spectrophotometer (Horiba
Jobin Yvon, Inc.) to evaluate the complexation process of mPEG-
b-PACL (DP¼ 12) and AMG. A pyrene solubilization method was
used to detect the onset of nanoaggregates. A pre-determined
amount of pyrene in acetone was added to the vials, followed by
acetone evaporation. Aerwards, aqueous solutions containing
a known mass of nanoparticles with different weight ratios of
AMG to PACL were added and le to equilibrate in an incubator
overnight at 37 �C. The nal pyrene concentration was kept at
6.0 � 10�7 mol L�1. The excitation spectra were scanned from
200 to 360 nm at a xed emission wavelength of 372 nm with a
bandwidth of 3 nm. All measurements were performed at
room temperature. The uorescence intensity ratios of pyrene
(I337/I333) were calculated and plotted against the weight ratios
of AMG to PACL.

Optical transmittance of the aqueous mPEG-b-PACL (DP ¼
69)/AMG solutions at various weight ratios were measured at a
wavelength of 546 nm with a UV-vis spectrometer (UV-vis 8500
Techcomp, China). The data were given as the average value
based on three independent measurements.

2.2 Particle size and morphology of the AMG-loaded
nanoparticles. The particle size and size distribution of the
AMG-loaded nanoparticles prepared at various PACL lengths or
weight ratios were determined by dynamic light scattering
(DLS). The mean particle diameter of the nanoparticles was
studied on a Malvern Nano-ZS90 spectrogoniometer (Malvern
instruments Ltd, Worcestershire, UK) equipped with a 532 nm
argon laser and 90� detection optics. The samples (1 mg mL�1)
were passed through a 0.45 mmmicrolter before measurement
to remove large aggregates.

The zeta potentials of the AMG-loaded nanoparticles
obtained at various PACL lengths and weight ratios were
measured by a laser Doppler electrophoresis technique using a
Malvern Nano-ZS. The zeta potentials were based on three
independent measurements at 25 �C.

The morphologies of AMG-loaded nanoparticles prepared
from different PACL lengths at a xed weight ratio of 0.25 were
observed on a TEM instrument (JEOL/JEM-2000EXII) operated
This journal is ª The Royal Society of Chemistry 2013
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at an accelerating voltage of 60 keV. The samples were prepared
by dropping solution (1 mg mL�1) on a copper grid coated with
carbon lm and allowed to dry at room temperature.

2.3 Investigation of drug loading capacity (DLC) and
encapsulation efficiency (EE). Aer the AMG-loaded nano-
particles were separated by ultra centrifugation, the centrifugal
solution containing free AMG was collected to determine the
amount of free AMG and the drug loading capacity and
encapsulation efficiency were obtained accordingly. The
absorbance of free AMG at 257 nm was measured on a UV-vis
spectrophotometer (UV-vis 8500 Techcomp, China). The weight
of free AMG was calculated with a standard curve obtained from
AMG/H2O solutions at a series of AMG concentrations. The
amount of AMG in the nanoparticles was obtained by sub-
tracting the free AMG in the supernatant from the total AMG,
and the DLC and EE were calculated as shown in eqn (3) and (4):

DLC ð%Þ ¼ The amount of AMG in the nanoparticles

Total amount of the nanoparticles
� 100%

(3)

EE ð%Þ ¼ The amount of AMG in the nanoparticles

Total amount of AMG
� 100%

(4)

Results and discussion
1 Formation of the AMG-loaded nanoparticles

Cationic mPEG-b-PACL copolymers have been synthesized and
exhibit different solution behaviors based on the length of
PACL.15 As seen from Scheme 1, the carboxyl groups endow
ammonium glycyrrhizinate with a negative charge and the
amino groups in mPEG-b-PACL produce positive properties
accordingly. The interaction between mPEG-b-PACL and
ammonium glycyrrhizinate resulted in the formation of the PIC
nanoparticles. Based on our preliminary results, the zeta
potential of mPEG-b-PACL at pH ¼ 4 had a maximum value
throughout the whole pH range (data not shown), thus the
complexation of mPEG-b-PACL with AMG was conducted at pH
4. The obtained nanoparticle solution remained transparent for
two weeks and no obvious precipitation was observed, which
revealed a high storage stability of the nanoparticles.

The complexation between mPEG-b-PACL and AMG was
conrmed by UV spectroscopy. Fig. 1 shows the UV spectra of
free AMG (a), mPEG-b-PACL (b) and AMG-loaded nanoparticles
Scheme 1 The structures of (a) themPEG-b-PACL copolymer and (b) ammonium
glycyrrhizinate.

This journal is ª The Royal Society of Chemistry 2013
(c). As seen from Fig. 1(a), the maximum absorption peak of
AMG was at a wavelength of 257 nm, while there was no
absorption here in Fig. 1(b) for mPEG-b-PACL. However, there
was an obvious blue shi in Fig. 1(c), which was attributed to
the complexation that occurred, and the absorption of the AMG
varied. However, FT-IR conrmed the mPEG-b-PACL structure
in the AMG loaded nanoparticle spectrum (data not shown).

As found in our previous study, mPEG-b-PACL exists from
unimers to core–shell micelles when the DP (Degree of Poly-
merization) of PACL varied from 26 to 36. The interactions
between mPEG-b-PACL (unimers) and AMG was further
conrmed by steady-state uorescence studies using pyrene as a
probe and by transmittance tests. The ratio of intensities of the
excitation energy in the pyrene spectrum (I337/I333) correlated
well with the solvent polarity and served as a measure of the
polarity of the environment.26,27 The interactions between the
cationic polyion and the negatively charged AMG could lead to
the formation of a hydrophobic microphase. Fig. 2(a) shows
the uorescence spectra of the PIC nanoparticles at different
WAMG/WPACL ratios of mPEG-b-PACL (DP ¼ 12). The I337/I333
ratio remained constant or only slightly changed below the
critical association concentration (cac), which was attributed to
the weak interactions between PACL and AMG. While above the
cac, the interactions between AMG andmPEG-b-PACL increased
and led to a sharp increase in the I337/I333 ratio, which reected
the partitioning of pyrene into the hydrophobic environment.
Fig. 2(b) shows the variation of the optical transmittance of the
mPEG-b-PACL (DP ¼ 69) and AMG system. The mPEG-b-PACL
(DP ¼ 69) has already formed the core–shell micelles when it
dispersed in the water due to the hydrophobicity of the PACL
chain. The amino groups wouldmove to the core–shell interface
and impart a positive surface. Thus the negative AMG interacted
with them by electroelectric interactions. It was seen from
Fig. 2(b) that the optical transmittance decreased as the weight
ratio of mPEG-b-PACL to AMG (WAMG/WPACL) increased, which
conrmed that the AMG loaded nanoparticles formed.

Here, it was deduced that there existed two kinds of mech-
anism for the drug encapsulation process by mPEG-b-PACL. A
schematic presentation of the complexation behavior is
proposed in Scheme 2. The core–shell nanoparticles were
formed via complexation of AMG and a single chain of mPEG-b-
PACL when the chain length of mPEG-b-PACL was below the
critical length (Lc, DP from 26 to 36), while tri-layer nano-
particles were obtained due to the cationic amino groups
Fig. 1 The UV absorption of AMG (a), mPEG-b-PACL (DP ¼ 12) (b) and P-A1 (c).

J. Mater. Chem. B, 2013, 1, 1614–1621 | 1617
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Fig. 2 Plot of the fluorescence intensity ratios, I337/I333, versus weight ratios of
WAMG/WPACL at room temperature, the sample was mPEG-b-PACL (DP ¼ 12)/
AMG (a) optical transmittance of mPEG-b-PACL (DP¼ 69)/AMG nanoparticles (b).

Scheme 2 Schematic presentation of the different complexation behaviors of
mPE-b-PACL and AMG in aqueous solution.

Fig. 3 The mean particle sizes and zeta potential measurements of different
types of AMG-loaded nanoparticles: (a) mPEG-b-PACL (DP ¼ 12) serial nano-
particles; and (b) mPEG-b-PACL (DP ¼ 69) serial nanoparticles.
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situated at the interface of the nanoparticles and the anion AMG
interacted with them when the chain length of mPEG-b-PACL
was above the Lc.
Fig. 4 The TEM images of different types of AMG-loaded nanoparticles: (a) P-A1;
and (b) P-A2.
2 Particle size and morphology of the AMG-loaded
nanoparticles

AMG-loaded nanoparticles were prepared at various PACL
lengths and different weight ratios ofWAMG/WPACL. The size and
surface charge of the nanoparticles were further investigated.
Table 1 summarizes the effect of PACL chain length on the
mean particle sizes and zeta potentials. At elevated chain
lengths, both hDhi and the zeta potential increased dramatically
at a certain weight ratio of 0.25. Moreover, it was seen from
Fig. 3 that the Dh increased regularly with an increase of the
weight ratio of AMG to PACL. For example, the average diameter
of mPEG-b-PACL (DP¼ 12) serial nanoparticles was in the range
of 8–173 nm when the weight ratio increased from 0 to 0.4
(Fig. 3(a)), while it appeared that the size of mPEG-b-PACL (DP¼
69) serial nanoparticles (152–282 nm) (Fig. 3(b)) were much
larger than those of mPEG-b-PACL (DP ¼ 12) serial nano-
particles. One reasonable explanation was that the mPEG-b-
PACL (DP ¼ 69) has formed core–shell nanoaggregates due to
1618 | J. Mater. Chem. B, 2013, 1, 1614–1621
the long length of PACL before complexation with AMG, then
the charged amino groups on the interface interacted with the
negative AMG, which led to the formation of tri-layered nano-
particles, and the obtained AMG-loaded nanoparticles were
relatively loose; the other explanation may be that the longer
chain length of PACL endowed it with an increase in positive
charge and led to greater AMG interactions with mPEG-b-PACL.

Further information on the drug-loaded nanoparticles was
collected from the zeta potential analysis. Representative
experimental results are also shown in Fig. 3. Unlike the results
obtained in the Dh, the zeta potentials decreased signicantly
with the increase in the weight ratio of AMG to mPEG-b-PACL,
which was attributed to the neutralization between the carboxyl
groups in AMG and the amino groups in mPEG-b-PACL with the
addition of AMG solution into the mPEG-b-PACL solution.
Obviously, the zeta potential of mPEG-b-PACL (DP ¼ 69) (31.7–
27.8 mV, Fig. 3(b)) nanoparticles was larger than that of mPEG-
b-PACL (DP ¼ 12) serial nanoparticles (19.2 to �2.41 mV,
Fig. 3(a)), which was also in excellent agreement with the results
obtained in particle size studies and could give a reasonable
explanation.

To gain more insight into the complexation behavior of the
AMG-loaded nanoparticles, the detailed morphologies have
been analyzed by TEM. Fig. 4 shows the TEM images of AMG-
loaded nanoparticles, which were formed in aqueous solution
at a weight ratio of 0.25. Well-dened spherical shaped P-A1
(Fig. 4(a)) and P-A4 (Fig. 4(b)) nanoparticles can be observed and
the mean particle sizes were around 100 nm and 150 nm.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Typical in vitro release profiles of pure AMG and different types of AMG-
loaded nanoparticles, the weight ratio of the nanoparticles was 0.25.
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Taking into account the hydration and polydispersity effects,
the particle sizes by TEM were in good agreement with the data
obtained from DLS.

3 Investigation of drug loading capacity and encapsulation
efficiency

Fig. 5 shows the drug loading capacity and encapsulation effi-
ciency vs. weight ratio of AMG-loaded nanoparticles. According
to the results, along with the increase of weight ratio, the drug
loading capacity of mPEG-b-PACL (DP¼ 12) serial nanoparticles
(11.2–20.6%) and mPEG-b-PACL (DP ¼ 69) (20.2–41.8%) serial
nanoparticles increased, and the DLC of mPEG-b-PACL (DP ¼
12) serial nanoparticles were markedly lower than those of
mPEG-b-PACL (DP ¼ 69) serial nanoparticles. Meanwhile, the
encapsulation efficiency decreased for mPEG-b-PACL (DP ¼ 12)
serial nanoparticles (86–71.9%) and mPEG-b-PACL (DP ¼ 69)
serial nanoparticles (91.7–58.6%) accordingly. As mentioned
above, the mechanism of AMG association to PACL nano-
particles was mediated by ionic interactions between the
carboxyl groups in AMG and the amino groups in mPEG-b-
PACL. These differences may derive from the charges of mPEG-
b-PACL and the different ways of embedding. A bold hypothesis
was that the AMG-loaded nanoparticles formed in the second
mechanism were enriched with AMG.

4 In vitro drug release behavior of AMG-loaded
nanoparticles

The in vitro release of free-AMG and AMG-loaded nanoparticles
was monitored in PBS (pH 7.4) at 37 �C. Fig. 6 displays the
release prole of AMG from AMG-loaded nanoparticles. A vivid
phenomenon was that free-AMG showed a rapid release with
almost 50% initial burst release in the rst 5 h, which demon-
strated that the dialysis bag had almost no effect on the speed of
release of the drug. The release of AMG was almost complete
within 18 h (i.e. 99%). It was obvious that the AMG-loaded
nanoparticles presented a sustained release, and the drug
release ratio was in relation to the compositions of mPEG-b-
PACL. There was no obvious rapid initial burst and the cumu-
lative releases of P-A1 and P-A4 were 50% and 40%, respectively
during the rst 12 h. Up to 48 h, approximately 92% and 88%
drug was released for P-A1 and P-A4, followed by a slow drug
release rate until release was complete. In addition, in the
embedded gure, it could be found that the release half lives of
P-A1 and P-A4 were 12 h and 16 h, respectively, while it was only
5 h for pure AMG. As for the difference between P-A1 and P-A4,
Fig. 5 The drug loading capacities and encapsulation efficiencies of different
types of AMG-loaded nanoparticles: (a) mPEG-b-PACL (DP ¼ 12) serial nano-
particles; and (b) mPEG-b-PACL (DP ¼ 69) nanoparticles.
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the structure of the P-A1 nanoparticles disassociated while the
P-A4 still existed as core–shell micelles as the release proceeded,
which maybe caused the release from P-A4 to slow down. Based
on the data collected, we could draw the conclusion that the
effect of mPEG-b-PACL encapsulation on AMG release was
obvious and the AMG-PACL nanoparticle system might be used
to provide continuous release.
5 The effect on inhibiting liver cell apoptosis induced by
lipopolysaccharide

Based on previous ndings in the literature, abnormal
apoptosis of liver cells could be induced by lipopolysaccharide
(LPS), TNF a or actinomycin D (Act D) and so on, which are
closely related to the onset of various acute and chronic liver
diseases.28,29 Glycyrrhizinate, which was extracted from glycyr-
rhiza, showed strong effects on protecting liver cell membranes
and improving liver function.30,31 In this research, HepG2
hepatoma cells, the biological characteristics of which are
similar to those of normal liver cells, were used as the model
cells to evaluate the effect of pure AMG and AMG-loaded
nanoparticles (P-A1 nanoparticles were used) to prevent liver
cell apoptosis induced by lipopolysaccharide (LPS).

To assess cytotoxicity, the cell viability was evaluated by MTT
assay. The results demonstrated that cells treated with free LPS
Fig. 7 Cell viability of HepG2 cells treated with different samples of free lipo-
polysaccharide (LPS) (I); mPEG-b-PACL (with LPS) (II); free AMG with LPS (III);
culture medium (without LPS) (IV) and PA-1with LPS (V).
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Fig. 8 Albumin secretion (a) and lactate dehydrogenase (b) of HepG2 cells in
supernatant of the cell medium treated with different samples: (I) free lipopoly-
saccharide (LPS); (II) culture medium (without LPS); (III) free AMG and LPS and (IV)
AMG-loaded nanoparticles and LPS.

Fig. 9 Fluorescence microscope images of HepG2 cells in the supernatant of cell
medium treated with different samples: (I) free lipopolysaccharide (LPS); (II) free
AMG and LPS; (III) AMG-loaded nanoparticles and LPS and (IV) culture medium
(without LPS).

Fig. 10 Apoptosis of HepG2 cells in the supernatant of cell medium treated with
different samples: (I) free lipopolysaccharide (LPS); (II) free AMG and LPS; (III)
AMG-loaded nanoparticles and LPS and (IV) culture medium (without LPS).
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(Fig. 7(I)) exhibited cytotoxicity to HepG2 cells aer 24 h, which
indicated LPS could induce apoptosis to a certain extent. The
empty mPEG-b-PACL (DP ¼ 12) nanoparticles with free LPS also
have induced apoptosis due to LPS (Fig. 7(II)). The viability of
HepG2 cells (Fig. 7(III)) in the presence of free AMG solution
and LPS is enhanced in comparision with (Fig. 7(II)).

Above all, HepG2 cells treated with AMG-loaded nano-
particles and LPS (Fig. 7(V)) showed the highest cell viability
among the groups. Therefore, AMG-loaded nanoparticles had a
better effect on inhibiting liver cell apoptosis induced by LPS in
comparision with inhibition of apoptosis by AMG and LPS.

Albumin is a mature albumen secreted by liver and HepG2
cells, which could be used as the labeled protein of the HepG2
cell differentiation.32 The levels of albumin secretion in the
1620 | J. Mater. Chem. B, 2013, 1, 1614–1621
supernatant of HepG2 cell culture are shown in Fig. 8(a). Those
cell aggregations treated with free LPS secreted the least
albumin into the medium. Obviously, albumin secretion of
HepG2 treated with free AMG with LPS (Fig. 8(a)III) was much
more than LPS and the control (Fig. 8(a)I and II), which indi-
cated that the AMG could protect the cells from abnormal
apoptosis and promote the secretion of albumin to a certain
degree. Moreover, the AMG loaded nanoparticles had the
highest albumin secretion levels (Fig. 8(a)IV). These results were
in good agreement with the cell viability results.

Lactate dehydrogenase (LDH) exists in the cell slurry and is
released when cell necrosis takes place, and the amount of LDH
represents the cell necrosis degree.33 In Fig. 8(b), compared with
the control (II), it revealed that LPS treatment (I) induced a
signicant increase in the lactate dehydrogenase secretion. The
cells treated with AMG and LPS (III) and AMG-loaded nano-
particles with LPS treatment (IV) had relatively lower secretion
levels. These results are also in accordance with that of albumin
secretion, which further conrmed the AMG loaded nano-
particles had a better effect on inhibiting HepG2 cells apoptosis.

In apoptotic cells, mitochondria lose their membrane
integrity which results in a loss of mitochondrial membrane
potential.34 In order to determine whether mitochondrial
changes occurred in the HepG2 cells treated with different
culture media uorescence microscopy was employed.
Compared with the control (Fig. 9(IV)), the regular cells and
some fragmentation (white dots) coexisted in Fig. 9(I), while the
HepG2 cells treated with free AMG with LPS (II) and AMG-
loaded nanoparticles with LPS (III)) remained intact and regular
without fragamentation (Fig. 9(II) and (III)), indicating that the
mitochondria invoked no obvious changes. These results sug-
gested that AMG-loaded nanoparticles could inhibit the effects
of LPS on cells apoptosis.

In order to evaluate the HepG2 cells apoptosis status intui-
tively, we performed the cells apoptosis assay by ow cytometry
(Fig. 10(a)). The AMG-loaded nanoparticles were the best at
preventing cell apoptosis and the cell apoptosis rate of HepG2
cells could be calculated according to Fig. 10(a). It was seen
from Fig. 10(b) that the cell apoptosis rate of HepG2 cells
treated by LPS (Fig. 10(b)I, 8.43%) was signicantly higher than
the others (Fig. 10(b)II–IV, 6.35%, 4.37% and 3.64%, respec-
tively), and AMG-loaded nanoparticles inhibited cell apoptosis
greatly, which indicated that AMG-loaded nanoparticles would
play an important role in liver cell protection.
Conclusion

Herein, effective PIC nanocarriers based on mPEG-b-PACL and
AMG were successfully obtained in aqueous media by electro-
static assembly. Two kinds of mechanism were adopted to
elucidate the complexation process according to the chain
length-dependence properties of mPEG-b-PACL. The PIC
nanoparticles were on the nanoscale and had sustained release
behavior. Moreover, the in vitro cell experiments demonstrated
that AMG-loaded nanoparticles had a better effect on prevent-
ing liver cell apoptosis induced by LPS. It is also expected that
this polymer system could be used as a template for other
This journal is ª The Royal Society of Chemistry 2013
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anionic drugs or gene carrier systems, and the relevant work is
in progress.
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