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Abstract
Breast cancer is one of the most common cancer types among women in which early tumor invasion leads to metastases 
and death. EpCAM (epithelial cellular adhesion molecule) and HER2 (human epidermal growth factor receptor 2) are two 
main circulating tumor cell (CTC) subsets in HER2+ breast cancer patients. In this regard, the main aim of this study is to 
develop and characterize a three-dimensional (3D) breast cancer tumor model composed of CTC subsets to evaluate new 
therapeutic strategies and drugs. For this reason, EpCAM(+) and HER2(+) sub-populations were isolated from different cell 
lines to establish 3D tumor model that mimics in situ (in vivo) more closely than two-dimensional (2D) models. EpCAM(+)/
HER2(+) cells had a high proliferation rate and low tendency to attach to the surface in comparison with parental MDA-
MB-453 cells as CTC subsets. Aggressive breast cancer subpopulations cultured in 3D porous chitosan scaffold had enhanced 
cell–cell and cell–matrix interactions compared to 2D cultured cells and these 3D models showed more aggressive morphol-
ogy and behavior, expressed higher levels of pluripotency marker genes, Nanog, Sox2 and Oct4. For the verification of the 
3D model, the effects of doxorubicin which is a chemotherapeutic agent used in breast cancer treatment were examined and 
increased drug resistance was determined in 3D cultures. The 3D tumor model comprising EpCAM(+)/HER2(+) CTC sub-
sets developed in this study has a promising potential to be used for investigation of an aggressive CTC microenvironment 
in vitro that mimics in vivo characteristics to test new drug candidates against CTCs.
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Introduction

Breast cancer is one of the most prevalent cancer type 
among women worldwide [1, 2], which is characterized 
by malignant proliferation of epithelial cells covering the 
ducts or lobules of the mammary gland [3]. The early spread 
of tumor cells and metastasis is one of the most common 

causes of cancer-related deaths. However, early diagnostics 
can decrease the mortality rate of the disease drastically [4].

Circulating tumor cells (CTCs) are known as one of the 
most considerable candidates to be used in characterizing 
sub-clonal tumor cell populations [5]. They detach from 
their primary site during the cancer metastasis process and 
infiltrate the circulatory system, migrate through the body 
and promote the formation of secondary tumors at dis-
tant sites [1, 6]. The peripheral presence of CTC was first 
reported in 1869 [7]. By detecting CTC, it is possible to 
detect cancer on early stage, especially with the early diag-
nosis of metastatic cells [8].

EpCAM is a cell surface antigen known as epithelial and 
cancer cell markers encoded by the GA733-2 gene with sim-
ilar named constructs of this antigen (CD326, ESA, HEA125 
and TACSTD1). EpCAM is expressed in more than 60% 
of metastatic breast cancer cells [9]. In breast carcinoma, 
higher EpCAM expression is observed in tumors with less 
differentiation, whereas larger tumors are associated with a 
decrease in metastasis and EpCAM expression [10]. EpCAM 
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has been reported to be a potential marker of premature 
malignancy due to increased expression in tumor cells. Thus, 
EpCAM is a widely used marker for CTC isolation although 
there are certain limitations like EpCAM is not expressed by 
all CTC due to the epithelial–mesenchymal transition (EMT) 
[4, 11]. However, it is reported that EpCAM is detected in 
peripheral blood in metastatic breast cancer patients [12], it 
is still a promising candidate for CTC isolation from breast 
cancer patients.

Furthermore, several types of research have indicated that 
human epidermal growth factor 2 (HER2) is another proper 
target for isolation of CTC from the peripheral blood of 
HER2+ breast cancer patients compromising of the 25–30% 
of all breast cancer cases [13]. HER2 is the transmembrane 
glycoprotein which is expressed in many tissues and whose 
primary task is excessive and uncontrolled cell growth and 
facilitating tumor formation [14]. After treatment with 
standard or anti-HER2 agents in metastatic breast cancer, 
the change in peripheral CTC count- HER2+ cell count is 
essential for assessing response [15] as it has prognostic and 
predictive properties for breast cancer [16]. However, there 
are several pitfalls for usage of EpCAM and HER2 markers 
alone in breast cancer. For instance; EpCAM are downregu-
lated during EMT [17], and thus its value is reduced for CTC 
isolation. Besides, a part of HER2(+) breast cancer patients 
had solely HER2-negative CTCs [18]. Although EpCAM 
and HER2 are candidate biomarkers for CTC selection with 
multiple markers, there is an unmet need for 2D and 3D 
characterization of cancer cells co-expressing EpCAM and 
HER2.

In this study, EpCAM and HER2 are selected as CTC 
markers to develop an aggressive 3D breast cancer tumor 
model. There are many ongoing in vivo researches for cancer 
therapies. However, in vitro studies also play a pivotal role 
in assessing the therapeutic potential of anticancer drugs. 
For this purpose, developing 3D in vitro tumor models has 
been recently become popular since monolayer cell cultures 
are unable to mimic in vivo accurately [19]. In addition, 
3D structured models provide an environment for cell–cell 
and cell-ECM interaction, which imitates the physiological 
function and morphology of cells in a better way compared 
to 2D models. Also, cells in 3D models behave closely to 
the natural tumor structure in terms of polarity and gene 
expression [20–23].

The main goal of this study is to develop an aggressive 
breast cancer tumor model comprising of cells expressing 
EpCAM and HER2 as CTC subsets. In order to accomplish 
this, MDA-MB-453 breast cancer cell line was used for iso-
lation of EpCAM(+), HER2(+) and EpCAM(+)/HER2(+) 
(double positive) cells. These cells were isolated by magnetic 
activated cell sorting (MACS). Cell growth and attachment 
characteristics, the ability of micro tissue formation and 
sphere forming efficiencies in soft agar culture of these cells 

were investigated. As 3D model, cells were cultivated in 
chitosan scaffolds. 3D morphologies of cells were observed 
by scanning electron microscopy (SEM). These cell groups 
which were cultivated by 2D or 3D culture techniques were 
evaluated with regard to mRNA expression of pluripotency 
marker genes, Nanog, Sox2 and Oct4 by qPCR (quantita-
tive polymerase chain reaction) technique. For the verifica-
tion of the 3D model, the effects of doxorubicin which is 
a chemotherapeutic agent used in breast cancer treatment 
were examined and compared in 2D and 3D cultures. The 
results indicate that EpCAM(+)/HER2(+) cells had a high 
proliferation rate and low tendency to attach to the surface in 
comparison with MDA-MB-453 cells. According to results 
of the study; CTCs cultured in 3D expressed higher levels 
of pluripotency marker genes, Nanog, Sox2 and Oct4, than 
cells cultured in 2D. Furthermore, Sox2 and Oct4 expres-
sion levels of CTC subsets were higher than MDA-MB-453 
cells. Aggressive breast cancer subpopulations grown in 
porous chitosan scaffold as 3D model exhibited enhanced 
cell–cell and cell–matrix interactions compared to 2D cul-
tured cells and these 3D models showed more aggressive 
morphology and behavior; decreased flattened-morphology, 
increased expression of stemness genes and increased drug 
resistance. It is believed that the 3D aggressive tumor model 
developed in this study will be a promising alternative over 
in vivo studies for in vitro testing of new drug candidates 
developed against breast cancer, therapeutic DNA vaccines 
and monoclonal antibodies.

Results

Aggressiveness of breast cancer subpopulations 
expressing EpCAM and/or HER2 on the surface 
in vitro

In order to select the most appropriate breast cancer cell 
line for isolation of EpCAM(+), HER2(+) and EpCAM(+)/
HER2(+) cells, fluorescent immunostaining of MCF-7, 
MDA-MB 231 and MDA-MB-453 breast cancer cells was 
performed to visualize EpCAM(+) and HER2(+) cells 
(Fig.  1a) in the whole population and the positive cell 
ratios were quantified (Fig. 1b). It was determined that all 
tested cell groups contained EpCAM (+) cells, however 
MDA-MB-453 cells contained 3.2 times more EpCAM (+) 
cells (1,1% of whole population) than MDA-MB 231cells 
(p = 0.0115). When cells were examined in terms of HER 
(+) cell content, it was observed that no HER2 (+) cells were 
present in MDA-MB 231 cells and that MDA-MB-453 cells 
(0.51% of whole population) contained 28.3 times higher 
HER2 (+) cells than MCF-7 cells (p = 0.0202). Breast can-
cer subpopulations; EpCAM(+), HER2(+) and EpCAM(+)/
HER2(+) cells, were isolated from MDA-MB-453 cells, 
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containing EPCAM (+) and HER2 (+) cells at the high-
est rate among all tested cell lines, via MACS technique. 
Following the observation that the isolated cells expressed 
interested surface markers, HER2 or EpCAM markers, on 
their surfaces by immunohistochemical analysis, in order to 
investigate in vitro growth characteristics, viable cell number 
of the isolated breast cancer subpopulations was measured 
by trypan blue exclusion assay during 17 days (Fig. 2a). On 
the 7th day of culture (corresponding to the earlier logarith-
mic growth phase of cells), EpCAM(+)/HER2(+) subpopu-
lation cells were 2.08, 1.79 and 1.77-fold higher than hetero-
geneous MDA-MB-453 (p < 0.001), EpCAM(+) (p < 0.01) 
and HER2(+) (p < 0.01) cells, respectively. EpCAM(+)/

HER2(+) cells maintained their higher cell number com-
pared to all other populations until the cells entered the death 
phase (between 9 and 13th day of culture) (p < 0.0001). Fol-
lowing the growth characteristics assessment, to investigate 
attachment tendencies of all cell populations to the culture 
surface, attached cells were trypsinized and counted by 
trypan blue exclusion assay during 5 h with 30 min inter-
val (Fig. 2b). In the first 30 min, differences in the num-
ber of attached cells to the culture surface were began to 
observe between the experimental groups. At the 30th min 
of attachment, 12-fold higher MDA-MB-453 (p < 0.001) and 
EpCAM(+) (p < 0.01) cells were attached than HER2(+) 
cells and this statistical significance was maintained during 

Fig. 1  a Fluorescent image of 
EpCAM (green) and HER2 
(red) labeled MCF-7, MDA-MB 
231 and MDA-MB-453 breast 
cancer cell lines. b Quantita-
tive analysis of EpCAM(+) 
and HER2(+) cells in MCF-7, 
MDA-MB 231 and MDA-
MB-453 cell populations. All 
cells were counterstained with 
DAPI (blue) for nucleus. Data 
are plotted as mean of replicates 
with error bars (± SD). Scale 
bar: 100 μm. (Color figure 
online)
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the 180 min follow-up. At the end of 180 min, while ≥ 80% 
of MDA-MB-453 and EpCAM(+) cells were attached to the 
surface, only 50% and 57% of HER2(+) and EpCAM(+)/
HER2(+) cells were attached. Similarly, lower number 
of EpCAM(+)/HER2(+) cells were attached than MDA-
MB-453 (p < 0.001) and EpCAM(+) (p < 0.01) cells between 
30 and 180th min of the attachment, there was no statisti-
cally significant difference between the numbers of attached 
EpCAM(+)/HER2(+) and HER2(+) cells during 180 min 
(except 150th min). Besides, soft agar colony formation 
assay was performed to evaluate the tumorigenicity of 
these cell populations in vitro (Fig. 2c, d). Statistically sig-
nificant difference was not observed between HER2(+) and 
EpCAM(+)/HER2(+) cell groups (p = 0.3076) and between 
MDA-MB-453 and EpCAM(+) cell groups (p = 0.0705) 
in soft agar colony formation assay, however HER2(+) 
and EpCAM(+)/HER2(+) cells showed higher colony 

formation compared to the other two cell groups. Namely, 
HER2(+) cells (transformation index = 54.7%) formed 14 
and 42-fold higher number of sphere, and EpCAM(+)/
HER2(+) cells (transformation index = 43.8%) formed 11 
and 33-fold higher number of sphere than MDA-MB-453 
and EpCAM(+), respectively.

Micro‑tissue assembly of breast cancer 
subpopulations

To examine scaffold-free 3D culture formation capacities 
of MDA-MB-453 cells and breast cancer cell subpopula-
tions, EpCAM(+), HER2(+) and EpCAM(+)/HER2(+) 
cells were cultured in agar wells over 19 days (Fig. 3a, b). 
There was no statistically significant difference between the 
volumes of micro-tissues formed as a result of long-term 
culture (at the end of 19 days) except for MDA-MB-453 and 

Fig. 2  Aggressiveness of MDA-MB-453 cells and subpopulations 
isolated from MDA-MB-453 in  vitro. a Growth and b attachment 
curves, c transformation index (%) of MDA-MB-453, EpCAM(+), 
HER2(+) and EpCAM(+)/HER2(+) cells and d representative micro-
graphs of cell spheres formed in soft agar. Data are plotted as mean 

of replicates with error bars (± SD) and statistically analyzed using a 
two-way ANOVA and Tukey’s multiple comparisons test (a, b), and 
the unpaired Student’s t-test (c). Statistical significance was defined 
as P < 0.05. Scale bar: 200 μm
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HER2(+) (p < 0.05). The volume of micro-tissue formed by 
MDA-MB-453 cells after 19 days of culture is 1.25 times 
higher than HER2(+) cells. Contrary to this similarity in 
the last volumes of micro-tissues formed by different cell 
subsets after 19 days, distinct differences were observed in 
volume changes of micro-tissues day by day, probably due 
to the nature and strength of cell to cell connections. The 
volume of micro-tissues formed by EpCAM (+) cells con-
tinuously increased day by day up to %94.8 increase com-
pared to initial volume. The volume of micro-tissues formed 
by EpCAM(+)/HER2(+) cells did not steadily increase and 
even decreased by 27.5% compared to initial volume on 
the 9th day of culture possibly due to cellular loss in liquid 
flow during refreshment of medium. Despite this volume 
losses, it increased by 73.9% of the initial volume at the end 
of 19 days. Moreover, Live/Dead assay was performed to 
visualize the viability of the cells in the resulting 3D micro-
tissues after 19 days of culture (Fig. 3c). The large majority 
of the cells were still alive on 19th day of the culture and 
only a small number of dead cells were observed. It has also 
been observed that dead cells are homogeneously distributed 
rather than in specifically internal regions of micro-tissues.

Scaffold based 3D culture of breast cancer 
subpopulations

MDA-MB-453 cells and breast cancer cell subpopulations, 
EpCAM(+), HER2(+) and EpCAM(+)/HER2(+) cells were 
cultured for 1 week on sponge-like chitosan scaffolds in 
order to form 3D tissues and SEM analysis was performed 
to examine cell morphology (Fig. 4a). Irrespective of the 
cultured cell type, while the cells exhibit forced polariza-
tion with minimal cell–cell contact area in 2D culture as 
expected, they formed spherical structures with increased 
cell–cell interaction and reduced cell-material surface con-
tact area in 3D culture. In 2D culture, EpCAM(+) cells 
exhibited more epithelial morphology, while HER2(+) and 
EpCAM(+)/HER2(+) cells contained cells that tended to 
remain spherical morphology without spreading on the sur-
face. In 3D culture, all cell groups formed cellular clusters 
attached to the surface of the scaffold. Moreover, expres-
sion levels of Nanog, Sox2 and Oct4 in 2D and 3D cultured 
cells were analyzed by qPCR as markers in the evaluation 
of tumorigenesis (Fig. 4b). Nanog expression of cells were 
6.3, 20.9, 4.2, 2.2-fold higher in 3D cultured cells compared 
to 2D cultured cells for MDA-MB-453 cells, EpCAM(+), 
HER2(+) and EpCAM(+)/HER2(+) cells respectively. 
3D culture strategy similarly increased Sox2 expression in 
MDA-MB-453, EpCAM(+), HER2(+) and EpCAM(+)/
HER2(+) cells (4.1, 12.5, 28.7 and 3.7-fold, respectively). 
Oct4 expression is also elevated in 3D cultured EpCAM(+) 
(2.7-fold), HER2(+) (3.7-fold) and EpCAM(+)/HER2(+) 
cells (1.9-fold) compared to 2D cultures, albeit less than 

for the other pluripotency genes. Furthermore, the results 
revealed that Sox2 and Oct4 expression of EpCAM(+) 
(3.1-fold for Sox2, 3.2-fold for Oct4), HER2(+) (8.4-fold 
for Sox2, 5.6-fold for Oct4) and EpCAM(+)/HER2(+) cells 
(1.6-fold for Sox2, 2.9-fold for Oct4) cultured in 3D culture 
were higher than MDA-MB-453 cells, while no significant 
difference was observed between Sox2 and Oct4 expression 
of the cell groups grown in 2D culture at the end of 10 days 
of culture. In contrast to the Sox2 and Oct4 genes, Nanog 
expression was found to be less in subpopulations compared 
to MDA-MB-453 cells both for 2D and 3D cultured cells.

Drug sensitivity in 2D and 3D breast cancer 
subpopulation culture

To further examine the 3D in vitro breast cancer models as 
in vivo representation, 2D and 3D cultured MDA-MB-453 
cells, EpCAM(+), HER2(+) and EpCAM(+)/HER2(+) cells 
were exposed to a clinically-used anticancer drug, doxoru-
bicin, for 3 days and cell viability was measured by MTT 
assay (Fig. 5). The cell viabilities after the drug treatment 
in the 3D culture of EpCAM(+) and EpCAM(+)/HER2(+) 
cells were 1.7 and 1.4 times higher than the 2D cultured 
cells, respectively (p < 0.05). Furthermore, cell viability 
values up to 57.8% were observed among 3D breast can-
cer model (EpCAM(+)/HER2(+) cells). Independently of 
the cell type, the average viability of 2D cultured cells was 
found to be 31.1%, while the average viability of 3D cultured 
cells was 43.1%.

Discussion

Breast cancers display considerable cellular heterogeneity 
as a result of several genetic and epigenetic mechanisms 
[24, 25]. These distinct breast cancer subpopulations differ 
in terms of various biological properties such as prolifera-
tive ability, metastatic potential and treatment susceptibility 
that influence clinical outcomes [26, 27]. Therefore, char-
acterization of different breast cancer subpopulations and 
development of in vivo-like culture models of these cells 
are substantially crucial for studies in cancer biology and 
therapeutic drug testing in recent years. Here, firstly the 
most proper cell line was determined to isolate breast cancer 
subpopulations expressing EPCAM and/or HER2 surface 
markers that are frequently used to detect CTCs. Secondly, 
EpCAM(+), HER2(+) and EpCAM(+)/HER2(+) cells were 
isolated from the selected cell line, MDA-MB-453, and 
in vitro characteristics of these subpopulations were defined 
to evaluate aggressiveness of them. Lastly, the subpopula-
tions, that have been shown to be more aggressive than the 
bulk population in 2D culture, were cultured on a 3D porous 
chitosan scaffold and a more aggressive 3D culture model 
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has been demonstrated with altered phenotypic features, 
increased pluripotency and self-renewal characteristics, and 
enhanced drug resistance of cells.

Aggressive tumors mostly cause poor prognosis, resist-
ance to treatment and thus higher mortality [28]. Due to this 
clinical importance of the aggressive nature of cancer, it 
has become critical to examine cellular aggressiveness. The 
aggressiveness of cancer on a cellular level is described with 
a faster growth rate, higher ability to metastasize and lesser 
response to drugs [29]. Expression of various characteris-
tics hallmarks have been used to identify aggressive cancer 
subpopulations in breast cancer that is both clinically and 
biologically heterogeneous disease. EpCAM is one of the 
cell surface protein that is plentifully expressed in primary 
tumors. Expression of EpCAM mostly correlates with more 
aggressive tumor behavior [30] and its over-expression is 
considered as a poor prognostic marker in breast cancer [31]. 
Another common marker, HER2, is known to be associated 
with malignancy and a poor prognosis in case of overexpres-
sion [32]. In this study, cells expressing both of these com-
mon surface markers, EpCAM(+)/HER2(+) cells, showed 
higher proliferation rate and colony formation in soft agar, 
and lower attachment tendency to the surface compared to 
the bulk population, MDA-MB-453. These characteristics 
indicate that a more aggressive cell population has been 
obtained at the cellular level. Following the determination 
of an aggressive cell population that can be used to exam-
ine the cellular effects of therapeutics, it has been aimed 
to develop a realistic 3D model with these cells. We firstly 
have cultured cells in the 3D system using scaffold-free 
technology due to simple nature of the technique. However, 
especially EpCAM(+)/HER2(+) cells did not form a sta-
ble micro-tissue, suggesting loosely formed 3D structures. 
These micro-tissues, which are basically cellular clusters, 
did not form ideal structures for experiments due to their 
fragile structures. Therefore, 3D tumor models were con-
structed using a scaffold-based strategy that are in demand 
owing to its support for cell adhesion, proliferation and 
migration [33]. As scaffold, chitosan, that is widely used in 
diverse biomedical applications due to its non-toxicity, bio-
compatibility, biodegradability and antimicrobial property, 
was chosen to create 3D tumor model [34]. Furthermore, it 
has been reported that the chitosan support substrate itself 

or crosslinked with other molecules enhanced cancer cell 
stemness and tumor progression for multiple cancer types 
[35–37]. In the current study, culture on chitosan scaffold 
resulted in a more rounded and spherical cellular mor-
phology and increased the expression of Nanog, Sox2 and 
Oct4, that are considered to serve as valuable markers for 
poorly differentiated aggressive tumors [38], in all tested 
breast cancer subpopulations. Moreover, aggressive breast 
cancer cells cultured within sponge-like chitosan scaffold 
displayed a higher drug resistance (i.e. doxorubicin) than 
2D cultured cells. Taken together, breast cancer cells grown 
within porous chitosan scaffold as a 3D model had enhanced 
cell–cell and cell–matrix interactions compared to 2D cul-
tures and this model exhibited in vivo-like characteristic, 
namely; decreased forced polarity and flattened cellular mor-
phology, enhanced stemness and increased resistance to an 
anticancer drug.

Breast cancer displays diversity in terms of both biologi-
cal and clinical outcomes between tumor subtypes [39] as 
well as substantial intra-tumor heterogeneity [24, 25]. There-
fore, that the cancer subpopulations isolated in this study 
may not be applicable for all types of breast cancer, appears 
to be a limitation of this strategy [40]. Although more 
research is needed to fully elucidate entity, property and 
biological characteristic stability of EpCAM(+), HER2(+) 
and EpCAM(+)/HER2(+) subpopulations in different breast 
cancer populations, the applicability of this isolation strategy 
has revealed in this work. Another limitation to be taken 
into consideration is that the ratio of these cancer subpopu-
lations, especially of double positive cells, is substantially 
low in cell lines tested in the study and this increases the 
number of cells that must be used to isolate subpopulations 
and construct the model. However, it is thought that the 
effect of this limitation on the operation may be reduced by 
further reducing the size of the model and combined with 
microfluidic systems.

3D cancer models are used to create the closest exam-
ple to the tumor microenvironment and to form a tran-
sitional form between the cancer cells isolated from the 
2D culture medium and the developing human tumor in 
the xenogenic host [41]. 3D tumor models are indisput-
ably superior to 2D models for anti-cancer drug testing 
and screening as well as drug delivery. However, there 
are several bottlenecks. First, most of the tumor models 
are using cell lines which are bearing distant characteris-
tics rather than the original tumor. Thus, CTC enrichment 
from the tumor samples to mimic the real tumor charac-
teristics gained importance. For functional assays, CTCs 
cultured on different 3D scaffold systems to mimic tumor 
microenvironment is elaboratively reviewed in [42]. Thus, 
the identification and isolation of aggressive cancer cell 
subpopulations mainly named as CTCs and the develop-
ment of 3D tumor models are hot topics in cancer studies. 

Fig. 3  Micro-tissue assembly of MDA-MB-453 cells and subpopu-
lations isolated from MDA-MB-453 cells. a Representative micro-
graphs and b volume changes of micro-tissues formed by MDA-
MB-453, EpCAM(+), HER2(+) and EpCAM(+)/HER2(+) cells for 
19  days. Data are analyzed using a two-way ANOVA and Tukey’s 
multiple comparisons test, and statistical significance was defined 
as P < 0.05. c Live/dead image of micro-tissues after 19  days. Cell 
viability was visualized by live-dead staining (Calcein/ethidium 
homodimer-1; live: green, dead: red). Scale bar: 200 μm. (Color fig-
ure online)

◂
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However, there is still an unmet need for combined strate-
gies to develop aggressive and realistic platforms. The 3D 
aggressive tumor model developed in our study presents 
several advantages, such as: (a) easy to conduct, (b) more 
cost-effective than the most of advanced 3D culture mod-
els, (c) providing a decreased flattened cellular shape and 
(d) mimicking aggressive nature of in vivo tumors with 
increased drug resistance and stemness. This model may 

provide a suitable platform for the research of cancer biol-
ogy and screening of anticancer drugs.

Conclusions

In summary, the present work reveals that EpCAM 
and HER2 expressing breast cancer cells exhibit more 
aggressive behavior than bulk cancer population and 3D 

Fig. 4  a SEM images and b pluripotency gene expression levels of 
MDA-MB-453, EpCAM(+), HER2(+) and EpCAM(+)/HER2(+) 
cells cultured as monolayers and on chitosan scaffold for 10  days. 
Data are plotted as mean of replicates with error bars (± SD). 

Scale bars: 50  µm for left and 20  µm for right images (except for 
EpCAM(+)/HER2(+) cells, Scale bar: 10  µm) each 2D and 3D 
micrograph columns
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culture of these cells within chitosan scaffold enhanced 
stemness property and anti-cancer therapeutic resistance. 
This novel, aggressive, inexpensive, easy and reproduc-
ible 3D breast cancer model would be a powerful tool to 
investigate cancer biology, efficiency of therapeutics and 
targeting specificity.

Materials and methods

Cell culture

Breast cancer cell lines; MCF-7 (human breast adeno-
carcinoma cell line), MDA-MB 231 (human breast 
adenocarcinoma cell line) and MDA-MB-453 (an andro-
gen responsive human breast carcinoma cell line) were 
obtained from Ege University, Department of Bioengi-
neering, Animal Cell and Tissue Engineering Labora-
tory, Turkey. Cells were seeded at a density of 1 × 105 
cells/ml in 75 cm2 cell culture flasks. MCF-7 cells were 
maintained in RPMI 1640 medium (Biochrom, Germany) 
supplemented with 10% fetal bovine serum (FBS) (Bio-
chrom, Germany), 200 mM l-glutamine (Biochrom, Ger-
many), 100U/ml penicillin and 200 μg/ml streptomycine 
(Biochrom, Germany). MDA-MB 231 and MDA-MB-453 
cells were maintained in Leibovitz’s L15 (Thermo Fisher 
Scientific, USA) supplemented with 10% fetal bovine 
serum (FBS), 200 mM l-glutamine, 100U/ml penicil-
lin and 200 μg/ml streptomycine. Cells were cultured at 

37 °C in a humidified  CO2 incubator. Cell lines were rou-
tinely tested for mycoplasma contamination on a regular 
basis.

Cell line selection by immunocytochemical analyses

MCF-7, MDA-MB 231 and MDA-MB-453 cell lines were 
seeded onto 3 separate coverslips (for HER2, EpCAM stain 
and negative control). Cells were fixed with 4% paraform-
aldehyde incubated for 30 min and washed with PBS. It 
was then blocked with blocking solution for 30 min (PBS 
containing 1% BSA, 22 mg/ml glycine, 0.1% Tween 20). 
Cells were stained with 1 μg/ml anti-HER2 or anti-EpCAM 
primer antibody (Abcam, USA) (diluted in PBS containing 
1% BSA, 0.1% Tween 20) for 30 min at room temperature. 
Then, PBS washes were performed to remove unbound anti-
bodies. 10 μg/ml Alexa Fluor® 647 Streptavidin second-
ary antibody (Life Technologies, USA) was used to label 
the Her-2 primer antibodies, and 10 μg/ml Alexa Fluor 488 
Streptavidin secondary antibody (Life Technologies, USA) 
was used to label EpCAM primer antibodies. Following the 
incubation, cells were washed with PBS and cover slips were 
fixed on the slides. Observation under fluorescence micro-
scope (Zeiss, Axio Vert.A1) was performed and labeled and 
unlabeled cell numbers were measured by ImageJ Software.

Isolation of EpCAM(+), HER2(+) and EpCAM(+)/
HER2(+) cell population by MACS

EpCAM(+), HER2(+) and double positive cells, 
EpCAM(+)/HER2(+), were collected by MACS technique. 
Anti-EpCAM conjugated magnetic beads (MACS, Miltenyi, 
Biotec) were used for the isolation of EpCAM(+) cells. In 
summary, EpCAM(+) cells were labeled with anti-EpCAM 
conjugated magnetic beads (MACS, Miltenyi, Biotec) and 
the cell suspension was passed through the column in the 
magnetic separator (using the MS or LS column type accord-
ing to the choice of MiniMACS or MidiMACS depending on 
the number of cells to be separated), then EpCAM (+) cells 
were separated. For isolation of HER2(+) and EpCAM(+)/
HER2(+) cells, indirect labeling was performed using the 
biotin conjugated anti-HER2 antibody, anti-EpCAM con-
jugated magnetic beads (MACS, Miltenyi, Biotec) and 
Anti-Biotin MultiSort Kit (MACS, Miltenyi, Biotec). Isola-
tion procedures were carried out according to the manufac-
turer’s protocol. Briefly, HER2(+) cells were first labeled 
with biotin conjugated anti-HER2 antibody (Abcam, USA), 
then biotin-conjugated cells were labeled with anti-biotin 
magnetic beads (MACS, Miltenyi, Biotec) and the cell sus-
pension was passed through the column in the magnetic 
separator, then HER2(+) cells were separated. Some of 
the isolated HER2(+) cells were collected in the HER2(+) 
cell group while the other was used for the isolation of the 

Fig. 5  Cell viability of 2D and 3D cultured MDA-MB-453, 
EpCAM(+), HER2(+) and EpCAM(+)/HER2(+) cells after 72 h of 
doxorubicin treatment. Cell viability was determined by MTT assay. 
Data are plotted as mean of replicates with error bars (± SD) and sta-
tistically analyzed using the unpaired Student’s t-test. Statistical sig-
nificance was defined as P < 0.05
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subset of EpCAM(+)/HER2(+) cells. In this step, the mag-
netic beads bound to the HER2(+) cells were separated from 
the surface of cells by Multisort Release Reagent (MACS, 
Miltenyi, Biotec) and this reaction was stopped with Mul-
tiSort Stop Reagent (MACS, Miltenyi, Biotec). Later then, 
the HER2(+) cells from which the magnetic markers were 
removed, were labeled with anti-EpCAM conjugated mag-
netic beads (MACS, Miltenyi, Biotec) and the cell suspen-
sion was passed through the column in the magnetic separa-
tor to separate EpCAM(+)/HER2(+) cells.

Cell growth kinetic and attachment characteristics

The growth kinetic was determined with batch culture mode 
in a 6-well plate (Greiner, Germany). Briefly, MDA-MB-453 
cells and breast cancer cell subpopulations; EpCAM(+), 
HER2(+) and EpCAM(+)/HER2(+) cells were seeded at 
a starting concentration of  103 cells/well in a 96-well plate 
and cultured for 17 days. Cell viability were determined by 
MTT (methyl thiazol tetrazolium) (Sigma, ABD) day by 
day according to the manufacturer’s protocol. In order to 
determine the ratio of live non-adhered cells, cell adhesion 
assay was performed. Cells were seeded at a concentration 
of 5 × 104 cell/well in a 6-well plate. In order to directly 
count the number of non-adherent cells, non-adherent cells 
were collected with cell culture medium from the plate every 
30 min during 180 min and counted following the staining 
with 0.4% trypan blue dye.

Micro‑tissue formation capacity

A 3D “Petri Dish®” (MicroTissues Inc. USA) mold wells 
(with a diameter and depth of 800 μm) was used to form 
micro-tissues. 330 μL of the sterilized agar (Sigma, USA) 
solution (2% w/v) was added to the mold reservoirs and 
allowed to gel for gelation. Following the gelation, the 
mold was inverted, and 3D non-adhesive agar gels were 
taken in a 24-well plate to form micro-tissues. MDA-
MB-453, EpCAM(+), HER2(+) and EpCAM(+)/HER2(+) 
cells were added to conditioned wells (5 × 105 cell/well) in 
defined volumes and cultured for 19 days. The micro-tissues 
were observed daily under an inverted microscope (Olympus 
CK-40, Japan). Diameters of micro-tissues were measured 
by using ImageJ Software and volumes of micro-tissues 
were calculated.

Live/dead assay

The viability of MDA-MB-453, EpCAM(+), HER2(+) and 
EpCAM(+)/HER2(+) micro-tissues formed for 19 days was 
visualized by live/dead assay (Thermo Fisher Scientific, 

USA). Briefly, micro-tissues were washed with PBS and 
incubated with dye mixture for 30 min at room tempera-
ture. Samples were observed under an inverted microscope 
(Olympus CK-40, Japan).

Sphere formation capacity in soft agar

Colony formation activities of MDA MB453, EpCAM(+), 
HER2(+) and double positive cells were determined by the 
soft agar test to assess in vitro tumorigenic activity of cells. 
6 ml of agarose (Sigma, USA) solution (approximately 0.51% 
w/v) supplemented with cell culture medium (1× final con-
centration), 5% fetal bovine serum (FBS) and 200 mM l-glu-
tamine, was poured into a 2 mm grided tissue culture petri-dish 
of dimensions 60 × 15 mm (Greiner, Germany) and allowed to 
solidify. Cell suspansion (5 × 105/ml, 0.4 ml/petri) were mixed 
with the top layer agarose medium (1 mL). This mixture was 
added to the petri dishes following the gelation of the lower 
layer and incubation was started (37 °C, 5%  CO2). At the end 
of the 10–15 days of incubation, Cell colonies (consisting of 
at least 5 cells) formed in 25 small squares (0.04 cm2 area of 
each square) was were counted in gridded petri dishes under 
the microscope. The number of all colonies in a petri dish 
(9.6 cm2) was calculated taking account of the colony number 
in a small square (0.04 cm2) and the transformation index was 
calculated with the following formula:

Formation of 3‑D tumor model by using chitosan 
scaffold

For the 3D model, chitosan scaffolds were produced by using 
lyophilization technique subsequent to freezing of chitosan 
(Sigma, USA) in a container which allows − 1 °C/min cool-
ing rate [43]. First, chitosan powder was dissolved in 0.2 M 
acetic acid solution (2% w/v) at room temperature on a shaker. 
The chitosan solution added into the syringe was frozen at 
− 86° C. The solvent was sublimed by lyophilizing overnight 
in the lyophilizer. Chitosan scaffolds (volume of each scaffold: 
0.48 cm3) were sterilized with ethylene oxide gas and left to 
stand for 2 days to eliminate toxic effects of gas. Then scaffolds 
were dehydrated through a graded series of ethanol for 10 min 
at each ethanol concentration (98%, 90%, 80%, 70% and 50%) 
and washed 5–6 times with sterile PBS. Chitosan scaffolds 
were transferred into well plates and left to be conditioned by 
overnight incubation with cell culture medium. MDA-MB-453 
cells and EpCAM(+), HER2(+) and EpCAM(+)/HER2(+) 
cells isolated from MDA-MB-453 cells were seeded on chi-
tosan scaffold (1 × 106 cells/cm3).

%Transformation index

=
Number of colonies on a petridish

Number of cells inoculated to a petridish
× 100
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SEM analysis

MDA-MB-453 cells, EpCAM(+), HER2(+) and 
EpCAM(+)/HER2(+) cells were cultured on conventional 
2D culture plates or in chitosan scaffolds and morpholo-
gies of 2D and 3D cultured cells were observed using scan-
ning electron microscope (SEM; FEI QUANTA 250 FEG). 
After the culture period, living samples were fixed with 5% 
glutaraldehyde (Merck Millipore, Darmstadt, Germany) 
prepared in 0.1 M sodium cacodylate (Sigma Aldrich St. 
Louis, MO, USA) at 4 °C for 30 min. Following the treat-
ment of cells with 7% sucrose (in 0.1 M sodium cacodylate) 
(Merck Millipore, Darmstadt, Germany) at 4 °C for 30 min, 
post-fixation was performed for 30 min with 1% aqueous 
osmium tetroxide (Sigma Aldrich St. Louis, MO, USA) in 
0.1 M cacodylate. The samples were gradually dehydrated 
with ethanol and treated with hexamethyldisilazan (HMDS, 
Sigma Aldrich St. Louis, MO, USA) for 5 min. The samples 
sputter-coated with 200 Å gold/palladium (Au/Pd) exam-
ined with a scanning electron microscope (LEoL JSM-5200, 
Japan).

Quantitative polymerase chain reaction (qPCR) 
analysis

MDA-MB-453 cells, EpCAM(+), HER2(+) and 
EpCAM(+)/HER2(+) cells that were cultivated in 2D or 
3D culture (in chitosan scaffold) conditions for 10 days were 
evaluated with regard to mRNA expression of pluripotency 
marker genes Nanog, Sox2 and Oct4 by qPCR (quantita-
tive polymerase chain reaction) technique. Total mRNA was 
isolated from 2D to 3D cultured cells. To isolate RNA, the 
samples (approximately 1 million cells per sample) were 
lysed by a homogenizer, suspended in 1 ml tripure reagent 
(Life Science, 11667165001, USA) and vortexed. 200 µl 
chloroform was added and the samples were centrifuged at 
12,000×g for 20 min at 4 °C. RNA was transferred into a 
fresh tube and 500 μl isopropanol was added. Following an 
incubation step for 10 min at room temperature, the samples 
were centrifuged at 12,000×g for 10 min at 4 °C. The super-
natant was removed and pellets were washed with 1 ml 75% 
EtOH and centrifuged at 7500×g for 5 min at 4 °C. Follow-
ing removal of the supernatant again, EtOH was evaporated 
at 57 °C and pellets were resuspended in 50 μl RNAse-free 
water. RNA concentrations and ratios were determined by 
spectrophotometric measurement. cDNA synthesis was 

performed with “Transcriptor First Strand cDNA Synthesis 
Kit” (Roche; 04379012001, USA). The primers (Table 1) 
were designed using Clustal Waling and Oligo7 software. 
For qPCR (LightCycler 480II), GAPDH was used as the 
house-keeping gene.

Determination of doxorubicin activity by using MTT 
assay

MDA MB 543, EpCAM(+), HER2(+) and EpCAM(+)/
HER2(+) cells were cultured in both 2D culture and chi-
tosan scaffolds during 5 days. 2D and 3D cultured cells were 
exposed to doxorubicin (10 μM) for 72 h and cell viability 
was assessed by MTT assay.

Statistical analysis

All experiments were repeated at least three times and data 
are presented as mean ± standard deviation (SD). Statistical 
significance was determined by Student’s t test (two-tail) or 
two-way analysis of variance (ANOVA) with Tukey’s mul-
tiple comparisons test, through GraphPad Prism version 6.0 
(GraphPad Software). P < 0.05 was considered statistically 
significant.
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Table 1  Primers designed for the gene expression analysis of pluripo-
tency markers (Nanog, Sox2 and Oct4) for human breast cancer cells

GAPDH was used as the housekeeping gene for all groups

Gene Direction Sequence

Nanog F ACA GGT GAA GAC CTG GTT CC
R TTG CTA TTC TTC GGC CAG TT

Sox2 F ATG GGT TCG GTG GTC AAG T
R CTG ATC ATG TCC CGG AGG T

Oct4 F CTT CGG ATT TCG CCT TCT C
R CTT AGC CAG GTC CGA GGA T

GAPDH F AGC CAC ATC GCT CAG ACA C
R AAT ACG ACC AAA TCC GTT GACT 
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