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Abstract: Worldwide, tumors are one of the most common causes of death. Every year 3.7 million new cases occur 
in Europe and more than 1.9 million patients die (WHO data). Most of the fields of research are focused on develop-
ing new therapeutic strategies that will be effective in eliminating the tumor, preventing its remission, and avoiding 
or reducing the side effects of therapy. In the past, generally classical 2D cell cultures or immunodeficient animal 
models had been used to cultivate and test drugs on human cancer cell lines. Nowadays, there are increasing in-
terests in three-dimensional (3D) cell cultures, a method with significant differences from flat cultured cells, both 
considering gene expressions and cell-cell interactions. Various evidence suggests that high tumorigenic properties 
might be dependent on the occurrence of a small cell population, pointed out to be responsible for metastasis 
and recurrence. This population is called cancer stem cells (CSCs), hinted to have a lot of similarities with normal 
stem cells. CSCs are the main reason for chemotherapy failure as well as multi-drug resistance (MDR). CSCs can 
also interact through the cytokine network, with other cells like the macrophages of the inflammatory system. The 
big advantage of a 3D culture is the possibility to isolate and investigate the CSCs population surrounded by its 
environment. This article aims to sum up known 3D cell cultures, especially in the field of CSCs research due to the 
importance of the tumor’s environment on stem cell’s markers expression and their development.
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Hypothesis and characteristics of CSCs

Despite many years of research, the answer to 
what leads to cancer recurrences and what is 
the cause of metastasis remains unsolved. 
Tumors can be described as inhomogeneous 
and molecularly complex structures. While so- 
me cancerous cells die after chemo- or radio-
therapy, some of the tumor cells’ mass will sur-
vive and disseminate as metastases [1, 2]. 
These facts are the basis of the assumption 
that some part of the tumor mass is constitut-
ed by cancer-initiating cells called cancer stem 
cells (CSCs). According to CSCs hypothesis, 
they are closely related to normal stem cells 
(SC) as they have similar features, such as the 
ability to self-renew and differentiate into other 
cell lines to regulate tissue functions [3]. More- 
over, the CSCs constitute a specific population 

of cells that cumulate genetic mutations with 
divergent carcinogenic activity. That means that 
CSCs can generate new tumors after transplan-
tation into an animal organism (this does not 
apply to regular stem cells) [1, 4].

CSCs plasticity

Multilineage differentiation capacity of CSCs 
gives rise to the phenotypic and functional het-
erogeneity in cancer cells within the same 
tumor. However, the newer current dynamic 
CSC models assume a highly plastic behaviour 
of CSCs [5, 6]. The plasticity is defined as a pro-
cess by which cancer cells gain the dynamic 
ability to switch from non-cancer stem cells 
(non-CSCs) to CSCs and vice versa [5]. That 
means that any differentiated cancer cell can 
be reprogrammed to become CSCs through 
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dedifferentiation and reacquiring of self-renew-
al capacity; on the other hand, each CSC has 
the ability to give rise to the differentiated 
tumor cells [6]. Thus, the plasticity of CSCs also 
contributes to the heterogeneity observed in 
cancer [5]. This conversion of CSCs into differ-
entiated non-CSCs depends on several exoge-
nous and endogenous factors such as cellular 
interactions, specific microenvironmental sig-
nals, exosomes, tumor-stroma interactions, the 
composition of the extracellular matrix, gene 
expression. These factors vary upon time and 
space in tumor progression which might ex- 
plain the variation in the frequency of CSCs in 
different stages of diseases and various types 
of cancer. In addition, the rate of conversion of 
CSCs to non-CSCs influences tumor behavior, 
i.e. the lower the differentiation tendency, the 
greater the CSCs frequency within a tumor and 
the more aggressive cancer with higher capac-
ity to metastasis and the resistance to chemo-
therapy [5, 6].

CSCs in the same type of cancer are phenoty- 
pically and functionally heterogeneous [6-8]. 
CSCs heterogeneity was found in many neo-
plasms like breast, colon, brain, prostate, lung, 
and many other organs (liver, pancreas, kidney, 
bladder, ovary) tumors/cancers [6, 7]. The most 
‘primitive’ slow-cycling CSCs (quiescent CSCs) 
develop into more mature tumor progenitors 
(proliferative CSCs), which in turn develop in- 
to much less tumorigenic cells (differentiated 
CSCs) or undergo trans-differentiation into ce- 
lls of different lineages (non-CSCs) [6, 7, 9].

CSCs metastatic ability

CSCs are able to detach from the primary tu- 
mor site and spread to distant tissues and 
organs where they can proliferate and give rise 
to secondary tumors. This happens when CSCs 
undergo epithelial to mesenchymal transition 
(EMT) that promotes the invasion of tumor ce- 
lls [10]. CSCs that exhibit EMT characteristics 
remain after anticancer treatment, leading to 
cancer recurrence and drug resistance. The 
EMT displays a huge role in migration, altera-
tion of the extracellular matrix, and apoptosis, 
and drives CSCs plasticity contributing to intra-
tumor heterogeneity [8].

CSCs, cancer resistance, and recurrence

It is well documented that CSCs are highly 
resistant to chemotherapeutic agents, radia-

tion, and cell death which is the main cause of 
the ineffectiveness of classical anticancer ther-
apies [4]. The frequency of CSCs in tumors 
increases after anticancer treatment confirm-
ing their persistence during such therapy [10, 
11]. In addition, CSCs can be generated by epi-
genetic plasticity due to drug-induced dediffer-
entiation or conversion of non-CSCs to CSCs 
[4].

The resistance of CSCs is a very complex, mul-
tifactorial, inherent characteristic of these ce- 
lls and is a result from radiation and chemo-
therapy. Various internal and external factors 
are involved in this phenomenon. For instan- 
ce, CSCs represent slow-cycling cell population 
equipped with protective autophagy mecha-
nisms that maintain their stemness, resistan- 
ce, and low concentrations of reactive oxygen 
species ROS [12]. CSC resistance is also de- 
fined by high expression of multidrug resis-
tance proteins (P-gp, BCRP, MRPs), efficient 
DNA repair systems, enhanced ROS scavenging 
capacity, and upregulation of anti-apoptotic 
proteins (Bcl-2, Bcl-X, c-FLIP). Elevated activity 
of detoxifying [13] signaling pathway compo-
nents are implicated in the resistance of CSCs, 
including NOTCH, Wnt/β-catenin, Hedgehog, 
transforming growth factor-β (TGF-β), phosph- 
oinositide 3-kinase PI3K/AKT, STAT, BMP, Bmi) 
and transcription nuclear factor-κB (NF-κB) [4, 
12, 14].

Besides, in tumors CSCs reside in peculiar 
niches that provide specific microenvironments 
(CSCs-ME) protecting them against cell death 
and cancer therapy [4]. CSCs-ME is character-
ized by a complex network of autocrine and 
paracrine cross-communications involving ac- 
tivated fibroblasts, endothelial cells, macro-
phages, immune cells, and adipocytes. In addi-
tion, local and biochemical factors such as 
hypoxia, cytokines, exosomes, and extracellu-
lar matrix components play a role in a specific 
characteristic of the CSCs niche [15, 16]. Mu- 
tual communication between CSC and sur-
rounding niche involve adaptation of CSCs to 
the environmental changes. The CSCs them-
selves can also modulate their niche. In turn, 
the CSCs niche plays a huge role in CSCs be- 
havior by enhancing stemness, self-renewal, 
invasion capacity, metastasis, and drug resis-
tance [8, 15, 16]. Moreover, the CSCs-ME can 
revert non-CSCs into CSCs by among others 
EMT-associated processes, increasing tumor 
invasiveness and metastasis [8].
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Conventional anticancer therapies target rap-
idly proliferating cancer cells, but cannot pre-
vent resistance, metastasis, and tumor relapse 
due to the presence of CSCs. It has been postu-
lated that complete eradication of malignancy 
can only be achieved by targeting CSCs [15]. 
However, a dynamic interchange between CSCs 
and non-CSCs populations as well as CSCs and 
CSCs-ME suggests that therapies that are only 
active against CSCs may result in cancer recur-
rence or resistance, in part because the residu-
al differentiated cancer cells could repopulate 
the niche of CSCs [8].

Properties of CSCs-novel target therapies 
quest

The research on CSCs is not easy, mainly 
because of the difficulty of identification and 
determination of its origin. The first proof of 
CSCs presence was the discovery of CD34+/
CD128- cells that initiate cancer in acute mye- 
loid leukemia. Subsequent research showed 
the same trend for different solid tumors and 
other blood cancers. It was demonstrated that 
CSCs in hepatocellular carcinoma (HCC) origi-
nate from liver progenitor cells (LPC), and thus 
CSCs might be generated by differentiated 
mature liver cells under the influence of genetic 
and/or epigenetic alterations [17]. Those ambi-
guities indicate that research into the origin of 
CSCs needs to be pursued.

In case of brain tumors, CSCs exhibit the sa- 
me markers as physiological stem cells (SCs). 
However, this is not a general rule and not all 
tumors are characterized by this dependency. 
In some cases, CSCs show different, genuine 
markers not found on the surface of the corre-
sponding SCs. For example on colon cells, a 
marker like Dclk1, present on differentiated 
cells, will be lost within two weeks. On the other 
hand, the same marker Dclk1 appears on CSCs 
of adenomas and intestinal polyps signifying 
rapidly proliferating cells with tumor growth sti- 
mulation [18]. While surface markers analysis 
is not an ideal method for identifying and isolat-
ing CSCs, many studies of novel target thera-
pies, capable of inhibiting the expansion of che-
moresistant CSCs, use specific patterns of sur-
face markers that identify these cells. Of equal 
importance is research focused on specific 
proteins and RNA, responsible for the develop-
ment and functions of CSCs [17].

It is generally admitted that the reappearance 
of a tumor is the result of CSCs. One of the 

mechanisms responsible for the migration abil-
ity and increased drug resistance is the epi- 
thelial-mesenchymal transition (EMT). Some 
reports, focused on breast cancer and non-
small cell lung cancer, showed that abnormal 
activation of the TGF-β pathway mediates tu- 
mor metastasis and recurrence, and is respon-
sible for promoting EMT. Current studies on 
TGF-β pathway inhibitors are designed to reveal 
its role in the mediation of the EMT process 
[18].

Seeking CSCs and studying the derivation sh- 
ould not be the only goal. More and more 
reports indicate that it is necessary to study 
the microenvironment and thus the signaling 
pathways for elaborating new therapies. Both 
are responsible for regulating cells’ growth and 
proliferative potential. Several key pathways 
such as Wnt/β-catenin, Notch, and STAT3 aff- 
ect CSCs characteristics [17, 19]. Furthermore, 
the oxygen concentration within the tumors 
also influences the properties and growth of 
CSCs. It has been shown that the hypoxic en- 
vironment stimulates CSCs and that hypoxia 
increases the cancerous potential of cells. 
However, both hypoxia and re-oxidation seem 
to be essential for CSCs growth and the ability 
to create new tumor outbreaks. Factors induced 
by hypoxia, like HIF 1a and HIF 2a expressed  
on glioblastoma CSCs, are correlated with poor 
prognosis in brain tumors; additionally, their 
decrease reduces cell self-renewal [1]. The use 
of an epigenetic modification of gene expres-
sion through histone modification and methyla-
tion seems to be promising. Moreover, in vari-
ous cancers the CSCs express immune mark-
ers and display specific immune characteris-
tics. These properties can be used in the devel-
opment of immunotherapies to target CSC in 
the tumor microenvironment. Recent research 
has focused on developing a vaccine for immu-
notherapy and CSCs stimulation to enter the 
resting state of the cell cycle. Various reports 
have also shown that some hormones, e.g. thy-
roid hormones and dopamine, affect CSCs. In 
case of hepatocellular carcinoma, thyroid hor-
mone increases the amount of CD90+ CSC, pro-
moting CSCs auto-regeneration and carcinoge-
nicity [17].

The importance of 3D culture to study CSCs 
properties

Today the superiority of 3D cell cultures over 
traditional 2D cell cultures is well established. 
First of all, 3D systems reflect the tumor micro-
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environment and cell-cell interactions much 
more accurately than cells growing in a single 
layer in plastic flasks. Moreover, there is a big 
difference between the two systems in res- 
ponse to an in vitro drug. Nowadays, searching 
for CSCs generally relies on surface markers 
monitored by flow cytometry. CSCs typically 
exhibit a high expression of CD44+, although 
each tumor has a slightly different composition 
of cell surface antigenic CSCs [20]. In colorec-
tal cancer, various markers have been propo- 
sed for CSCs identification, including CD166, 
CD133, CD44, EpCAM, CD29, CD24, and the 
Lgr5 protein [21]. In ovarian cancer, CSCs 
shows high expression of markers such as 
CD133, CD44, ALDHhigh, Lgr5 and form side 
population cells (SP) in flow cytometric analys- 
is [18]. Melissaridou et al. monitored the 
expression of some antigens (CD44, SOX2, and 
NANOG) and genes (CDH1, CDH2, VIM, FN1, 
TWIST, FOXC2) on head and neck cancer ce- 
lls [20]. After 7 days of spheroid growth, the 
increased expression of CDH1 mRNA was 
observed when compared to 2D culture. The 
CDH1 gene codes for E-cadherin [22], the pro-
tein playing an important role in cell adhesion, 
and thus forming organized tissues, transmit-
ting chemical signals within cells, controlling 
cell maturation and movement, and regulating 
the activity of certain genes. Increased expres-
sion of CSCs-related transcription factors such 
as NANOG and SOX2 was also demonstrated in 
3D cultured cells compared to cells cultured by 
2D methods. Moreover, cells cultured in spher-
oids showed greater viability and resistance to 
increased doses of cisplatin or cetuximab [20]. 
Thus, the doses of drugs used in 2D culture do 
not translate into a 3D culture. Therefore, the 
first stages of research on modern anticancer 
drugs should be carried out in three-dimension-
al, rather than on two-dimensional, cultures as 
they better reflect the tumor environment.

In addition to surface markers, it has been sug-
gested to use intracellular markers involved in 
epithelial development, e.g. Wnt signaling cas-
cades [23]. One of the most important mar- 
kers is ß-catenin, which plays a crucial role in 
homeostatic intestinal renewal and carcinogen-
esis. It was noted that the analysis of CSCs pro-
teins and metabolic pathways is important in 
the development of modern therapies. They are 
significant in acquiring resistance to treatment 
and stimulating tumor cell migration [21]. The 
study of the metastatic potential of the CSCs 

highlighted the importance of factors other th- 
an markers. Louie et al. evaluated the effects 
of hypoxia and re-oxygenation on breast cancer 
cell lines MDA-MB 231 and BCM2 [24]. The 
research consisted of subjecting the cells to 
hypoxia and re-oxygenation several times, and 
then selecting both adherent and floating sur-
viving cell populations, which tended to form 
spheres. The latter cells were injected into 
immunosuppressed mice. The study showed 
that the non-adherent cells subjected to hypox-
ia and re-oxidation were highly carcinogenic 
compared to the adherent cells. Cells undergo-
ing hypoxia cycles were also shown to have a 
slightly different phenotype. New cells showed 
EMT features, e.g. had an increased percent-
age of cells not expressing cadherin and the 
population of CD44+/CD24-. EMT is responsible 
for the increased migration potential of cancer 
cells. The important features of EMT are loss of 
E-cadherin and increased expression of fibro-
nectin and vimentin [24]. Thus, it is extremely 
important to analyze the complex processes 
influencing the development of CSCs, including 
their environment. This is only possible in 3D 
cultures [25]. A nucleus composed of cells 
dying due to lack of oxygen and nutrients is a 
potential area for CSCs growth in developed 
spheroids as only CSCs can survive in such con-
ditions. Subjecting cells to hypoxia and re-oxy-
genation cycles can also be used to select 
CSCs cells [24].

Methods used to engineer 3D cell cultures

Creating 3D cultures is becoming more com-
mon in cancer research. Different 3D culture 
systems are developed to achieve better and 
more accurate methods of recreating a micro-
environment as similar as possible to the natu-
ral tumor surroundings. Reduced costs of cul- 
tivating cells, better production, growth, and 
later visualization are goals to be achieved. In 
2D, the contact with the surface of a plastic 
bottle might change cellular morphology and 
have an impact on distribution of oxygen and 
nutrients. In contrast to 2D methods, where 
cells cover the flat bottom, in 3D methods cell 
cultures form complex structures such as or- 
ganoids or spheroids. Generally, in vitro 3D cul-
ture techniques are categorized into: 1. anchor-
age-independent systems (non-scaffold based) 
ex. hanging drop, low attachment plate; 2. 
anchorage dependent (scaffold-based) ex. hy- 
drogels; and 3. specialized 3D culture platforms 
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ex. microfluidic devices, solid-phase spheroids 
[26, 27]. In addition, in vivo or ex vivo models 
can be distinguished. An example of in vivo 
model is patient-derived xenografts (PDX). Brei- 
fly, patient tumor fragment is implemented into 
the immunodeficient mouse, which allows to 
preserve tumor morphology. Patient-derived 
explants (PDEs) is a known ex vivo study mo- 
del, where the excised tumor is immediately 
used to test targeted therapy. Both methods 
are appreciated due to the possibility of pre-
serving tumor architecture, chromosomal insta-
bility and resistance to treatment [28-30]. As in 
2D cultures, it is possible to co-cultivate differ-
ent cell phenotypes, like tumor cells and fibro-
blasts. The 3D co-cultures allows direct contact 
between cells (cell-cell intereaction), by secre-
tion of signaling mediators, which at least par-
tially reflect the multiple and simultaneous 
interactions that occur in the tumor microenvi-
ronment. Moreover, 3D cultures reflect proper-
ties of solid tumors with a close dependency of 
cancer cells to epithelial tissue, i.e. circulation 
of nutrients. This provides, as for in vivo tumors, 
a cell model with a necrotic core formed at the 
center of the tumor where the cells grow under 
unfavorable conditions, such as hypoxia and 
low concentration of nutrients. In such subopti-
mal environmental conditions reside CSCs [26, 
27]. Such a 3D microenvironment facilitates 
the study of the function, behavior, morphology 
or gene expression of CSCs, and cellular res- 
ponses to the drug treatment in a manner more 
representative of in vivo conditions. It also 
allows the search for new drugs that could be 
effective in combating CSC and chemoresis-
tant cells.

In vitro generated cancer organoids

Creating organoids is one of the established 
methods to explore cancer environment and 
help to generate a similar environment as close 
as possible to in vivo tumors. Organoids are  
3D structures composed of cells from a given 
tumor or tissue. The sample is collected from a 
patient or animal and after proper dissolution 
can be seated on a Matrigel in presence of 
media that contain specific growth factors. As a 
result after few days, cells form organoids [31-
33]. Several studies indicated that different 
organoids (like murine bladder organoids, lung 
cancer organoids) can be passaged weekly for 
a long period without any karyotypic and sphe- 
rical morphology changes. Because organoids 

are made from different cell types and the pres-
ence of stem cells is a hallmark of these 3D 
structures, it might be one of the best tools to 
investigate CSCs forming tumor mass. Addi- 
tionally, patient organoids are a good platform 
to investigate the properties of CSCs and cel-
lular heterogeneity of tumors [34].

H. Zhao et al. created organoids from a patient 
with oral squamous cell carcinoma (OSCC) [35]. 
The HE staining showed that OSCC organoids 
reflect the structure of the primary cancer sam-
ple. Besides, the immunofluorescence staining 
of CD133 (a marker of OSCC CSCs) and C18 (a 
marker of differentiated cells) confirmed that in 
both cases expressions of these markers were 
similar. That might suggest, that a patient-
derived organoid can capture the cellular het-
erogeneity. The same study pointed out the 
importance of the tumor environment. Lactate, 
which is aimed to be a waste product, may pro-
mote the CSCs. The administration of lactate 
was correlated with organoids formation, high-
er Wnt activity (pathway correlated with tumor-
initiating capacity), and the CD133+ cells con-
centration. While Wnt pathway activity and 
CD133 protein expression were lower for the 
control group (with PBS) and group treated with 
lactate in addition to α-cyano-4-hydroxycinna- 
mate (CHC-an inhibitor of lactate uptake), com-
paring to organoids treated with lactate [35]. 
Organoids of human urothelium carcinoma we- 
re successfully established and provided some 
interesting information. Hematoxylin-eosin st- 
aining indicated that some organoids grew as a 
solid tumor structure, while organoids from dif-
ferent patients contained lumen inside. There 
was a difference between the expression of 
CK20+ (luminal) cells as well. So in fact, the 
researchers created two subtypes-luminal and 
basal bladder cancer. Interestingly, two organ-
oids lines from a tumor from one patient, 
expressed different markers (only one con-
tained Ck20+ cells) [34].

The research on organoids from dog urine sam-
ples was carried out to study prostate cancer 
[36]. Organoids contained epithelial cells, leu-
cocytes, cancer stem cells, myofibroblasts, and 
basal cells, all of which are also proposed to be 
responsible for organoids formation and tumor 
growth. The study showed that organoids 
formed from basal cells grew faster than the 
luminal cells organoids. This might be a sign 
that in case of prostate cancer basal cells 
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might pose a reservoir of a cell origin and can-
cer progression. Previously proposed markers 
of stem cells (CD44, CD133, and active alde-
hyde dehydrogenase (ALDH)) expressions were 
investigated as an association with tumor for-
mation and progression. Expression of the stu- 
died markers was higher in organoids than in 
urine cells. CD44 positive cells constituted the 
biggest group of stem cell markers groups.  
Also the expression of CD44 was higher in urine 
samples from PC dogs than in normal cells. 
This might suggested that CD44 positive cells 
may be responsible for regulation and initiation 
of a dog’s prostate cancer [36].

All reports indicate that organoids may be a 
good 3D culturing technique to obtain and 
study CSCs, tumor variability, and the influence 
of tumor environment. One of the advances is 
undoubtedly the possibility to create personal-
ized therapy as organoids are derived from 
parental tissue. Besides, it is a good platform 
to investigate drug activity and toxicity. The limi-
tation of organoids is lack of some tumor sur-
rounding cells, like muscle cells, immune cells 
or nerve cells. Initially, it is necessary to opti-
mize the ratio of existing cells to induce appro-
priate functions of the organoid. The contami-
nation of normal epithelial cells may reflect the 
organoid growth rate. In addition, the presence 
of small inhibitors of some of the pathways 
found in the culture medium may affect the 
expression of certain genes and drug sensitivi-
ty [29, 31].

Single cell-derived spheroids

Although the 3D cultures method is now over-
flowing with different techniques and it might 
be relatively cheap and efficient to study tumor 
properties, some limitations do not allow to 
study the CSCs characteristics accurately. Be- 
cause of the tumor heterogeneity and very little 
percentage of tumor cells able to initiate tu- 
mor growth and self-renewal, the acquisition of 
CSCs from traditional spheroid forming meth-
ods and 2D cultures is difficult. Single cell-de- 
rived spheroids (SCDS) are a good platform to 
investigate CSCs, by observing the expression 
of important genes, the surface markers ex- 
pression, and the multilineage potential to dif-
ferentiate into a variety of cancer cells. Diffe- 
rent subpopulations of CSCs might show vari-
ous responses for some inducers and exhibit 
different proliferative potential [37].

A study on a lung cancer CSCs provided that 
there are at least two types of CSCs-symmetric 
division for self-renewal and asymmetric divi-
sion for differentiation. Both were able to be 
stably passaged, demonstrated stem cell mark-
ers, and had the ability to initiate tumor growth 
and form spheroids. While culturing in tradition-
al spheroids (aggregation spheroid cultures) it 
was not possible to obtain a pure CSCs popu- 
lation. However, single cell-derived spheroids 
allow to distinguish two different subpopula-
tions of Lewis lung cancer CSCs and demon-
strate variant characteristics [38]. Thanks to 
FACS or the limiting dilution protocol, it is pos-
sible to obtain one cell type of spheroid to 
investigate exact population behavior under 
different microenvironment conditions. The stu- 
dy on gastric cancer cells pointed out SCDS 
spheroids had round and clear boundaries mor-
phology, in contrast to irregularly shaped aggre-
gated spheroids. Besides, SCDS were highly 
adherent and compact (the distinction of an 
individual cell was difficult), while traditional 
spheroids made agglomerates and their self-
renewal ability was decreased. For SCDS, the 
expressions of main transcription factors, like 
SOX2 and NANOG, and gastric CSCs markers 
CD44 and CD54 were up-regulated comparing 
to parental cells (2D cell line culture) and tu- 
mor spheroids. In conclusion, the SCDS better 
reflect CSCs characteristic. The same study 
indicated that SCDC were more resistant to 
apoptosis and necrosis, because only 25% of 
the cells in the spheroid were apoptotic/nec- 
rotic, while 40% of the cells from tumor spher-
oids expressed cell death markers [39]. That 
confirms the CSCs feature-resistance to apo- 
ptosis.

One of the important investigated aspects is 
the question of whether the CSCs can generate 
different cancer cell types under different con-
ditions. The multilineage potential can be exa- 
mined on SCDS in properly selected microenvi-
ronment conditions. Induction with various con-
ditioned culture media allowed to transform 
specific markers negative cells into positive 
cells after differentiation. And this way, in the 
study of H. Liu et al., previously PAS (a marker 
of prostate cancer) and CD10 (a marker of lym-
phoma) negative T3A-A3 cells have changed 
and expressed a given marker, while treated 
with an appropriate tissue-derived conditioned 
medium. This finding was confirmed with other 
CSCs clone experiments [37]. For high-through-
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put experiments, the microfluid chips or special 
PDMS microplate provide significant efficiency, 
easy medium exchange, and similar size spher-
oids [39, 40].

Hanging drop

Hanging drop (HD) is a scaffold-free techni- 
que. Creating spheroids inside hanging drop is 
known as one of the easiest methods to culti-
vate cells in 3D. A technology generated by 
droplets of cell suspension dispensed onto the 
underside of a petri dish lid from which they 
hang due to surface tension and gravitation. 
The cell suspension is contained in a liquid 
drop hanging onto/from a plate covered by 
amphiphilic surfactant coating [26, 41]. For this 
method, special welled plates have to be used 
with a hole at the bottom of the upper well and 
the lower well filled up with water to avoid dry-
ing. The cells in suspension spontaneously 
aggregate into spheroids under gravity (Figure 
1). For some of the brands of plates, a cell sus-
pension on the cover lead should be applied, 
which, after inverting the plate, will create a 
hanging drop supported by adhesive forces. 
Due to gravitation, cells are dropping to the bot-
tom of the drop and form spheroids at the 
water-air interface [41]. It is essential to protect 
the plate from drying out by ensuring adequate 
humidity. Usually, the droplets formed are in a 
volume of 20 µl (never exceeding 50 µl). It is 
possible to suspend a small number of cells, 
what can be useful for growing CSCs cells as 
they remain a small percentage of tumor cells 
[26, 41, 42].

Through hanging drops, spheroids of set di- 
mensions can be created in a series of experi-
ments, thus obtaining reliable results. In addi-
tion, repeatability is achieved owing to other 
characteristics, the culture conditions for cre- 
ating drops are a scaffold-free technique with 
no support system or matrix [42]. The hanging 
drop 3D system can be used for drug discovery, 
CSCs studies, and even to study angiogenesis 
of co-cultures of two phenotypes [26, 43]. 
Some companies are fully specialized in such 
systems of spheroid production, e.g. 3D Bio- 
matrix and InSphero [41]. Despite the apparent 
advantages of hanging drops, many limitations 
have prevented their widespread use. First of 
all, the small droplet volume is an obstacle for 
testing a large number of putative drugs as the 
technique is relatively laborious and time-con-
suming. This is due to manual pipetting, subse-
quent collection of spheroids, and/or media 
changes [41, 42].

Aggregation in U or V bottomed ultra-low at-
tachment plates

3D cell culture methods include scaffold-free 
techniques and scaffold-based techniques. 
Aggregation in U or V bottomed ultra-low at- 
tachment plates (ULA) is the forced-floating 
method, carried out using uncoated plates or 
plates coated with a hydrophilic polymer. Sphe- 
roids are self-assembled, created under appro-
priate conditions with the ability to be culti- 
vated as a free-floating culture. This method is 
suitable for high-throughput screening because 
of automated research. The fact that no scaf-

Figure 1. Hanging drop-spheroid formation. 
Small drops hang thanks to surface tension 
and gravity. On the bottom of the hanging 
drop single cells aggregate and create 
spheroid after few days of cultivating.



3D in vitro culture systems in anticancer drug discovery targeted on CSCs

4938 Am J Cancer Res 2021;11(10):4931-4946

fold could interact with cells and change their 
characteristics and ability to grow is one of the 
main advantages [44, 45].

Spheroids can be formed from as little as 500 
to 20,000 cells. Their detection is possible 
within a few days, however, the formation of a 
spheroid is noticeable after 24 hours [44, 46]. 
Any contact of the pipette with the bottom of 
the plate is not recommended as damage to 
the plate surface distorts the spheroids. The 
cultured spheroids are homogeneous and show 
a similar morphology. The size of the colonies  
is therefore a big advantage compared to other 
3D methods. Cells cultured on ultra-low adhe-
sion plates with a U-shaped bottom can be 
used for tumor cell migration and invasion as- 
says, and immunohistochemical staining [47]. 
In the study of Vinci et al., spheroids obtained 
from ULA plates were transferred into a gelatin-
coated flat-bottom 96-well plate to carry out 
the high-throughput migration assay. After a 
few hours diffusion of a single cells forming a 
spheroid structure was observed. The 72-hour 
record allowed for evaluation of tumor cells mi- 
gration efficiency and the difference between 
migration trend (dependent on cell culture line)-
more rapid and ameboid in contrast to slower 
and collective. To generate informative data, 
the inverted microscope and the proper soft-
ware can be used to estimate cell migration. 
Likewise, the invasion assay can be accom-
plished. After four days of sphere cultivation in 
ULA, the Matrigel was added to the wells. It is  
a kind of matrix equivalent, so cell movement 
and local proteolysis may be observed. The 
invasion is accomplished after 72 hours and 
monitored every few hours. The images show-
ing cell invasion were acquired thanks to a 
Colegio cytometer or inverted microscope [47]. 
In addition, this method enables to observe  
the development of spheroid formations using 
transmitted light imaging platforms. Many au- 
tomated platforms and software are available 
to analyze results [46].

Comparative studies of tumor spheroid genera-
tion techniques revealed higher chemoresis-
tance to cisplatin of cells in ULA and hanging 
drop (HD) plates compared to 2D methods. The 
spheroids generated using the ULA and HD 
plates presented a round-type morphology that 
is related to strong cell-cell adhesion. However, 
the size was different and spheres were bigger 
when grown on ULA, what might indicate that 

HD promotes higher cellular aggregation. The 
circularity of spheroids was similar in both me- 
thods. The differences in the colony sizes were 
most noticeable after 3rd day of cultivating. 
However, ULA was demonstrated to be more 
robust and reliable than the HD method, and 
therefore, can be considered as the most suit-
able and straightforward method to generate 
spheroids for cytotoxicity assays [48].

The CSCs analysis is also possible using the 
ULA plates. The tumor-initiating capacity was 
verified by in vivo serial dilution tumorigenesis 
assay, as a golden standard of evaluating CSCs 
properties. Only 500 sphere cells were able to 
induce the forming of a tumor after transferr- 
ing to NOD/SCID mice, comparing to parenting 
cells where 105 cells were not able to initiate 
tumor in immunodeficient mice. Injected 1000 
cells (from spheroid) were sufficient to develop 
tumors after less than two weeks (shorter time 
of tumor formation). These data confirm that 
hepatocellular carcinoma (HCC) sphere cells 
have an efficient tumor-initiating capacity. Be- 
sides, the colony-forming assay pointed out 
that sphere-forming cells proliferated signifi-
cantly faster and formed bigger colonies than 
parental cells after 3 weeks of culture. Similar 
tests were performed with the patient-derived 
spheroids and similar results were obtained. It 
was found that tissues from patients with larg-
er tumors, multiple lesions, satellite lesions,  
or advanced tumor stage had more efficient 
sphere-forming capacity under serum-free con-
ditions [49].

Granger et al. investigated the property of pro-
line rich polypeptide 1 (PRP-1) in the chondro-
sarcoma therapy. Previously, the immunomodu-
latory effect on the cancer cells have been con-
firmed in the monolayer. PRP-1 treatment of 
ULA optained chondrosarcoma spheroids con-
firmed its ability to target CSCs together with 
the capacity to penetrate the ouer proliferaive 
layer. Besides, the study confirmed that higher 
dose of PRP-1 was needed to reduce maximum 
spheroid growth, which might be because of 
the dens structure of spheroid [50].

Embedding in a matrix: hydrogels or polymers

For 3D cultures, polymers are another choice in 
the search for new, low-cost, and efficient solu-
tions. Like other solutions, they provide a micro-
environment to the cell in which cell-cell inter-
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actions are possible. Currently, various sub-
stances, both natural and synthetic, are used 
for matrix formulation. Attempts are being ma- 
de to develop the best biopolymers and to min-
iaturize the system that would enable more effi-
cient, stable, and reproducible conditions [51].

Biopolymers are known to be stable, but also 
biodegradable, of suitable pore size, and non-
immunogenic. Modern materials and synthetic 
modifications of known biopolymers are being 
developed to obtain the best results. Every 
modification of the properties of the polymers 
affects the cultured cells and the expression of 
their genes. However, refinement is still sought 
to obtain an interior environment as close to in 
vivo as possible [52]. It has been noted that 
alginate hydrogels encapsulating the human 
cancer cells significantly reduce the time need-
ed to create CSCs-containing spheroids. Thus 
spheroids cultured for only two days showed 
higher expression of stem cell surface markers 
and increased cell pluripotency than spheroids 
grown without those biomaterials [53]. Other 
studies confirmed an increase in the expres-
sion of markers and genes characteristic of  
the epithelial-mesenchymal transition (EMT). 
However, the presence of these markers and 
CSCs markers seem to be strongly dependent 
on the stiffness of the drop. Experiments con-
ducted with alginate beads of varying gel stiff-
ness show that the most efficient in spheroid 
formation are those with a moderate gel stiff-
ness [54, 55]. These reports are the kernel of 
developing the right material with specific stiff-
ness and pore size ideal for test standardiza-
tion. Unquestionably, hydrogels appear to be 
among the best solutions for the future of 3D 
culture with the widespread use of large-scale, 
thanks to miniaturization systems.

Microfluidics, lab-on-a-chip

The greatest benefit of developing microfluidic 
devices is the ability to create and control a 
specific micro-environment for cell growth, in- 
cluding its in vivo environments such as adhe-
sion molecules and extracellular matrix (ECM). 
The creation of 3D culture using microfluids is 
possible through the use of devices named 
“lab-on-a-chip”: computer-controlled valves in 
an integrated circuit, pumps, and analytical 
systems, allowing programming of any auto-
mated media flow. In the center of the culture 
plate is the site of cell adhesion, growth, and 

proliferation (culture microcell). During culture 
formation cells are introduced through dedicat-
ed cavities, intended exclusively for the addi-
tion of cells. From both sides along the growth 
zone and through separate cavities flows a  
continuous sheath of medium (Figure 2). This 
method is based on a continuous flow of media 
thanks to a microchannel network, providing 
the cell with nutrients and oxygen, while effi-
ciently draining unnecessary metabolites [56].

Transparent microfluidic platforms are compat-
ible with in situ optical monitoring by fluores-
cent reporters followed by high-resolution ima- 
ging, such as confocal microscopy, to study 
events resulting from cell responses [57]. Such 
a system can also be used for 2D cell cultures, 
however the biological relevance of microfluidic 
3D cell culture systems offers more applica-
tions in cell-based research. There are many 
modifications to this method available, for ex- 
ample, microflows providing constant diffusion 
to spheroids.

New micro scaffolds consisting of nanoparti-
cles and biopolymers are created to provide the 
cell with the best diffusion and adhesion [58, 
59]. Polydimethylsiloxane (PDMS) deserves a 
special interest among polymeric materials as 
it has many remarkable properties such as bio-
compatibility, gas permeability, flexibility, and 
water impermeability. PDMS is also stable  
over a wide temperature range and is charac-
terized by extremely high hydrophobicity, which 
excludes its use as a surface intended for the 
growth of adherent cells [60]. However, it is 
successfully used for spheroid culture. The 
most common designs of this type of micro-
chips are based on the use of so-called micro-
pillars. These are three-dimensional micro-
structures based on an ellipse, rhombus, sq- 
uare, or triangle, arranged and oriented in a 
microchannel to allow diffusion while retaining 
cells in the culture microcell. Their diameter is 
several dozen micrometers, they are arranged 
so that the cells create 3D aggregates while 
taking into account their proliferative potential 
[61]. Micropillars are used in microchips mainly 
made of PDMS. The main flow microsystem has 
a microchannel with perfect dimension: length 
=1 cm, width =600 µm, height =100 µm [59]. 
Setting the microchips at an angle to the longi-
tudinal axis of the microchannel additionally 
increases the efficiency of cell immobilization 
in its central part. The use of cell suspension 
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with a density of fewer than 1.5×106 cells/ml 
allows cells to be placed side by side to form a 
monolayer.

In addition to microchips allowing three-dimen-
sional cell cultures, the surface of the micro-
channel can be modified by microgrooves, th- 
us providing appropriate cell-cell organization. 
This is very important for the cultivation of mus-
cle (myocardial, skeletal, or smooth muscle) 
and nerve cells, as they grow parallelly to each 
other in the human body to form fibers. The 
presence of microgrooves affects the orienta-
tion of cells, which in turn allows to reflect the in 
vivo conditions of such cell phenotypes more 
accurately [62].

Another way to obtain 3D cell cultures in micro-
systems, without requiring the use of complex 
microchannel geometries, is to use hydrogels. 
The liquid form of hydrogel turns into a gel by 
the influence of various external factors. The 
gel forms a three-dimensional network of fiber 
with a specific diameter and pore size, structur-
ally similar to the extracellular matrix. Before 
the gelation, the cell suspension is mixed with 

liquid hydrogel. Then, the prepared mixture is 
subjected to a gelling agent [63]. As the result, 
the liquid hydrogel solidifies with cells inside 
[64]. In the flow microsystems, hydrogels are 
often used to obtain 3D cell cultures.

This method is the closest to the physiology of 
the human body and uses human fibroblasts in 
co-culture with tested cells [57, 65]. Even in 2D 
cultures, the introduction of fibroblasts causes 
a phenotypic change of tumor cells. Thus, the 
creation of a scaffold with surrounding fibro-
blasts should be studied further [66, 67].

These methods require the use of specialized 
equipment which makes growing cell culture 
using Microfluidics and Lab-on-chip techniques 
very costly. The culture provides a relatively 
small number of cells which is cumbersome if 
further analysis of protein expression is re- 
quired, e. g. ELISA or Western-Blot. Additionally, 
the adhesion of cells to the columns makes  
it difficult to collect cells for experiments. How- 
ever, these techniques provide control over the 
size and parameters of the cell culture, and  
by establishing the flow rate of the medium, we 

Figure 2. Scheme of micro-
fluidics cell culture. Culture 
cells are kept inside the mi-
crochip cell chamber by mi-
cropillars. Computer con-
trolled medium flow allows 
to provide nutrients and 
waste products removal.
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can accelerate the digestion time of the cell 
culture [68, 69].

Solid-phase spheroids

An example of solid-phase spheroids is liquid 
marbles, i.e. liquid drops enclosed in a hydro-
phobic powder. When grown with a medium 
inside liquid marbles, cells spontaneously form 
spherical agglomerates (spheroids) with no  
further need for a supporting scaffold [70, 71]. 
Liquid marbles have been found in nature for 
centuries, e.g. the first drop of rain after a long 
drought spontaneously covered with solid soil 
particles [72]. Another example of natural liq-
uid marbles are aphids and their honeydew 
drops covered with a wax layer, giving them 
hydrophobic properties [73].

Preparation of liquid marbles is not very com- 
plicated-a small amount of liquid (20 to 300 µl) 
is pipetted onto a layer of hydrophobic powder 
that propagates spontaneously at the liquid-air 
interface (Figure 3). Liquid marbles have the 
same properties as a liquid drop and also 
behave as a soft solid [74]. When rolling on a 
hydrophobic surface, a liquid marble does not 
lose any of its liquid content. It is possible to 
flatten a liquid marble on solid surfaces; it can 
even float on water or other liquid surfaces. 

Liquid marbles behave like deformable balls in 
movement.

In vivo studies of graphene and its derivatives 
are very promising in the biological assessment 
as they show long-term stability in aqueous 
solution and controlled systemic toxicity. New 
bifunctional graphene nanoparticles were suc-
cessfully synthesized in the presence of Her- 
ceptin, a natural antibody, using an ultrasound-
assisted method. Graphite layers were effi-
ciently created, obtaining excellent stability of 
the separated layers in the Herceptin solution. 
The concentration of graphene in the aqueous 
solution was controlled by changing the con-
tent of Herceptin and the time of sonication. 
The graphene toxicity in 3D spheroid cultures is 
significantly reduced compared to 2D cultures. 
In addition, graphene toxicity is dependent on 
the graphene concentration and significantly 
decreases when the graphene concentration is 
below 1 µg/ml. Thanks to this quality, it is used 
in drug therapy, regenerative medicine, and tis-
sue engineering, including in cell cultures in 
spheroids [75, 76].

Spontaneous spheroid formation techniques 
are easy to use and relatively inexpensive, 
allowing high throughput if simple 96-well 
plates are used. Special adhesive plates are 

Figure 3. Formation of a spheroid by coating cells sus-
pension in culture medium with a hydrophobic powder. 
Spheroids form from the cells enclosed in the liquid 
marble after few days (3-4 days), depends on cell line.
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Table 1. Comparison of 3D CSCs culture methods (Advantages and disadvantages)
Method Advantages Disadvantages
Organoids • The possibility of creating tumor-specific therapy

• They reflect tumor morphology and heterogeneity
• Relatively simple to maintain
• Ready-made protocols for various cancer types
• The ability to derive high-throughput drug testing
• A good tool to investigate CSCs
• Organoids bio-bank-currently in development 

• The need to collect material from the patient
• Establishment of specific cell ratio at the beginning
• Selection of appropriate medium with cell growth factors or inhibitors
• Lack of immune, muscle, nerve, and vascular cells to completely recreate tumor environment

Single cell derived 
spheroids

• Possible to detect CSC and distinguish subpopulations
• Possible to study only one type of cell reaction for a specific drug
• Thanks to a microchip, the medium flow can be preserved and high-throughput drug 
screening is possible

• The necessity to obtain a single cell type by using FACS or limiting dilution protocol
• The optimal effect, while using advanced technology-microflow technique and special plates

Hanging drop • One of the easiest method to obtain spheroids 
• Relatively cheap technique
• The scaffold-free technique allows to avoid some cell-material interactions

• Might dry if the humidity is not well controlled
• Time-consuming pipetting and medium change
• A small size of droplets and a small number of cells can be used

ULA plate • Ready for automated method and high-throughput research
• Wide range of cell quantity used for spheroid formation
• Homogenous spheroids with similar morphology

• Lack of microenvironment reflection
• Might be difficult in drug distribution and imaging because of high compact spheroid
• Possible damage of formed spheroid during medium changing

Hydrogels and 
polymers

• Opportunity to adjust pore size and stiffness of a drop
• A low-cost and efficient platform for spheroid forming
• Stable and biodegradable form

• Different results for different hydrogels/polymers
• Might interact with cells
• CSCs markers expression depends on drop stiffness
• Modification of a hydrogel or polymer composition might change gene expression

Solid-phase 
spheroids

• Easy to maintain 3D culture
• No need for supporting scaffold (only liquid drop is covered by hydrophobic powder)
• Low-cost technique

• Some hydrophobic powder might be cytotoxic
• Difficulties in real-time imaging
• Might be difficult to provide medium exchange without structural damage
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commercially available to help form and main-
tain the spherical structure. Spheroids can be 
cultured for long periods and can be recovered 
after culture. The difficulty of the method lies in 
the lack of precise control over the size and 
composition of the resulting spheroids and the 
exchange of culture medium so as not to dam-
age their structure. Due to the small size of the 
culture environment, the number of cells inside 
is greatly reduced. It is also a challenge to 
determine the correct ratio of two different cell 
types in spheroids when performing co-cultures 
[68, 69].

Conclusion-challenges for the future of 3D 
cultures

Cell cultures remain an important element of 
any research of new drug discovery as well as 
cell signaling pathways studies. The 2D culture 
methods used so far have many limitations. As 
such, the various 3D culture techniques have  
a good chance of supplanting single-layer cul-
tures. Three-dimensional cultures have many 
advantages, however still require some im- 
provements (Table 1). Firstly, the cost of such 
cultures exceeds the cost of traditional ones. 
Specific scaffolds, hydrogels, plates, or even 
the appropriate medium used for organoid cul-
tivation significantly increase the final expense. 
Another problem seems to be the amount of 
work needed to create such a system. Some 
methods require manual pipetting of small vol-
umes of fluids. However, improvement of this 
methods are observed. Nowadays, more and 
more companies provide modifications, that 
allow investigators to cultivate spheroids on the 
high-throughput systems. Supplying growing 
spheroids with nutrients is an additional chal-
lenge, which has been partly solved in the case 
of microflows cultivation. The later stage of 3D 
culture research, i.e. their evaluation and imag-
ing, is also becoming important. Flow cytome-
try, used especially in CSC studies, is associat-
ed with the termination of the culture, as it 
requires enzymatic destruction of the 3D struc-
ture. Thus image cytometry is a solution, which 
now brings the question of accessibility of the 
markers inside the spheroid structure [77].

Unquestionably 3D cultures in CSCs research 
provide much greater opportunities and better 
reflect their phenotype or mechanisms for stim-
ulating tumor formation. It remains necessary 
to further develop and improve the current cul-

ture techniques so that 3D cultures can be an 
easy model for preclinical research on precur-
sor cells in targeted cancer therapy. With fur-
ther development of 3D cultures, it will be pos-
sible to eliminate certain drugs and/or modify 
them already at the initial screenings what can 
significantly reduce the time and cost of anti-
cancer research.
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