Vol. 67, No 2/2020
203–211
https://doi.org/10.18388/abp.2020_5190
Regular paper

Artemisinin is highly soluble in polyethylene Glycol 4000 and
such solution has multiple biological effects*
Yu Bao1,2, Zhi Li1,2✉, Si-Hao Chen1,2 , Li-Zhi Gao1,2, Zu-Lan Liu1,2, Lan Cheng1,2,3, Yan Peng1,2,
Xiao-Ling Tong1,3 and Fang-Yin Dai1,2,3✉
State Key Laboratory of Silkworm Genome Biology, Southwest University, Chongqing, China; 2Chongqing Engineering Research Center of
Biomaterial Fiber and Modern Textile, College of Textile and Garment, Southwest University, Chongqing, China; 3Key Laboratory of Sericultural
Biology and Genetic Breeding, Ministry of Agriculture, College of Biotechnology, Southwest University, Chongqing, China
1

Artemisinin has a significant role in treatment of malaria,
as well as effective anti-inflammatory and anti-cancer
activities. However, such problems as poor water solubility and easy recrystallization limit its application. In
this study, polyethylene glycol, a solvent which is widely
used in pharmaceutics, was introduced to prepare an
artemisinin dissolution. Under the action of hydrogen
bonding in 12% polyethylene glycol 4000 solvent, the
maximum solubility of artemisinin could reach up to
1 mg/mL. Meanwhile, biological functions of such artemisinin solution were evaluated. The obtained artemisinin solution had a significant inhibitory effect on
Gram-positive bacteria, Gram-negative bacteria and
fungi. As for the anti-inflammatory property, 0.031 mg/
mL artemisinin solution had an obvious inhibitory effect
on nitric oxide release in inflammatory cells, and the survival rate of cells was greater than 50%. Low concentration of the obtained artemisinin solution (0.031 mg/mL)
had no significant cytotoxicity, while it displayed selective inhibition in cancer cells. IC50 for human hepatoma
cells BEL-7404, SMMC7721 and Hep G2 is 0.0016 mg/mL,
0.0084 mg/mL and 0.0541 mg/mL, respectively. In conclusion, the 12% PEG4000-assisted artemisinin solution
has a good biological effect and it can be further applied
in pharmaceutics, biomaterials and medicine.
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INTRODUCTION

ART, isolated from the medicinal plant Artemisia annua L., is a sesquiterpene lactone compound with a peroxide bridge structure (You-You et al., 2015). The most
effective use of ART is in treatment of malaria, hav-

ing reduced global malaria mortality by 50% and infection rates by 40% over the past decade. For this great
achievement Youyou Tu was awarded the 2015 Nobel
Prize in Physiology or Medicine (Tu, 1999). It is proven that ART exerts a unique mechanism in treatment
of malaria (Van Agtmael et al., 1999). In addition, some
other functions of ART have been reported. ART can
kill a variety of parasites (Abou Rayia et al., 2017), inhibits viral replication and proliferation (Paeshuyse et al.,
2006), and inhibits the inflammatory response (Li et al.,
2012). Also, ART has some obvious effects on some
cancer cells and tumors, including inhibition of growth
and proliferation of ovarian cancer (Li et al., 2016), human lung cancer (Ganguli et al., 2014), gallbladder cancer
(Jia et al., 2016), colon cancer (Riganti et al., 2009), and
inhibition of angiogenesis during tumor growth (Abba et
al., 2018).
However, ART has a poor water solubility (only
82.4 μg/mL in water at 37°C) (Gao et al., 2013). Medium polarity solvents, such as chloroform and acetone,
have good ART dissolving ability, but they are biologically toxic (Liu et al., 2009). Moreover, ART can easily
crystallize during the extraction process and this crystallized ART is very difficult to resolve or to store for
a long time after extraction, and this greatly restricts
the application of ART (Svensson et al., 1999; Wong
& Yuen, 2001). A great deal of studies has been conducted to solve this problem, such as preparing ART derivatives with good water solubility (Barradell & Fitton,
1995; Wang & Yi, 2008). The relative problems, such
as the complicated process, time-consuming period and
high cost, should be also considered. Another way to approach this problem is to increase solubility of ART in a
solution with a co-solvent. ART is generally dissolved in
DMSO (Abou Rayia et al., 2017). However, DMSO at a
concentration above 1% significantly affects cell growth
and promotes apoptosis. To expand the application of
ART in materials, it is necessary to a use solution with
less toxicity and side effects. For this purpose, some
other auxiliary substances had been used to solubilize
ART, including micelles of SDS and PVP (Lapenna et
al., 2009; Zhang et al., 2017). The obtained results only
showed that the solubility of ART was improved, but
the total dissolution of ART was still very small and the
biological effects were not investigated.
Polyethylene glycol (PEG) is a neutral polymer with
special physical and chemical properties. PEG is often
used as an excipient or dispersant in medical engineering, due to it being non-toxic (Ramazani et al., 2018). For
example, PEG can enhance the solubility of low-watersoluble drugs, such as lornoxicam, by being synthesized
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into copolymers with drugs (Anwer et al., 2014). Based
on this, the use of PEG as a co-solvent may improve
the solubility of ART by hydrogen bond interaction and
inhibit the recrystallization during use, which is beneficial
to the pharmacological activity of ART.
This study explored solubilization of ART by
PEG4000, and further investigated the biological effect
of the prepared ART solution, mainly including its antibacterial properties, toxicity to normal cells, anti-inflammatory properties and anti-cancer properties.
MATERIALS AND METHODS

Materials. ART (purity>98%), G4000 and other
chemicals (analytical grade) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. DMEM,
Trypsin-EDTA (0.25%) and PBS were acquired from
Gibco BRL, Rockville, MD, United States. MTS was
purchased from Rongda Pumai Biotechnology Co., Ltd,
Chongqing, China. LIVE/DEAD BacLight Bacterial Viability Kit was purchased from Molecular Probes Inc.
LPS (from E. coli) and the Griess reagent were acquired
from Solarbio, Beijing, China.
Preparation of the ART solution. ART was weighted and dissolved in an ethanol solution to make a 1 mg/
mL ART ethanol solution. The ART ethanol solution
and the 12% PEG4000 aqueous solution were mixed
at 1:1 (volume ratio), and the mixture was stirred on a
magnetic stirrer for 2 hours at 37°C. Under this setting,
alcohol in the mixed solution was naturally volatilized
and then the mixed solution was made up to a concentration of 1 mg/mL of ART in distilled water.
Solubility studies. Ultraviolet spectrophotometry was
used to measure concentration of the ART solution assisted by PEG4000 and ART solution dissolved in water
(Liu et al., 2018). Firstly, 12% PEG4000-assisted ART
solution (AER-12% PEG4000), 12% PEG4000 solution
and ART dissolved in 95% ethanol (ART-95% ethanol)
were prepared. After centrifugation, the supernatants
were scanned in the wavelength range of 200–400 nm.
The supernatant was transferred from the above three
solutions into 0.2% NaOH solution in a water bath
(50°C, 30 min) and the solutions were scanned after hydrolysis (Hydrolyzed ART-12% PEG4000, Hydrolyzed
ART-95% ethanol, 12% PEG4000-NaOH/50°C). The
maximum absorption wavelength (Wm) of ART-12%
PEG4000 after hydrolysis was taken as the wavelength
in solubility test.
Hydrolyzed ART-12% PEG4000 after once, twice,
three times, four times, and five times gradient dilutions
(Dilution-1, Dilution-2, Dilution-3, Dilution-4, Dilution-5) were prepared in the same way and the absorbance at Wm was measured. Finally, the concentration of
ART-12% PEG4000 was calculated according to the
standard curve. The test was carried out at a standard
atmospheric pressure and at room temperature (25°C).
FTIR. FTIR spectroscopic measurements were performed using a Nicolet IS10 system in order to determine any chemical changes that occurred during formulation. Scanning range is 400 cm–1–4000 cm–1 wavelength.
Antimicrobial measurement. The antimicrobial
properties of the ART solution were evaluated by minimum inhibitory concentration (MIC50). ART solutions of
different concentrations (100 μL) were added to a bacterial solution (100 μL, 1×106 CFU/ml), so that the final
concentration of ART was 0.496 mg/mL, 0.248 mg/
mL, 0.125 mg/mL, 0.063 mg/mL, 0.031 mg/mL, and
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0.016204 mg/mL. Sterilized water (100 μL) was used as a
growth control, and a gentamicin solution (100 μL, 30
μg/mL) was added as a positive control. The final bacterial concentration in each well was about 5 × 105 CFU/
mL. The antibacterial rate is expressed as the rate of the
reduction of bacterial concentration in the experimental
group, when compared with the growth control, to the
growth control group. The concentration of the drug
inhibiting 50% of the bacterial growth, when compared
with the growth control well, is the tested bacteria MIC50.
The data was calculated by using the GraphPad Software
(GraphPad, Inc, U.S.A.). The tested bacterial strains included E. coli ATCC25922, S. aureus ATCC25923, B. cereus ATCC11778 and C. albicans ATCC90028. Gentamicin
was a positive control, while PEG4000 solution was a
negative control.
In vitro anti-inflammatory activity. An inflammatory model was established by lipopolysaccharide-stimulated mouse macrophage cell line RAW264.7, and the
anti-inflammatory ability of ART was evaluated by nitrite assay. Mouse macrophage cell line RAW264.7 was
purchased from Chongqing Rongda Pumai Biotechnology Co., Ltd. All cells in this research were cultured
in a DEME high sugar medium, in 5% CO2 incubator
at 37°C. Mouse macrophages grown in log phase were
seeded in a 96-well culture plate at a density of 1 × 106
cells/well in the DMEM medium. Fresh culture solution containing only 0.5 μg/mL LPS (control group) or
0.5 μg/mL LPS + ART-12% PEG4000 (0.031 mg/mL,
0.063 mg/mL, 0.125 mg/mL, 0.248 mg/mL, 0.496 mg/
mL, 0.982 mg/mL) was added to each well, and the culture was continued for 24 hours. Then, the supernatant
was transferred to a new 96-well plate, mixed with an
equal volume of the Griess reaction solution, and the
absorbance was measured at 542 nm with a microplate
reader to calculate the NO release inhibition rate. Cell
viability was determined using the MTS method. When
the cell survival rate is ≥ 50%, it can be considered that
ART does have an inhibitory effect on NO.
In vitro cytotoxicity activity. Mouse fibroblast cell
line L929 was generously provided by the School of
Pharmacy and Bioengineering, Chongqing University
of Technology, China. MTS cytotoxicity assay was performed on mouse fibroblast cell line L929 treated with
the ART solution. DMEM medium containing different
concentrations of ART was prepared according to the
preparation method of the ART solution, and the cells
were seeded at a density of 1 × 104 cells/well in 96-well
culture plates in an ART-containing DEME medium.
After 24 h, the old culture solution was discarded, and
100 μL of the DEME medium and 20 μL of the MTS
reagent were added to each well and mixed well. The absorbance of solution incubated for 2 h was measured at
490 nm with a microplate reader. Cell viability was also
evaluated by the LIVE/DEAD double fluorescent staining Calcein AM and Ethidium homodimer-1 (EthD-1).
In vitro antitumor activity. Human liver cancer cell
lines BEL-7404, SMMC-7721 and Hep G2 were generously provided by the School of Pharmacy, Southwest
University, China. MTS cytotoxicity assay was performed
on these three cancer cell lines treated with the ART solution. DMEM medium containing different concentrations of ART was prepared according to the preparation
method of the ART solution, and the cells were seeded
at a density of 1 × 104 cells/well in 96-well culture plates
in an ART-containing DEME medium. After 24 h, the
old culture solution was discarded, and 100 μL of the
DEME medium and 20 μL of the MTS reagent were
added to each well and mixed well. The absorbance of
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Figure 1. Analysis of the ART solutions.
(a) Mechanism for dissolving ART in PEG solution. (b) Scan spectrum curves of ART-12% PEG, Hydrolyzed ART-12%PEG4000, ART95% ethanol, Hydrolyzed ART-95% ethanol, 12% PEG4000 and 12% PEG4000-NaOH/50°C. (c) Solubility of ART-12% PEG4000, ART-12%
PEG4000 and each gradient diluted ART solution. (d) FTIR spectra of PEG4000, ART, and ART-12% PEG4000. The inset is the FTIR spectra
of ART-12% PEG4000 at 700cm–1–1800cm–1. Data are expressed as mean ± standard deviation (n=9). The asterisk denotes a statistically
significant difference from the control group *P<0.05, **P<0.01, ***P<0.001.

solution incubated for 2 h was measured at 490 nm with
a microplate reader. The percentage of cell viability for
each treatment was calculated by adjusting the control
group to 100%. The inhibitory concentration 50% (IC50)
was calculated by using the GraphPad Software (GraphPad, Inc, U.S.A.).
Significance analysis. All statistical analyses were
performed by using the SPSS 16.0 software. Data were
presented as mean ± standard deviation and analyzed by
one-way analysis of variance. P value<0.05 was taken as
statistically significant.

ate to use 1 mg/mL ART solution as the maximum concentration for dilution to find the best application concentration. Gradient dilutions of ART-12% PEG4000
are shown in Fig. S1 (at https://ojs.ptbioch.edu.pl/index.php/abp/). All of the diluted solutions were clear
and transparent while ART was insoluble in water (red
frame). However, obvious white crystal precipitations
occurred at 2 mg/mL ART-12% PEG4000. Moreover,
these ART solutions could remain clear after storage at 4
°C or at room temperature for 7 days.

RESULTS

In order to characterize the solubility of ART, UV
wavelength scanning was performed on the solution before and after hydrolysis of ART-12% PEG4000, 12%
PEG4000 and ART-95% ethanol (Fig. 1b). Both, the
hydrolyzed ART-12% PEG4000 and hydrolyzed ART95% ethanol solutions had a maximum absorption peak
at 293 nm, and this wavelength can be used to characterize the solubility of ART (Fig. 1c). The maximum
solubility of ART in 12% PEG4000 was 0.982 ± 0.089
mg/mL and the concentration became 0.496 ± 0.046
mg/mL, 0.248 ± 0.011 mg/mL, 0.125 ± 0.009mg/mL,
0.063 ± 0.005 mg/mL and 0.031 ± 0.007 mg/mL, after
equal volume dilution for once, twice, three times, four
times and five times dilutions at 25°C and standard atmospheric pressure, respectively. The solubility of ART

Preparation and characterization of a solution
containing ART and PEG4000

Figure 1a indicates the mechanism for dissolving ART
in PEG. High concentration of PEG in a solution can
form more hydrogen bonds and thus improve the solubility of ART. We tried to use different concentrations
of PEG4000 to assist ART solubility. The experiment
found that 12% PEG4000 could make the solubility of
ART to reach around 1 mg/mL. Different concentration
gradients need to be used for experiments assessing the
physiological effects of the ART solution. It is appropri-

Solubility of ART assisted by PEG4000
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Figure 2. The antibacterial effect of different concentrations of the ART solutions on S. aureus, E. coli, B. cereus and fungi C. albicans.
Data are expressed as mean ± standard deviation (n=3). The asterisk denotes a statistically significant difference from the control group
*P<0.05, **P<0.01, ***P<0.001.

had increased with increasing concentration of PEG4000.
The 1.678 ± 0.241 mg/mL ART solution could be obtained when the PEG4000 content is at 50%.
FTIR assay of ART assisted by PEG4000

The interaction between PEG4000 and ART-12%
PEG4000 was characterized by the FTIR spectrum. The
FTIR spectrum of the aqueous ART solution (Fig. 1d)
showed C=O stretching vibration due to a lactone at
1732 cm–1 and a stretching vibration at 883, 1117 cm-1
due to peroxide. It is evident that the PEG OH stretching (3433 cm–1) and ART CO vibrations (1738 cm–1)
moved to 3429 cm–1 and 1732 cm–1, respectively, in
the ART solution, possibly due to hydrogen bonds between PEG4000 and ART. Cooperation of the hydroxy
compounds causes the interaction between the hydroxyl
groups of polyethylene glycol and the ester groups of
ART. The characteristic peak of the peroxide bridge
that appeared in the ART solution without any deviation means the structure of ART is basically unchanged,
which can maximize the performance of ART.
Antimicrobial performance of ART assisted by PEG4000

The antimicrobial activity of ART-12% PEG4000
against E. coli, B. cereus, S. aureus and fungi C. albicans
was determined by antibacterial rate (Fig. 2). ART soluTable 1. The minimum inhibitory concentration of ART solution
for four strains.
Strain

MIC50 [mg/mL]

S. aureus (ATCC25923)

0.039

B. cereus (ATCC11778)

0.068

E. coli (ATCC25922)

0.022

C. albicans (ATCC90028)

0.030

tions with high concentration have a significant inhibitory effect on S. aureus, B. cereus, E. coli and C. albicans,
while the blank control (PEG4000 solution) shows no
antimicrobial activity (Fig. S2 at https://ojs.ptbioch.edu.
pl/index.php/abp/). The antibacterial rates of the ART
solution for S. aureus, B. cereus, E. coli and C. albicans were
97.343%, 97.338%, 97.688% and 97.309%, respectively,
and show dose dependence. Further, the minimum inhibitory concentrations (MIC50) for three bacteria and a
fungus were measured (Table 1). MIC50 for S. aureus and
B. cereus (Gram-positive bacteria) is 0.039 mg/mL and
0.068 mg/mL, respectively, for E. coli (Gram-negative
bacteria) it is 0.022 mg/mL, and for C. albicans (fungi)
it is 0.030 mg/mL. This means that lower concentrations of the ART solution have a better inhibitory effect
on Gram-negative bacteria, while Gram-positive bacteria
and fungi are more resistant to ART.
In vitro anti-inflammatory properties

LPS-stimulated RAW264.7 cell line was established
as an in vitro inflammation model to evaluate the antiinflammatory effects of ART. Inhibitory effect of the
ART solution on the inflammatory response was demonstrated by detecting the production of NO in inflammatory mediators (Fig. 3). The RAW264.7 cell line stimulated by LPS released a large amount of NO, which
was far beyond the release of NO in normal cells. All
of the tested ART solutions had a significant inhibitory
effect on NO production in the RAW264.7 cells, which
indicated that they have an effective anti-inflammatory
activity. It is worth noting that the PEG4000 solution
also had a certain inhibitory effect on the release of NO,
but the inhibitory effect of ART on inflammation was
still stronger than that in the LPS-stimulated PEG test
group. Further, cytotoxicity of the ART solution to the
RAW264.7 cells was evaluated by the MTS method, and
the purpose was to determine its inhibitory effect on inflammatory response that was caused by its inhibitory
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Figure 3. Analysis of anti-inflammatory property of the ART solutions.
(a) ART solution inhibition of NO production in LPS-stimulated RAW264.7 cells. The histogram is the amount of NO released, and the line
graph is the NO release inhibition rate. (b) Cytotoxicity of ART towards RAW264.7 cells estimated by MTS assay. LPS-stimulated RAW264.7
cells were incubated with designated doses of ART solution for 24h. Data are expressed as mean ± standard deviation (n=5). The asterisk
denotes a statistically significant difference from the control group *P<0.05, **P<0.01, ***P<0.001.

activity or cytotoxicity. Cytotoxicity of the ART solution
to RAW264.7 cells was gradually enhanced with increasing ART concentrations. Only cells treated with 0.031
mg/mL ART solution had a survival rate greater than
50%, which meant that the ART solution had an inhibitory effect on NO release and a significant anti-inflammatory effect.

In vitro cytotoxicity analysis

Mouse fibroblast L929 cell line was used to detect
cytotoxicity of the prepared ART solutions by the MTS
method. The results indicated that the low concentration
of ART (0.031–0.063 mg/mL) had no toxicity towards
the cells (cell activity was more than 80%) (Fig. 4a).

Figure 4. Cytotoxicity analysis of the ART solutions.
(a) Cytotoxicity of ART towards normal L929 cells assessed by MTS assay. (b) Life and death cell staining of L929 cells treated with ART.
The concentration of ART solution is (i) 0.982 mg/mL, (ii) 0.496 mg/mL, (iii) 0.248 mg/mL, (iv) 0.125 mg/mL, (v) 0.063 mg/mL, (vi) 0.031
mg/mL and (vii) control group. The control group used the cosolvent PEG4000. Data are expressed as mean ± standard deviation (n=3).
The asterisk denotes a statistically significant difference from the control group *P<0.05, **P<0.01, ***P<0.001.
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Figure 5. In vitro antitumor properties of the ART solutions.
(a) Effects of ART on cell viability of three types of cancer cells for 24 h; Effects of ART on cell viability of cancer cells (b) SMMC-7721, (c)
Hep G2 and (d) BEL-7404 for 3 days, respectively. Cancer cells SMMC-7721, Hep G2 and BEL-7404 were incubated with designated doses
of ART solution for 24 h and 3 days. Data are expressed as mean ± standard deviation (n=3). Letters indicate levels of significant difference between groups. Among the averages, there is no significant difference between those with the same marked letter, and significant
differences between those with different marked letters.

Cytotoxicity towards L929 cells had increased with the
increasing ART concentrations. Activity of cells treated
with different concentration of ART solution showed a
dose-dependent effect.
The results of life and death cell staining of the L929
cells treated with the ART solutions showed that these
solution could lead to cell death (Fig. 4b). After exposure to high concentrations of ART solution, the L929
cells died in large numbers. After cells were exposed to
0.031 mg/mL or 0.063 mg/mL ART, the cell viability
can reach 80% or more. All of the results from LIVE/
DEAD staining indicated that cell viability of the L929
cells had decreased in a dose-dependent manner after
cells were exposed to ART, and the results were consistent with the MTS test results. Based on the above
experimental results, it could be confirmed that the concentration of the ART solution dissolved in the 12%
PEG4000 should not exceed 0.063 mg/mL when applied in biology.
In vitro antitumor properties

Viability of the BEL-7404, SMMC-7721 and Hep G2
human hepatoma cells treated with different concentrations of the ART solution was characterized to determine effect of the ART solution on cancer cells. As
shown in Fig. 5a, the ART solution could significantly
inhibit the three cancer cell lines after cells were exposed
to ART for 24 h, and the cell activity decreased sharply
with increased concentration of ART. During 3 days of
culture, ART keeps acting on cancer cells and effectively
inhibits growth of cancer cells (Fig. 5b, c, d). The IC50
of ART on BEL-7404, SMMC-7721 and Hep G2 cells
was 0.0016 mg/mL, 0.0084 mg/mL and 0.0541 mg/mL,
respectively. In other words, BEL-7404 cancer cells were
the most sensitive to ART.

DISCUSSION

The ART molecule has a large carbon skeleton and
no hydrophilic groups, which makes the hydrophobic
property dominant. ART’s clinical application is limited
by the characteristic poor water solubility. To solve this
problem, ART derivatives are often synthesized. There
have been few studies on improving solubility to ensure the physiological activity of ART. Based on this,
PEG4000 was used to improve the solubility of ART.
The experimental results were compared with the existing studies in the Table 2. The commonly used co-solvent DMSO has greater biological toxicity, and the solubility of ART is lower at a safe DMSO concentration
(1%). The solubility of ART is significantly increased
with the help of organic solvents, but the biological effects are not studied. In our study, PEG4000 was used
as the co-solvent, which not only avoided the side effects of the co-solvent, but also significantly increased
the solubility of ART., 50% PEG4000 makes ART solubility reach 1.678 mg/mL, which is equivalent to the effect of SDS-assisted ART solubility.
The ART-12% PEG4000 solution can effectively inhibit growth of microorganisms although the antimicrobial mechanism of ART is not clear yet. It is speculated
that the free radicals formed by the breaking of the oxygen bridge of ART molecules have destructive effects on
cell membrane, DNA and other intracellular substances.
Some studies have proven that ART can change the permeability of the bacterial cell membrane and cause irreversible damage to the cell membrane. This leads to
leakage of DNA, ATP and proteins, which ultimately
kills bacteria (Lin et al., 2018). Our results differed from
those of Suganthi, who noted that Gram-positive bacteria were more resistant to ART extracts (Appalasamy
et al., 2014). The possible reason is the solvent used for
dissolving ART. The main difference between Gram-
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Table 2. Solubility of ART in different solvents.
Name

Solvent/
Cosolvent

Concentration

Pharmacological activity/
Solubilization mechanism

References

ART

H2O

0.082 mg/mL

ART

DMSO/*

ART (3.075×10–5 –0.038
mg/mL)

Inhibition of cell activity of six AML cell lines by
dose-dependent method

(Drenberg et al., 2016)

ART

DMSO/*

0.014–0.282 mg/mL
(DMSO<0.25%)

Dose-dependent cytotoxicity in Hbe and A549
cells, selective to A549

(Li et al., 2018)

ART

D2O/SDS micelles

1.694 mg/mL
(SDS 11.535 mg/mL)

*Containing ART lipophilic molecules in the hydrophobic core of the SDS

(Lapenna et al., 2009)

ART

D2O/PVP

≈0.270 mg/mL
(PVP 428.570 mg/mL)

*Dipole-dipole interaction between an amide
group and an ester group

(Zhang et al., 2017)

ART

H2O/PEG4000

0.982 mg/mL
(PEG4000 136.360 mg/mL)

Antibacterial, anti-inflammatory, cytotoxic to
cancer cells by dose-dependent method. Cooperation of hydroxy compounds causes the
interaction between the hydroxyl groups of
PEG4000 and the ester groups of ART

Current research

(Gao et al., 2013)

*means no research or no explanation in pharmacological activity.

positive and Gram-negative bacteria is the cell wall permeability. In terms of Gram-negative bacteria, such as
E. coli, there is an efflux pump AcrB in the cell membrane that can inhibit the entry of antibiotics and accelerate their excretion (Sun et al., 2014). Thus, Gram-negative bacteria usually exhibit better resistance to antibiotics (Wu et al., 2013). But in this study, the introduction
of PEG4000 solution possibly changed the permeability
of the cell membrane and reduced the function of the
efflux pump. In addition, PEG can change biofilm structure when acting on cells and viruses, and can mediate
evacuation and rearrangement of lipid molecules (Lentz
& Lee, 1999). The cell wall of Gram-negative bacteria
contains lipopolysaccharides, lipoproteins and a lipid bilayer. When PEG4000 acts, the lipid molecules on the
surface of the bacteria are evacuated and rearranged,

which is beneficial for the entry of ART into the bacteria (Fig. 6). Therefore, the prepared solution exhibits a
higher antimicrobial activity towards Gram-negative bacteria (Ceylan et al., 2013).
A large number of studies has proven that ART and
its derivatives have immunomodulatory properties, which
means that they have significant effects on a variety of
immune cells (Yao et al., 2016). We validated the anti-inflammatory effects of the ART solution after increasing
its solubility by constructing an inflammation model using a mouse macrophage cell line RAW264.7. ART can
disrupt macrophage-associated homeostasis by interfering
with transcriptional signaling pathways in macrophages,
thereby inhibiting the synthesis of inducible NO enzymes and reducing the release of TNF-α, IL-6 and NO
(Li et al., 2012). The pro-inflammatory factor NO is a

Figure 6. Schematic diagram of antibacterial mechanism of the ART solution.

210											
Y. Ba and others

gas radical generated by L-arginine catalyzed by nitric
oxide synthetase, and a large amount of NO is generated
when the cells are stimulated by an immune microorganism to cause an inflammatory reaction. NO can form reactive oxygen species and reactive nitrogen free radicals
can attack biomacromolecules and aggravate inflammatory reactions (Hussain et al., 2004). The anti-inflammatory effect of the ART solution on mouse macrophages
may be due to the down-regulation of IFN-β/STAT-1
signaling by inhibition of IFN-β expression, which leads
to the inhibitory effect of ART on LPS-induced NO
production (Park et al., 2012). Our study shows that a
low concentration of the ART solution could effectively
inhibit production of the inflammatory reaction, which
provides some support for future applications of ART.
ART has obvious inhibitory effects on various cancer
cells, but also has toxic effects on normal cells (Posobiec
et al., 2013). The iron and heme contained in normal
cells may destroy the peroxide bridge of ART to form
free radicals. These free radicals cause oxidative damage
to cells and affect cell proliferation (Wang & Yi, 2008).
This cytotoxicity is not relative to solvent used for the
ART solution (Li et al., 2018). In general, the effect of
ART solution on cells is dose-dependent, which is consistent with other researchers’ conclusion (Houh et al.,
2017). In addition, ART has obvious selective effects on
normal cells and cancer cells. The mechanism of anticancer cells is basically the same as that of normal cells.
The reason for the different inhibition efficiency is that
the tumor cells or cancer cells contain more iron. The
occurrence of tumors and cancer is usually accompanied
by an abnormal increase in iron, and the iron-rich environment will intensify the proliferation of cancer cells,
resulting in much higher iron content in cancer cells
than normal cells (Iancu et al., 1988; Nekhai & Gordeuk,
2012). The cleavage of ART over-oxygen bridge mainly
relies on an iron element. The iron-rich environment
in cancer cells can effectively promote the cleavage of
ART to form a large amount of ROS, which activates
excessive oxidative damage of cellular DNA. Therefore,
the inhibitory effect of ART solution on cancer cells is
much higher. The three types of cancer cells used in this
study were all human liver cancer cells, which to some
extent reduced the impact of the differences of different
types of tissues. However, the experimental results confirmed that the selectivity of ART solution to three types
of cancer cells could be up to 33 times. Cancer therapy
is a potential application of ART. This supports the targeted application of ART. However, the concentration
and the mode of administration have to be explored in
future studies.
In summary, this study proves that ART can be solubilized by PEG4000. The maximum concentration of
ART in 12% PEG4000 is around 1 mg/mL. Further, investigation of its biological properties indicates that the
prepared ART solution has a significant inhibitory effect
on different microorganisms. Also, ART has a significant
anti-inflammatory effect. The level of released inflammatory factor NO by ART-treated inflammatory cells is significantly inhibited. ART has no obvious cytotoxicity but
has an anti-cancer property. The sensitivity of normal
cells and cancer cells (SMMC-7721 & Hep G2 & BEL7404) to ART is dose-dependent, and ART also has selective effects on different cancer cells. In addition, the
biological functions of ART mentioned above can be
achieved when the ART concentration is at 0.031 mg/
mL. These results lay a foundation for broadening the
application of ART in pharmaceutics, biomaterials and
medicine.
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