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Bovine serum albumin (BSA) nanoparticles containing arsenic
trioxide (As2O3) were prepared by a pH-coacervation method. To
investigate the properties of the As2O3-loaded BSA nanoparticles,
a study on drug-to-polymer ratio was done to determine the drug
loading (DL), and a H-600 transmission electron microscope
(TEM) was used to examine the particle sizes. The results showed
that the DL was 27.8% and the average particle size was about
734 nm. The drug release in vitro test was done, which revealed
that the drug release was found to provide a slow release after an
initial burst release and the cumulative percentage release
reached close to 95%. In vitro cytotoxicity test was carried out
using APL NB4 cell lines (acute promyelocytic leukemia), and the
anticancer efficacy in vivo against mouse H22 hepatoma cells was
evaluated on kungming mice. The results indicated that the anti-
cancer efficacy of the As2O3-loaded BSA nanoparticles was very
obvious.
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INTRODUCTION
Arsenic trioxide (As2O3) is a promising agent that is widely

used in the treatment of tumor. Mass research revealed that the
mechanism included inhibition of proliferation of tumor cells
(Park et al., 2001) and angiogenesis (Rubenstein et al., 2000),
induction of incomplete differentiation (Zhu et al., 2002) and
apoptosis of tumor cells (Jiang et al., 2001), and so on. Early
studies mainly focused on hematologic malignancies (Verstovsek
et al., 2006). A recent pharmacological research showed that
As2O3 can inhibit growth of many kinds of solid tumors
(Evens, Tallman, & Gartenhaus, 2004; Liu & Han, 2003). Nev-
ertheless, the usage of As2O3 as an antitumor drug in clinic has
been limited by the toxicity and poor retention time in the
tumor cells (Diaz et al., 2007; Lemarie, Morzadec, Bourdon-
nay, Fardel, & Vernhet, 2006; Mathews et al., 2006; Siu et al.,

2006), that is, As2O3 can inhibit tumor cells while showing
severe toxicity effect on normal tissue. Fortunately, since the
first reports on the preparation of uniformly sized albumin
microspheres or nanoparticles, these biodegradable, biocom-
patible particles have been utilized as drug carrier systems to
improve the efficacy and reduce the toxicity of some antican-
cer agents (Zhou et al., 2005). Drugs were absorbed onto the
particle surface, bound by ionic interaction, or were entrapped
in the matrix of the nanoparticles (Eatock et al., 1999; Yoo,
Oh, Lee, & Park, 1999). The natural polymers such as proteins
have been largely employed for the preparation of nanoparti-
cles, and the drugs can bypass the efflux action of drug-
resistant cancer cells and are released at slower speed, resulting
in their enhanced cellular drug uptake, accumulations, and
therapeutic effects (Arnedo, Irache, Merodio, Espuelas, &
Millán, 2004; Santhi, Dhanaraj, Koshy, Ponnusankar, &
Suresh, 2000). This study indicates the possibility of preparing
nanoparticles based on gelatin and human serum albumin
(HSA). Encouraging reports have been published about the
antitumor efficacy of anticancer drugs loaded onto nanoparti-
cles (Labib et al., 1991; Zhang et al., 2004).

In this article, we made an attempt to design and develop a
carrier system as antitumor drugs based on bovine serum albu-
min (BSA) for the attachment of As2O3 and investigate the prop-
erties of albumin nanoparticles, including drug loading (DL),
average particle size, drug release property, cytotoxicity in vitro,
and anticancer efficacy in vivo. The probable hypothesis is that
the As2O3-loaded BSA nanoparticles were more effective than
the free drug on the inhibition of tumor cells, which may allow a
reduction in the dose to reduce the systemic toxicity.

MATERIALS AND METHODS

Materials
Aqueous glutaraldehyde solution (25% wt/wt), acetone,

ethanol, and As2O3 were purchased from Shanghai Chemical
Agent Co., Ltd. (Shanghai, China). BSA powder was obtained
from Amresco (Solon, OH, USA). RPMI 1640 culture medium
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(P1504) was obtained from Invitrogen Corporation (Carlsbad,
CA, USA). Pepsin was purchased from Sigma (Steinheim,
Germany).

APL NB4 cell lines (acute promyelocytic leukemia) were
obtained from Chinese National Human Genome Center
(CHGC) (Shanghai, China). Kunming mice were provided by
Medical College of Nanchang University (Nanchang, China).
Mouse H22 hepatoma cells were purchased from Institute of
Biochemistry and Cell Biology, SIBS, CAS.

Preparation of BSA Nanoparticles Containing As2o3

BSA nanoparticles containing As2O3 were prepared by a pH-
coacervation method with forming albumin nanoparticles and
cross-linking with 4% glutaraldehyde. Briefly, 2% aqueous
solution of BSA in 100 mL of distilled water, to which 10 mg of
As2O3 was added, adjusted to pH 9 using 0.5 M sodium hydrox-
ide solution, was transformed into nanoparticles by the continu-
ous addition of dissolved acetone under stirring on a magnetic
stirrer till the solution became turbid. After the transformation
process, 4% glutaraldehyde in ethanol was added to induce par-
ticle cross-linking under continuous stirring at room tempera-
ture for 3 h. After the cross-linking process, the nanoparticles
formed were filtered by millipore membrane filter with a pore
size of 1 μm, then purified by centrifugation at 5,000 g at 25°C
for 30 min. After removing the supernatant, the suspension was
washed thrice with acetone and the nanoparticles obtained were
suspended in an acetone–water mixture.

Drug-to-Polymer Ratio Study
To determine the DL of the As2O3-loaded BSA nanoparti-

cles, a study on the drug-to-polymer ratio was carried out. Five
different batches of nanoparticles containing various concen-
trations of As2O3, such as 10, 20, 30, 40, and 50 mg, were
prepared. As2O3 was first added to 100 mL of BSA aqueous
solution (2%, wt/vol). Afterward, the pH of the solution was
adjusted to approximately 9 with 0.5 M sodium hydroxide solu-
tion, before the dropwise addition of acetone until the solution
became just turbid. The albumin nanoparticles formed were
cross-linked by glutaraldehyde then the obtained nanoparticles
were purified, and the free drug was removed by centrifugation.
Each batch of drug loaded had a constant pH and concentration
of BSA with a variation only in the As2O3 concentration. The
five batches of nanoparticles prepared were named as model A,
B, C, D, and E, respectively.

Determination of Particle Size
The particle sizes of albumin nanoparticles were determined

by the transmission electron microscope (TEM, Hitachi,
Tokyo, Japan). The nanoparticles suspended in the concen-
trated aqueous solution were spread on a slab, dried under vac-
uum, and shadowed in a cathodic evaporator with a gold layer
20 nm thick before examination in the TEM.

Estimation of Amount of As2o3 Incorporated into BSA 
Nanospheres

An amount of 10 mg of As2O3-loaded nanospheres (As2O3-
NP) from each batch was suspended in 1 mL of phosphate buffer
solution (PBS) and incubated with pepsin at 37°C. After the
As2O3-NP was completely hydrolyzed, the disrupted and broken
nanoparticles were separated by centrifugation at 3,000 rpm and
the content of As2O3 incorporated into nanospheres was analyzed
by an atomic fluorescence analyzer (SK-2003, Beijing Jinsuokun,
Beijing, China).

Estimation of Drug by Atomic Fluorescence Analyzer
The amount of As2O3 incorporated into the albumin nano-

particles was calculated by the amount of As2O3 determined in
the supernatants obtained during the purification processes. An
amount of 5 mg of As2O3-NP from each batch was precisely
taken and suspended in 1 mL of PBS. After As2O3-NP was
completely hydrolyzed by pepsin, the solution was diluted by
gradient method stepwise. In all cases, the concentration of
As2O3 was determined by atomic fluorescence analyzer by
extrapolation in a calibration graph, previously estimated with
As2O3 concentrations in suspension, in the range 0.0, 2.0, 4.0,
8.0, 16.0, and 20.0 μg/L. The DL of As2O3-loaded BSA nano-
particles was calculated by the formula

where W1 represents the quality of As2O3 in the nanoparticles
and W2 the quality of As2O3-NS.

Release Studies In Vitro
Eppendorf tubes containing 10 mg of As2O3-NS dispersed

in a total volume of 50 mL PBS (pH 7.4, 0.15 M) were placed
in a shaking bath at 37°C with a constant agitation at 60 rpm.
At predetermined time intervals, the samples were centrifuged
and the amount of As2O3 in the supernatant was determined by
an atomic fluorescence analyzer as described above. This anal-
ysis was performed thrice for each sample.

In Vitro Cytotoxicity Test
To evaluate the efficacy of drug-loaded nanoparticles against

cancer cells, in vitro cytotoxicity test (Bernardini et al., 2006;
Sahu & Jena, 2005) was carried out using APL NB4 cell lines.
APL NB4 cells (approximately 1 × 105 to 1 × 106 cells/mL) were
added to RPMI 1640 medium supplemented with 10% heat-inac-
tivated fetal calf serum and seeded into 24-well microtiter plates,
subsequently, with varying amounts of As2O3 (2.4, 1.2, 0.6, and
0.3 μmol/L). As2O3-loaded nanoparticles equivalent to 2.4, 1.2,
0.6, and 0.3 μmol/L were added along with the control and incu-
bated at 37°C under atmospheric conditions of 5% CO2 and 95%
relative humidity for 5 min with gentle agitation. The number of
viable cells remaining in each well was determined by trypan
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blue dye extrusion technique. From the in vitro cytotoxicity test,
the percentage viability of As2O3 nanoparticles was compared
with that of the control and free drug at different concentrations.

Study on Antitumor Efficacy In Vivo
The antitumor efficacy of As2O3 nanoparticles was com-

pared with that of the free drug and control (Liu et al., 2006)
against mouse H22 hepatoma cells in bearing cancer mice. An
antitumor study was carried out using 60 kunming strain male
mice (weight 18–22 g, age 4–6 weeks), randomly divided into
three groups. Groups I animals received the solvent Hanks
buffer, administered by i.v. route into the tail vein, and served
as control group. Group II animals received free As2O3 equiva-
lent to 3 mg/kg; the drug was dispersed in Hanks buffer and
injected through the tail vein, and these animals served as free
As2O3 chemotherapy group. Group III animals were treated
with As2O3-loaded nanoparticles equivalent to 3 mg/kg in
Hanks buffer (injected through the tail vein) and served as
As2O3-loaded nanoparticles chemotherapy group. The mice
were cared for and handled according to the national regula-
tions for experimental animals and were raised conventionally
without any limit on water and food.

All the three groups of mice were induced cancer model by
implanting mouse H22 hepatoma cells in the abdominal cavity,
where the suspension containing 6.5 × 107/mL cells in logarith-
mic growth phase was conventionally prepared. After inducing
cancer, treatment was given to the animals through solvent
Hanks buffer, free drug, and nanoparticles-bound drug till 15
days. Treatment was discontinued on the 16th day, and all the
mice were killed by cervical dislocation. The tumor tissues
from each mouse in each group were removed and entirely
transferred to 5 mL of sterile normal saline solution resulting in
a suspension. It was measured as the packed cell volume (PCV)
(Santhi, Dhanaraj, Joseph, Ponnusankar, & Suresh, 2002).

The PCV can be determined to find out the total number of
mouse H22 hepatoma cells present in each animal, which is
related to the rate of growth of tumor in each animal. The compar-
ative efficacy of nanoparticles-bound drug and free drug can be
evaluated in terms of percentage tumor inhibition. The formula for
the calculation of percentage tumor inhibition is given below.

where

RESULTS AND DISCUSSIONS

The Average Particle Size
BSA nanoparticles containing As2O3 were readily produced by

the pH-coacervation using glutaraldehyde as the cross-linking

agent (Lin, Coombes, Davies, Davis, & Illum, 1993). It has been
reported that the size and drug yield obtained of albumin nanopar-
ticles can be changed under different pH conditions and the speed
of addition of acetone (Lin et al., 1993). The pH-coacervation
method for preparation of As2O3-loaded BSA nanoparticles
enabled us to obtain spherical and discrete nanoparticles (Figure 1)
with a size ranging from 472 to 891 nm. The average particle size
was found to be 734 ± 1.9 nm for batch C (Table 1), which was
selected as the ideal batch based on the DL capacity. The average
particle size of the As2O3-loaded nanoparticles was larger than
that mentioned in the reported studies (sub-100 nm).

The Drug Loading Capacity
The DL capacity of a nanoparticles carrier is mainly altered

by the nature of the drug incorporated. The estimation of the
drug payload of BSA with respect to As2O3 would be an essen-
tial parameter to know its limitations and applications as a drug
carrier. A preliminary study on the drug-to-polymer ratio was
carried out using various concentrations of As2O3 (100, 200,
300, 400, and 500 μg/mL), described previously. The DL
capacity was determined to be 13.2, 19.6, 27.8, 29.2, and
31.4% by extrapolation in a calibration graph (r2 = .9986).

where x represents the concentration of As2O3 and y the
absorption determined by atomic fluorescence analyzer.

It was evident that there was a linear increase in the DL
capacity with the increase in the concentration of drug. The
linearity between the drug concentration and DL was
maintained only up to a concentration of 300 μg/mL of drug.
Hence, a concentration of 300 μg/mL of drug was considered
ideal to achieve the highest loading among the various chosen
concentrations of drug. The same batch was selected for the
subsequent in vitro and in vivo studies.

Tumor inhibition   100% = − X,

X  test PCV control PCV  10= / × 0.

FIGURE 1. Transmission electron microscope (TEM) micrograph
of As2O3-loaded BSA nanoparticles (×10,000).

y x  134.2132   2.3869,= +
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In Vitro Drug Release
The BSA nanoparticles containing As2O3, prepared under

the experimental conditions, were tested for in vitro release at
37°C. The results showed that the drug was released rapidly
within the initial 2 h, and 75% of the drug was released within
the first 12 h; afterward, the drug was released in a slow man-
ner over 24 h. The cumulative percentage release was 95% for
all the sample batches (Table 2).

The release profiles were related to the presence of As2O3 in
the nanoparticles. The initial burst release may correspond to
the desorption of the As2O3 absorbed to the particles surface,
and the latter sustained release should be due to the As2O3
incorporated into the matrix of the particles, which resulted
mainly from the erosion of the particles by the medium. More-
over, in this case, there is an incomplete release (about 5%)
that could be attributed to the hydrophobic irreversible interac-
tions of the As2O3 particles not affected by a reduction of albu-
min charge (Arnedo, Espuelas, & Irache, 2002; Irache et al.,
2005).

In Vitro Cytotoxicity
Investigations through in vitro cytotoxicity studies on the

inhibition of As2O3-loaded nanoparticles to the APL NB4 cell
lines showed that the drug bound to nanoparticles was more
effective than the free drug, in terms of the reduction in percentage

cell viability. Two hundred cells were counted and the viable
cells were statisticated by trypan blue dye extrusion technique
using T test by SPSS software (Figure 2). The percentage cell
inhibition of the nanoparticles-bound drug and free drug is
shown in Table 3 A test of significance was applied to compare

TABLE 1 
Average Particle Size of As2O3-Loaded 

BSA Nanoparticles

Batch Average Particle Size (nm)

A 625 + 2.2
B 696 + 1.3
C 734 + 1.9
D 738 + 2.7
E 765 + 3.4

TABLE 2 
In Vitro Release of As2O3 from the BSA 

Nanoparticles (Expressed as Cumulative Release)

Time Interval (h) Cumulative Release (%)

0.5 20.65 ± 0.64
1 38.44 ± 1.17
2 52.47 ± 1.38
4 60.76 ± 1.15
8 66.87 ± 1.59
12 75.11 ± 3.03
24 95.37 ± 2.44

FIGURE 2. Percentage cell viability by using trypan blue dye extrusion
technique.

TABLE 3 
Percentage Cell Inhibition by Nanoparticles-Bound As2O3 

and Free As2O3

Group
Viable Count 

(×104)
Viability 

(%)

Control 9.51 100
As2O3 (0.3 μmol/L) 15.8 81.0
As2O3 (0.6 μmol/L) 14.7 75.4
As2O3 (1.2 μmol/L) 12.1 62.1
As2O3 (2.4 μmol/L) 10.3 52.8
As2O3 nanoparticles (0.3 μmol/L) 13.9 71.3
As2O3 nanoparticles (0.6 μmol/L) 12.3 63.1
As2O3 nanoparticles (1.2 μmol/L) 10.5 53.8
As2O3 nanoparticles (2.4 μmol/L) 8.6 44.1

Note. Data statistically significant at p < .05.
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the significance of the difference in percentage cell viability
between the nanoparticles-bound drug and the free drug. It was
evident that there was a marked difference in the percentage cell
viability between the nanoparticles-bound drug and the free
drug (p < .05).

Antitumor Efficacy
Studies of the antitumor efficacy in vivo were carried out

with kunming mice implanted with the mouse H22 hepatoma
cells as the cancer model among the three groups with different
treatments. The results revealed that the drug bound to nanopar-
ticles was more effective than the free drug by the percentage of
tumor inhibition produced, which may allow a reduction in the
dose to reduce the systemic toxicity (Table 4) The phenomena
attributed to this was achieved through recognition or nonrecog-
nition of the colloidal system by the body’s defense system
(Moghimi, Porter, Muir, Illum, & Davis, 1999). Particles that are
small enough to escape the capillary beds of the lungs are
normally sequestered rapidly by the cells of the reticuloendothe-
lial system (RES), particularly, the kupffer cells of the liver
(Dreis et al., 2007; Illum et al., 1982). What is more, the uptake
by the RES is consequently reduced, thus the particles with a
significantly longer circulation half-life are provided (Li et al.,
2007; Moghimi et al., 1999). In some cases, the particles can
deposit preferentially in a specific organ site such as the bone
marrow, spleen, or liver (Moghimi, Hedeman, Muir, Illum, &
Davis, 1993; Porter, Moghimi, Illum, & Davis, 1992).

CONCLUSIONS
In conclusion, the BSA nanoparticles containing As2O3 can

be prepared by pH-coacervation method following cross-link-
ing with glutaraldehyde. Depending on the preparative process
and the drug-to-polymer ratio, the average particle size (734 ±
1.9 nm) and the DL capacity (27.8%) can be obtained.

The in vitro release studies indicated that the drug was
released in a biphasic way, a burst release in the first 4 h fol-
lowed by the slower release within the next 20 h. The in vitro
cytotoxicity studies showed that the drug-loaded nanoparticles
had more effective inhibition to the APL NB4 cell lines than

the free drug, in terms of reduction in the percentage cell
viability.

The in vivo studies revealed that the drug-loaded nanoparti-
cles have better antitumor efficacy, which may allow a reduc-
tion in the dose to reduce the systemic toxicity.

In comparison to As2O3 solutions, the nanoparticle formula-
tions showed several benefits. With particle sizes in the range
400–900 nm, a passive tumor targeting was possible due to the
so-called enhanced permeation and retention effect (EPR
effect) (Maeda, Wu, Sawa, Matsumura, & Hori, 2000). Fur-
thermore, some of these colloidal carriers were able to over-
come multidrug resistance in various cancer cell lines. This
effect resulted in an increased survival time and in longtime
remissions in more than 20% of the treated animals compared
with controls (Ambruosi et al., 2005; Barraud et al., 2005;
Steiniger et al., 2004).
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