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Abstract: Realgar is a poorly water-soluble compound that exhibits poor bioavailability. To 

improve this, the authors reduced the particle size of realgar to nanoscale by high-energy ball 

milling and optimized the preparation process under which (realgar weight 40 g, milling time 

9 hours, milling speed 38 Hz, milling temperature −20°C) realgar nanoparticles (NPs) with an 

average size of 78±8.3 nm were prepared. The average particle size of realgar was characterized 

by laser scattering, and its apparent shape was observed by transmission electron microscopy 

and scanning electron microscopy. The solubility of realgar was enhanced after milling until the 

particles were in the nanoscale region without altering its properties, as confirmed by a scanning 

electron microscopy energy-dispersive spectrometer. Realgar NPs had higher cytotoxicity on 

the selected cell lines, namely human breast cancer (MCF7), human hepatoma (HepG2), and 

human lung cancer (A549) cell lines, than coarse realgar. In addition, a pharmacokinetics study 

performed in rats indicated that the relative bioavailability of realgar NPs was 216.9% compared 

with coarse realgar; a biodistribution study performed in mice showed that after intragastric 

administration of realgar NPs, higher arsenic concentration was reached in the tumor, heart, 

liver, spleen, lung, and kidney compared with the administration of coarse realgar, as confirmed 

by inductively coupled plasma mass spectrometry to determine the concentration of arsenic. 

This study indicated that high-energy ball milling is an effective way to reduce the average 

particle size of realgar, and compared with coarse realgar, the cytotoxicity and bioavailability 

of realgar NPs were significantly improved.

Keywords: realgar nanoparticles, high-energy ball milling, cytotoxicity, pharmacokinetics, 

biodistribution

Introduction
A traditional Chinese medicine, realgar, which contains a potent carcinogen, has 

been extensively used in the People’s Republic of China and Europe for a long time,1 

and 90% of it consists of a sparingly soluble agent – sulfoarsenide.2 For a long time, 

Chinese people have used compound preparations containing realgar to treat certain 

types of leukemia.3 In recent years, researchers have used an oral preparation of highly 

purified crystalline realgar to treat acute promyelocytic leukemia (APL) patients in 

different stages of the disease, and found that realgar given orally on its own was 

highly effective and safe in these patients.4,5 Moreover, during recent decades, realgar 

has exhibited significant beneficial effects in the treatment of APL,5 chronic myeloid 

leukemia,6,7 and even some human malignancies,8 especially skin and lung cancer.9,10 

However, a systematic pharmacokinetic study and definitive systematic molecular 

proof of its mechanism of action remain to be carried out.
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Realgar is insoluble in water and most organic solvents, 

resulting in poor bioavailability, and so its wide use in clini-

cal situations has encountered many difficulties, such as lack 

of significant efficacy, need for high doses, and poor patient 

compliance.11 In order to improve the poor bioavailability 

of realgar caused by its limited solubility, some means of 

increasing its solubility is needed. Since realgar is nonioniz-

able, its solubility cannot simply be increased by converting 

it into a salt.12 However, it has been suggested that a particle-

size reduction might significantly accelerate its rate and 

extent of absorption.13 Transforming poorly water-soluble 

drugs into nanosize crystals will dramatically enhance their 

bioavailability and extend their clinical use.14 Colloidal gold 

and iron oxide nanocrystals are examples of nanoparticles 

(NPs) that are widely used in biology and medicine.15 To date, 

realgar NPs have been prepared by physical and chemical 

methods. Physical methods include high-energy milling2,16–18 

and air-current grinding,19 while chemical methods include 

solvent-relay technology,20 chemical precipitation,21 and 

coordination chemistry.22 When chemical methods are 

used to prepare realgar NPs, some problems arise, such as 

removal of organic solvent residues and the larger particle 

size. High-energy milling, which was used in this study to 

prepare realgar NPs, is a suitable tool for preparing particles 

in the nanosize region by a simple solid-state approach and 

a production process that is also simple and suitable for 

production on a large scale.23

However, it needs to be confirmed that realgar NPs have 

more dramatically and significantly enhanced pharmacologi-

cal in vitro anticancer activity compared with coarse realgar. 

The in vitro anticancer activity of realgar NPs was tested 

using blood-disease models – HL-6016,24–26 and K56216 – which 

showed positive results as being obtained from the clinical 

use of realgar. In addition to the effect on the blood-disease 

cell lines, studies were carried out on other cancer cell lines. 

Researchers have found that realgar NPs can significantly 

inhibit the viability and proliferation of certain human gyne-

cological cancer cell lines (C180-13S, OVCAR, OVCAR-

3, HeLa),2,27,28 as well as the cell lines ARH 77, U266,29 

ECV-304,28 and U937.18,30 To investigate the anticancer 

mechanism of action of realgar further, a series of in vitro 

studies were carried out, and the results demonstrated that the 

apoptosis of U937 took place via caspase, mitochondria, and 

mitogen-activated protein kinase-signal pathways.18,30 Studies 

at a gene level showed that realgar NPs produce changes 

in some gene expression in the human uterine cervix cancer 

cell line SiHa.31 Studies carried out on a limited number of cell 

lines have clarified the mechanism of action of realgar NPs to 

some degree.20,24–30 Although most studies focus on the marked 

and significant effect of realgar NPs on different cancer cell 

lines, especially blood disorders under the in vitro condition, 

there have been few comparisons of the anticancer activity of 

two realgar preparations with different particle sizes.

Regardless of the in vitro anticancer effect of realgar, as 

far as in vivo studies are concerned, only an increase in the 

urinary excretion of the total arsenic content was observed,2 

and there are as yet no systematic pharmacokinetic studies 

about its concentration in blood and various tissues. This is 

because a specific and sensitive analytic technique is needed. 

High-sensitivity inductively coupled argon plasma mass 

spectrometry (ICP-MS) was used in this paper to meet the 

detection requirements. Thanks to this analytic technique, 

the concentration of arsenic in blood and various tissues can 

be determined. The comprehensive analysis of the in vivo 

absorption and distribution course of realgar in this study will 

improve the rational and safe clinical use of realgar. Moreover, 

a comparison of the bioavailability of the two realgar prepara-

tions with different particle sizes was carried out, providing 

reliable data for the use of realgar NPs in clinical situations.

The realgar NPs produced after milling were 78±8.3 nm in 

size. In vitro studies were carried out on human breast cancer 

(MCF7), human hepatoma (HepG2), and human lung cancer 

(A549) cell lines to compare the cytotoxicity of the two realgar 

preparations with different particle sizes. For the in vivo study, a 

rat model was selected for comparison of the oral bioavailability, 

and a tumor-bearing mouse model was selected for comparison 

of the biodistribution differences in the two realgar preparations, 

with different particle sizes using the concentration of arsenic in 

the blood and various tissues. ICP-MS, a specific and sensitive 

analytic technique, was used.32

Materials and methods
Materials
Realgar (As

2
S

2
, 98% pure) was obtained from the 

Hubei Institute of Chinese Traditional Medicine (Hubei, 

People’s Republic of China). The compounds – 3-(4, 

5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 

(MTT), ethylene glycol, nitric acid, sodium hydroxide, and 

monopotassium phosphate – were purchased from Tianjin 

Bodi Chemical Co., Ltd (Tianjin, People’s Republic of China). 

Ultrapure water was used throughout the study.

Methods
Preparation of realgar NPs
Realgar NPs were prepared in the temperature-controlled 

inert atmosphere of a high-energy ball mill (QM-DY4, low 
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temperature planetary ball mill, Nanjing Instrument Plant, 

Nanjing, People’s Republic of China), loaded well with 

balls weighing 640 g each. In order to obtain the optimum 

conditions during the preparation of realgar NPs, the process 

conditions were optimized by the orthogonal experiment 

method. Table 1 lists the schedule for the four important 

factors involved in the orthogonal experiment: the weight of 

realgar, milling time, milling speed, and milling temperature. 

Based on preliminary experiments, three levels were set for 

each factor separately. The average particle size was taken as 

the index to evaluate the preparation process under selected 

conditions. The best process conditions were selected by 

analyzing the experimental conclusions. To determine the 

particle-size distribution of samples, the polygonal dynamic 

laser-light scattering method was used, and the evaluation 

indicators were analyzed using the average particle size. To 

examine the realgar NPs prepared under optimized condi-

tions, the particle-size distribution was measured and the 

apparent morphology was observed.

Characterization of the realgar particles
A laser particle-size analyzer (Zetasizer Nano; Malvern 

Instruments, Malvern, UK) was used to determine particle-

size distribution and zeta-potential. A transmission electron 

microscope (TEM; CM20 Ultra Twin microscope; Philips, 

Eindhoven, the Netherlands) equipped with a thermionic 

gun providing a point of 0.27 nm was used to observe the 

morphology of the realgar NPs and the coarse realgar. The 

samples were suspended in alcohol, and then the suspension 

was placed on a copper grid covered with a nitrocellulose 

membrane. The morphology of the samples was observed 

under an electric voltage of 120.0 kV.

Scanning electron microscopy (SEM; Quanta Phenom; 

FEI, Hillsboro, OR, USA) was also used to examine the mor-

phology of realgar NPs and coarse realgar. Before starting the 

observations, samples were suspended in alcohol and vacuum-

coated with a thin layer of gold using a Pelco 91000 (Ted Pella, 

Redding, CA, USA) sputter-coating system. Then, the samples 

were observed at an acceleration potential of 20.0 kV.

An automated mineralogy system that combines SEM 

and an energy resolution-dispersive spectrometer (EDS) and 

facilitates ultrafast analysis of particulate-mineral phases 

was used for quantitative analysis of the elements on the 

surface. The pulverized samples were coated with a thin 

gold layer, and then the samples were observed at 25.0 kV 

using the gaseous secondary electron detector. Dissolution 

tests were carried out in aqueous media (pH 1.2, pH 7.4, and 

ultrapure water) over a period of 8 hours.

In vitro studies
Cells and cell culture
Human breast cancer (MCF7), human hepatoma (HepG2), 

and human lung cancer (A549) cell lines were used to 

compare the cytotoxicity of the two different particle sizes 

of realgar. MCF7, HepG2 and A549 were obtained from 

the American Type Culture Collection (San Francisco, CA, 

USA). All cells were grown at 37°C in a humidified atmo-

sphere containing 5% CO
2
. Cell viability of the stock cultures 

used for subsequent experiments was always above 95%, as 

determined by the trypan blue exclusion test.

Cell-viability assay
To quantify drug cytotoxicity and cell proliferation, cell 

viability was determined using an MTT assay after differ-

ent periods of incubation.33,34 In brief, cells were seeded into 

96-well plates at a density of 3,000 cells/well for 24 hours, 

and the cells were allowed to reach confluence. Five concen-

trations of realgar NPs and coarse realgar suspensions were 

added separately. After different culture periods (24, 48, and 

72 hours), the cells were incubated with 1 mg/mL MTT for 

4 hours. Then, the formazan product was solubilized with 

10% sodium dodecyl sulfate in 10 mM HCl. The absorbance 

of each well was measured using a microculture plate reader 

(ER-8000; Sanko Junyaku Co, Ltd, Tokyo, Japan), at a 

test wavelength of 570 nm and a reference wavelength of 

620 nm.

In vivo pharmacokinetic study
Experimental design
Pharmacokinetic studies were performed in normal, healthy, 

female Sprague Dawley rats (n=6 per group) weighing 

180±20  g purchased from the Experimental Academy of 

Medical Sciences Laboratory Animal Center (Beijing, 

People’s Republic of China). Rats were housed at a tempera-

ture of 22°C±2°C and a relative humidity of 50%±10% with 

a 12-hour dark–light cycle and allowed food and water ad 

libitum for 1 week before the experiment.

Table 1 Experimental parameters of preparation of realgar 
nanoparticles for different cases

Number Weight  
of realgar  
(g)

Milling  
time  
(hours)

Milling  
speed  
(Hz)

Milling  
temperature  
(°C)

1 160 3 28 0
2 80 6 33 -10
3 40 9 38 -20
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Rats were fasted for 12 hours before intragastric adminis-

tration and remained fasting during the experiment, although 

they were allowed water ad libitum. The formulations of 

realgar NPs and coarse realgar suspensions (1.6–2 mL con-

taining 4.62 mg/mL equivalent concentration of two realgar 

preparations with different particle sizes) were given by the 

intragastric route to each of the fasted rats. Blood samples 

were collected in heparinized tubes by retro-orbital plexus 

puncture from each rat prior to drug administration and at 

different times after dosing. Then, the blood samples were 

centrifuged (12,000 rpm, 4°C for 20 minutes) immediately, 

and the plasma was collected in clean tubes and stored in 

a freezer at −20°C until analysis. The volume of the blood 

withdrawn at each time was recorded, and the treated samples 

were subjected to ICP-MS (ELAN 9000, PerkinElmer, 

Waltham, MA, USA) measurement, along with an injection 

standard.

Analytical method
Thawed frozen samples were allowed to reach room tem-

perature, and then the following method was carried out. To 

each plasma sample was added an indium standard (100 µL, 

100  ng/mL), followed by digestion in 3  mL concentrated 

nitric acid for 1 hour at 100°C (Ethos TC, Milestone; 

European Virtual Institute for Speciation Analysis, Münster, 

Germany), then the volume of acid was reduced to 0.5 mL, 

and finally cooled to room temperature and diluted to 10 mL 

with redistilled water.

Sample nebulization was performed using a concentric 

nebulizer for plasma. The detection mode was “scanning”. 

Details of the ICP-MS operating conditions are given in 

Table 2. Quantization was based on the mean (n=3) intensity 

ratios for arsenic in a calibration curve using linear regres-

sion analysis.

Parameter analysis
Based on statistical moments of noncompartmental analysis, 

all pharmacokinetic parameters were evaluated by noncom-

partmental analysis using DAS 2.0 software (Chinese Phar-

macological Society, Beijing, People’s Republic of China). 

Comparison of parameters for realgar NPs and coarse realgar 

was carried out using Student’s t-test.

In vivo biodistribution investigation
The biodistribution of the two realgar preparations with 

different particle sizes was studied in male Kunming mice 

(20±2  g) purchased from the Experimental Academy of 

Medical Sciences Laboratory Animal Center (Beijing, 

People’s Republic of China). Mice were housed under the 

same condition as the Sprague Dawley rats.

H
22

 (murine hepatoma cell line) cells were given by 

subcutaneous inoculation into the right axillary space at 

1 × 106 cells per mouse. After 7 days of implantation, mice 

with tumors reaching a volume of 100 mm3 were selected 

for the experiment. Groups each of three mice were killed 

at 0.5, 1, 2, and 12 hours after intragastric administration. 

The tumor, heart, liver, spleen, lung, and kidney were evis-

cerated, weighed, mixed with physiological saline, and then 

homogenized. All animal breeding, sample handling, and 

measurements were carried out in accordance with the pro-

cedures approved by the analytical method.

Results
Preparation of realgar NPs
The preparation conditions and average particle size of 

realgar NPs prepared under different conditions are listed in 

Table 3. Following mathematical processing of the data, the 

following conclusions were reached. Primarily, the milling 

speed plays a more important role compared with the milling 

time and the weight of realgar on every index, while the mill-

ing temperature has less influence on the results. Increasing 

the weight of realgar is a valid method for reducing the 

average particle size. Secondly, considering the expense and 

the machine time involved, medium levels of milling time 

and temperature should be considered during the prepara-

tion process. From a visual analysis, it was obvious that 

the optimum conditions for preparing realgar NPs were as 

follows: weight of realgar 40 g, milling time 9 hours; milling 

Table 2 ICP-MS operating conditions

ICP-MS
Instrument ELAN 9000 PerkinElmer Sciex ICP
As isotope mass 74.9216
In internal standard isotope mass 114.904
Acquisition modes Scanning
Scan mode Peak hopping
Dwell time 50 ms
Channels/amu 1
Passes/scan 60
Scans/sample 3
Nebulizer type Concentric
Sample uptake flow rate 10 (arbitrary units)
Carrier gas 0.91 L/minute
RF power 1,100 W
Lens voltage 7.5 V
Analog-stage voltage -1,600 V
Pulse-stage voltage 800 V
Desolvation temperature 140°C
Abbreviations: ICP-MS, inductively coupled plasma mass spectrometry; RF, 
radiofrequency; amu, atomic mass unit; As, arsenic.
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Table 3 Orthogonal experiment L9 (3
4) of realgar nanoparticle preparation process

Number Factor Average 
particle 
size (nm)

Weight of  
realgar (g)

Milling time  
(hours)

Milling  
speed (Hz)

Milling  
temperature (°C)

1 160 3 28 0 1,134
2 160 6 33 -10 1,070
3 160 9 38 -20 640
4 80 3 33 -20 821
5 80 6 38 0 328
6 80 9 28 -10 590
7 40 3 38 -10 209
8 40 6 28 -20 164
9 40 9 33 0 290
K1 948 721.3 629.3 584.0
K2 579.7 520.7 727.0 623.0
K3 221.0 506.7 392.3 541.7
Range 727.0 214.7 334.7 81.3
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Figure 1 (A and B) Particle-size distribution of realgar. (A) Untreated; (B) prepared under the optimum condition.

speed 38 Hz, and milling temperature −20°C. Furthermore, 

an average particle size of 78±8.3 nm was achieved using 

the optimized preparation process.

Characteristics of realgar particles
The laser particle-size analyzer was used to determine 

particle-size distribution. Based on preliminary tests, ethyl-

ene glycol was selected as the dispersion medium, and the 

test samples were examined after pretreatment by ultrasonic 

dispersion for 10 minutes.

As shown in Figure 1, the particle-size distribution of 

untreated realgar showed two peaks: one peak of 89.5% at 

1,985 nm, and the other of 10.5% at 87 nm. Also, the real-

gar NPs prepared under optimum conditions had only one 

peak – at 78 nm. After preparation under optimum conditions, 

the particle-size distribution became narrower and average 

particle size was markedly reduced.

The zeta potential is a parameter used to evaluate the 

stability of particles by measuring their surface charge. 

The measured zeta-potential values of realgar NPs and 

coarse realgar were −19.7±0.87  mV and −20.3±0.65 mV, 

respectively. The zeta potentials of realgar NPs and coarse 

realgar were not significantly different.

TEM and SEM were used to examine the morphologies 

of the two realgar preparations with different particle sizes. 

Figures 2 and 3 show the morphologies of the realgar NPs 

and coarse realgar observed by TEM and SEM. The particle 

sizes of realgar NPs and coarse realgar observed by TEM 

and SEM were about 100  nm and more than 1,000  nm, 

respectively.
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SEM-EDS was used to characterize the type and quan-

tity of the components of realgar NPs and coarse realgar, 

and the results are shown in Table 4. The type and quantity 

of the components of realgar NPs were the same as those 

of coarse realgar. The dissolution results of realgar NPs 

and coarse realgar in different aqueous media are shown in 

Figure 4. The concentration of arsenic increased as the time 

increased, and moreover the arsenic concentration of realgar 

NPs was 10–45 times higher than that of coarse realgar over 

a period of 8 hours in different media. The results obtained 

indicated that reducing realgar particle size increased its 

solubility as well as dissolution velocity.

Cytotoxicity of realgar NPs and coarse 
realgar on MCF7, HepG2, and A549  
cell lines
The cytotoxicity of the two realgar preparations with dif-

ferent particle sizes was tested on the MCF7, HepG2, and 

Figure 3 SEM images of coarse realgar and realgar NPs prepared from the optimum 
condition. (A) Coarse realgar; (B) realgar NPs.
Abbreviations: SEM, scanning electron microscopy; NPs, nanoparticles.

Table 4 Elemental type and concentrations (wt%) of coarse realgar 
and realgar nanoparticles (NPs) obtained with SEM-EDS analysis

Sample Coarse realgar Realgar NPs

As 67.48 64.67
S 32.42 34.46
Other elements 0.11 0.86
Total 100.01 99.99

Abbreviations: SEM-EDS, scanning electron microscope energy-dispersive 
spectrometer; As, arsenic; S, sulfur.

Figure 2 (A and B) TEM images of coarse realgar and realgar NPs prepared from 
the optimum condition. (A) Coarse realgar; (B) realgar NPs.
Abbreviations: TEM, transmission electron microscopy; NPs, nanoparticles.

A549 cell lines by comparing cell growth and survival. 

Five concentrations were selected. The cell viability of the 

selected cancer cell lines was inhibited in a dose-dependent 

manner after being exposed to the two kinds of realgar par-

ticle suspensions for 72 hours. The index-dose curves were 

obtained by Origin 7.5 (OriginLab, Northampton, MA, USA) 

by fitting data to a sigmoidal equation and the respective 

half-maximal inhibitory concentration (IC
50

) was estimated 

at the same time. The results are summarized in Table 5. It 

was found that both the realgar NPs and coarse realgar could 

significantly inhibit the viability of the selected cancer cell 

lines. By comparing the IC
50

 values of the respective realgar 

preparations on the cancer cell lines, realgar NPs were found 

to have higher cytotoxicity on the cell lines, with an IC
50

 less 

than 40 µM as As
2
S

2
 with insignificant differences between 

the different cell lines. The coarse realgar had IC
50

 values 

in the range of 100–400 µM.

The cellular morphology changes induced by the two real-

gar preparations with different particle sizes were observed 

under a microscope. Figure 5 shows the morphologies of 

the representative MCF7, HepG2, and A549 cell lines at 

a concentration of 25 µg/mL for 48 hours. After treatment 

for a certain time, all cancer cells shrank and retracted from 

their neighbors. The number of cancer cells treated with 

realgar NPs decreased more markedly compared with the 

ones treated with coarse realgar.

Time- and dose-dependent effects  
of realgar NPs and coarse realgar  
on MCF7, HepG2, and A549 cell lines
We used an MTT assay to assess the time- and dose-

dependent effect of realgar NPs and coarse realgar on selected 

cell lines. Cell viability (%) decreased with increasing con-

centrations of suspensions of the two realgar preparations 

with different particle sizes over time, and in particular the 

viability of cells treated with realgar NPs decreased much 

more rapidly than ones treated with coarse realgar at the same 

concentration. As shown in Figure 6, all treatments induced 

statistically significant time-dependent death in selected 
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Figure 4 (A–C) Dissolution of arsenic from coarse realgar (triangles) and realgar NPs (squares) at different times. (A) Dissolution test in pH 1.2 media; (B) dissolution test 
in pH 7.4 media; (C) dissolution test in ultrapure water.
Note: Bars represent standard deviations (n=3).
Abbreviations: NPs, nanoparticles; h, hours.

Table 5 IC50 (μM as As2S2) of coarse realgar and realgar NPs in 
different cell lines exposed for 72 hours

Cell line IC50 (μM as As2S2)

Compound MCF-7 HepG2 A549

Coarse realgar 397.34 104.36 170.92
Realgar NPs 39.88 34.27 30.32

Abbreviations: IC50, half-maximal inhibitory concentration; NPs, nanoparticles.

MCF7

Normal

Realgar NPs

Coarse realgar

HepG2 A549

Figure 5 Morphologies of the representative MCF7, HepG2, and A549 cell lines 
(first line) and after drug (coarse realgar and realgar NPs) treatment (second and 
third lines) for 48 hours. All the photos were taken after removing the culture 
medium under a microscope.
Abbreviation: NPs, nanoparticles.

cell lines. Likewise, cells exhibited a significant reduction 

in viability in response to an increase in the concentration 

of each treatment. Consistently, the cytotoxicity of realgar 

NPs was higher than that of coarse realgar at the same con-

centration (Figure 7).

ICP-MS assay
This assay was validated (accuracy and precision within 15%) 

over the concentration ranges of 20–200 ng/mL for plasma 
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Figure 6 (A–C) Effect of coarse realgar (triangles) and realgar NPs (squares) on MCF7, HepG2, and A549 cell-line viability at different times. (A) Effect of coarse realgar 
and realgar NPs on the viability of MCF7; (B) effect of coarse realgar and realgar NPs on the viability of HepG2; (C) effect of coarse realgar and realgar NPs on the viability 
of A549.
Note: Bars represent standard deviations (n=3).
Abbreviations: NPs, nanoparticles; h, hours.

and 100–1,000 ng/mL for tissue homogenate. Experiments 

showed that determinations in the range of 20–200 ng/mL 

and 100–1,000  ng/mL exhibited good linearity, accuracy, 

and precision.

Pharmacokinetic study
The plasma concentration–time profiles of arsenic after 

intragastric administration of realgar NPs and coarse realgar 

suspensions are shown in Figure 8, and the correspond-

ing pharmacokinetic parameters are given in Table 6. The 

plasma concentration of arsenic was evaluated by ICP-MS, 

and is presented as nanograms of arsenic/mL plasma. 

After intragastric administration, arsenic was detected in 

rat plasma at the first blood-sampling time (5 minutes), 

and the plasma concentration of arsenic rapidly reached a 

peak at 31–38 minutes for both groups. Compared with the 

group given coarse realgar, a markedly higher concentra-

tion of arsenic (183.2±34.5  ng/mL) was observed in the 

group given realgar NPs, resulting in a prolonged presence 

of the arsenic in blood, with appreciable levels still present 

18 hours after administration. When coarse realgar was 

given, the concentration of arsenic decreased to 50 ng/mL 

after 4 hours; the group given realgar NPs took 48 hours 

for the concentration of arsenic to fall to that level. The 

mean residence time from 0 to 24 hours (MRT
0–24

) values  

were 19.3±9.6 and 32.9±2.2 hours after administration of 

the two realgar preparations with different particle sizes. 

Meanwhile, the relative bioavailability of realgar NPs was 

216.9% higher than coarse realgar. In addition, there were no 

significant differences in the elimination rates of realgar NPs 

and coarse realgar, with half-life (t
½
) values of 44.9±18.1 

and 53.3±44.9 hours, respectively.
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Biodistribution study
A comparison of the biodistribution of realgar NPs and coarse 

realgar was carried out in a tumor-bearing mouse model fol-

lowing intragastric administration. The concentration of arsenic 

in different tissues at 0.5, 1, 2, and 12 hours after intragastric 

Table 6 Pharmacokinetic parameters following intragastric adminis
tration of coarse realgar and realgar NPs (42 mg/kg)

Parameter (unit) Coarse realgar Realgar NPs

AUC0–24 (ng ⋅ hour/L) 1,282.284±586.233 4,796.257±479.885**
AUC0–∞ (ng ⋅ hour/L) 2,829.721±2,078.491 6,136.348±897.428*
MRT0–24 (hours) 19.295±9.619 32.875±2.23*
MRT0–∞ (hours) 84.496±64.225 67.132±209.29
t½ (hours) 53.266±44.88 44.864±18.075
Tmax (hours) 0.514±0.134 0.639±0.24
Cmax (ng/mL) 68.167±10.917 183.15±34.466**

Notes: *P,0.05; **P,0.01 versus coarse realgar by t-test. Values are the means ± 
standard deviation of six rats.
Abbreviations: NPs, nanoparticles; AUC0–24, area under the concentration–time 
curve from 0 to 24 hours; AUC0–∞, area under the concentration curve from 0 to ∞ 
hours; MRT0–24, mean residence time from 0 to 24 hours; MRT0–∞, mean residence 
time from 0 to ∞ hours; t½, distribution half-life; Cmax, maximum concentration; Tmax, 
time to reach maximum concentration.

4,000

Realgar NPs

Coarse realgar
3,500

3,000

2,500

2,000

1,500

1,000

500

C
o

n
ce

n
tr

at
io

n
 (

n
g

/g
)

Tumor Heart Liver Spleen Lung Kidney
0

4,000
Realgar NPs

Coarse realgar3,500

3,000

2,500

2,000

1,500

1,000

500

C
o

n
ce

n
tr

at
io

n
 (

n
g

/g
)

Tumor Heart Liver Spleen Lung Kidney
0

4,000

Realgar NPs

Coarse realgar
3,500

3,000

2,500

2,000

1,500

1,000

500

C
o

n
ce

n
tr

at
io

n
 (

n
g

/g
)

Tumor Heart Liver Spleen Lung Kidney
0

4,000

Realgar NPs

Coarse realgar
3,500

3,000

2,500

2,000

1,500

1,000

500

C
o

n
ce

n
tr

at
io

n
 (

n
g

/g
)

Tumor Heart Liver Spleen Lung Kidney
0

A B

C D

Figure 9 (A–D) Biodistribution of coarse realgar and realgar NPs. (A) After 0.5-hour intragastric administration; (B) after 1-hour intragastric administration; (C) after 2 hours  
intragastric administration; (D) after 12 hours intragastric administration.
Note: Bars represent standard deviations (n=3).
Abbreviation: NPs, nanoparticles.

administration of the two realgar preparations, with different 

particle sizes are presented in Figure 9. After intragastric admin-

istration of realgar NPs and coarse realgar, arsenic was rapidly 

distributed in different tissues, including the tumor tissue, and 

the concentration of arsenic after giving realgar NPs was higher 

than that after coarse realgar, while the maximum level of arse-

nic in tissues was observed 1–2 hours after administration. The 

arsenic concentration in tumor tissues of the realgar NP group 

was 2.0-fold higher than the coarse realgar group. The higher 

arsenic concentration in the tumors indicated that the increased 

bioavailability may result in higher antitumor activity with the 

reduction in particle size. As shown in Figure 9, it was found 

that the arsenic concentration in the realgar NP group in the 

heart, liver, spleen, and lung was 1.0–3.0-fold higher than that 

in the coarse realgar group, while the arsenic concentration 

in the kidney was 2.0–7.0-fold higher than that in the coarse 

realgar group, at the same time after administration, and with 

increasing time, the concentration gradually decreased. At 12 

hours after treatment, the arsenic concentration in different 

tissues had fallen to a lower level.
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Discussion
In recent years, research has found that orally administered 

realgar was highly effective and safe for both remission 

induction and maintenance at all stages of APL.5 A large 

number of in vitro studies have shown that realgar has a 

potentially curative effect in many kinds of cancers.20,24–30 

At the same time, the high dosage required due to the low 

bioavailability prevents it from being used to treat other 

diseases. It has been estimated that roughly 40% of all inves-

tigated compounds fail to reach later phases of development 

due to poor bioavailability, often associated with poor water 

solubility.5 To extend the clinical use of realgar, there is an 

urgent need to improve the poor bioavailability due to low 

water solubility. Considering the properties of realgar and 

the possibility of mass production, the use of high-energy 

ball milling is the preferred method of reducing the particle 

size of realgar to increase its water solubility.

Materials crushed in the milling process are the result 

of the impact and abrasive effects of the grinding body. 

However, the crushing process is extremely complex, and 

it is generally agreed that the fundamental process during 

high-energy milling is repeated elastic deformation, plastic 

deformation, fragmentation, cold welding, microdiffusion 

recovery, recrystallization, amorphization crystallization, 

and/or chemical reactions of the powder particles. The mill-

ing process may involve subjection to repeated grinding 

compressive stress, resulting in inherent crack on the surface 

of the particles or new crack propagation, which lead to 

breakup or plastic deformation. Figures 2 and 3 show the 

surface morphology of the realgar NPs obtained by TEM 

and SEM. This shows that the shape of the NPs was not 

regular. Theories about the most basic material-crushing 

Griffith strength theory says that there is much solid material 

within the microcracks and defects, and to a certain extent 

when external force is applied, cracks begin to expand and 

produce fracture. Figure 10 schematically shows the process 

of crushing based on the Griffith strength theory. Due to this 

theory, the crushing process reduces the original material into 

small pieces, the shape of the NPs cannot be regular, and the 

regular shape of NPs prepared by the milling process needs 

to be confirmed. 

According to published results,2,16,17 the milling tempera-

ture is not a factor that affects the results most; neverthe-

less, we still chose −20°C to ensure rapid removal of the 

heat generated during the milling process to avoid realgar 

being oxidized by the heat. In addition, maintaining a lower 

temperature can also increase brittleness, making it easy to 

break down the material. The dissolution results showed that 

the solubility of realgar NPs was 10–45-fold higher than that 

of coarse realgar over 8 hours. Also, the SEM-EDS study 

showed that after milling, the nature and quantity of realgar 

remained unchanged, indicating that the properties of realgar 

could remain stable during the process of milling. Moreover, 

the results indicated that the increased solubility was likely 

due to the reduced particle size.

The results of the present studies also showed that realgar 

particles exhibited a size-dependent cytotoxicity effect.28 

In order to establish a broader therapeutic role of realgar in 

cancer treatment and compare the cytotoxicity of two realgar 

preparations with different particle sizes, we carried out an 

experiment on different cancer cell lines (MCF7, HepG2, 

and A549). Data from an MTT assay and morphological 

changes produced by exposing these cancer cell lines to 

realgar preparations with different particle sizes showed 

that although coarse realgar could affect the cell viability 

of selected cancer cell lines, realgar NPs with a diameter 

of 78±8.3  nm inhibited cell viability more potently. By 

comparing the IC
50

 values of the different particle sizes of 

Figure 10 Schematic model of material crushing.
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realgar on the selected cell lines, HepG2 and A549 were 

the cell lines that were most sensitive to realgar. Moreover, 

the survival index-dose curves (Figure 7) showed that real-

gar caused inhibition of cell viability in a dose-dependent 

manner. Similarly, the survival index-time curves (Figure 6) 

showed that the inhibition of cell viability by realgar took 

place in a time-dependent manner. These results indicate 

that realgar NPs might have a broader therapeutic role in 

cancer treatment. Accordingly, further experiments should 

be performed to study the mechanisms of cell apoptosis 

induced by realgar, and in addition the in vivo anticancer 

activity of realgar NPs and coarse realgar should be inves-

tigated in a suitable animal model that can evaluate in vivo 

anticancer activity.

Because of the limitations of the detection method, the 

bioavailability of realgar was only estimated by measuring 

the arsenic recovered in urine.1,2,35 In this study, ICP-MS was 

used, so the in vivo bioavailability of realgar was estimated 

from the plasma concentration of arsenic, which accurately 

reflects the absorption of arsenic, and the results showed that 

the relative bioavailability of realgar NPs was 216.9% higher 

than that of coarse realgar. After intragastric administra-

tion of the realgar NPs, plasma concentration significantly 

increased compared with that of the coarse realgar group 

over the same period. Peak intensity was higher, and the 

washout time was more prolonged than the coarse realgar 

over 24 hours. The studies were carried out under the same 

experimental conditions, so the increased bioavailability and 

plasma concentrations were due to the reduction in the size of 

the realgar particles. As seen from the plasma concentration–

time curves (Figure 8), the plasma peak concentration after 

intragastric administration of realgar NPs was 1.7 times 

higher than that after administration of coarse realgar, and 

the concentration of arsenic was maintained at over 50 ng/mL 

for 18 hours. Moreover, compared with the coarse realgar 

group, an MRT
0–24

 of 32.9±2.2 hours in the realgar NP group 

was observed in this study. This suggests that when realgar 

NPs are selected as a therapeutic option, a smaller dosage 

given less frequently might achieve the same curative effect 

as that produced by coarse realgar.

H
22

 cells are the most common mouse tumor cell lines, 

widely used in mouse tumor animal models. A higher 

concentration of arsenic in the tumor site was observed 

after administration of realgar NPs. Although the tumor-

bearing mouse model we chose had its limitations, the 

results also indicated increased bioavailability, resulting in 

an enhanced antitumor effect to some extent. Further studies 

of the in vivo anticancer activity should be carried out using 

more suitable animal models.

After administration of coarse realgar, the concentration of 

arsenic in various tissues was maintained at a low level without 

any obvious differences, while realgar NPs produced marked 

changes in the concentration of arsenic in various tissues, espe-

cially in the liver and kidney. A higher arsenic concentration 

improves drug efficacy, and at the same time a reduction in dos-

age. Our data indicated that realgar NPs can produce a higher 

level in the tumor and liver, so it might be an optimum drug 

for the treatment of some liver diseases without the need for 

high dosage. Therefore, a biodistribution study was performed 

to increase our understanding of the in vivo behavior of realgar 

NPs in order to help promote clinical rational drug use.

Conclusion
The influence of the weight of realgar, milling time, mill-

ing speed, and milling temperature was investigated by the 

orthogonal experiment method. According to the results of 

the orthogonal experiments, the weight of realgar had the 

greatest effect on the particle size, followed by milling speed 

and milling time. The orthogonal results showed that milling 

temperature had less of an effect on the particle size of the 

final realgar NPs, but the use of liquid nitrogen was required 

to maintain a low temperature to avoid the realgar being 

oxidized during the milling process and also help increase 

the brittleness of the material to make it easier to be crushed. 

The realgar NPs prepared under these optimized conditions 

possessed the smallest average particle size.

To determine arsenic in plasma, this paper used a specific 

and sensitive analytical technique – ICP-MS. The results 

obtained showed that bioavailability was enhanced and 

elimination time prolonged after nanosize particles were 

obtained. Low bioavailability limits the clinical use of real-

gar; however, the use of realgar NPs could overcome the 

limitations associated with their poor water solubility and 

increase the scope for their future clinical use.
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