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Abstract. Extracellular polymeric substance (EPS) is a 
substance secreted during algal growth, which has been found 
to have numerous health‑promoting effects. In the present 
study, A431 human epidermoid carcinoma cells were selected 
as target cells and cultivated in vitro as an experimental model 
to investigate the anti‑cancer effect of extracellular polymeric 
substances from Aphanizomenon flos‑aquae (EPS‑A) and 
the possible underlying mechanism. Apoptosis‑ and cell 
cycle‑associated molecules as well as the mitochondrial 
membrane potential of the cells were quantified using flow 
cytometry (FCM). FCM showed that EPS‑A induced cell cycle 
arrest, which led to a loss of mitochondrial function of the 
A431 cells and an increase in necrotic and late apoptotic cells. 
In order to evaluate the apoptosis and cell viability, acridine 
orange/ethidium bromide staining was used, morphological 
changes were observed using fluorescence microscopy and 
typical apoptotic characteristics were observed. Following 
treatment with a high dose of EPS‑A, transmission electron 
microscopy showed nuclear fragmentation, chromosome 
condensation, cell shrinkage and expansion of the endo-
plasmic reticulum; apoptotic bodies were also observed. In 
conclusion, EPS‑A caused cell cycle arrest, stimulated cell 
apoptosis via the mitochondrial pathway and exhibited impor-
tant anti‑cancer activity.

Introduction

Experimental tests have been performed on various bioac-
tive compounds from marine organisms, for the purpose 
of studying their biological effects and thereby identifying 
novel drugs. Natural products isolated from cyanobacteria 
have attracted great attention, since they comprise a valuable 
resource for providing promising drugs for the prevention 
and treatment of cancer (1,2). Aphanizomenon flos‑aquae is a 
filamentous and heterocytic cyanobacterium (3,4), commonly 
found in nutrient‑rich freshwaters as one of the dominant 
species in cyanobacterial bloom. During the growth process of 
an Aphanizomenon bloom outbreak, extracellular polymeric 
substances of A.  flos‑aquae (EPS‑A), as well as paralytic 
shellfish poisons, are secreted into the surrounding environ-
ment  (5). Extracellular polymeric substance (EPS), a high 
molecular weight biopolymer produced via excretion, secre-
tion, sorption and cell lysis, is a substance secreted during 
algal growth (6). Recent studies have shown that algal EPS has 
an ecological importance and exhibits numerous biological 
activities (7‑10). It has been found to have anti‑thrombotic, 
‑aging, ‑coagulant and ‑viral effects, be resistant to radiation, 
protect against endothelial cell damage, decrease hematic fat 
and blood sugar levels, regulate the immune response (7,8) and 
induce cell apoptosis (9,10).

Aberrant regulation of apoptosis is observed in a number 
of major human diseases, including cancer. Numerous 
therapeutic agents inhibit tumor cell growth by inducing 
apoptotic cell death. Mitochondria have also been found 
to play an important role in cell apoptosis (11). Apoptosis 
is a sequential process, during which unwanted cells are 
eliminated in a well‑organized manner, and it is character-
ized by various biochemical and morphological changes, 
such as pyknosis, mitochondrial membrane permeability 
and plasma membrane blebbing. In apoptosis, an alteration 
in the permeability of the mitochondrial membrane causes 
the loss of mitochondrial membrane potential (ΔΨm) (12). 
Previous studies have reported that EPS can induce cell 
apoptosis (9,10) and it is likely that, in the future, marine 
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algae‑derived materials/compounds will be used more widely 
in pre‑clinical studies for drug discovery.

In the present study, A431 human epidermoid carcinoma 
cells were selected as the target cells, EPS‑A from Lake 
Dianchi (Kunming, China) was used as the treatment agent 
and stabilized in vitro cultivation was conducted in order to 
observe the anticancer properties of EPS‑A. The cell cycle and 
membrane potential of the mitochondria in the A431 cells were 
analyzed using flow cytometry (FCM), in order to explore the 
potential mechanism of apoptosis in A431 cells induced by 
EPS‑A from Lake Dianchi. In the present study, the activi-
ties of EPS‑A, including the inhibition of cell proliferation 
and induction of apoptosis in A431 cell lines, were reported, 
and the possibility that EPS‑A could comprise the basis of an 
anticancer drug was investigated. 

Materials and methods

Reagents. The A431 human epidermoid carcinoma cell line 
was purchased from the China Center for Type Culture 
Collection of Wuhan University (Wuhan, China). Fetal bovine 
serum (FBS) was purchased from Gibco‑BRL (Grand Island 
NY, USA). Dulbecco's modified Eagle's medium (DMEM), 
Rhodamine  123 (Rh123) and nitroblue tetrazolium were 
purchased from Wuhan Boshide Biological Technology Co. 
(Wuhan, China) and propidium iodide (PI) was purchased 
from Sigma‑Aldrich (St. Louis, MO, USA). All other chemicals 
were of the highest grade available from commercial sources.

Culture of A. flos‑aquae. A strain of A. flos‑aquae, isolated 
from Dianchi Lake in China, was obtained from the Freshwater 
Algae Culture Collection of the Institute of Hydrobiology, 
Chinese Academy of Sciences (Wuhan, China). According to 
methods of Zhang (13), with minor modifications. A. flos‑aquae 
were cultured in 50 ml sterilized BG11 medium for 30 days at 
25±1˚C, with a 12 h light/dark cycle under a photon irradiance 
of 40 µE/m2/s, which was provided by daylight fluorescent 
lamp. A. flos‑aquae media were thoroughly shaken 2‑3 times 
daily to prevent mat formation, then diluted into 1 L steril-
ized BG11 medium and cultured under identical conditions 
for a further 30 days. Large‑scale culture was performed by 
diluting stock cultures (1 L) into 10 L sterile BG11 medium 
(cell concentration, ~1x104 cells/ml). The culture media were 
harvested after 100 days.

Cell culture. The A431 cells were cultured in DMEM, supple-
mented with 10% FBS and 100 U/ml penicillin‑streptomycin 
at 5% CO2 at a temperature of 37˚C. When they reached 85% 
confluence, cells were harvested using 0.25% trypsin and then 
subcultured in flasks measuring 75 cm2, as described in the 
following experiments. Fresh conditioned medium was added 
every 3 days and subcultures were digested by 0.25% trypsin 
every 7 or 8 days.

Morphological observation. The apoptosis and cell viability 
of cells treated with EPS‑A were assessed by differential acri-
dine orange/ethidium bromide (AO/EB) staining. A431 cells 
treated with phosphate‑buffered saline (PBS) were also run 
under identical conditions and served as controls. Cells were 
collected after treatment with various concentrations of 

EPS‑A (1, 2, 3 and 4 mg/ml) for 48 h before 20 µl AO/EB dye 
mix (100 µl/ml AO and 100 µl/ml EB, both prepared in PBS) 
was added. The suspension was concentrated via centrifuga-
tion at 2,800 x g for 5 min at room temperature, and the cell 
pellet was resuspended in 10 µl cell suspension and plated on 
a clean slide; a coverslip was immediately placed on the slide. 
The analysis was conducted immediately using a fluorescence 
microscope (BX51TF; Olympus, Tokyo, Japan).

Cell cycle of the A431 cells. For the assessment of the effect of 
EPS‑A on cell cycle progression, the A431 cells were incubated 
with 3 mg/ml EPS‑A for 48 and 72 h. The A431 cells treated 
with PBS were also run under identical conditions and served 
as controls. The cells were harvested using 0.25% trypsin, 
washed with 0.01 mol/l PBS (pH 7.4), counted and adjusted 
to 1x106 cells/ml. The cell suspension was then centrifuged 
at 560 x g for 5 min at room temperature. The cells were 
fixed in 70% ethanol, stained with 100 µg/ml PI for 30 min 
and subsequently analyzed using FCM (FACSCalibur™; 
BD Biosciences, Franklin Lakes, NJ, USA) at a 488‑nm wave-
length.

Rh123/PI double staining and FCM analysis. In order to 
further understand the ΔΨm of the cells and the integrity 
of the cell membrane, as revealed by PI and Rh123 double 
staining, the A431 cells were incubated with 3 mg/ml EPS‑A 
for 48 h, and those treated with PBS were also run under 
identical conditions and served as controls. The cells were 
harvested using 0.25% trypsin, washed with 0.01 mol/l PBS 
(pH 7.4), counted and adjusted to 1x106 cells/ml. The cell 
suspension was centrifuged at 560 x g for 5 min at room 
temperature. Rh123 was then added to a final concentration of 
1 mmol/l and the sample was incubated for 5 min at 37˚C in 
the dark, washed with dye‑free PBS, to eliminate non‑specific 
binding of the dye to the mitochondria, and centrifuged again. 
PI was added to a final concentration of 100 µg/ml and the 
sample was incubated for 5 min at 37˚C in the dark. Finally, 
the sample was resuspended in PBS and analyzed using FCM 
(FACSCalibur™) at a 488‑nm wavelength.

Transmission electron microscopy (TEM). In order to study 
the EPS‑A‑induced apoptosis in A431 cells, the cells that had 
been treated with various concentrations of EPS‑A (1, 2 and 
3 mg/ml) and PBS for 48 h were prefixed with 2.5% w/v glutar-
aldehyde for 2 h, rinsed three times in 0.1 mol/l PBS (pH 7.4), 
and post‑fixed for 2 h in 1% w/v osmium tetroxide at a tempera-
ture of ‑4˚C. The fixed cells were dehydrated with a series of 
increasing concentrations of ethanol until they were completely 
dehydrated in absolute ethanol. The cells were detached using 
propylene oxide and then infiltrated with Spurr Low‑Viscosity 
Embedding Medium (Wuhan Boshide Biological Technology 
Co., Wuhan, China). Sections were cut using an ultramicrotome 
with a diamond knife and stained with uranyl acetate and lead 
citrate. Observations were made using a transmission electron 
microscope (JEM‑1230, Olympus Corporation, Tokyo, Japan).

Results

Morphological changes. In order to determine whether EPS‑A 
induced apoptosis in the A431 cells, morphological changes 
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were examined using a fluorescence microscope. It was shown 
that the cells exhibited an intact morphology of the nucleus and 
cytoplasm in the control group (Fig. 1A), while cells treated 
with EPS‑A displayed typical apoptotic features (Fig. 1B‑E).

EPS‑A causes cell cycle arrest and induces apoptosis in 
A431 cells. The effect of EPS‑A on the cell cycle progression 
of A431 cells was studied both 48 and 72 h after treatment. 
FCM analysis indicated that EPS‑A caused cell cycle arrest 

and induced apoptosis in the A431 cells, which was not obvious 
at 48 h after treatment. The apoptotic rate of the control group 
was 4.25% (Fig. 2A), while that of the EPS‑A group was 
11.32% (Fig. 2B). At 72 h after treatment the apoptotic rate of 
the EPS‑A group reached 26.59% (Fig. 2D), which was 5‑fold 
higher than that of the control group (5.29%; Fig. 2C).

Staining of A431 cells with PI and Rh123. Following FCM, the 
A431 cells that had been stained with Rh123/PI were easily 

Figure 1. Morphological changes of A431 human epidermoid carcinoma cells stained with acridine orange/ethidium bromide following EPS‑A treatment. 
(A) The control was treated with phosphate‑buffered saline for 48 h. (B‑E) Cells treated with (B) 1, (C) 2, (D) 3 and (E) 4 mg/ml EPS‑A for 48 h showed chro-
matin condensation and nuclear fragmentation. The arrows indicate apoptotic cells. EPS‑A, extracellular polymeric substances of Aphanizomenon flos‑aquae.

Figure 2. FCM analysis indicated that EPS‑A induced cell cycle arrest and apoptosis in A431 cells stained with propidium iodide. (A‑D) The control cells 
were treated with phosphate‑buffered saline for (A) 48 and (C) 72 h and other A431 cells were treated with 3 mg/ml EPS‑A for (B) 48 and (D) 72 h, and their 
apoptotic rate was measured using flow cytometry. Each value represents the average of three independent experiments. EPS‑A, extracellular polymeric 
substances of Aphanizomenon flos‑aquae; AP, apoptotic rate.
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divided into four groups (Fig. 3): The lower right quadrant of 
each graph, Rh123+/PI‑, showed the A431 cells with normal 
mitochondrial function; the lower left quadrant contained 
Rh123‑/PI‑ A431 cells that had lost their mitochondrial func-
tion; the upper left quadrant, Rh123‑/PI+, showed necrotic 

A431 cells and the upper right quadrant, Rh123+/PI+, showed 
late apoptotic A431 cells. As shown in Fig. 3A, the A431 cells 
in the Rh123+/PI‑ group were centered in the lower right 
quadrant, which meant that the A431 cells in the control group 
exhibited a good mitochondrial function. The A431 cells of 

Figure 3. Staining of A431 cells with PI and Rh123 revealed that EPS‑A induced apoptosis in A431 cells. (A) The control cells were treated with phos-
phate‑buffered saline. (B) The A431 cells were treated with 3 mg/ml EPS‑A for 48 h, and their apoptotic rate was measured using flow cytometry. Cells were 
stained with Rh123 and PI. Each value represents the average of three independent experiments. Light blue represents normal cells, red represents necrotic 
cells, yellow and deep blue represent apoptotic cells. The lower right quadrant of each graph, Rh123+/PI‑, showed A431 cells with normal mitochondrial func-
tion; the lower left quadrant, Rh123‑/PI‑, showed A431 cells losing their mitochondrial function; the upper left quadrant, Rh123‑/PI+, showed necrotic A431 
cells and the upper right quadrant, Rh123+/PI+, showed late apoptotic A431 cells. EPS‑A, extracellular polymeric substances of Aphanizomenon flos‑aquae; 
PI, propidium iodide; Rh123, Rhodamine 123.

Figure 4. Transmission electron microscopy of ultrastructural changes in the A431 cells treated with varying concentrations of EPS‑A. (A) The control cells 
were treated with phosphate‑buffered saline for 48 h. (B) Nuclear fragmentation, chromosome condensation, cell shrinkage and loss of membrane integrity 
were observed in the A431 cells treated with 1 mg/ml EPS‑A for 48 h; (C) severe chromosome condensation and cell shrinkage were observed in the A431 cells 
treated with 2 mg/ml EPS‑A for 48 h; (D) expansion of the endoplasmic reticulum was observed in the A431 cells treated with 2 mg/ml EPS‑A for 48 h, and 
(E) apoptotic bodies were observed in the A431 cells treated with 3 mg/ml EPS‑A for 48 h (scale bar=1 micron). EPS‑A, extracellular polymeric substances 
of Aphanizomenon flos‑aquae.
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the EPS‑A group; however, were predominantly concentrated 
in the lower left and lower right quadrants, which indicated 
that the A431 cells in the EPA‑S group had lost mitochondrial 
function and the number of apoptotic A431 cells had increased 
(Fig. 3B).

Effects of EPS‑A on the ultrastructure of the A431  cells. 
The ultrastructural changes of the A431 cells were observed 
using TEM. The cell ultrastructure of the control group was 
observed to be normal (Fig. 4A). Following treatment with 
a low dose of EPS‑A, nuclear fragmentation, chromosome 
condensation and cell shrinkage (Fig. 4B and C) were observed 
in the A431 cells. Their rough‑surfaced endoplasmic reticulum 
exhibited enlarged cisternae (Fig. 4D). Following treatment 
with a higher dose of EPS‑A, apoptotic bodies were observed 
(Fig. 4E).

Discussion

Numerous bioactive extracellular polymeric substances with 
noteworthy functional properties have been discovered in 
marine organisms, and studies that focus on marine natural 
products, particularly marine algae EPS, are increasingly 
attracting worldwide attention (8,13). Natural products that 
have been isolated from cyanobacteria, as well as their deriva-
tives, have been proven to be a valuable chemical resource for 
finding promising drugs that could assist the prevention and 
treatment of cancer (14). The aim of the present study was to 
evaluate the effect that EPS‑A has on A431 cells and to explore 
its anticancer activity.

Apoptosis is an important aspect of chemotherapy‑induced 
tumor cell death as well as the major mechanism by which 
numerous anticancer drugs and natural products induce cell 
death (15). Apoptosis is also a type of programmed cell death, 
which, through a series of biochemical events, leads to cellular 
morphological changes and cell death. In order to explore the 
mechanism responsible for the anticancer effects of EPS‑A, 
the changes in cell morphology were assessed. Following 
treatment with different concentrations of EPS‑A, morpholog-
ical changes, including cell shrinkage, nuclear fragmentation 
and chromatin condensation, were observed in the A431 cells. 
AO/EB staining of EPS‑A‑treated A431 cells showed that 
EPS‑A resulted in nuclear condensation and fragmentation, a 
morphological hallmark of apoptosis (16).

In the present study, FCM analysis revealed that EPS‑A 
treatment resulted in an increase in the proportion of apoptotic 
cells. When treated for 48 h, the proportion of apoptotic cells in 
the EPS‑A group was low, mainly due to the fact that there had 
been no loss of DNA by fragmentation, although DNA damage 
occurred at an early phase of apoptosis. The secondary reason 
may be that for apoptotic cells in the S or G2/M phase, even if 
the DNA content decreased, the actual DNA content was not 
lower than that of diploid cells, and the proportion of cells in 
the S and G2/M phases in the EPS‑A group was higher than that 
in the control group. This may be due to the fact that EPS‑A 
caused cell cycle arrest of the A431 cells in the G2/M phase, 
affected spindle formation during cell division and inhib-
ited cell division (17,18). At 72 h the apoptosis peak (G2/M) 
was not obvious. The results suggested that EPS‑A initially 
affected the S and G2/M phases of the A431 cells at the early 

treatment stage, induced cell cycle arrest in the S and G2/M 
phases and then cell apoptosis, and the proportion of apoptotic 
cells increased in a time‑dependent manner. Therefore, EPS‑A 
induced apoptosis of the A431 cells by affecting the whole cell 
cycle, but the exact mechanism remains unclear.

In the early phase of apoptosis, when changes in mito-
chondrial morphology are undetectable, the dissipation of the 
membrane potential has already occurred. The dissipation of 
the membrane potential is considered to be part of a cascade 
reaction that occurs early in the process of apoptosis, prior 
to nuclease enzyme activation and the exposure of phospha-
tidylserine at the cell surface. Once the ΔΨm is dissipated, 
apoptosis is irreversible (19,20).

The fluorescent dyes Rh123 and PI can be used to evaluate 
the function of the mitochondria and nucleus, respectively (21). 
In order to further understand the ΔΨm of a cell and the 
integrity of the cell membrane, PI and Rh123 double staining 
was carried out. PI is a fluorescent dye that is not membrane 
permeable and binds to DNA, whereas Rh123 is a lipophilic 
dye that is absorbed by the mitochondria. When the integrity 
of the cell membrane is intact, PI is not able to enter the cell 
to stain the DNA; therefore, a lack of PI staining indicates cell 
membrane integrity. The presence of Rh123 staining suggests 
that the ΔΨm is normal. The cellular uptake of Rh123 is posi-
tively correlated with the ΔΨm (22). FCM analysis showed 
that the cells comprised two main subpopulations: PI‑Rh123+ 

cells that retained their cell membrane integrity and had a 
‘steady state’ ΔΨm, and PI‑Rh123+ cells that retained their 
cell membrane integrity but had a decreased ΔΨm. In the cells 
treated with EPS‑A for 48 h, the number of Rh123‑PI‑ cells 
(those with neither PI nor Rh123 staining) increased. This 
indicated that some of the cells had an intact cell membrane 
but had lost ΔΨm. In conclusion, EPS‑A may induce the apop-
tosis of A431 cells by regulating the mitochondrial membrane 
permeability.

To date, cell ultrastructure observation using TEM 
comprises the most common and reliable method of detecting 
apoptosis, and is considered as the gold standard. TEM showed 
visible cell nuclei, uniform chromatin distribution, abundant 
organelles and cell membrane and nuclear membrane integrity 
in the control group. Following treatment with a low dose of 
EPS‑A for 48 h, nuclear fragmentation, chromosome conden-
sation, cell shrinkage and expansion of the endoplasmic 
reticulum were observed in the A431 cells. Following treat-
ment with a high dose of EPS‑A, the shape of the A431 cells 
was markedly altered, and apoptotic bodies were observed. 
The results showed that EPS‑A influenced the A431 cell struc-
ture in a direct manner, disrupted cell metabolism, damaged 
DNA and ultimately induced apoptosis in the A431 cells.

In conclusion, the results showed that EPS‑A has 
anti‑cancer properties and can induce apoptosis in A431 cells 
via the mitochondrial pathway. The cause of apoptosis in 
A431 cells may be cell cycle arrest and collapse of the ΔΨm; 
therefore, EPS‑A plays an important anti‑cancer role, the exact 
mechanism of which, however, requires further research.
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