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ABSTRACT
Puerarin (PUE) is the most abundant isoflavonoid in kudzu root. It is widely used as a therapeutic
agent for the treatment of cardiovascular diseases. However, the short elimination half-life, poor-bio-
availability, and acute intravascular hemolysis of PUE are the main obstacles to its widespread clinical
applications. Whereas PEG-PE micelles possess the ability to release medicine slowly, enhance the cellu-
lar uptake of drugs and improve their biocompatibility. Therefore, it was aim to fabricate puerarin-
loaded PEG-PE (PUE@PEG-PE) micelles to improve the pharmaceutical properties of drugs. It can be
observed from the TEM images that PUE@PEG-PE micelles appeared obvious core-shell structure and
remained well-dispersed without aggregation and adhesion. PUE was successfully embedded in the
core of PEG-PE micelles, which was confirmed by FT-IR and 1H NMR spectra. In vitro studies showed
that PUE@PEG-PE micelles exhibited a sustained release behavior in pH 7.4 PBS buffer and decreased
hemolysis rate of PUE. Compared with PUE, PUE@PEG-PE micelles showed a 3.2-fold increase in the
half-life of PUE and a 1.58-fold increase in bioavailability. In addition, the PUE@PEG-PE micelles exerted
enhanced protective effect against isoprenaline-induced H9c2 cells apoptosis compared with PUE, as
evident by decreased percentage of Hoechst-positive cells, Caspase 3 activity, Bax expression, and
increased Bcl-2 expression. Notably, the PEG-PE micelles exhibited favorable cellular uptake efficiency
on H9c2 cells, and this may account for their enhanced anti-apoptotic effect of the incorporated drug.
Altogether, the PUE@PEG-PE micelles were not only able to control the drug release but also offered
promise to enhance the pharmacokinetic and pharmacodynamic potential of PUE.
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Introduction

Puerarin (PUE) is the major bioactive ingredient in kudzu
root (Yuan et al., 2014). Previous researchers show that PUE
has anti-apoptotic (Liu et al., 2012, 2013), anti-oxidant (Liu
et al., 2011), anti-inflammatory (Huang et al., 2012), anti-
arrhythmic (Zhang et al., 2011), and anti-fibrosis (Lu et al.,
2014) activity. For example, Liu et al. demonstrated that
anti-apoptosis and anti-hypertrophy effects of PUE on iso-
prenaline (ISO)-induced H9c2 cells were observed in an in
vitro study (Liu et al., 2015). A recent study also found that
PUE pretreatment protected the H9c2 cells against dauno-
rubicin-induced cytotoxicity by inhibiting cell apoptosis as
evidenced by decreased expression of cleaved caspase 3 (Li
et al., 2017). Research on the clinical application of PUE
injection in recent years indicates that PUE has been
approved by the State Food and Drug Administration in
China for clinical therapy in the treatment of cardiovascular
diseases (Wong et al., 2011). Owing to short elimination
half-life of PUE, frequent injection is often needed.

The clinical results show that some patients may experience
severe and acute side effects which appear after several
weeks of therapy (Wu et al., 2014). In particular, the acute
intravascular hemolysis (AIH) of PUE injection is the most
serious, for it can be fatal. The mechanism underlying PUE-
induced hemolysis remains uncertain but may be partly
related to high concentrations of PUE resulted from fre-
quent dosing (Luo et al., 2011). In 2011, Hou et al. reported
the interaction between high concentration PUE and
erythrocyte membrane in certain solution, resulting in mem-
brane disorganization and, eventually, cytolysis (Hou et al.,
2011). Increase in drug circulation time may improve the
therapeutic effect and potentially reduces the overall dose
required, resulting in avoiding the likelihood of AIH due to
high doses of PUE. Therefore, it is necessary to develop a
sustained-release drug system to prolong the drug action
time, reduce the adverse reaction of high plasma concentra-
tion and improve patient compliance so as to achieve
favorable therapeutic goals.
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In the current study, 1,2-Distearoyl-sn-glycero-3-phosphoe-
thanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG-PE)
micelles are widely used in novel drug delivery vehicles, they
are formed through the self-assembly of amphiphilic poly-
mers in aqueous media (Sarisozen et al., 2012b). The hydro-
philic PEG2000 groups that form the shell of the micelles are
responsible for reducing the uptake of the reticuloendothelial
system (RES), which results in the prolonged circulation of
the micelles in vivo (Sarisozen et al., 2012a), while the highly
hydrophobic PE residues of the micelle core can solubilize
hydrophobic drugs (Sawant et al., 2008). Moreover, non-
immunogenic surface coatings of PEG have excellent biocom-
patibility and ‘invisibility’ properties (Yassin et al., 2015), the
dense PEG corona in micelles provide a protective shield for
the entrapped molecules, reducing the chances of the drug
being recognized by T cells and macrophages in vivo
(Lazarjani et al., 2010). Therefore, the PEG-PE micelles hinder
interactions with blood components, reduce non-specific
adhesion of plasma proteins and increase blood circulation
time (Endres et al., 2011). In addition, PEG-PE micelles may
be used to protect the embedded molecules from degrad-
ation in circulation and also have the potential to slowly
release the drug molecules over a period of time due to their
long fatty acyl chains, which confer less mobility to the
entrapped drug, thus prolonging their circulation time
(Dabholkar et al., 2006).

Recently, it is reported that PEG-PE micelles have great
potential for drug delivery due to prolonged circulation
time (Sawant & Torchilin, 2010), enhanced trans-membrane
transport of drugs and altered drug internalization route
and subcellular localization properties (Kohay et al., 2017).
In 2012, Wang et al. demonstrated that the encapsulation
of anti-cancer drugs in PEG-PE micelles was accelerated to
enter cells resorting to the increased membrane fluidity
and permeability exerted by PEG-PE insertion, increasing
their cytotoxicity in vitro and enhancing their anti-tumor
activity in vivo (Wang et al., 2012). The increased anti-tumor
effect of micelles-encapsulated drugs in vitro is largely due
to their enhanced cellular accumulation and uptake without
altering the drug's mechanism (Lu et al., 2010). In addition
to small molecule drugs, PEG-PE micelles could also be
able to deliver biomacromolecules such as DNA and RNA. It
was reported recently that the siRNA-loaded PEG-PE micelle
had a transfection efficiency 50-fold higher than that of
naked siRNA (Musacchio et al., 2010). Therefore, based on
the strong trans-membrane transportability of PEG-PE
micelles, they have great potential to enhance the pharma-
cological effects of drugs.

In this study, we prepared PUE-loaded PEG-PE (PUE@PEG-
PE) micelles, using PE as a core and PEG chains for the shell.
Based on their excellent properties such as high stability,
good biocompatibility, extended circulation time, and
enhanced cellular uptake, the PUE@PEG-PE micelles were
expected to perform prolonged t1/2, improved AUC0–1values
in the pharmacokinetic analysis and enhanced anti-apoptotic
activity in H9c2 cell.

Materials and methods

Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methox-
y(polyethyleneglycol)-2000] (PEG2000-PE) was acquired from
Lipoid GmbH (Ludwigshafen, Germany). PUE and its injection
were purchased from Shandong Fangming Pharmaceutical
Group Co., Ltd (Shandong, China). Coumarin-6 (C6) and iso-
prenaline (ISO) were purchased from J&K Chemical Ltd
(Shanghai, china) and 4'6-diamidino-2-phenylindole (DAPI)
was provided by Beyotime Biotech (Jiangsu, China). H9c2
cells derived from rat myocardium were purchased from the
American Type Culture Collection (Manassas, VA). Cell cul-
tures were maintained in a humidified atmosphere of 5%
CO2 at 37 �C. All other chemicals and reagents were analyt-
ical grade or chromatography grade.

Preparation of drug-loaded micelles

PUE@PEG-PE micelles were prepared by the solvent evapor-
ation method. The PEG2000-PE (100mg) and PUE (8mg) were
co-dissolved in 20mL of methanol. The solvent was dried
under reduced pressure in a round-bottom flask at 37 �C.
Almost immediately the obtained thin film was kept in vac-
uum for over 6 h to remove any traces of remaining solvent.
Then, the thin film was hydrated in 5mL of distilled water at
37 �C, cooled to room temperature and filtrated through
0.22 lm Millipore filter to afford a clear solution and remove
undissolved drug and copolymer. Spontaneous formation of
micelles was initially confirmed by the observation of a trans-
parent reddish solution and Tyndall phenomenon. To study
the cellular uptake of PEG-PE micelles by H9c2 cells, the cou-
marin-6 (fluorescent material) loaded PEG-PE micelles
(C6@PEG-PE) were prepared by the same way.

Micelles size, zeta potential and transmission electron
microscopy (TEM)

The mean hydrodynamic size and zeta potential were deter-
mined by dynamic light scattering (DLS) using a Zetasizer
Nano ZS90 instrument (Malvern, UK). The measurement was
done in triplicates. For transmission electron microscopy
(TEM) (JEM 2100F, Japan) analysis, a single drop of aqueous
micelles suspension syringe was placed on a carbon-coated
film of 200-mesh copper grid and was air-dried for 10min.
TEM images were acquired at an accelerating voltage
of 200 kV.

Entrapment efficiency (EE) and drug loading (DL)

The loading amount of PUE in PEG-PE micelles was deter-
mined by LC-20AT HPLC system equipped with a UV detector
set at a wavelength of 250 nm. Prior to assay, the developed
micelle formulation was diluted to an appropriate concentra-
tion with methanol. Drug loading efficiency (DL%) and
entrapment efficiency (EE%) were calculated by the following
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equations.

EEð%Þ ¼Weight of drug in micelles
Initial weight of drug

� 100%

DLð%Þ ¼ Weight of drug in micelles
Weight of micelles containing

� 100%

Nuclear magnetic resonance spectroscopic studies (NMR)

In order to confirm the core-corona structure of PUE@PEG-PE
micelles, NMR studies were performed. The 1H NMR spectra
were recorded on a JEOL Eclipse NMR spectrometer operat-
ing 400MHz NMR spectra of PUE in DMSO, blank PEG-PE in
D2O, and lyophilized PUE@PEG-PE micelles in D2O or DMSO.

Fourier transform infrared spectrometer (FT-IR)

A Thermo Fisher Nicolet iS10 Fourier transform infrared spec-
trometer was also used to characterize the status of PUE in
polymeric micelles. First, a background spectrum of a blank
KBr was run. Then PUE was dispersed in KBr pellets. For
empty blank micelles or PUE@PEG-PE micelles, the sample
was gently coated on the KBr tablets. The FT-IR spectrum of
them from 400 to 4000 cm�1 was recorded by way of the
KBr pellet method on an FT-IR spectrometer at room
temperature.

Micelles stability studies

The PUE@PEG-PE micelles were stored as a micelles suspen-
sion at pH 7.4 PBS for 6weeks at 4 �C, or as a lyophilized
powder at �20 �C for 2months. The stability of the micelles
was monitored by the changes in particle size and drug con-
tent in the samples during the storage period. Moreover, the
serum stability of PUE@PEG-PE micelles was investigated in
the presence of 10% FBS. The changes in particle size at 0, 4,
8, 12, and 24 h were monitored by DLS.

In vitro release kinetics

The in vitro release study of PUE from drug-loaded micelles
was performed via dialysis technology. In briefly, free PUE
(100 lg) or PUE@PEG-PE micelles (corresponding to 100 lg
PUE) were added into the dialysis bags (MWCO ¼2000Da,
Spectrum Labs Inc., Rancho Dominguez, CA) and submerged
in 40mL of PBS (pH 7.4) at 37 �C with stirring at 100 rpm for
72 h. At set time intervals, 0.5mL of the release medium was
taken out and analyzed by the HPLC method. The removed
solution was immediately replaced with an equal amount of
fresh medium.

Hemolytic assay

Fresh human blood samples were kindly donated by the
second Xiangya hospital of the central south university
(Hunan, China). Human red blood cells (RBCs) were centri-
fuged at 2500 rpm for 10min at 4 �C and further washed
more than six times with sterile PBS. The purified RBCs were

diluted 10-fold with PBS buffer, and 150 lL of diluted RBCs
suspension was added to a 150 lL of PUE and PUE@PEG-PE
micelles in PBS (pH 7.4) at a concentration of 12.5, 25, 50,
100, 200, 400, 800 or 1600 lg/mL. PBS and distilled water
were used as a negative and positive control, respectively.
The vortex-mixed solution was incubated at 37 �C for 4 h, fol-
lowed by centrifugation at 3000 rpm for 3min. A total of
120 lL of supernatant from the sample was transferred to a
96-well plate. The absorbance values of the supernatants at
540 nm were measured using a Multiskan MK3 microplate
reader. The absorbance of the supernatant at 540 nm was
compared with two control samples in order to determine
the percentage of hemolysis. The absorbance of the super-
natant in PBS was taken as zero hemolysis (0%) and the total
hemolysis (100%) was assigned when PBS was replaced by
distilled water. The degree of hemolysis was determined by
the following equation.

Hemolytic ratio ð%Þ ¼ Sample absorbance� Negative control
Positive control� Negative control

Pharmacokinetic study

The animal experiment was approved by the Animal Ethics
Committee at the Institute of clinical pharmacy, Central
South University. Male Sprague–Dawley rats (230–250 g) were
used and supplied by Hunan Slack Scene of Laboratory
Animal Co., Ltd. The rats were treated with PUE and
PUE@PEG-PE micelles at a PUE dose of 20mg/kg by tail vein
injection under mild ether anesthesia (n¼ 5 per group). At
designated time points after dosing, blood samples (0.4mL)
were collected from the retro-orbital plexus of rats under
light ether anesthesia into microcentrifuge tubes containing
heparin as anti-coagulant at 0, 5, 15, 30, 45, 60, 120, 180,
240, 360, and 420min post-dosing, and then centrifuged at
3500 rpm for 10min. The harvested supernatant plasma was
stored at �80 �C until analysis. The plasma sample prepar-
ation of PUE was as follows. To 100 lL of plasma sample was
added 20 lL of tectoridin (interior label) solution. Following
the addition of 400 lL of methanol, the sample was vortex-
mixed for 5min and then centrifuged at 13,000 rpm for
10min. The resultant supernatant was evaporated to dryness
in a water bath at 40 �C under the protection of nitrogen.
The dried residue was reconstituted in 40 lL of methanol
and vortex-mixed for 1min. After centrifugation at
10,000 rpm for 5min, the supernatant was transferred to an
autosampler vial, and a 30 lL aliquot of the sample was
injected into HPLC system. The chromatographic separation
was performed on a Phenomenex Luna C18 column (4.6mm
�250mm, 5lm) at a column temperature of 35 �C. The
mobile phase consisted of (A) 0.1% aqueous phosphoric acid
and (B) acetonitrile using a gradient elution of 12–45% B at
0–6min, 45–65% B at 6–7min, 65–12% B at 7–11min, and
the re-equilibration time of gradient elution was 2min. The
flow rate was 1.0mL/min. Detection was performed
at 250 nm.
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Cell culture and treatment

H9c2 cells were cultured in Dulbecco’s Modified Eagle
medium (Gibco BRL Co. Ltd., SanFrancisco, CA) supplemented
with 10% fetal bovine serum (Gibco BRL Co. Ltd.) in a
humidified atmosphere of 5% CO2 at 37 �C. The medium was
replenished every 2 days. H9c2 cells were divided into four
groups as follows: (i) control, (ii) ISO, cells were treated with
ISO (10lM) for 24 h, (iii) ISOþ PUE, cells were pre-incubated
with PUE (20 lM) for 0.5 h before treated with ISO (10 lM) for
24 h, and (iv) ISOþ PUE@PEG-PE, cells were pre-incubated
with PUE@PEG-PE (20 lM, PUE equivalent) micelles for 0.5 h
before treated with ISO (10lM) for 24 h. All assays were per-
formed in triplicate and repeated on three separately initi-
ated cultures.

Hoechst staining

H9c2 cells were seeded on sterile cover glasses placed in 24-
well plates and cultured in Dulbecco’s Modified Eagle
medium. Upon reaching 50–60% confluence, cells were
treated with the above drugs (ISO, ISOþ PUE, and
ISOþ PUE@PEG-PE). After treatment for 24 h, cells were fixed,
washed twice with PBS, and stained with Hoechst 33258
staining solution according to the manufacturer’s instructions
(Beyotime, Haimen, Jiangsu, China). Image capture and slide
evaluations were performed using a Nikon 80i fluorescence
microscope equipped with ACT-2 U imaging Software (Nikon,
Tokyo, Japan). Apoptotic cells were defined by the condensa-
tion of nuclear chromatin, fragmentation, or margination to
the nuclear membrane.

Caspase 3 activity assay

The activity of caspase 3 was determined by using a caspase
3 activity kit (Beyotime Institute of Biotechnology, China),
which is based on the ability of caspase 3 to change Ac-
DEVDpNA into the yellow formazan product, p-nitroaniline
(pNA). In brief, cells were resuspended in lysis buffer and left
on ice for 10min. The lysate was centrifuged at 20,000 g for
10min at 4 �C, and supernatants were incubated with 10 lL
caspase 3 substrate (Ac-DEVDpNA, 2mM) in the dark at 37 �C
for 1 h. The release of pNA was qualified with Multiskan
Spectrum (Thermo, Waltham, MA) at 405 nm. Caspase 3 activ-
ity was expressed as the fold of enzyme activity compared to
that of synchronized cells.

Western blotting

Proteins, extracted from cells with RIPA buffer, were sepa-
rated by 10% SDS/PAGE and then transferred to polyvinyli-
dene fluoride membranes. Membranes were blocked with
milk solution, followed by incubation with primary antibodies
overnight at 4 �C. The blots were then incubated with horse-
radish peroxidase (HRP)-coupled goat anti-mouse or goat
anti-rabbit secondary antibody (sc-2005, 1:2000, sc-2030,
1:5000; Santa Cruz, CA). The chemiluminescence signals were
detected with the EasySee Western Blot Kit (Beijing TransGen

Biotech, Beijing, China). Image J 1.43 (National Institutes of
Health, Bethesda, MD) was used for densitometric analysis.
Primary antibodies are shown as follows: anti-Bcl-2 (ab692,
1:1000, Abcam), anti-Bax (ab32503, 1:1000, Abcam) and anti-
GAPDH (ab9484, 1:1000, Abcam).

Cellular uptake experiment

C6 was generally used as a fluorescence probe incorporated
into nano-sized particles for observation of cellular uptake.
H9c2 cells were seeded into 12-well culture plates at
1.0� 105 cells per well and cultured for 24 h. Then incubated
with C6@PEG-PE micelles or C6 solution at an equivalent C6
concentration (0.1 lg/mL) in complete DMEM. After 2 and 4 h
incubation, cells were washed with PBS (pH 7.4) three times
to eliminate residual C6 outside the cells. After rinsing with
PBS, the cell nuclei were stained with DAPI. Fluorescence
intensities of C6 inside the cells were observed under fluores-
cence microscope qualitatively. C6 and DAPI showed green
and blue colorations, respectively.

Intracellular drug intake

To study the cellular uptake of PUE@PEG-PE micelles by H9c2
cells, the initial cell treatment was similar to the above cellu-
lar uptake experiment of C6@PEG-PE micelles. H9c2 cells
were incubated with PUE@PEG-PE micelles or free PUE solu-
tion at an equivalent PUE concentration (20 lM) in complete
DMEM. After 2 and 4 h incubation, 100lL of medium was
drawn. After centrifugation at 15,000 rpm for 5min, the
supernatant was transferred to an autosampler vial, and a
10 lL aliquot of the sample was injected into HPLC system.
The chromatographic separation was performed on a
Phenomenex Luna C18 column (4.6mm� 250mm, 5 lm) at a
column temperature of 35 �C. The mobile phase consisted of
(A) 0.2% aqueous phosphoric acid and (B) acetonitrile using a
gradient elution of 14–25% B at 0–6min, 25–30% B at
6–7min, 30–14% B at 7–11min, and the re-equilibration time
of gradient elution was 4min. The flow rate was 1.0mL/min.
Detection was performed at 250 nm.

Statistical analysis

The data was shown as the mean± standard derivation.
Pharmacokinetics parameters were obtained using the Drug
and Statistics (DAS) Version 3.3 software. Student’s t test was
used to assess differences and correlation between the
two groups.

Comparisons among multiple groups were assessed for
significance using one-way analysis of variance (ANOVA).
The statistical significance for all tests was at �p< .05
and ��p< .01.
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Results and discussion

Micelle formation, nanoparticle size, zeta potential,
and morphology

Amphiphatic polymer could self-assemble to form micelles in
an aqueous solution by filming-rehydration method. A trans-
parent reddish solution and Tyndall phenomenon is shown
in Figure 1(A) indicated that micelles were formed. Under
TEM, The morphology of PUE@PEG-PE micelles was illustrated
in Figure 1(B), presenting perfectly spheroidal shape and
approximately core–shell structure with small size (Tong
et al., 2011). This might be due to the interparticle electro-
static repulsion which may prevent the aggregation of the
vesicles and increase the stability of the dispersions (Hu
et al., 2014; Szilagyi et al., 2014). Average size of blank PEG-
PE micelles was 14.2 nm. PUE@PEG-PE micelles presented in
Figure 1(C) were found to be in size range of 16.0 nm. The
particle size of drug-loaded micelles was basically consistent
with that of empty micelles, which showed that the structure
of PEG-PE micelles was not disrupted by encapsulating PUE.
From another perspective, the hydrophobic interactions
among the PE moiety hold drugs together to form spherical
micelles with small size (Chen et al., 2016). In addition, the
size of this micelles was large enough to avoid being filtered
out by kidneys or absorbed and metabolized by liver, yet
small enough to evade the macrophage engulfment in the
RES (Wang et al., 2014). Therefore, the PUE@PEG-PE micelles
with the particle size of 16 nm could avoid rapid metabolism
and elimination and guarantee the stability and long

circulation time (Raza et al., 2016). Besides, zeta potential of
blank PEG-PE micelles and PUE loaded micelles was �27 and
�24.1 eV (Figure 1(D)), respectively. It has been reported that
the anionic surface of the nanosystem has better biocompati-
bility than the cationic surface (Cui et al., 2012).

Entrapment efficiency (EE%), drug loading (DL%), and
in vitro stability

The DL% and EE% for PUE@PEG-PE micelles were around 5.5
and 68.7%, respectively. PUE@PEG-PE micelles remained sta-
ble when stored as micelle suspension at 4 �C for 6weeks
and as a freeze-dried powder for 2months at �20 �C. Neither
decrease of drug content nor micelle size distribution
changes were observed during the storage period for either
the micelle suspension or the micelle powder after rehydra-
tion. This high drug loading efficiency and favorable stability
of PUE@PEG-PE micelles were attributed to the hydrophobi-
city of the drugs and the two fatty acid acyls of these
micelles in solubilizing and enclosing such lipophilic drugs
together (Abouzeid et al., 2014). Thus, PUE could not easily
escape into the aqueous phase during the self-assembling
process. As reported in previous literature, PUE@PEG-PE
micelles incubation in the presence of 10% FBS at 37 �C for
24 h showed no difference in average size (17.1 nm) or size
distribution (Roby et al., 2006). Micelles maintained the same
size and showed minimal PUE leakage, which permits to
hope that these micelles will be sufficiently stable in the
blood within the time intervals allowing for their

Figure 1. Characterization of PUE@PEG-PE micelles. (A) Transparent reddish solution and Tyndall phenomenon. (B) TEM photographs. (C) Size distribution. (D) Zeta
potential distribution.
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accumulation in the ischemic zone by the enhanced perme-
ation and retention effect (EPR) (Lukyanov et al., 2004; Dong
et al., 2017).

Core–shell structure of PEG-PE micelles

As shown in Figure 2(A-a), the PUE resonance peaks were
observed with characteristic peaks corresponding to alcohol
hydroxy protons (4.98, 5.03 ppm) and aromatic protons (6.81,
7.40 ppm). Blank PEG-PE micelles in D2O formed a shell struc-
ture. As can be seen in the spectrum of Figure 2(A-b), the
micelles shells consisting of PEG blocks indicated 1H NMR
resonance peaks at 3.51 ppm, while the resonances of the PE

core were hardly observed because of the insufficient mobil-
ity in D2O. Similar 1H NMR spectrum was observed in the
PEG-PE micelles encapsulating PUE in D2O. Only PEG reson-
ance peaks were detected in D2O whereas PUE peaks were
hardly observed. This result clearly confirmed the core–shell
structure of micelles (Figure 2(A-c)). When the core-shell
structure of PUE@PEG-PE micelles was disrupted in DMSO,
PUE was released into the surrounding medium, which was
confirmed by the peaks at 5.06 ppm (corresponding to alco-
hol hydroxy protons of PUE) and at 6.78 and 7.38 ppm (corre-
sponding to the aromatic protons of PUE) in the 1H NMR
spectra (Figure 2(A-d)). Taken together, these results clearly
demonstrated that PUE was intercalated into the PE core of

Figure 2. Core–shell structure of PUE@PEG-PE micelles. (A) The 1H NMR spectrum of (a) PUE, (b) blank PEG-PE micelle in D2O, (c) PUE@PEG-PE micelle in D2O, and
(d) PUE@PEG-PE micelles in DMSO. (B) FT-IR analysis of (e) PUE, (f) blank PEG-PE micelles, and (g) PUE@PEG-PE micelles.
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micelles as evident from the absence of peaks corresponding
to PUE when analyzed in D2O and their appearance when
micelles were disrupted in DMSO.

The drug entrapment into the inner core of PEG-PE
micelles was also confirmed by the analysis of FT-IR. Figure
2(B) showed the FT-IR spectra of PUE, blank PEG-PE micelles,
and PUE@PEG-PE micelles, respectively. The FT-IR spectra of
PUE@PEG-PE micelles was basically similar to that of blank
PEG-PE micelles. In contrast, the characteristic peaks of PUE
at 1058.77, 891.29, 797.41, and 737.10 cm�1 were hardly seen
in PUE@PEG-PE micelles. This result further indicated that
PUE was successfully entrapped into the hydrophobic PE
core of polymeric micelles.

In vitro release of PUE from PUE@PEG-PE micelles

Free PUE was released rapidly, more than 90% of the drug
has been released within the first 12 h. In contrast, PUE@PEG-
PE micelles exhibited a slight burst release during the first
16 h, followed by a slow and continuous release. Only
approximately 70% of PUE was slowly released from the
PUE@PEG-PE micelles even after 72 h (Figure 3(A)). These
results suggest that PUE@PEG-PE micelles show relatively low
leakage at 37 �C and pH 7.4. This kind of release profile is
desired to maintain a sustained high drug concentration at
the site of action. Since the PUE release is quite slow, it indi-
cates that the core of the PUE@PEG-PE micelles is stiff and
glassy (Torchilin, 2005), which confers less mobility to the
incorporated drug as compared to mobile cores (Gill et al.,
2011). Therefore, the PUE encapsulated in the inner core of
PEG-PE micelles was released in a sustained manner for long
circulation time.

Hemolytic assay

The PUE exhibited a dose-dependent hemolytic activity
which increased rapidly with the increase of PUE concentra-
tion. The hemolysis percentage of PUE reached 21.4% at the
PUE concentration of 1600lg/mL, whereas the hemolysis

percentage of PUE@PEG-PE micelles was consistently below
7.6% at PUE concentration varying from 12.5 to 1600 lg/mL
(Figure 3(B)). Thus, it can be inferred that PUE@PEG-PE
micelles had superiority in hemocompatibility and could be
regarded as suitable for intravenous administration. There
were two possible explanations for this phenomenon. PUE
could be almost entirely surrounded by PEG-PE. Thus, it
could luckily inhibit the interaction of RBCs with PUE by the
effect of steric shielding or coating of the core–shell structure
of PEG-PE micelles, which act as protective barrier against
the biological components (Shao et al., 2010). In addition,
PEG-PE micelles could also confer its excellent hemocompati-
bility upon PUE and its special characteristic of long-term
sustained release could also decrease the accumulation of
the high concentration of PUE (Liu et al., 2016). Therefore,
the risk of hemolytic activity of PUE may be reduced
dramatically.

Pharmacokinetics of PUE@PEG-PE micelles in rats

Plasma pharmacokinetics of the free PUE and PUE@PEG-PE
micelles were illustrated in Figure 4. The concentration of

Figure 3. In vitro study of PUE@PEG-PE micelles. (A): Release curve of PUE and PUE@PEG-PE micelles. (B): Hemolysis percentages of PUE and PUE@PEG-PE micelles
at PUE concentrations ranging from 12.5 to 1600 lg/mL, which were incubated with human red blood cells (RBCs) at 37 �C for 2 h (n¼ 3).

Figure 4. Blood concentration–time profiles in rats after intravenous adminis-
tration of PUE and PUE@PEG-PE micelles (n¼ 5).
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PUE in circulation decreased with time in healthy rats
injected with either PUE or PUE@PEG-PE micelles. PUE was
almost undetectable in rat plasma 180min after free PUE
injection, whereas appreciable PUE remained in the plasma
of rats treated with PUE@PEG-PE micelles even at 420min
after injection. These results showed that PUE was quickly
removed from the circulation system. The average value of
AUC0–1was 901,173 ± 10,494 ng/mL/min and the half-life
(t1/2) was about 22.7 ± 1.4min. Nevertheless, PUE@PEG-PE
micelles displayed a relatively slower and steadier drug-
release than PUE. PUE loaded in micelles resulted in a t1/2 of
73.2 ± 2.9min and AUC0–1 of 1,422,666 ± 44,079 ng/mL/min,
which was 3.2 times longer and 1.58 times higher than PUE,
respectively. These results further indicated the relatively
long persistence of PEG-PE micelles in plasma. This could be
explained by the fact that the PEG as the outer shell would
reduce the plasma protein adhesion and phagocytosis by
RES and produced a long retention in circulation (Gref et al.,
1994; Tang et al., 2014). This may help to improve the thera-
peutic efficacy of encapsulating PUE in micelles (Wang
et al., 2016).

Protective effect of PUE@PEG-PE micelles against
ISO-induced H9c2 cells apoptosis

To assess the protective effect of PUE@PEG-PE micelles
against ISO-induced H9c2 cells apoptosis, Hoechst 33258
staining was performed. As shown in Figure 5(A,B), ISO
increased the number of Hoechst positive cells with con-
densed and fragmented fluorescent nuclei, which was inhib-
ited by pretreatment with PUE or PUE@PEG-PE micelles.
Moreover, compared with PUE, pretreatment with PUE@PEG-
PE micelles can further decrease the Hoechst positive cells.

Since increased caspase 3 activity and abnormal expres-
sion of apoptosis-related proteins have been shown to play
key roles in cells apoptosis, caspase 3 activity and apoptosis-
related protein expression (Bcl-2 and Bax) were determined
(Li et al., 2009; Ruan et al., 2012; Peng et al., 2015; Ouyang
et al., 2016). Results showed that ISO induced the increase of
caspase 3 activity, Bax expression, and decrease of Bcl-2
expression. Both PUE and PUE@PEG-PE micelles inhibited the
effect of ISO, and PUE@PEG-PE micelles exhibited stronger
effect than PUE (Figure 5(C,D)). These results collectively
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Figure 5. Protective effect of PUE@PEG-PE against ISO-induced H9c2 cells apoptosis. (A, B) Hoechst 33258 staining; (C) Caspase 3 activity; (D) Apoptosis-related pro-
tein (Bcl-2 and Bax) expression. Date are mean ± SEM (n¼ 3). (�p< .05, ��p< .01).
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suggested that PEG-PE micelles can enhance the protective
effects of PUE against ISO-induced H9c2 cells apoptosis.

Cellular uptake of micelles

Fluorescence microscope images indicating cellular uptake of
micelles in H9c2 cells was presented in Figure 6. H9c2 cells
treated with C6 loaded PEG-PE (C6@PEG-PE) micelles, fluores-
cent intensity appeared to increase with incubation time
ranging from 2 to 4 h, whereas no detectable amount of free
C6 as indicated by the fluorescent intensity was present in
the cell, this result indicated that free C6 was taken up less
by H9c2 cells. Similar results have been observed in other lit-
erature reports, highly hydrophobic chemicals (e.g. C6) are
difficult to enter into cells in an aqueous medium unless a
high content of DMSO included in the medium (Rivolta et al.,
2011; Hu et al., 2017). After entrapment in PEG-PE micelles,
C6 was more likely to be taken up by cells, and intracellular
fluorescence intensity was significantly higher than that in
the C6 solution. In addition, after 4 h incubation, Figure 6
also showed a high degree of co-localization of C6 in the
cells with micelles distributing around the nucleus. These
results suggested that PEG-PE micelles can be internalized by
H9c2 cells and could also deliver more drugs into the living
cells (Xu et al., 2017). The possible reason is that owing to
the surface-active property of amphiphilic nature, PEG-PE
micelles insert into the cell membrane, induce an increase in
the mobility of cell membrane and accelerate the flip of C6
across the membrane (Demina et al., 2005). Higher mem-
brane fluidity of H9c2 cells after incubation with PEG-PE
micelles is powerfully helpful for encapsulating drug traffick-
ing across the cell membrane.

To confirm whether the enhanced anti-apoptotic effect of
PUE@PEG-PE micelles was due to the more drugs trafficking

across the cell membrane. Taking into account that intracel-
lular drug concentration detection is relatively difficult, and
the need to use the sophisticated and expensive LC/MS-MS.
The PUE concentration in the extracellular medium was
measured. The initial drug concentration minus the extracel-
lular drug concentration can reflect the intracellular drug
concentration. As shown in Supplementary Figure S1. Overall,
the concentration of extracellular drugs in both groups
showed a decreasing trend over time, indicating that the
reduced drug entered into the H9c2 cells. The concentration
of extracellular drugs in the PUE@PEG-PE micelles was signifi-
cantly lower than that in the PUE. These results indicated
that more drugs were carried by the PEG-PE micelles and
transported into the H9c2 cells. With the increase of intracel-
lular drug concentration, the efficacy will be increased
accordingly, and this may explain why the PEG-PE micelles
encapsulating PUE have an enhanced anti-apoptotic effect
compared with free PUE in vitro.

Conclusions

In the present study, PEG-PE micelles were able to effectively
encapsulate PUE with entrapment efficiency of 68.7% in
nanoparticle size range (16 nm). The in vitro release studies
indicated a sustained release potential of the PEG-PE
micelles. Pharmacokinetic studies in SD rats suggested the
extended circulation time and improved bioavailability of
the PUE@PEG-PE micelles. Compared with the free PUE,
PUE@PEG-PE micelles exhibited better protective effect
against ISO-induced H9c2 cells apoptosis, which may be
attributed to the high cellular uptake ability of PEG-PE
micelles as confirmed by the comparative study of free C6
and C6@PEG-PE micelles. The results of the extracellular drug
concentration test also indirectly confirmed that intracellular

C6@PEG-PEC6

4 h

C6@PEG-PEC6

2 h

Fluo

DAPI

Merge

Figure 6. Cellular uptake of C6 and C6@PEG-PE micelles incubation in H9c2 cells at different time. Green shows C6 or C6@PEG-PE micelles, Blue indicates the
cell nucleus.
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drug concentration of the PUE@PEG-PE micelles was signifi-
cantly higher than that of the PUE. These results collectively
indicated that the PEG-PE micelles were promising nanocar-
riers for efficient delivery of cardiovascular drugs and other
therapeutic agents. In view of the night attack of cardiovas-
cular disease, abnormal apoptotic necrosis of cardiomyocytes
often happens, it is particularly important to maintain effect-
ive blood concentrations for a longer period of time.
PUE@PEG-PE micelles with the advantage of slow release and
excellent anti-apoptotic effect may lay the experimental
foundation for solving these problems. In addition, this sus-
tained-release delivery system can also reduce the number of
administrations, especially for chronic cardiovascular diseases
requiring long-term medication. Further study on drug effi-
cacy and safety of PUE@PEG-PE micelles was underway to
evaluate whether the superior anti-apoptotic effect and bet-
ter pharmacokinetic profile of PUE were sufficient for the
treatment of cardiovascular diseases. Specifically, an estimate
of the required dose of the drug and how much micelles
would be needed for a specific cardiovascular disease should
be based on a large number of preclinical and clinical data.
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