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The objective of this study is to improve the bioavailability of genistein by encapsulation with polyethylene glycol-polylactic acid
(PEG-PLA) copolymers. Genistein micelles (GMs) prepared using a modified emulsion-evaporation method were more stable
than those made with the original method. The effect of polyvinyl alcohol, Tween 80, sonication time, PEG-PLA/genistein ratio,
and organic phase (acetone)/H2O ratio on the size, polydispersity index, encapsulation efficiency, and drug loading efficiency of
GMs was investigated. GMs were obtained and characterized under optimal experimental conditions. For long-term storage,
GMs were lyophilized by freeze drying with trehalose to produce genistein lyophilized powder (GLP). The analysis of GLP by
Fourier-transform infrared spectroscopy and differential scanning calorimetry showed that genistein was successfully
incorporated into the micellar structure. In vitro release experiments revealed that the incorporation of genistein into PEG-PLA
copolymers significantly improved its solubility and bioavailability. GLP was more potent in inhibiting the proliferation of HSC-
T6 cells than genistein. Treatment with GLP at 10–20μg/mL for 48 h significantly inhibited the protein expression of α-smooth
muscle actin and collagen I in HSC-T6 cells compared with the control. These data demonstrated that the improved solubility
and bioavailability of genistein in the form of GLP enhanced its antifibrotic effect in vitro.

1. Introduction

Genistein (4′,5,7-trihydroxyisoflavone; Figure 1) is a phyto-
estrogen found in several plants, including soybean, peanut,
the roots of Subprostrate sophora, and pods of the pagoda
tree Sophora japonica Linn. The beneficial effects of this com-
pound include antioxidation, cell cycle arrest, induction of
apoptosis, and inhibition of both angiogenesis and cancer
metastasis [1, 2]. Genistein can maintain its antioxidant
activity at 70°C and pH7.0 for over 20 days [3] and modu-
lates multiple signaling pathways, including Nrf2, MAPK,
and NF-κB [4–6]. Genistein is highly soluble in ethanol,
methanol, and dimethyl sulfoxide, but poorly soluble in
water (1.43μg/mL), which is the main cause of the low bio-

availability of this compound, limiting its potential therapeu-
tic use [7–10].

Nanotechnology has allowed incorporating new pharma-
ceuticals into different types of nanoparticles (liposomes and
emulsions) and improving drug properties, particularly solu-
bility and bioavailability [11–15]. Nanoparticles are prepared
using a variety of polymers, including hydrophilic polyethyl-
ene glycol (PEG), hydrophobic polylactic acid (PLA), and
amphiphilic PEG-PLA block copolymers [16]. Several copol-
ymers have been used as nanoparticle carriers. For instance,
aqueous-core PEG-coated PLA was used to entrap gemcita-
bine hydrochloride, PLA-PEG-PLA with lisinopril was syn-
thesized in the presence of dicyclohexylcarbodiimide and
dimethylaminopyridine, and micelles with different PLA :
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PEG ratios are used as carriers of hydrophobic drugs [17–21].
PLA-PEG is reported to be safe for humans [22] and has been
shown to improve the bioavailability and maintain the anti-
cancer properties of curcumin [23]. Furthermore, PEG-PLA
promotes the sustained release of recombinant human
growth hormone for more than 1 month [24]. PEG is widely
used in pharmacological applications [25].

We previously reported that genistein attenuated the
activation of hepatic stellate cells (HSCs) induced by fibro-
genic cytokines [26]. Liver fibrosis progression is associated
with HSC activation, number of activated HSCs, and abnor-
mal production of extracellular matrix proteins. Therefore,
inhibiting HSCs is a therapeutic strategy for managing liver
fibrosis [27, 28].

This study evaluated the effect of genistein micelles
(GMs) produced with PEG-PLA on the solubility and
bioavailability of hydrophobic genistein molecules and
assessed the ability of GMs to inhibit the activation of HSCs
in vitro. Preliminary data showed that encapsulated genistein
had better bioavailability and a higher antifibrotic effect in
cultured cells.

2. Material and Methods

2.1. Materials. PEG-PLA block copolymers (PEG 5% (Mw of
5000) and PLA 95% (Mw of 45000)) were synthesized by
Xi’an Ruixi Biomaterial Co. Ltd. (Xi’an, China). Genistein
(98.25%) was supplied by Nanjing Zelang Biotechnology Co.
Ltd. (Nanjing, China). Microporous membranes (0.8μm)
were purchased from Tianjin Jinteng Experiment Equipment
Co. Ltd. (Tianjin, China). Dialysis bags (8000–12000kDa)
were purchased from Beijing Solarbio Science & Technology
Co. Ltd. (Beijing, China). Polyvinyl alcohol (PVA) 1799 (Mw
of 75514) was purchased from Chengdu Kelong Chemical
Co. Ltd. (Chengdu, China). All commercial chemicals and
reagents were of analytical grade (purity > 98%).

2.2. Preparation of GMs. GMs were prepared using two
methods. In the original emulsion-evaporation method [17,
18, 29, 30], PEG-PLA, genistein, and Tween 80 were dis-
solved in acetone, and the solution was mixed with 0-
15mg/mL PVA solution or double-distilled water (DDW)
and stirred at 800 rpm. The mixture was sonicated using an
ultrasonic cell disruptor on ice for 0, 4, 8, 16, or 24min. Ace-
tone was removed by evaporation with magnetic stirring for
8 h at room temperature to obtain GMs.

In the modified method, the mixture was autoclaved at
121°C for 20min. Nonencapsulated genistein was removed
by filtration through 0.8μm nitrocellulose membranes.
GMs were found in the filtrate. Blank micelles (BMs) were

prepared under the same experimental conditions in the
absence of genistein. The emulsions were lyophilized in a
vacuum freeze drier (LGJ-10E, Beijing Sihuan Scientific
Instrument Factory) using trehalose as cryoprotectant.
Briefly, 10% trehalose was added and dissolved in GMs or
BMs after prefreezing overnight at –60°C and freeze drying
for 8 h, and GLP and blank lyophilized powder (BLP, blank
micelles after freeze drying) were obtained. Micelles without
trehalose were prepared under the same experimental condi-
tions and were used as a control.

2.3. Characterization of GMs. The stability of GMs prepared
using the two emulsion-evaporation methods was analyzed
after storage at 4°C for 7 days.

The size and zeta potential of GMs were measured in
three independent experiments on a Zetasizer Nano ZS90
(Malvern Instruments, Malvern, UK) at room temperature
using 1mL of each emulsion, according to the manufac-
turer’s instructions.

The morphology of GMs was analyzed by transmission
electron microscopy (TEM) (HITACHI H-500, Tokyo).
Briefly, the samples were added to carbon-coated copper
grids and examined at an acceleration voltage of 100 kV.

The weight of genistein in micelles was determined by
high-performance liquid chromatography (HPLC) (Agilent
1260, USA). The total amount of genistein in the system (free
and encapsulated) was quantified using the following method:
GMs were dissolved in DDW, diluted in methanol, and
filtered through 0.22μm nitrocellulose membranes. Genistein
(10μL) was separated on a Syncronis C18 column (5μm, 4:6
mm× 250mm, Thermo Fisher Scientific, Waltham, MA,
USA) guarded with a precolumn at 30°C, at a flow rate of
1.0mL/min, and UV detection at 262nm. The mobile phase
consisted of 0.1% phosphoric acid in 70% methanol [31].
The encapsulation efficiency (EE) and drug loading efficiency
(DLE) were calculated using the following formulas:

EE %ð Þ = m1
m0

× 100%,

DLE %ð Þ = m1
m2 +m0

× 100%,
ð1Þ

where m0 is the weight of total genistein, m1 is the weight of
genistein in GMs, and m2 is the weight of PEG-PLA.

2.4. Characterization of Genistein Lyophilized Powder (GLP).
GLP samples previously lyophilized from 2mL of GMs were
dissolved in 2mL of DDW.

The size and zeta potential of GLP were measured in
three independent experiments on a Zetasizer Nano ZS90
(Malvern Instruments, Malvern, UK) at room temperature
using 1mL of each emulsion, according to the manufac-
turer’s instructions [32].

The morphology of GMs was analyzed by TEM (HITA-
CHI, H-500, Tokyo). The samples were added to carbon-
coated copper grids and examined at an acceleration voltage
of 100 kV.

The solubility of GLP was measured in six dilutions. A
volume of 0.2, 0.3, 0.4, 0.5, 1.0, or 2.0mL of DDW was added
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Figure 1: Chemical structure of genistein.
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to each of the six GLP samples, respectively, previously
lyophilized from 2mL of GMs.

The structure of genistein, GLP, BLP, and genistein+BLP
was examined by Fourier-transform infrared spectroscopy
(FTIR) (Nicolet, NEXUS470, USA) using KBr pellets in the
wavelength range of 400 to 4000cm-1 at a resolution of 4cm-1.

The thermal analysis of genistein, GLP, and BLP was
performed by differential scanning calorimetry (DSC)
(PerkinElmer, DSC6200, USA). Samples were hermetically
sealed in an aluminum pan under nitrogen at a heating rate
of 10°C/min and a temperature range of 25°C to 600°C.

2.5. In Vitro Release Study. A suitable medium for the in vitro
release of genistein was selected using the shake-flask
method. The release of genistein from GLP was evaluated
using dialysis bags (MWCO of 8000–12000 kDa) [3]. Briefly,
1875mg of GLP (containing 1.5mg of genistein) or 1.5mg of
free genistein (control sample) was added to 15mL of DDW
and dialyzed in 150mL of PBS containing Tween 80
(2.75mg/mL) under stirring at 100 rpm and 37°C in an
incubator shaker (Crystal, IS-RDD3, USA). At 5min,
15min, 30min, 1 h, 2 h, 5 h, 8 h, 24 h, 48 h, and 72 h, 1mL
of dialysis medium was collected, and the volume was
replaced with fresh medium. Genistein in the eluate was puri-
fied by filtration through 0.22μm nitrocellulose membranes
and quantified by HPLC.

2.6. Cell Culture and Treatment. The immortalized rat
hepatic stellate cell line HSC-T6 (KCB 200703YJ) was pur-
chased from the Chinese Academy of Science (Kunming,
China). Cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin (Gibco, USA). Cultures were
incubated in an atmosphere of 5% CO2 at 37°C. BLP and
GLP were dissolved in 2mL of complete growth medium at
a concentration of 80μg/mL. Genistein was dissolved in
dimethyl sulfoxide (DMSO) to yield a stock solution of
5mg/mL and further diluted in complete medium. The
DMSO concentration in the assay was less than 0.1%.

2.7. Measurement of Cell Toxicity Using the MTT Assay. The
viability of HSC-T6 cells was assessed using the MTT prolifera-
tion assay, as described previously [33]. For this purpose, 1 ×
104 cells in 100μL of culture medium were seeded in each well
of a 96-well culture plate, incubated in a CO2 incubator at 37

°C
overnight, and treated with different concentrations of BLP,
genistein, or GLP (0.3125, 0.625, 1.25, 2.5, 5, 10, 20, 40, and
80μg/mL) for 24, 48, and 72h. Each treatment was performed
in quadruplicate. After that, 20μL of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT, Solarbio, China)
solution (5mg/mL) was added per well, and the plates were
incubated for 4h at 37°C. The supernatants were discarded,
and blue formazan crystals were dissolved in 200μL of
DMSO (FUYU, Tianjin, China) in each well and stirred for
10min at room temperature. The optical density was read
at 570nm in a microplate reader (Tecan, Switzerland) using
DMSO as a blank. The experiments were repeated indepen-
dently three times.

2.8. RNA Extraction and Semiquantitative PCR.HSC-T6 cells
(8 × 104/well) were seeded onto 6-well plates for 16h until they
reached 50% confluence. The antifibrotic activity of BLP, genis-
tein, and GLP was assessed by PCR andWestern blotting. Cells
were treated with four concentrations of each nanoparticle (0, 5,
10, and 20μg/mL) for 48h and analyzed for viability.

Total mRNA was extracted using the RNeasy Mini Kit
(Takara, Japan). All RNA samples were treated with gDNA
Eraser (Takara, Japan) to remove residual genomic DNA
contamination before the reverse transcription of total
RNA to cDNA. Reverse transcription was performed using
the PrimeScript RT reagent Kit (Takara, Japan) as per the
manufacturer’s instructions. Semiquantitative PCR was
performed in a thermal cycler (German Biometra) in 25μL
reactions containing 1μL of cDNA, 1μL of forward and
reverse primers (10μmol/L), 12.5μL of Green Taq Mix
(Takara, Japan), and 10.5μL of RNase-free H2O. The ampli-
fication conditions consisted of an initial denaturation step at
95°C for 5min, followed by 30 amplification cycles (95°C for
15 s, 55°C for 20 s, and 72°C for 30 s) and a final extension
cycle at 72°C for 5min. The relative intensity of the signals
was quantified by densitometric analysis (Bio-Rad, United
States). Semiquantitative PCR was performed in triplicate and
repeated independently three times, and gene expression was
normalized against the housekeeping gene glyceraldehyde-3
phosphate dehydrogenase (GAPDH). The primer sequences
are listed in Table 1. The amplification products were separated
on 2% agarose gels, stained with the GelRed dye, and semiquan-
tified by densitometry using ImageJ software version 1.47.

2.9. Western Blot Analysis. Whole cells were lysed in cold
RIPA buffer (Beyotime, China) containing 1mM phenyl-
methanesulfonyl fluoride (Solarbio, China) for 30min on ice.
The lysates were centrifuged at 12000 rpm for 15min at 4 °C,
and the supernatant was quantified using the Pierce bicincho-
ninic acid (BCA) protein assay kit (Takara, Japan). All samples
weremixed with 4× loading buffer (Solarbio, China), heated in
a boiling water bath for 5min, and stored at –80°C until use.
Thirty micrograms of proteins was separated on a 12% SDS-
polyacrylamide gel and transferred to polyvinylidene fluoride
membranes (Millipore, Billerica, USA). The membranes were
blocked with 5% skim milk in Tris-buffered saline and Tween
20 (TBST) (10mM Tris-HCl, 150mM NaCl, 0.1% Tween 20,
and pH7.5) at room temperature for 1h and incubated with
primary antibodies overnight at 4°C. The membranes were
washed with TBST and incubated with a secondary antibody
for 1h at room temperature. After that, the membranes were
washed with TBST six times for 5min, and proteins were visu-
alized with the SuperSignalWest Pico Chemiluminescence Kit
(Thermo Scientific, USA) and quantified with ImageJ software
using GAPDH as a control. The antibodies used were anti-α-
smooth muscle actin (α-SMA) (1 : 1000, Abcam, USA), anti-
GAPDH (1 : 1000, ZSGB-BIO, China), HRP-conjugated goat
anti-rabbit IgG, and goat anti-mouse IgG (1 : 5000, ZSGB-
BIO, China).

2.10. Statistical Analysis. The results were expressed as
mean ± SEM. Data were processed using Origin software ver-
sion 8.0. Statistical analysis was performed using one-way
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analysis of variance followed by a multiple comparison test
for multiple experimental groups. The level of significance
was set at P < 0:05.

3. Results

3.1. Physical Stability of GMs.GMs prepared using the original
emulsion-evaporation method contained white precipitates
(probably genistein) on day 3 after preparation, and the pre-
cipitates were insoluble in water even after stirring for 5min
(Figure 2(a)). In contrast, GMs made using the modified
method (with an autoclave step) presented a blue color due
to the Tyndall effect (Figures 2(b) and 2(d)) and were stable
for at least 7 days at 4°C. Therefore, the modified method
was selected for subsequent experiments.

Autoclaving is commonly used to sterilize medical
devices and pharmaceutical preparations, which are stable
at operating conditions (high temperature and pressure).
Gellan and hyaluronan nanohydrogels have been prepared
using a single step and sterilized by autoclaving [34]. The
antibacterial activity of nisin nanoparticles was increased
after autoclave treatment, and it is likely that micelles self-
assemble under this treatment. In addition, emulsions are
more stable under sterile conditions than under nonsterile
conditions.

3.2. Synthesis and Characterization of GMs. It was reasonable
to assume that the concentration of PVA and Tween 80,
sonication time, PEG-PLA/genistein ratio, and organic phase
(acetone)/H2O ratio may affect the characteristics of GMs.
Therefore, experiments were conducted to investigate the
potential effects of individual factors on the formation of
micelles and their characteristics, including size, polydisper-
sity index (PDI), EE, and DLE. These assays were conducted
to identify optimal conditions for synthesizing micelles with
improved characteristics.

PVA at 10 and 15mg/mL had a significant influence on
the diameter of GMs when compared to the control (without
PVA) (Figure 3(a)). The micelle diameter was gradually
increased as PVA concentration increased from 0 to
15mg/mL, suggesting that PVA helped form the PEG-PLA

micellar core and increased its diameter. In contrast, PVA
had no significant impact on EE and DLE at this concentra-
tion range (Figure 4(a)). Previous studies have shown that
2–10% PVA can serve as stabilizers during the synthesis of
estrogen-containing nanoparticles using an emulsification-
diffusion method (w/v). PVA stabilizes emulsions by adsorb-
ing to their surface [35]. In our study, PVA may have
adsorbed to the surface of polymeric micelles. Using the
modified emulsion-evaporation method, PVA increased the
size of GMs but did not increase EE and DLE; therefore,
PVA was not used in the synthesis protocol. PVA may
increase the GM diameter being incorporated into the
micellar structure.

The GM diameter decreased whereas EE and DLE
increased as the concentration of the nonionic surfactant
Tween 80 increased (Figures 3(b) and 4(b)). These results
agree with previous studies [36, 37] and indicate that Tween
80, which is widely used as a wetting agent, emulsifier,
lubricant, and diffusion agent in pharmaceutical excipients,
may help form GMs.

Sonication time did not affect GM diameter (Figure 3(c)),
which is not consistent with a previous study [38], and did
not significantly affect EE and DLE, except at the time point
24min (Figure 4(c)). The slight decrease in EE at 16 and
24min was probably due to drug release from GMs after
extended sonication. The concentration of Tween 80 affected
the GM diameter more strongly than other factors.

When measured in the narrow range from 16 : 8 to 16 : 2,
the PEG-PLA/genistein weight ratio did not seem to alter the
GM diameter (Figure 3(d)). However, in this range, the

Table 1: Gene primers used in semiquantitative PCR.

Genes Nucleotide sequence (5′–3′) Product size
(bp)

GAPDH

GACATGCCGCCTGGAGAAAC
(forward)

181
AGCCCAGGATGCCCTTTAGT

(reverse)

α-SMA

CAGGGAGTGATGGTTGGAAT
(forward)

108
GATGATGCCGTGTTCTATCG

(reverse)

Collagen
I

ATCTCCTGGTGCTGATGGAC
(forward)

109
GCCTCTTTCTCCTCTCTGACC

(reverse)

a b

c d

Figure 2: Genistein micelles (GM) subjected to high temperature
and pressure remained in suspension (b), whereas GM not
subjected to this treatment coalesced and formed a white
precipitate (a). GM suspension stability was estimated by the
Tyndall effect (c, d).
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Figure 3: Effects of polyvinyl alcohol (PVA) concentration (a), Tween 80 concentration (b), sonication time (c), PEG-PLA/genistein ratio (d),
and organic/H2O ratio (e) on the size and polydispersity index (PDI) of genistein micelles (n = 3,mean ± SD, ∗P < 0:05, ∗∗P < 0:01 compared
with the first time point).
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higher ratio decreased DLE and increased EE (Figure 4(d)),
indicating that genistein was a rate-limiting factor for DLE
and EE. Moreover, different organic (acetone)/H2O ratios
had no significant impact on the micellar diameter, EE, and
DLE (Figures 3(e) and 4(e)). Under the experimental condi-
tions of this study, PDI was lower than 0.3, indicating that the
micellar size was homogeneous. No individual parameter
seemed to have any significant influence on PDI.

Based on these data, new batches of GMs were synthe-
sized using the optimized parameters (Tween 80 concentra-
tion of 2.75mg/mL, PEG-PLA/genistein ratio of 16 : 2, no
PVA, and no sonication). GMs had an average diameter of
68:58 ± 1:32nm (Figure 5(a)), PDI of 0:12 ± 0:01, zeta poten-

tial of –15:12 ± 0:78mV (Figure 5(b)), EE of 95:74 ± 3:20%,
and DLE of 10:63 ± 0:36%. The concentration of genistein
in micelles was 79.78μg/mL, and solubility was 55.79 times
higher than that of genistein dissolved in water.

TEM showed that GMs had a relatively homogeneous
morphology, with an electronically less dense core presum-
ably loaded with genistein molecules (Figures 5(c) and
5(d)). The average GM diameter on TEMwas consistent with
that found on Zetasizer Nano ZS90 (approximately 60 nm).
BMs and GMs appeared as fluffy hollow structures on TEM.

3.3. Characterization of GLP. For long-term storage, GMs
were lyophilized by freeze drying with 10% (v/v) trehalose.
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Figure 5: Characterization of genistein micelles (GMs). (a) Particle size distribution of GMs. (b) Zeta potential of GMs. (c) Morphology of
blank micelles on transmission electron microscopy (TEM). (d) Morphology of GMs on TEM.
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Trehalose was selected as a cryoprotectant for freeze drying
to prevent micelles from coalescing and improve powder
solubilization in water. GMs without this cryoprotectant
coalesced during freeze drying and did not dissolve in water.

The average size, PDI, and zeta potential of water-
suspended GLP was 163:30 ± 0:70nm (Figure 6(a)), 0:26 ±
0:0095, and –12:10 ± 0:53mV, respectively (Figure 6(b)).
The micellar structure of water-suspended BLP and GLP
appeared to be intact under TEM (Figures 6(c) and 6(d)).

We next assessed GLP solubility in water at room
temperature (Figure 7). GLP lyophilized from 2mL of GMs
in the leftmost vial (Figure 7(a)) was completely dissolved
in 0.2mL of DDW, showing a slightly blue color, and genis-

tein concentration (797.80μg/mL) was 556.90 times higher
than that of genistein dissolved in water (1.43μg/mL).

The FTIR spectra of genistein, BLP, GLP, and genis-
tein+BLP are shown in Figure 8. The major characteristic
peaks of genistein were 840.38 cm-1 (benzene ring C-H
flexural vibration), 1204.18 cm-1 (C-O stretching vibration),
1519.72 cm-1 and 1615.11 cm-1 (benzene ring skeletal
vibration), and 1652.12 cm-1 (C=O stretching vibration).
The absorption peaks at 840 cm-1 (C-C stretching vibration),
1200 cm-1 (C-O stretching vibration), and 1650 cm-1 (C=O
stretching vibration) can be attributed to the presence of
PEG-PLA, trehalose, and Tween 80 in BLP, GLP, and
genistein+BLP.
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Figure 6: Characterization of genistein lyophilized powder (GLP). (a) Size distribution of GLP. (b) Zeta potential of GLP. (c) Morphology of
blank lyophilized nanoparticles on transmission electron microscopy (TEM). (d) Morphology of GLP on TEM.
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For BLP, the peaks at 846.62 cm-1 (C-C stretching
vibration), 1211.23 cm-1 (C-O stretching vibration), and
1646.98 cm-1 (C=O stretching vibration) correspond to the
structural vibration of PEG-PLA, trehalose, and Tween 80,
respectively. In GLP spectra, the peak at 840.98 cm-1 may
correspond to C-C stretching vibration in PEG-PLA, treha-
lose, or Tween 80, or benzene ring C-H flexural vibration in
genistein; 1213.48 cm-1 was due to C-O stretching vibration
in PEG-PLA, trehalose, and genistein; 1531.39 cm-1 and
1640.75 cm-1 may be derived from benzene ring skeletal vibra-
tion in genistein; and the absorption peak at 1658.92 cm-1 may

originate from C=O stretching vibration in PEG-PLA, treha-
lose, Tween 80, and genistein. In genistein+BLP spectra, the
peak at 841.92 cm-1 may be due to C-C stretching vibration
in PEG-PLA, trehalose, and Tween 80; and 841.92 cm-1 may
originate from a benzene ring C-H flexural vibration in
genistein; 1204.63 cm-1 was derived from C-O stretching
vibration in PEG-PLA, trehalose, Tween 80, and genistein;
1518.73 cm-1 and 1614.08 cm-1 can be attributed to benzene
ring skeletal vibration in genistein; and 1652.61 cm-1 may be
derived from C=O stretching vibration in PEG-PLA, treha-
lose, and genistein.

 A B C D E F

Figure 7: Solubility of genistein lyophilized powder (GLP). GLP lyophilized from 2mL of genistein micelles was dissolved in 0.2mL (a),
0.3mL (b), 0.4mL (c), 0.5mL (d), 1.0mL (e), and 1.5mL (f) of water, respectively.
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Figure 8: FTIR spectra of (a) genistein, (b) blank lyophilized powder (BLP), (c) genistein lyophilized powder, and (d) genistein + BLP.
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In GLP spectra, the absorption peak of benzene ring
skeletal vibration in genistein, 1519.72 cm-1, may be shifted
to 1531.39 cm-1, and 1615.11 cm-1 may be shifted to
1640.75 cm-1. The other characteristic peaks of genistein,
840 cm-1, 1200 cm-1, and 1650 cm-1, may disappear or over-
lap with those of PEG-PLA and trehalose after encapsulating
genistein into PEG-PLA scaffolds. These absorption shifts
suggest that genistein may have been successfully incorpo-
rated into the micellar structure.

DSC was performed on genistein, BLP, and GLP to
obtain dynamic thermal signatures (Figure 9). An endother-
mic peak for genistein was observed at 307.1°C, indicating the
presence of genistein (Figure 9(a)). A BLP signature
consisted of a first endothermic peak at 100.2°C and a second
endothermic peak at 284.67°C (Figure 9(b)). The DSC signa-
ture for GLP had a first peak at 101.2°C and a second peak at
281.67°C. It is of note that the endothermic peak at 307.1°C
for genistein was not found in GLP (Figure 9(c)), indicating
the amorphous state of genistein in GLP [11].

3.4. Release of Genistein In Vitro. A solubility study was
conducted to select an appropriate aqueous medium for the
in vitro release of genistein. The solubility of genistein was
improved by Tween 80 (Table 2). According to the sink
conditions, the required volume of medium was two to four
times lower than that required for drug saturation, and the
required medium volume for drug release was calculated.
PBS containing 2.75mg/mL Tween 80 was selected as the
aqueous medium to reduce methodological errors.

The release profile of genistein fromGLP was determined
using genistein as a control in a dialysis buffer containing
150mL of PBS and Tween 80 (2.75mg/mL) at 37°C with
shaking at 100 rpm. The concentration of genistein in the
medium increased over time, indicating its continuous
release from GLP and the control sample; however, the
release from GLP was faster (Figure 10). At 24h and 48h,
93.76% and 100% of genistein was released from GLP,

respectively, vs. 28.76% and 42.10% of genistein from the
control sample, respectively. At 72h, 55.69% of genistein
was released from the control sample. The half-life of the
control sample and GLP at 37°C was approximately 70h
and 5h, respectively. These results demonstrate that encap-
sulated genistein is readily released from nanoparticles, and
the incorporation of hydrophobic genistein into PEG-PLA
copolymers significantly improved its solubility and
bioavailability.

The release profiles were fitted using different model
equations, including zero order, first order, and Higuchi,
and the regression coefficient (r2) was calculated (Table 3).
The profiles followed first-order kinetics.

3.5. Effect of GLP on Cell Viability. The effect of BLP,
genistein, and GLP (as equivalents of genistein concentra-
tion) on the viability of HSC-T6 cells was evaluated using
the MTT assay. Treatment with genistein or GLP at concen-
trations lower than 20μg/mL for 24 h did not significantly
affect cell viability, whereas genistein or GLP at 80μg/mL
for 24 h reduced cell viability significantly (Table 4). At
48 h, the toxicity of GLP at 40 and 80μg/mL was significant
(Table 5). At 72 h, genistein was toxic to these cells, whereas
the minimum GLP concentration that caused toxicity was
40μg/mL (Table 6). BLP did not significantly inhibit the
growth of HSC-T6 cells at concentrations higher than
80μg/mL and treatment periods longer than 72h.

Treatment with 40–80μg/mL of GLP for 24 h signifi-
cantly decreased cell viability. Moreover, 40–80μg/mL of
GLP affected viability more strongly than 40μg/mL of genis-
tein. Treatment with 1.25–80μg/mL of genistein for 48 h,
2.5–80μg/mL of GLP for 48h, or 5–80μg/mL of genistein
or GLP for 72 h significantly reduced cell viability.

The IC50 values of GLP at 24h, 48 h, and 72 h after
treatment were 22.23, 11.58, and 7.48μg/mL, respectively,
whereas the IC50 values of genistein were 52.46, 14.13, and
8.35μg/mL, respectively (Tables 5 and 6).

Based on these results, subsequent experiments were
performed at a concentration ranging from 0 to 20μg/mL
and a treatment period of 48 h.

3.6. Effects of GLP on HSC-T6 Cell Activation. We evaluated
the effect of BLP, genistein, and GLP on the transcription
of α-SMA (a representative fibrotic marker) and collagen
I in HSC-T6 cells. GLP at 10–20μg/mL significantly
decreased the mRNA expression of these genes, whereas
20μg/mL of genistein suppressed the transcription of
collagen I. BLP at 20μg/mL slightly inhibited the transcrip-
tion of these genes, which could be due to the presence of
trehalose in this formulation; however, no current evidence
substantiates this hypothesis. GLP at 10 and 20μg/mL
(especially 20μg/mL) suppressed gene expression more
strongly than the corresponding concentrations of genistein
(Table 7).

Western blotting showed that GLP decreased the protein
expression of α-SMA more strongly than the corresponding
concentrations of BLP in HSC-T6 cells treated for 48 h
(Table 8).
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Figure 9: Analysis of (a) genistein, (b) blank lyophilized powder,
and (c) genistein lyophilized powder by differential scanning
calorimetry.
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4. Discussion

The beneficial effects of genistein are limited by its poor
solubility in water and low bioavailability. In recent years,
efforts have been made to utilize nanotechnology to improve
drug bioavailability. For instance, methoxy poly(ethylene
glycol)-block-(ε-caprolactone), methoxy PEG-PCL, and
medium-chain triglycerides (MCT) were used to synthesize
micellar emulsions containing genistein and improved its
stability [31]. Self-emulsifying phospholipid preconcentrates
improved the solubility and intestinal absorption of genistein
[3]. A nanosuspension of genistein attenuated lung fibrosis
induced by high-dose radiation exposure in a C57L/J murine
model [39]. Furthermore, MPEG-b-PAE-g-HA GMs are
used for treating ocular diseases [40]. In this study, we
described a simple method for efficiently encapsulating
genistein using PEG-PLA copolymers, and the obtained
DLE was high. Hydrophobic genistein interacts with hydro-
phobic PLA and self-assembles into a micellar structure, such

that hydrophilic PEG and genistein remain in the micelle
periphery and core, respectively. Acetone was chosen as a
solvent in the emulsion-evaporation method because the
solubility of amphiphilic PEG-PLA and genistein was higher
in acetone than in water. Genistein and PEG-PLA in acetone
were immediately changed from an emulsion state to a micel-
lar state since acetone is highly miscible with water, and
micelles rapidly diffused into the aqueous phase. Autoclaving
maintained the uniformity and stability of GMs for at least 7
days at 4°C.

GMs were synthesized using PEG-PLA and a modified
emulsion-evaporation method. GMs had a mean diameter
of 68:58 ± 1:32nm, EE of 95:74 ± 3:20%, and DLE of 10:63
± 0:36%. Higher concentrations of Tween 80 produced
smaller micelles and higher DLE and EE. GMs were
previously synthesized using polyoxyl 15-hydroxystearate
combined with Pluronic F127 or Pluronic L61, yielding an
EE of 80:79 ± 0:55% and DLE of 1:69 ± 0:24% or an EE of
83:40 ± 1:36% and DLE of 2:26 ± 0:18%, respectively [41].

Table 2: Solubility of genistein in different media and the medium volume required for drug release.

Medium Drug solubility(×10-3 mg/mL) Medium volume (mL)

PBS 0 ∞
PBS containing 2.75mg/mL Tween 80 46:40 ± 4:15 96.98–161.64

PBS containing 27.5mg/mL Tween 80 273:20 ± 38:15 16.47–27.45
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Figure 10: Time-dependent release of genistein lyophilized powder and control sample.

Table 3: Model fitting and calculation of the regression coefficient (r2) for determining the drug release profile.

Zero order First order Higuchi
r2 Q = K0t r2 ln 100 –Qð Þ = –Kt + C r2 Q = KHt

1/2

GLP 0.7108 Q = 6:8452 t 0.9940 ln 100 −Qð Þ = –0:1158t + 4:5537 0.8611 Q = 15:436t1/2

Control sample 0.7220 C = 0:8597 t 0.9745 ln 100 −Qð Þ = –0:0099t + 4:513 0.8752 Q = 10:398t1/2

GLP: genistein lyophilized powder; Q: fractional release of the drug in time t; k: rate constant; C: constant.
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The EE and DLE of GMs prepared with Soluplus® and
vitamin E D-α-tocopheryl PEG 1000 succinate were 97:12
± 2:11% and 3:87 ± 1:26%, respectively [41]. These results
indicate that the method adopted in the present study
produces GMs with higher DLE and EE. FTIR and DSC
analyses demonstrated that the resulting nanoparticles pos-
sessed a micellar structure in which genistein molecules were
encapsulated in the lipid core. GMs were efficiently released
from GLP following first-order kinetics. FTIR and DSC were
previously used to determine the interaction/complexation of
ursolic acid with PLA matrix and drug amorphization
promoted by nanoencapsulation [11].

PEG coating can greatly reduce GM uptake by the retic-
uloendothelial system, clearance from the blood, degradation
by metabolic enzymes, and immunogenicity. Other studies

used PEG, PLA, and PEG-PLA to successfully deliver drugs
to the brain [16], oral cavity [42], and nasal cavity [43, 44].
In the present study, the solubility of genistein in water
increased 55.79- and 556.90-fold after incorporation into
micelles and encapsulation/freeze drying, respectively.
Furthermore, 93.76% of genistein was released from GLP
into the dialysis buffer in 24h. Self-emulsifying phospholipid
preconcentrates have been shown to improve genistein solu-
bility and intestinal absorption [3].

Trehalose is an efficient lyoprotectant and can be used in
nanoparticle systems to increase the uptake and biological
activity of drugs [45]. Trehalose inhibits the abnormal prolif-
eration of human keratinocytes induced by UVB radiation
and protects keratinocytes against virus infection by inducing
autophagy [46], inhibits the proliferation of fibroblasts at a
concentration of 5% in vivo and in vitro and the expression
of vimentin and α-SMA at higher concentrations [47], and
suppresses the BAX gene in cattle ovarian granulosa celn in
cultured HSCs. Nonetheless, additional in vivo studies using
hepatic fibrosis models are necessary to assess the transla-
tional potential of GLP.

It is at concentrations higher than 0.2mol/L [48]. The
overexpression of α-SMA is a pathological hallmark of the
activation of HSCs and their transition to myofibroblasts
[49]. In this study, trehalose and genistein synergistically
decreased the viability of HSC-T6 cells, and GLP inhibited
α-SMA transcription more strongly than genistein.

Genistein reduces the activation of HSCs by inhibiting
tyrosine protein kinases [50, 51]. Genistein promoted the prolif-
eration of Caco2-BBe cells in vitro at a concentration ≤1μg/mL
but inhibited cell cycle progression and cell proliferation at 7–
30μg/mL [52]. Genistein at 10.8μg/mL and 21.6μg/mL
suppressed the estradiol-stimulated growth of Caco-2 cells by
inactivating c-src, leading to the inactivation of MAP kinases
[53]. In the present study, GLP at concentrations lower than
20μg/mL (measured as equivalents of genistein) did not affect

Table 4: Viability of HSC-T6 cells treated with blank lyophilized
powder (BLP), genistein, or genistein lyophilized powder (GLP)
for 24 h.

Concentration
(μg/mL)

BLP Genistein GLP

0.3125 103:03 ± 9:88 94:82 ± 16:64 105:36 ± 4:26
0.625 106:28 ± 5:42 95:14 ± 6:70 100:31 ± 3:65
1.25 96:94 ± 4:36 93:03 ± 11:44 87:91 ± 6:69
2.5 93:96 ± 6:05 83:74 ± 19:63 77:50 ± 7:97
5 86:09 ± 2:18 85:70 ± 22:35 75:34 ± 7:79
10 85:15 ± 8:39 82:47 ± 20:55 74:81 ± 11:07
20 78:01 ± 10:26 71:61 ± 14:63 55:86 ± 16:02

40 73:50 ± 11:02 54:34 ± 11:60 11:66 ± 6:15
ΔΔ##

80 70:10 ± 7:05 38:52 ± 20:61∗∗ 7:41 ± 4:33##∗
∗P < 0:05, ∗∗P < 0:01 compared with untreated cells. #P < 0:05, ##P < 0:01
compared with BLP-treated cells. △P < 0:05, △△P < 0:01 compared with
genistein-treated cells. Data are representative of six independent
experiments.

Table 5: Viability of HSC-T6 cells treated with blank lyophilized
powder (BLP), genistein, or genistein lyophilized powder (GLP)
for 48 h.

Concentration
(μg/mL)

BLP Genistein GLP

0.3125 99:67 ± 5:11 97:67 ± 6:54 103:44 ± 1:80
0.625 101:87 ± 1:78 92:67 ± 4:76 98:59 ± 6:37
1.25 97:05 ± 2:61 85:69 ± 1:09# 91:65 ± 8:82
2.5 96:48 ± 3:18 83:50 ± 5:10# 78:26 ± 4:84##

5 93:64 ± 10:44 74:81 ± 3:13# 66:83 ± 4:26##

10 89:93 ± 6:06 63:91 ± 3:64## 60:51 ± 7:02##

20 85:21 ± 7:66 40:40 ± 6:40## 28:75 ± 11:23##

40 76:93 ± 4:07 23:71 ± 7:98##∗∗ 3:79 ± 1:00##∗∗

80 67:56 ± 7:51 13:69 ± 4:89##∗ 3:27 ± 0:56##∗∗
∗P < 0:05, ∗∗P < 0:01 compared with untreated cells. #P < 0:05, ##P < 0:01
compared with BLP-treated cells. Data are representative of six
independent experiments.

Table 6: Viability of HSC-T6 cells treated with blank lyophilized
powder (BLP), genistein, or genistein lyophilized powder (GLP)
for 72 h.

Concentration
(μg/mL)

BLP Genistein GLP

0.3125 99:57 ± 4:81 96:63 ± 5:32 96:22 ± 1:91
0.625 97:07 ± 5:82 96:28 ± 5:90 94:05 ± 11:01
1.25 93:84 ± 4:25 90:95 ± 8:73 91:01 ± 8:39
2.5 98:30 ± 2:05 79:24 ± 11:21 81:32 ± 7:72
5 94:55 ± 2:54 67:23 ± 10:51# 58:68 ± 7:37##

10 90:50 ± 2:26 47:62 ± 8:21# 39:99 ± 1:24##∗∗

20 78:70 ± 8:83 23:52 ± 11:80
## 11:17 ± 7:70##

40 71:98 ± 4:86 8:23 ± 5:05##∗ 2:00 ± 0:09##∗∗

80 60:68 ± 3:81 4:47 ± 2:41##∗ 1:53 ± 0:73##∗∗
∗P < 0:05, ∗∗P < 0:01 compared with untreated cells. #P < 0:05, ##P < 0:01
compared with BLP-treated cells. Data are representative of six
independent experiments.
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the viability of HSC-T6 cells, and cellular toxicity was similar to
that of genistein. Treatment with 20μg/mL of BLP for 72h did
not affect cell viability, suggesting that the substances used to
produce GLP were not cytotoxic. More importantly, GLP con-
centrations higher than 5μg/mL retained the ability of genistein
to suppress the activation and proliferation of HSCs in a time-
dependent and dose-dependent manner. On a molar basis,
GLP was more potent than genistein in suppressing the activa-
tion and proliferation of HSCs.

The overexpression and accumulation of collagen I is a
major pathological hallmarks of hepatic fibrosis and a thera-
peutic target [54]. The PCR results showed that GLP but not
BLP inhibited the transcriptional expression of α-SMA and
collagen I and was more effective than genistein in suppress-
ing the expression of collagen I on a molar basis. We hypoth-
esize that genistein did not significantly affect the protein
expression of α-SMA because the treatment period was short.

5. Conclusion

This study demonstrated the proof of concept for improving
the bioavailability and potency of genistein through encapsu-
lation with PEG-PLA copolymers using a simple method.
The safety and antifibrotic effects of GLP were proven.
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