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INTRODUCTION 

Isoliquiritigenin (ISL), a flavonoid with a chalcone 
structure (2,4,4-trihydroxychalcone), is found in licorice, 
shallots, and bean sprouts (Zhang et al., 2013). It has gained 
considerable attention due to its beneficial health effects 
including antioxidative, analgesic, anti-inflammatory 
activity, cytoprotective effects, antiplatelet aggregation, 
antiangiogenic effect, and radical scavenging activity 
(Kobayashi et al., 1995; Peng et al., 2015; Zhou, Wink, 
2019). Recently, the antitumor activities of ISL have also 
attracted attention (Zhang et al., 2013). ISL has been 
reported to inhibit the proliferation of many different types 

of cancer cells, and reduce the growth and metastasis of 
hepatocellular carcinoma (Wang et al., 2019), colon cancer 
(Yoshida et al., 2008), gastric cancer (Zhang et al., 2018), 
breast cancer (Lee et al., 2015), prostate cancer (Kwon et 
al., 2009), endometrial cancer (Wu et al., 2016), and lung 
cancer cells (Jung et al., 2014; Zhang, Zhang, Ni, 2019). In 
particular, inhibition of tumor cell proliferation is at least 
partially achieved by blocking the tumor cell cycle at the 
G2/M phase via the upregulation of p53, p21, and GADD153 
in Hep G2 hepatoma cells, DU145 and LNCaP prostate 
cancer cells, and A549 human lung cancer cells and uterine 
leiomyoma cells, respectively (Hsu et al., 2005; Kanazawa 
et al., 2003). Furthermore, topoisomerase II activity and 
metaphase/anaphase transition have been shown to be 
inhibited and blocked in HeLa cells (Kanazawa et al., 
2003). Moreover, topoisomerase II activity and metaphase/
anaphase transition were inhibited and blocked in HeLa 
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cells (Park et al., 2009). However, the absorption of ISL is 
limited by its poor solubility (Lee et al., 2013). It has been 
reported that the solubility of ISL can be improved by using 
a nanostructured lipid carrier (Zhang et al., 2013). 

There are many methods presently used to 
improve the solubility of water-insoluble drugs, such as 
cosolvent solubilization, inclusion complexes, emulsion, 
microemulsion, and solid dispersion technology (Patel, 
Zode, Bansal., 2020). However, these methods have some 
limitations such as cosolvent organic solvent toxicity 
and compatibility with drug problems for precipitation. 
Additionally, inclusion complexes require specific-sized 
drug molecules and cyclodextrin, which may increase the 
drug burden on patients with kidney disease (Liu et al., 
2021a). Emulsion dispersion technology requires a high 
solubility of the drug in the oil phase; therefore, some 
insoluble compounds are still suitable. 

Nanocrystals are defined as submicron colloidal 
dispersions of nanosized drug particles and comprise 
stabilizers, surfactants, or a mixture of both, and drugs 
(Patravale, Date, Kulkarni, 2004). Nanocrystals can be 
prepared by this method regardless of whether the drug is 
insoluble in water or oil (Liu et al., 2021b). Furthermore, 
they are easy to produce on a large scale at low cost. 
They are mainly applied to oral drug delivery, and other 
drug delivery routes, such as oral, injection, ocular, and 
lung delivery (Yang et al., 2018). Recently, nanocrystals 
have been widely used to improve the solubility and 
bioavailability of poorly water-soluble drugs through a 
reduction in drug particle size. Some of the stabilizers 
presented in a nanocrystal formulation show a solubilizing 
effect, which might further enhance the in vivo absorption 
of a drug (Gao et al., 2013; Tuomela, Hirvonen, Peltonen, 
2016). In addition, nanocrystals have a high drug loading 
and can effectively reduce the drug delivery volume, 
improving patient compliance and lowering risk (Gol, 
Thakkar, Misra, 2018; Pardhi et al., 2018). Moreover, 
nanocrystals can also increase the physical and chemical 
stability of drugs. It has been widely reported that when 
intravenously administered, nanosuspensions can target 
tumor sites through an enhanced permeability and 
retention effect (Hong et al., 2017). Therefore, nanocrystal 
technology could be a suitable strategy for enhancing the 
solubility and oral bioavailability of ISL.

In the present study, ISL nanocrystals were prepared 
using an anti-solvent precipitation method and optimized 
by single-factor experiments to obtain different particle-
sized ISL nanocrystals. The effects of particle size on the 
in vitro release and in vivo pharmacokinetics of the drug 
nanocrystals were investigated and compared.

MATERIAL AND METHODS

Materials

ISL (purity 98%) and curcumin (CUR, purity 98%) 
were provided by Jingzhu Biological Technology Co., 
Ltd. (Nanjing, China). methoxyl polyethylene glycol 
(mPEG)2000-polycaprolactone (PCL) (Mw, 1,140, 2,000, 
4,000, 5,300, 6,000, 8,000, and 10,000) and mPEG5000-
PCL (Mw, 1000, 2000, 4000, 5,000, 10,000, 15,000, 20,000, 
and 45,000) were purchased from Daigang Biotechnology 
Engineering Co. (Jinan, China). Polyvinyl pyrrolidone 
K30 was obtained from Hayashibara Co., Ltd. (Henan, 
China). Ethanol (analytical grade) was acquired from 
Damao Chemical Industry Co. (Tian jin, China). Methanoic 
acid (chromatographic grade) was acquired from Damao 
Chemical Industry Co. (Tian jin, China). Methanol and 
acetonitrile (chromatographic grade) were supplied by 
Fisher Co., Ltd. (Fair lawn, USA). Double-distilled water 
for all experiments was prepared by a Milli-Q Plus integral 
water purification system (Millipore, Darmstadt, Germany). 
All other reagents were of analytical grade.

Preparation of ISL nanocrystals

ISL nanocrystals were prepared using an anti-
solvent precipitation method or in combination with an 
ultrasonication process according to a previous study 
(Chang et al., 2018), First, 20 mg ISL was completely 
dissolved in 1 mL ethanol to obtain a concentrated drug 
solution of 20 mg/mL. An aqueous solution was prepared 
using surfactants as a stabilizer. The surfactants were 
dissolved in 10 mL double-distilled water to form the 
aqueous solution. Then, 1 mL 20 mg/mL ISL solution 
was rapidly injected into the aqueous solution under 
rapid stirring (Yuhua Apparatus Co., Gongyi, China) 
at room temperature. Finally, the mixed solution was 
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sonicated by a XO-650 ultrasonic processor (Xian’ou 
Instruments Manufacturing Co., Ltd. Nanjing, China) 
at 260 W for 1 h in an ice-water bath. The nanocrystals 
were then extruded through a 0.45-μm polyamide filter 
(Yibo Filtering Equipment Factory, Haining, China). 
ISL nanocrystals produced from mPEG2000-PCL1140, 
mPEG2000-PCL2000, and mPEG5000-PCL5000 were 
named R1, R2, and R3, respectively.

Particle size analysis

The mean particle size and polydispersity index 
(PDI) of each ISL nanocrystal formulation was 
determined by dynamic light scattering analysis in a 
Zetasizer Nano-ZS90 (Malvern Instruments, Malvern, 
UK) at 25 ºC. All analyses were measured in triplicate.

Morphology observation

The morphology of the ISL nanocrystals was 
observed via a transmission electron microscopy (TEM) 
instrument (H-7500, Hitachi Ltd, Tokyo, Japan). A drop 
of ISL nanocrystals was stained with 2% phosphotungstic 
acid and deposited on the surface of copper grids. The 
samples were then were air-dried and examined by TEM.

HPLC analysis of ISL

ISL concentration was determined by a high-
performance liquid chromatography (HPLC) system 
(Agilent 1200, USA) with a UV detector (292 nm). The 
chromatographic separations were achieved using an 
Agilent Eclipse XDB-C18 column (250 mm×4.6 mm, 
pore size 5 µm) at 30ºC. The mobile phase consisted of 
a 45:55 (v/v) mixture of acetonitrile:0.04% formic acid at 
a flow rate of 1.0 mL/min. The calibration curve of ISL 
was linear over the range of 0.25–100 µg/mL with R2 > 
0.9999, and no interference was observed with mPEG-
PCL at 292 nm.

HPLC-MS/MS analysis of ISL

ISL pharmacokinetics was investigated by HPLC-
tandem mass spectrometry (MS/MS). HPLC-MS/MS 

utlizedutilized a LC-30A (Shimadzu, Japan) and the 
column effluent was monitored by an API4000 triple 
quadrupole mass spectrometer (Applied Biosystems, 
Concord, Canada) equipped with an electrospray 
ionization source. Chromatographic separations were 
performed on a Shim-pack XR-ODS column (2.0 mm×100 
mm, pore size 3 µm, Shimadzu) maintained at 40 ºC. The 
mobile phase was an isocratic elution, which included 
acetonitrile and 0.1% formic acid (60:40, v/v). The flow 
rate was 0.3 mL/min, and the sample injection volume 
was 5 µL. The ion spray voltage was set at −-4,500 
V. Compound parameters viz, declustering potential, 
collision energy, entrance potential, and collision exit 
potential were −-55, −-23, −-10, and −-12 V for CUR, 
respectively, and −-70, −-34, −-10, and −-12 V for ISL, 
respectively. The mass spectrometer was operated in 
the electrospray ionization negative ion mode, and 
ion detection was performed in the multiple reaction 
monitoring mode, monitoring the transition of the m/z 
367.2 precursor ion [M−H]− to the m/z 148.9 product ion 
for CUR, and the m/z 256.5 precursor ion [M−H]− to the 
m/z 136.9 product ion for ISL.

In vitro release of ISL nanocrystals

The in vitro release of ISL from the nanocrystal 
formulations was analyzed by membrane dialysis against 
0.1% sodium dodecylsulphate at 37 ºC. Briefly, a 1 mL 
aliquot of ISL nanocrystals was placed in the dialysis tube 
(Green Bird Science dialysis tubes with a Mw cutoff of 
14,000 Da) and then suspended in an Erlenmeyer flask 
containing 149 mL of 0.1% sodium dodecylsulphate. The 
flask was then placed in a water bath shaker (SHA-C, 
Hualong Experimental Apparatus Industry, China), which 
was maintained at 37 ºC and shaken horizontally at 100 
rpm. At 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 10, 12, 24, and 
48 h, a 2 aliquot mL was withdrawn from the flask and 
replaced with the same amount of fresh release medium. 
The concentration of ISL was assayed by HPLC.

Solubility

To measure ISL and nanocrystal solubility, 20 mg of 
ISL was dissolved in 10 mL of water, filtered through a 0.45-
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μm filter membrane, and the concentrations of drugs in the 
filtrate and different nanocrystals were then determined.

Stability

The prepared nanocrystals were placed in a 
refrigerator at 4 ºC, and the changes in particle size and 
encapsulation efficiency at 0 and 20 days were measured. 

Pharmacokinetic study in rats

A total of 24 healthy adult male Sprague-Dawley rats 
(220 ± 20 g) were provided by the Laboratory Animal 
Center of Ningxia Medical University (Yinchuan, 
China). All procedures were approved by the Animal 
Research Ethics Committee, General Hospital of Ningxia 
Medical University. The rats were maintained in a specific 
pathogen-free environment that was temperature-
controlled (23 ± 2 ºC) with free access to water, and 
were fasted for 12 h before experimentation. They were 
then randomly divided into four groups to receive oral 
administration of either the ISL suspension (control 
group), R1, R2, or R3, each at a dose of 30 mg/kg body 

weight. Plasma samples of 0.5 mL were obtained from 
orbital veins and transferred into heparinized tubes at 5, 
10, 20, and 30 min, and at 1, 1.5, 2, 3, 4, 6, 8, 10, and 24 
h after administration. All blood samples were separated 
immediately by centrifugation at 3,500 rpm- for 5 min 
and kept frozen at −80 °C until analysis. Then, 50 µL 
of plasma was added to 10 µL CUR(Internal standard, 
IS) and 300 µL acetonitrile to precipitate protein. After 
vortexing for 5 min, the mixture was centrifuged at 14000 
rpm for 10 min. The supernatant was collected and then 
directly measured. The concentration of ISL in the plasma 
was determined using a validated LC-MS assay.

Pharmacokinetic parameters were measured using 
a non-compartmental model with the DAS 3.0 software 
package (Bojia Corp., Shanghai, China). The various 
pharmacokinetic parameters analyzed included peak 
concentration (Cmax), time to reach Cmax(Tmax), and area 
under the concentration-time curve. The results were 
expressed as the mean and standard deviation (SD). 
One-way analysis of variance (ANOVA) was used to 
analyze the data using SPSS software (version 17.0, 
IBM®, Chicago, IL USA). P-values less than 0.05 were 
considered statistically significant.
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According to the results of the single-factor 
experiments, the optimized formulation was as follows: 
ratio of organic phase and aqueous phase = 1:10, 
ultrasonication time = 1 h, and stirring time = 1 h. As 

shown in Figure 1, the secondary growth of nanocrystals 
could be effectively avoided by ultrasound after stirring, 
and particle aggregation could be prevented, which played 
a vital role in achieving nanocrystal stability. As the 

RESULTS AND DISCUSSION

Preparation of different particle-sized ISL nanocrystals

FIGURE 1 - Effect of ultrasonication time (A), stirring time (B), and solvent ratio (C) on particle size and PDI (mean ± SD, n = 3).
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Characterization of ISL nanocrystals

As shown in Figure 2, the particle size of R1, R2, 
and R3 was 542.1, 272.8, and 46.22 nm, respectively, 
and the PDI was 0.024, 0.085, and 0.127, respectively. 
However, the particle size and PDI of the ISL solution 
was 1,182 nm and 0.517, respectively. The particle size 
of the nanocrystals decreased significantly compared 

with that of the solution. The nanocrystals possessed 
different physicochemical characteristics. They were 
nearly spherical in shape and uniformly distributed; 
the mean diameter of PEG and PCL nanoparticles with 
different chain lengths was in the range of 40–600 nm.

TABLE I - Process parameters for the preparation of different particle-sized ISL nanocrystals

Sample
Process parameters

surfactant concentions 
in aqueous phase(%)

Sonicated or 
not Sonicated

Mean particle 
sizes (nm) ± SD PDI

R1 40% Unsonicated 555.7±15.1 0.16±0.12

R2 14% Sonicated at 400W for 1h 271.0±16.3 0.11±0.04

R3 14% Sonicated at 400W for 1h 46.2±0.04 0.14±0.01

proportion of aqueous phase increased, the nanocrystal 
system became turbid, and precipitation was obvious 
after placement. When the solvent proportion was 1:10, 
nanocrystals particle size and distribution was stable before 
and after filtration. In order to prepare different particle-

sized ISL nanocrystals, mPEG-PCL preparations of 
differing chain lengths were selected. The concentrations 
of mPEG2000-PCL1140, mPEG2000-PCL2000, and 
mPEG5000-PCL5000 in an aqueous solution were 40%, 
14%, and 14% (w/v), respectively (Table I).
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FIGURE 2 - Particle size distribution and TEM images of the ISL solution (A), R3 (B), R2 (C), and R1 (D).
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In vitro drug release

The drug release performances of R1, R2, R3, and 
the ISL solution were investigated and are shown in 
Table II and Figure 3. The dissolution velocities of R1, 
R2, and R3 were distinctly superior compared to the 
ISL solution. R1, R2, and R3 released 71.81%, 87.62%, 
and 80.89% within 48 h, respectively. However, only 
31.29% of the coarse ISL solution dissolved within 
48 h. Compared to the coarse ISL solution, R1, R2, 
and R3 showed a significantly improved dissolution 
performance (one-way ANOVA, p < 0.001), with the 
R2 formulation being the most superior. This suggests 
that nanocrystal technology could markedly increase 
the dissolution rate of ISL. Meanwhile, a reduction of 
particle size could increase the dissolution velocity of 

nanocrystals; however, a smaller size was not better, 
only when the particle size was approximately 300 nm, 
the dissolution velocity was the fastest. Additionally, 
there were significant effects of different hydrophobic 
and hydrophilic chain lengths, and the ratio of the 
hydrophilic to hydrophobic segment on ISL release. 
These results reveal that the formation of nanocrystals 
strongly enhances the dissolution rate and extent of ISL, 
partly due to the existence of formulation surfactants 
such as mPEG, but mostly explained by the large 
reduction in particle size via nanocrystal technology 
(Gan et al., 2017). Additionally, three different physical 
mixtures were formulated and compared with the 
prepared samples. The cumulative release curves of 
these are shown in Figure 3. These findings indicate that 
there was no effect of the excipients on the dissolution.

FIGURE 3 - In vitro release curve of the ISL nanocrystal physical mixtures R1 (mPEG2000-PCL1140), R2 (mPEG2000-
PCL2000), and R3 (mPEG5000-PCL5000), and the ISL solution in 0.1% SDS (mean ± SD, n = 3).

Solubility

The drug concentration in the filtrate was 0.07 ± 0.00 
μg/mL, almost water-insoluble. However, the concentration 

of nanocrystals R1, R2, and R3 prepared from the same 
quality drug was 1,901.78 ± 6.06 μg/mL, 1,903.73 ± 5.31 μg/
mL, and 1,908.17 ± 7.17 μg/mL, respectively. Drug solubility 
significantly increased with nanoparticle production.
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Pharmacokinetic study in rats

To further confirm the advantage of an ISL 
nanocrystal formulation, the in vivo pharmacokinetic 
performance of the ISL nanocrystals was studied in 
Sprague Dawley rats and compared to that of the coarse 
ISL solution. The ISL blood concentration-time curves 
after oral administration of the different formulations are 
shown in Figure 4, and the pharmacokinetic parameters 
are listed in Table III. As shown in Figure 4, all 
nanocrystals formulation significantly improved the oral 
absorption of ISL. This was also indicated by the results 
in Table III; the three nanocrystal formulations reached 
maximum plasma drug concentration at approximately 15 
min; however, the Cmax and area under the concentration-
time curve values of R2 were 5.83- and 2.72-fold higher 
than those of the coarse ISL solution, respectively. 
Compared to the coarse ISL solution, R1, R2, and R3 
showed a significantly improved dissolution performance 
(one-way ANOVA, p < 0.05), with the R2 formulation 

being the most superior. This indicated that nanocrystals 
of 300 nm particle size can significantly enhance the 
drug concentration in the blood vs drug solution. 
However, smaller particle sizes were not the best. The 
clearance data showed that the coarse ISL solution was 
quickly removed from the circulation system, while R2 
represented a markedly delayed blood clearance due to a 
sustained release (p < 0.01). Moreover, the differences in 
apparent distribution volume between the nanocrystals 
and coarse ISL solution were not significant (p > 0.05). 
These results were consistent with those obtained in the 
in vitro drug release experiment.

Overall, these data demonstrate that the nanoparticles 
R2, 300 nm in particle size, significantly improved the 
AUC and Cmax, and decreased the clearance compared to 
the coarse ISL solution. ISL nanocrystal particle size had 
a significant effect on the pharmacokinetic properties in 
vivo. Therefore, in order to achieve the desired therapeutic 
purpose, it is very important to screen the optimal particle 
size of the nanocrystals.

TABLE II - Encapsulation efficiency and particle size of the nanocrystals after 20 days at 4 ºC 

Encapsulation efficiency (%) ± SD	 Mean particle sizes (nm) ± SD

0d 20d	 0d	 20d

R1 95.09±0.30 92.29±1.98	 548.3±2.40	 535.7±13.93

R2 95.19±0.27 92.24±0.84	 263.0±1.36	 257.6±3.08

R3 95.41±0.36 93.62±1.98	 57.62±1.31	 56.03±2.03

Stability

Stability was checked by the encapsulation efficiency 
and particle size of the nanocrystals after 20 days at 4 ºC 
in the refrigerator, as shown in Table II and Figure 3. The 

variation range of encapsulation efficiency and particle 
size before and after storage was within 3%, and there 
was no precipitation in the preparations, indicating that 
the nanocrystals were relatively stable.
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CONCLUSION

In this study, different particle-sized ISL 
nanocrystals were successfully prepared by a simple 
anti-solvent precipitation method and optimized 
with single-factor experiments. The obtained 
nanocrystals were morphologically characterized by 
a spherical shape. ISL in the nanocrystal formulations 
showed a significantly enhanced aqueous solubility 
and dissolution rate in vitro. The particle size of 

ISL nanocrystals had a significant effect on the 
dissolution and pharmacokinetics in vitro and in 
vivo. The pharmacokinetic study indicated that the 
R2 nanocrystal formulation greatly improved drug 
absorption in rats after oral administration. These 
findings reveal that drug nanocrystal technology 
is a promising approach for enhancing the oral 
bioavailability of ISL. Moreover, they highlight the 
importance of optimizing an appropriate nanocrystal 
particle size regarding therapeutic purpose.

TABLE III - Pharmacokinetic parameters following oral administration of the ISL solution and ISL nanocrystals (mean ± SD, 
n = 6)

Parameter Coarse ISL R1 R2 R3

Cmax(ng/ml) 97.92±74.74 460.67±84.90** 571.17±209.77*** 488.50±177.36**

Tmax(h) 0.96±1.53 0.15±0.11 0.19±0.16 0.24±0.21

AUC0-t(ng·h/ml) 263.31±93.75 423.34±91.53* 717.35±157.29***## 540.65±120.67**

T1/2(h) 4.06±3.02 2.24±0.36 2.48±0.53 2.69±1.40

MRT0-t(h) 3.59±0.57 1.89±0.89 4.28±2.20# 2.97±1.17

V(L/kg) 0.38±0.08 0.18±0.05 0.18±0.16 0.23±0.19

CL(L·kg/h) 0.08±0.04 0.05±0.01 0.03±0.01** 0.04±0.01*

*p < 0.05 with respect to the coarse ISL suspension, #p < 0.05 with respect to R1, and p < 0.05 with 
respect to R2.

FIGURE 4 - Plasma concentration-time curves of the ISL solution and ISL nanocrystals R1 (mPEG2000-PCL1140), R2 
(mPEG2000-PCL2000), and R3 (mPEG5000-PCL5000) in Sprague Dawley rats after oral administration (mean ± SD, n = 6).
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