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Abstract
Occurrence of stem cells (CSCs) in cancer is well established in last two decades. These rare cells share several properties including
presence of common surface markers, stem cell markers, chemo- and radio- resistance and are highly metastatic in nature; thus,
considered as valuable prognostic and therapeutic targets in cancer. However, the studies related to CSCs pave number of issues due
to rare cell population and difficulties in their isolation ascribed to common stem cell marker. Various techniques including flow
cytometry, laser micro-dissection, fluorescent nanodiamonds and microfluidics are used for the isolation of these rare cells. In this
review, we have included the advance strategies adopted for the isolation of CSCs using above mentioned techniques. Furthermore,
CSCs are primarily found in the core of the solid tumors and their microenvironment plays an important role in maintenance, self-
renewal, division and tumor development. Therefore, in vivo tracking and model development become obligatory for functional
studies of CSCs. Fluorescence and bioluminescence tagging has been widely used for transplantation assay and lineage tracking
experiments to improve our understanding towards CSCs behaviour in their niche. Techniques such asMagnetic resonance imaging
(MRI) and Positron emission tomography (PET) have proved useful for tracking of endogenous CSCs which could be helpful in
their identification in clinical settings.
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Introduction

Cancer is a result of numerous genetic manipulations which
impart immortality, abandoned growth and incessant prolifer-
ation to healthy cells [1]. Neoplasm possesses assorted cell
population whose conjoint functioning is responsible for their
greater survival than normal counterparts. Recent research in
oncology have shed light on existence of peculiar population
of cells in cancer known as cancer stem cells (CSCs) which
were first identified in 1970 in leukaemia’s and later in solid
tumours. CSCs can form secondary tumours with differenti-
ated cell population similar to that in primary tumour [2, 3].
This minor subset of cells is a major cause of tumour reoccur-
rence, metastasis and resistance to anti-cancer therapies. Thus,

eradication of CSCs is inevitable for complete cure [4].
Therefore, CSCs become important targets for cancer therapy.

Dissecting complete profile of cancer stem cells has been a
major concern due to difficulties in isolation of pure population,
unavailability of CSC cell lines and reliable characterization
methods. Currently, different techniques like tumorsphere as-
say, colony formation assay and flow cytometry analysis can be
used to study CSCs. Most reliable approach used for the isola-
tion and enrichment of CSCs have exploited surface markers
and aldehyde dehydrogenase (ALDH) expression, the latter
being highly expressed in all CSCs regardless of cancer type
[5, 6]. However, still there is no common consent on these
approaches as there has been the heterogeneity among CSCs
sharing same cell surface markers. Some of the common CSCs
markers are CD133, CD44, CD24, ALDH1, oct4, nanog and
sox2. Among these, CD44 and CD133 have been extensively
used for isolation and characterization. CD44 plays a crucial
role in CSCs for communication with the microenvironment, as
well as it also help in maintaining stemness [7]. CD133 is a
well-known marker of stem/progenitor cells in normal adult
tissues, such as kidney, brain, prostate and liver. It has proved
as an useful marker for the sorting of CSCs from non-CSCs
within tumours [8, 9]. The population of CSCs varies depend-
ing on the type of cancer and the biomarker used for their
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identification. In breast cancer, cell population with high CD44
and low CD24 expression was designated as CSCs. Higher
expression of CD44 was found to be associated with poor
prognosis. Also expression of these markers changes with in-
trinsic subtypes [10]. Similarly, pluripotency markers such as
sox2, oct4, nanog have also been studied in colon cancer, head
and neck cancer, breast cancer, lung cancer and cervical cancer,
as biomarkers for CSCs. Numerous studies have been done to
identify biomarkers for CSCs and it can be comprehended that
a single biomarker will not serve the purpose. The expression of
biomarker to study CSC population may also vary depending
on the cell line [11]. We have summarized the reports of bio-
marker studied in various cancer types in Table 1. Owing to the
heterogeneity present among the CSCs population, the isolation
of these cells require methods which should consider different
properties of CSCs. MACS and FACS are currently the most
reliable techniques used for isolation of CSCs. However these
techniques mainly rely on the surface markers whereas
the microfluidics and laser capture micro-dissection
works on the functionality of CSCs. Although, these
methods provide population of CSCs like cells based
on markers used, it becomes difficult to study the be-
haviour of these cells as the cells are teased apart from
their original niche. Lineage specific tagging of CSCs
like cells has revealed in vivo progression and differen-
tiation of these cells. Furthermore, the identification of
endogenous CSCs is crucial for the targeting and prog-
nosis of cancer as CSCs are well correlated with relapse
of the disease. Here, we have detailed the different tech-
niques used for isolation, tracking of exogenous (labelled) and
endogenous CSCs.

Cancer stem cells: Are they similar
to circulating tumour cells?

Circulating tumour cells (CTCs) exist in blood stream of can-
cer patients and are thought to be responsible for invasion and
metastasis cascade [60]. These are shaded from primary tu-
mour by process of epithelial to mesenchymal transition
(EMT) and possess self-renewal and tumour initiating capac-
ity. Various studies have supported the homogenous nature of
CSCs and CTCs (Table 2). Similar to CSCs, population of
CTCs is also very low and varies from 1 to 10 cells per ml
of blood [80]. CTCs also share various markers with CSCs
such as CD44+/CD24-/low, CD133+, ALDH1+, CD326/
EpCAM, Bmi and Nestin [66]. Furthermore, expression of
various markers also changes according to the stages of can-
cer, for example in early breast cancer, CTCs from blood have
showed low ALDH and cytosolic localization of TWIST
(twist related protein 1), while CTCs from metastatic breast
cancer demonstrated high ALDH with TWIST translocation
to nucleus [71]. High number of CTCs is also well correlated
with shorter survival, poor prognosis and reoccurrence in can-
cer patients [73, 74]. Number of CTCs is found to be increased
in metastatic cancers and also after chemotherapy, suggested
their chemoresistance and radio-resistance nature [70].
Therefore, liquid biopsies from patients and number of
CTCs may serve as prognostic marker for overall survival of
cancer patients [81]. Similar to CSCs, CTCs were shown to
develop spheres and could resist detachment induced cell
death. Unlike, CTCs in blood, CSCs were also found in the
core of the solid tumors. Thus, they exist in distinct microen-
vironments which may cause different metabolic adaptations

Table 1 Biomarkers used for the isolation of CSCs from patient samples

S. no. Cancer Markers (Analysed in patient samples) References

1. Colon cancer CD133, CD44, CD166, EpCAM, Oct4, Nanog, Sox2, Tbx3,Tcl1,
Esrrb,Dppa4, Bmi, Zfx

[12–14]

2. Colorectal cancer EpCAM high/CD44+, Lgr5, CD133, CD44v9, CD44, ALDH1 [15–20]

3. Head and neck CD44, CD24, Integrin-β1, ALDH1, SOX2, CD133, CD44 [21–29]
CD271+, ALDH1A1, Oct4, ALDH1A1+, CD44+, ALDH1A1+/CD44+,

ALDH1A1-/CD44-

4. Oral cancer CD44v6, ABCG2, ALDH1 [30–32]
CD133, ALDH1, CD24, CD44

CD133, CD29, Ki-67

5. Lung cancer EpCAM, CD133, ABCG2, ALDH1A1,CD117, BCRP1, ALDH1,
Bmi1, CD44, Sox2

[13, 33–42]

6. Prostate cancer EpCAM, ALDH1A1, Oct4, Nanog, Sox2, Tbx3, Tcl 1, Esrrb, Dppa4,
Bmi, Zfx, ALDH1, EZH2, Sox2, CD44, CD133, ALDH1A1

[13, 14, 43–46]

7. Breast cancer EpCAM, CD44, CD24, ALDH1, Bmi1, Sox-2, CD133 [10, 13, 47–52]
Oct-4, Nanog, CASP14,

CD44+CD24−, ALDH1+CD44+CD24−

8. Uterus cervix squamous cell carcinoma EpCAM [13]

9. Cervical squamous cell cancers Sox2, Oct4, ALDH1, Msi 1, CD49f, Nanog [53–58]

10. Acute myeloid leukemia TIM3 [59]

Stem Cell Rev and Rep (2019) 15:755–773756



in these cells. However, their low number is a major hurdle for
isolation and studies related to CTCs. Most of the isolation
methods are based on specific markers present on the
surface of CTCs; nevertheless these markers are not
exclusive to CTCs and also found on normal epithelial
cells and some of the blood cells. Moreover, isolation
with label free microfluidic systems has shown differen-
tial expression of these markers on CTCs [82, 83].
Expression of these markers varies from type and subtype of

cancer [84]. Metastasis of cancer requires epithelial to mesen-
chymal transition for the detachment from main tumor; how-
ever, reverse transition is required for cell attachment and
seeding of tumour [82]. Therefore, differential expression of
these markers on CTCs could vary depending upon the stage
in which cells are present. These cells present high clinical
implication for prognosis and diagnosis of cancer. Hence, im-
proved methods for their isolation and characterization are
greatly needed. The recent progress in the separation and

Table 2 List of key markers reported in CSC like nature of CTCs

Type of cancer Sample type Number of patient Markers expressed References

Metastatic breast cancer Blood 20 CD44+/CD24-/low [61]
7 ALDH high/CD24-/low

Metastatic colorectal cancer Peripheral blood 40 CD44+ [62]
CD133+

ALDH1+

Metastatic breast cancer Blood 42 ALDH1+ [63]

Castration resistant prostate cancer Blood 11 CD133+ [64]

Breast cancer Blood 1 Microsphere formation [65]
Nanog+

Melanoma Blood 32 CD133+ [66]
Metastatic lesion 6 Nestin

Primary breast cancer Blood 502 ALDH1+ [67]

HER2+ Metastatic breast cancer Peripheral blood 28 CD44+/CD24-/low [68]
ALDH+/CD133+

Primary breast cancer Blood 61 ALDH1+ [69]
CD44+

Bmi

Nonmetastatic breast cancer Blood 98 CD133+ [70]

Early breast cancer Blood 80 ALDH1low/neg/TWIST cyt/neg [71]
Metastatic breast cancer 50 ALDH1 high/TWIST nuc

Endometrial cancer Blood 34 ALDH+ [72]
CD44+

High risk localised prostate cancer Blood 35 CD133+ [73]

Colorectal cancer Tumour mass 158 CD133+ [74]
Mesentric venous blood 135 ESA+

Metastatic colorectal cancer Blood 5 CD44v6 [75]

Colorectal cancer. Blood 150 CD44v9 [18]

Small cell lung cancer Biopsy 38 CD44+ [42]
SOX2

Oral squamous cell carcinoma Blood 30 CD44v6 [76]
Nanog

Ovarian cancer Blood 3 CD44 [77]
ALDH1A1

Nanog

Oct4

Gastric cancer Blood 26 CD44+ [78]

Breast, Colon, Prostate, Sarcoma,
Multiple myeloma, Glioblastoma,
Ovarian squamous cell carcinoma,
Melanoma, Unknown origin

Blood 71 OCT3/4 [79]
SOX2

NANOG

Nestin

CD34
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advance characterizationmethods of CSCs has been discussed
in following section.

Cell separation platforms for the isolation
of cancer stem cells:

As discussed above, there were numbers of markers which
have been identified can be used for the isolation of CSCs
and CTCs. However, the specificity of these markers towards
stem cell population has also been questioned. Here, we have
discussed various techniques used for isolation and studies
related to cancer stem cells (Fig. 1). Current isolation tech-
niques for CSCs have some advantages over the other but they
also possess some technical challenges (Table 3).
Combination of methods simultaneously or enrichment with
one and then isolation with other may increase the efficiency
of isolation and could help us understand the heterogeneity
among CSCs. Flow cytometry and magnetic cell separation
rely on the specific cell surface antigens and antibodies con-
jugated to fluorescent molecule or magnetic particles. Hence,
these techniques provide highly specific targeted cells.

Flow cytometry

Flow cytometry is the most frequently used platform for the
isolation, counting and sorting of CSCs by using specific
markers.Method could be implied for multiple markers simul-
taneously, which increases its applicability and specificity
[88]. Conventional flow cytometry does not imply spatial res-
olution system. The method only identifies the physical bind-
ing of proteins with tagged antibody. Thus, detection and iso-
lation does not represent functional value of CSCs. More re-
cently, the new adaptation to flow cytometry has been evolved
known as imaging flow cytometry (IFC). IFC has been used to
detect CTCs from liquid biopsy samples of hepatocellular
carcinoma (HCC) using biomarkers, size, morphology and
DNA content. Out of 45 samples, 29% and 18% of CTCs
were positive for epithelial markers cytokeratin and EpCAM
respectively. While the additional 28% were negative for all
markers but vary in cell size and were hyperploids [85].
Various other studies have also reported that stem cells
markers were also present in maximum tumor population.
However, the functional proteins were only found in few cells
which may represent CSCs [105, 106]. Furthermore, mass
cytometry where CyTOF mass cytometer, immunocytochem-
istry and immunohistochemical methods were coupled with
high resolution laser ablation, which can detect 100 bio-
markers at cellular and sub cellular localizations. Breast can-
cer samples have been analysed by mass cytometry using
tagged antibodies. These high throughput techniques could
be powerful tools to understand the heterogeneity among
CSCs in solid tumors [107, 108].

ALDEFLOUR assay (STEM-CELL technologies) was
used to detect CSCs with high activity of aldehyde de-
hydrogenase (ALDH). Assay contained BODIPY-
aminoacetaldehyde (BAAA) as a substrate for ALDH.
BAAA diffused into live cells converted into a negatively
charged, fluorescent compound BODIP-aminoacetate (BAA)
by the activity of ALDH. BAA accumulated inside the cells
which can be detected by flow cytometry. ALDH has been
reported to have increased expression in the CSCs and was
related to chemoresistance as it is involved in detoxification of
number of anti-cancer drugs [109]. Nevertheless, high enzyme
activity is also found in haematopoietic stem (HSCs) cells
[110] but in some cancers, high activity is not well correlated
to CSCs population [111]. Use of other markers along with
ALDH expression has shown a more reliable phenotype of
CSC which has revealed the heterogeneity among CSC pop-
ulation [112, 113].

Cancer stem cells have been reported to be a slow dividing
or quiescent in nature [114]. These properties of CSCs have
also been explored for their isolation. Various organic dyes
have been employed to analyse slow division of cells e.g. 5-
ethynyl-2′-deoxyuridine (EdU) is an analog of thymidine
which incorporates into DNA during cell division [115].
EdU showed toxicity to cells as its 5’monophospate inhibits
the thymidylate synthase, making it unsuitable for studying
live CSCs [116, 117]. Carboxy fluorescein diacetate
succinimidyl ester (CFSE) is a membrane permeable dye that
binds to lysine and amine containing molecules inside cells. It
has been used to track tumor cell population in solid tumors
and recently been used for detection of glioblastoma stem
cells [98, 118]. PKH26 is a membrane binding dye used for
the tracking of stem cells. The membrane binding dye gets
segregated with every division and its intensity is inversely
proportional to cell division. More recently, fluorescent
nanodiamonds (FND) have found promising application in
cancer stem cell tracking. FNDs contain nitrogen vacancy
(NV-) centres, when exposed to green orange light they emit
bright fluorescence at ~700nm which is distinct from cells
autoflourescence. FNDs were taken up by cells through recep-
tor mediated endocytosis, were highly photostable and non-
genotoxic for cells [93, 94]. A comparative analysis of all the
standard dyes used for quiescent cell detection has shown that
FNDs have longest retention time in cells with subsequent cell
divisions (Fig. 2a). FNDs were also visible under confocal
microscope upto 20 days in mammospheres of AS-B145-
1Rcells (Fig. 2b). Furthermore, it has been observed by
Miranda-Lorenzo et al that some of the cells show
autoflourescence when excited by 488 laser, these cells were
analyzed for the expression of stem cell markers. Interestingly,
autoflouroscence cells have also demonstrated CSC markers
such as oct-4, sox2 and nanog had ability to form spheres and
showed in vivo tumor forming capacity. The marked reason
for their autoflourescence was due to the accumulation of

Stem Cell Rev and Rep (2019) 15:755–773758



riboflavin in membrane bound cytoplasmic structures contain-
ing ATP-dependent ABCG2 transporters. Nevertheless, sup-
pression of ATP Binding Cassette Subfamily G Member 2
(ABCG2) cleared the autoflourescence but could not elimi-
nate the CSCs gene expression. The exact function of these
vesicles remain unknown however these could serve as func-
tional marker for tracking and identification of CSCs.

Magnetic activated cell sorting (MACS)

MACS is one of the most standard techniques available for
cell separation that utilizes functionalized nanoparticles or mi-
croparticle conjugated to an antibody corresponding to a spe-
cific cell surface antigen [102, 119–121]. Magnetic cell
sorting can be done either by high gradient magnetic separa-
tion (HGMS) or low gradient magnetic separation (LGMS).
HGMS involve low volume columns packed with stainless
steel beads or wool which can be magnetized using magnetic
field. It provides a uniformmagnetic field for the separation of
cells labelled with conjugated beads. Once the cells are bound
to wool or beads magnetic field is turned off to isolate bound
cells [122]. LGMS is utilized for larger volumes; the magnetic
gradient is generated by permanent magnets. Relatively larger

beads are utilized to encompass the opposite forces such as
sedimentation for separation [101]. In both cases positive and
negative selection could be implied. In case of positive selec-
tion, particles of interest are retained while the supernatant is
discarded. In negative selection, non specific particles are
retained and particles of interest are collected in fraction
[101]. CELLSEARCH® CTC (Janssen Diagnostics Inc. (for-
merly Veridex LLC) was the first FDA approved system used
for isolation of CTCs from blood of patients with breast [123],
colorectal and prostate metastatic cancer [124]. It utilizes
nanoparticles against CD326 (EpCAM) for the isolation of
CTCs using magnetic field. Another system approved by
FDA in 2014 was based on magnetic separation was
CliniMACS® CD34 Reagent System (MiltenyiBiotec) by
using CD34 antibody [125]. Surface markers for lung cancer
stem cells (LCSCs) are not well known. However, CD133+

LCSCs from lung tissue were sorted by flow cytometry and
enriched by MACS have higher potential to form tumors in
NOD/SCIDmice as compare to negative population. This two
step isolation of LCSCs also overcome the requirement for
time consuming in vitro assays for CSCs enrichment and has
established CD133 as LCSCs marker [126]. Further, MACS
have been well integrated with microfluidics to achieve

Fig. 1 Representative image of techniques used for isolation of CSCs/CTCs (a) Flow cytometry Reproduced from Ref. [85–87] with permission. (b)
Magnetic activated cell sorting (MACS). (c) Microfluidics. (d) Laser capture micro-dissection
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sorting of target cells in a continuous flow manner. More
recently, tumor initiating cells were isolated from breast can-
cer cells line with two bead immunomagnetic separation using
CD24-/CD44+ markers. Briefly, non-magnetic bead coated
antibodies for CD24 were used before adding magnetic bead
coated antibody for CD44 then a microfluidic channel was
used to trap CD24-/CD44+ cells . This two bead
immunomagnetic separation increased the efficiency of cell
isolation from 10.3% (before separation), 19.4% (using only
anti-CD44-coated magnetic beads) to 41.7%. Negative cell
separation approach is an alternative way to enrich CTCs
and CSCs without labelling ligands. Negative strategy for
the enrichment of CTCs has been utilized to facilitate the
recovery of the unlabeled CTCs from whole blood samples
from cancer patients [127]. MACS has emerged as a powerful
tool for cell separation, however use of MACS has been lim-
ited in CSCs isolation when compare to FACS. Because
MACS is unable to separate cells based on variable expression
of markers and can be only used by utilizing cell surface
markers. Some of the other challenges to overcome include
detachment of magnetic beads after isolation, separation of
multiple markers, etc [100, 102].

Microfluidics

Microfluidics is mostly used for the separation of CTCs from
blood samples taking advantage of size variations between
CTCs and blood cells. Microfluidics is technology where
fluids and particles are transported at microscale. Devices typ-
ically contain microporous membranes of a particular size
range; through which, fluids can pass and cells can be sepa-
rated based on their size and deformability [128].Mainly three
basic separation methods were used: 1) Filtration; where cells
of a particular size can only pass through porous membranes
[129, 130]. 2) Deterministic Lateral displacement; where
fluids can passed through microposts and particles below a
critical hydrodynamics diameter can passed with the stream

but the one with size above than the critical hydrodynamic
diameter cannot get streamline and bump into microposts,
thus, displaced laterally [103, 131]. 3) Inertial flow based
methods utilized the principle where magnitude of lift force
required for lifting a particle varies with its diameter, thus
microfluidic devices are used to induce inertial forces to sep-
arate cells of different sizes [132, 133]. Another microfluidics
based approach includes dielectrophoresis (DEP).
Dielectrophoresis causes the movement of particles in a non-
uniform electric field. Cells become polarized when an asym-
metric electric field is given and every cell has a different DEP
signature. DEP is independent of the net charge present on the
cells and varies with size and surface area, therefore on
frequency- dependent dielectric properties of cells. DEP cross-
over frequency determines whether the cells will be attracted
or repelled from high field regions, thus, an electric field fre-
quency that lies between the crossover frequencies of two cell
types was chosen for cell separation [134]. The forced equi-
librium method of dielectrophoresis field flow fractionation
(DEP-FFF) provided higher discrimination efficiency and
was applicable for clinical isolation of CTCs. ApoStreamTM

a microfluidic based platform is commercially available for
the isolation of CTCs from clinical blood samples. It has been
successfully used for the isolation of CTCs from 7.5 ml blood
from lung, prostate, melanoma and breast cancer patients with
positive CTC count of 90% from NSLC, 93% from prostate
cancer and 100% for breast cancer and melanoma sample
[135]. Furthermore, CELLSEARCH® and ApoStreamTM

were compared to check the presence of CK+/ CD45+/
DAPI+ CTCs in samples from pancreatic adenocarcinoma
ranging between 1-10 CTCs per 7.5ml of blood in 50 % pa-
tients. Interestingly, ApoStreamTM had also recovered CK-/
CD45-/DAPI+ population in 100% of patients and CA19-9+

cells were found in both populations [136, 137]. The DEP
devices have efficiently recovered 40% to 95% cancer cells
spiked in peripheral blood mononuclear cells (PBMNs) in a
timeframe of 30 min. However, the purity of isolated samples

Fig. 2 (a) Flow cytometry analysis of dissociated AS-B145-1R
mammospheres labelled with EdU, CFSE and FND for quiescent CSCs
identification. 82.5%, 12.4% and 9.5% cells were labelled specifically at 4
with FNDs, CFSE and EdU respectively. (b) Confocal fluorescence image

secondary mammospheres of AS-B145-1R cells labelled with FNDS.
Mammospheres are also stained with wheat germ agglutinin (green) and
FNDs appeared as red dots in the cells. Ref: [93]
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was found to be average due to contamination of dying
PBMNs having weakmembrane integrity. Therefore, the sam-
ple processing for DEP devices becomes crucial to avoid loss
of viability [136]. Urine of bladder cancer patients was
analysed for the isolation and characterization of rare tumor
associated cells using deformability and size based
microfluidic system. The study has shown importance of liq-
uid biopsies in bladder cancer to reveal diversity of cancer
cells, patient survival and follows up [138]. Optically induced
dielectrophoresis based microfluidic system was also used to
isolate CTCs from blood samples of head and neck cancer
patients. First, immunofluorescence staining was used to ob-
serve the target cell microscopically and then OPED based
cell manipulation was done to isolate CD45-/EpCAM- popu-
lation. Most of techniques used for CTC isolation rely on
EpCAM+ expression; however, the study disseminated the
role of EpCAM– population in CTCs undergone EMT transi-
tion. Gene expression analysis have further revealed that same
population (CD44-/EpCAM-) found in healthy donors did not
express genes related to EMT, multi-drug resistance and
stemness [139]. Similarly, a labyrinth microfluidic device
was developed for label free isolation of CTCs from blood
of breast and pancreatic cancer patients with a yield of
>90% and processing time of 20ml blood in less than 30
min. It has shown heterogeneity among CTCs found in blood
with the expression of genes for epithelial cells, mesenchymal
cells or cells undergoing EMT [140]. Microfluidic devices
have been used for isolation of CTCs and CSCs like cells from
patients of pancreatic ductal adenocarcinoma. Whereby, the
microfluidic system functionalised by antibodies against
EpCAM and CD133 showed two subtypes of CTCs and
CSCs (EpCAM+ CK+ CD45- DAPI+ CD133+) or (EpCAM+

CK+ CD45- DAPI+ CD133-) [141]. Further, gel island chip
was also developed to isolate and study heterogeneity within
CSCs. Device contain islands made up of ECM gel where
cells can be trapped with 34% efficiency while having good
media exchange with high cell viability [142]. Microfluidic
system is also utilized as platform to recognize specific
aptamers against CSCs. These aptamers can act as li-
gands for the isolation of CSCs [143]. Moreover,
microfluidics approach has been combined with various
other techniques to improve the efficiency of CTC iso-
lation such as immunomegnatophoresis, immunoflourescence.
Thesemethods enhance the specificity by using specific surface
markers for CTCs and exclude contamination from leukocytes
present in blood. Detailed reviews have been recently published
on development of microfluidics for CTC isolation [144, 145].

Laser Capture Microdissection

Laser capture microdissection (LCM) enables the precisely
controlled lasers to cut an area containing the cell of interest
and then eject it out to a sample collection tube. The method is

mostly used to dissect cells from tissue samples. In case of
tumors the localization of cells may create heterogeneous or
rare cell population, where microenvironment of cell plays an
important role [91, 146]. Therefore, LCM is the tool to study
CSCs in their microenvironment, which is lost during process-
ing of samples when isolated using other cell isolationmethods.
Formalin fixed- paraffin embedded sample are used for LCM
and target cells are identified either by visual identification,
staining, immunohistochemical or immunoflourescence stain-
ing [147]. More recently ALDH positive (CSCs population)
and ALDH negative cells were isolated from colon cancer pa-
tient (stage III) sample to analyse differential protein expression
between two groups [148]. LCM has also been used to isolate
xenograft models of head and neck cancer for studying cancer
stem cell signalling [92]. Furthermore, live cells fromHeLa cell
line were also isolated and clonally expanded using laser dis-
section using gravity transfer [149]. LCM stands out among
other cell isolation methods due to identification of cells
through anatomical visualisation. Some of the limitations of
LCM such as imaging and isolation of only fixed cells have
been resolved owing to advances in technology while others
such as tedious sample preparation, loss of integrity of sample
for further downstream processing such as transcriptomic or
proteomics still needs a critical handling.

Current Techniques to Study and Trace
Cancer Stem Cells (in vivo):

There are number of evidences for the occurrence of a small
population of cancer cells which is resistant to chemotherapy,
radio therapy and is responsible for reoccurrence of tumors
regarded as putative stem cell like population. Isolation of
CSCs from the tumors (patient samples or in vivo tumor
models) or cell lines has immensely developed our under-
standing towards the molecular mechanisms involved in self
renewal, metastatic metastasis and drug resistance. However,
knowledge of CSCs behaviour in their niche is required and
thus, tracking of CSCs become inevitable for their identifica-
tion and therapeutic targeting in in vivo conditions. Next, the
question arises whether one want to study the fate of exoge-
nous CSCs isolated from humans in vivo, that could be done
by ex vivo labelling of cells or one desires to know about the
endogenous population of CSCs present in humans by
injecting highly specific and sensitive probes. Here, we will
try to elucidate different models and techniques for studying
exogenous and endogenous CSCs (Fig. 3).

Techniques for Studying Exogenous CSCs

Fluorescent imaging (FI) and bioluminescence imaging (BI)
are the most commonly used techniques to study in vivo be-
haviour of CSCs. FI is the best modality to study
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differentiation and plasticity of CSCs as it provides high res-
olution at single cell level. Multiple fluorescent proteins can
be used to tag CSCs for simultaneous tracking [151] (Fig. 4a).
BI is another major modality used for in vivo CSCs tracking
where cells were tagged with luciferase promoters and lucif-
erin is injected for tracking purposes [150]. BI have eliminated
the disadvantage of autoflourescence and demonstrated low
background activity. FI is more oftenly used for ex vivo sample
analysis, for in vivo imaging it requires surgical procedures
while BI provides a non invasive method to trace CSCs.
However, BI suffers from low resolution and requires mini-
mum 2500 cells with luciferase reporter for detection [153,
154] (Fig. 4b). Another important optical modalities used for
in vivo tracking are quantum dots (QDs). QDs are semicon-
ductor nanocrystals that can emit light of a tuneable wave-
length and are photostable. QDs have been used in number
of studies for tracking stem cell population and cancer cell
imaging in vivo [155–157]. Recently, rhodamine functional-
ized QDs were used to detect Fe3+ in CSCs of prostate cancer
models with a resolution of 0.02μm [158]. Antibody conju-
gated QDs have also been used for studying endogenous
haematopoietic stem cell population at single cell level. QDs

were especially useful for imaging with near infrared fluores-
cence (NIRF) which provides highest penetration among the
optical methods with least surgical manipulations [155].
Cellular barcoding is a technique where cells are la-
belled with a unique nucleotide sequence called
barcodes; these barcodes are delivered into cells with
the help of vectors such as plasmids or lentiviruses.
Barcodes are detected by nucleic acid extraction and
amplification by PCR [159]. Recently, cellular barcoding
has been used to identify proliferative hierarchy of glioblasto-
ma cancer stem cells. There is a population of slow cycling
cells which give rise to highly proliferative progenitor cells
and further to a non proliferative population. Also, there is a
population which was drug resistant and expanded in response
to chemotherapy [160].

Other commonly used techniques for in vivo CSCs detec-
tion include positron emission tomography (PET), computed
tomography (CT), and magnetic resonance imaging (MRI).
PETand MRI have been used for the detection of both endog-
enous and exogenous CSCs and will be discussed later. For
the detection of exogenous CSCs, it requires them to be la-
belled with specific probes and then transplanted into mice

Fig. 3 Conceptual basis of exogenous and endogenous labeling
techniques for cancer stem cells imaging: Stem cells can be tracked
through endogenous technique that include PET with 18FDG, MRI with
SPIONs, super paramagnetic iron oxide coated nanoparticles. Exogenous

technique involve reporter gene imaging where stem cells can be stably
transduced with reporter genes, bioluminescence using luciferase reporter
for detection and quantum dots nanocrystals conjugated with antibody
(Redrawn with permission from [150]
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models whereby two common approaches are used; transplan-
tation assays and lineage tracing assays.

The Transplantation Assay

In transplantation assay, cells with presumed markers can be
sorted using flow cytometery followed by limiting dilution
assay and transplanted into immunodeficient mice to access
the ability of tumor cell population to recapitulate the tumor.
The disadvantage of this assay was that preparation method
for single cell suspensionmay interfere with the nature of cells
due to changes in metabolism or the niche in which they were
present earlier. Another major disadvantage of these studies is
lack of immune-competent microenvironment. However, it is
also reported that CSCs lack expression of MHCs and thus
could escape immune surveillance. As CSCs possesses tumor-
igenic potential human xenograft models are easier route to
establish their role in oncogenesis [3]. Human CSC xenografts
were obtained in similar manner as cancer xenografts by
injecting isolated CSCs subcutaneously or orthotopically into
immunocompromised mice such as severely compromised
immunodeficient mice (SCID) or athymic nude mice [161].
Development of such models had been reported for the iden-
tification of cancer stem cell population for the first time in
solid tumour [162]. Patient derived cancer stem cell xenograft
models of brain, colon, pancreatic and lung cancer provided
concrete evidence about tumour initiating ability of CSCs
[163–167]. Discovery of CSCs led to the development of
therapies for their eradiation. The CSCs xenografts are better
tools to determine therapeutic utility of such therapies.
Wakimoto,H. et al, have determined the effect of oncolytic

herpes simplex virus (oHSV) vectors on glioblastoma stem
cell (GBM-SC) model. GBM-SC were sensitive to oHSV
oncolysis and the small population which was not lysed re-
main non proliferative, thus could have translational value as a
therapeutic in GBM patients [168]. Liu et al, studied role of
breast CSCs in metastasis by tracking labelled BCSCs in vivo,
thus providing advanced orthotopic BCSC xenograft com-
bined with non invasive imaging [152]. The bone metastasis
was studied in mice as well as zebrafish model of osteosarco-
ma stem cell models respectively. CSCs (ALDH high) and non
CSCs (ALDH low) isolated from prostate cancer cell line PC-
3M-Pro4 were transplanted into 2 days post fertilized embryos
through duct of cuvier and lineage tracing experiment were
done to check the distribution of cells. Cancer cells when
metastasise to bone marrow CSCs number was found to be
increased, these cells compete with hematopoietic stem cells
for hematopoietic niche suggesting an important role of niche
in stem cell plasticity [169]. 3AB-OS pluripotent cancer stem
cells- with and without matrigel were transplanted to athymic
mice. Tumors developed showed multileniage commitment
when injected with matrigel, particularly mesenchymal
leneage and also developed vasculature and muscle fibres
mimicing tumours in clinical settings [170].

Although xenografting is the main avenue while studying
CSCs. The presence of stem cell niche unlike other cellular
niche, excruciating experimental conditions during model de-
velopment and barring impact of immune system on cancer
stem cells are major limitations of these models. Vaidyanath
et al, gave an approach of ligand based isolation of CSCs to
overcome above mentioned limitation of xenograft models.
The hyaluronic acid was used as specific ligand for the

Fig. 4 Tracking of exogenous CSCs: (a) In-vivo Fluorescent imaging of
U251 glioma cells expression of CD133. 5 × 106 U251 wild-type, CD133-
overexpressing U251, cells were injected per animal with 75 μg AC133.1-
Cy5.5 and 2nmol of IntegriSense 750. Fluorescent images correspond to

day 7135. (b) Bioluminescence imaging using firefly luciferase expression
with ubiquitin promoter of L2T-TN1 tumor cells (10–50,000) implanted in
mammary fat pads of NOD/SCID mice [152]
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isolation of CD44+glioblastoma and established glioblastoma
CSC xenograft [3]. Besides this, constructing genetically
engineered CSC mouse model as well as developing human
CSC xenograft within humanized mice might serve as forth-
coming ways to give advanced panels for cancer stem cell
study [171].

The Lineage Tracing Assay

In lineage tracing studies, cells are labelled using cell specific
promoters which allow the tracking of single cell derived
clones in animals. Lineage tracing assays were earlier used
to study stem cells and their lineage differentiations. It has
been suggested that CSCs serve as the cell of origin for tumor
cells. The studies related to skin, intestinal and brain tumors
have supported the concept of CSCs as the cells of origin for
tumors [172–174]. These studies revealed that some of the
cells in tumors remain quiescent and can divide asymmetri-
cally to give rise to the bulk of the tumor cells. Recent studies
in colon cancer have employed patient derived organoids from
colorectal cancer. Introduction of LGR5 (which is a marker of
adult intestinal stem cells) cassette into their genome using
CRISP103R/Cas9 gene editing technology were further stud-
ied to check their behaviour and plasticity in vivo (Fig. 5a)
[176, 177]. Another study on mammary tumors observed that
some cells initially serve as cells of origin, eventually disap-
pear and new population of stem cells arise which gives rise to
tumor (Fig. 5b) [175]. Although these studies have improved
our understanding of how CSCs could lead to the develop-
ment of tumours and its plasticity. Major drawback of this
study that the CSCs with lineage tracing utilize common stem
cell markers which may also be present on other surrounding
cell lineage. It is also difficult to have these studies in complex
tissue tumors like mammary glands as they have different
architecture during puberty, adult age and during preg-
nancy. Other parameters which may also change the
interpretation of results includes time of induction of labelling,
enzymatic digestion during mount preparations and efficiency
of labelling [178].

Cell line development from stem cells has sharply in-
creased in past two decades. Currently there are number of
stem cell lines commercially available from both embryonic
and adult stem cell origins which are used for research world-
wide [179–182]. However despite of many challenges related
to isolation and study of cancer stem cells, the cell line devel-
opment from CSCs is lagging far behind. There are very few
cell lines available for CSCs studies, Peter et. al., have devel-
oped three glioma stem cell lines G144, G166 and G179 from
human patients in adherent conditions and characterized
them for CSCs like properties. Study implies the usage
of these cell lines in screening of compounds that target
CSCs and also ascertain that adherent cultures are better than
their sphere counterparts [183]. Hundreds of these cells when

injected into NOD-SCID mice were sufficient to generate ag-
gressive tumor mass.

In vitro generation of CSCs like cells has been studied from
transformation of primary fibroblast cells. Primary fibroblast
cells were immortalized using hTERT and transformed with
H-RasV12 and SV40 LT and ST antigens. These transfected
fibroblast cells were studied for the formation of CSCs like
character. Total of 1% population from the transformed cells
have shown the expression of SSEA-1 which was not detected
in immortalized cells. SSEA-1+cell population was able to
differentiate into adipocytes and osteoblasts. It have also
showed symmetric and asymmetric division which gave rise
either to both SSEA+ or one SSEA+ and one SSEA- daughter
cell. SSEA- cells were also able to generate SSEA+ cells spon-
taneously after 5 days of culturing under same condition. The
study have demonstrated proof of evidence that normal somat-
ic cell can give rise to CSCs like cells and can maintain hier-
archy and heterogeneity of tumors [184].

Patient derived tumor xenograft (PDX) lines showed stable
genomic, proteomic and histology as that of tumor of origin.
These PDX models from breast cancer were studied for the
presence of CTCs. Study aims if these PDX lines can be used
as a renewable source to study CTCs, which is hindered by
their low number in patient samples. These results correlate
between the presence of CTCs and lungmetastatic potential to
study in these preclinical models. The study also suggested
that CTCs and BM-DTCs found in BC PDX-bearing mice
could serve as a valuable and unique preclinical model for
investigating the role of CTCs in tumor metastases [185].

Techniques to Study Endogenous CSCs:

High Resolution MRI

MRI has been used for investigation of both exogenous and
endogenous stem cell population. Various studies have been
conducted to detected single stem cells (exogenous) in tumors
of small animals using MRI [186] [187]. To achieve a high
resolution and identify a single cell of interest, a probe with
significant positive or negative contrast is required. Recently,
different probes used for increasing resolution of MRI have
been reviewed by Monnica Carril [188]. Conti et al, has ex-
plored the L-ferritin receptors which are over expressed in
CSCs as compare to differentiated cells. Gd-HPDO3A, a com-
mercially available contrasting agent was used to load
Apoferritin cavity along with curcumin (Gd-APO-
Curcumin) for the detection of CSCs in vivo, using MRI.
Although, the results were not encouraging owing to low sen-
sitivity of MRI to detect small population of CSCs; nonethe-
less, study opens a way to use addiction of CSCs for designing
PET based sensitive contrasting agents to identify CSCs
[189]. Fe3O4 mediated MRI has been used to track
Fe3O4@PPr@HA nanoparticles loaded with notch inhibitor
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to successfully target CSCs. Hyaluronic acid have greatly en-
hanced the accumulation of Fe3O4@PPr@HA nanoparticles
at tumor site owing to CD44 presence [190]. In a study, single-
walled carbon nanotube (SWCNT) probes conjugated with
CD44 antibody was traced with MRI, SPECT and NIR, to
demonstrate their efficient targeting of bCSCs [191].
Extracellular domain of fibronectin (EDB-FN)-Specific pep-
tide (APTEDB) superparamagnetic iron oxide nanoparticles
(SPIONs) loaded with doxorubicin were used for tracking
and targeting bCSCs more specifically than non specific
SPIONs and drug alone [192] (Fig. 6a). Lactate /pyruvate
(Lac/Pyr) ratios in glioblastoma orthotropic models generated
from cancer cells, U251 and cancer stem like cells, NSC11
lines were studied using 13C- MRI. The study has demon-
strated that Lac/pyr was higher in tumor tissues as compare

to normal brain tissue. However, Lac/pyr ratio was higher in
U251 than in NSC11 tumor tissue [194].

Positron Emission Tomography (PET)

PET is a highly sensitive, non-invasive technique that plays an
important role in diagnosis of cancer. It quantitatively detects
high energy γ-rays emitted from intravenously injection of ra-
diopharmaceutical agent into patient (e.g., 11C, 13N, 15O, 18F,
and 68Ga). It has achieved highly stable resolution of about 1-
2mm with an independent depth [195]. Identification of CSCs
requires high resolution (upto 200μm) which can be achieved
only in small animal imaging PET scanners [196]. Various
probes have been utilized for PET mediated cancer scanning
amongwhich 2-[18F]-fluoro-2-deoxy-D-glucose (18F-FDG) is

Fig. 5 (a) Lineage tracing assay of patient derived organoids from
colorectal cancer. Cells are introduced with LGR5 cassette for in vivo
tracing. Representative immunohistochemistry using anti-tomato anti-
bodies after tamoxifin induction. Arrowheads point to single and two cell
clones. Dashed lines delimit large clones. Scale bars indicate 250 lm.
Expression domains of TOM and differentiation markers MUC2 and
KRT20 at different time points. White arrowheads indicate double-

positive cells. Scale bars indicate 100 lm. Ref: [176]. (b) Lineage tracing
in mammary carcinoma: The four confetti colours (cyan fluorescent pro-
tein, green fluorescent protein, yellow fluorescent protein, and red fluo-
rescent protein) are randomly expressed in mice bearing genetic mamma-
ry tumors. After induction of confetti randomizer, different growth pat-
terns of the clones were observed (indicated by I-IV). Representing that
stem cell is plastic and can be acquired or lost with time. Ref: [175]
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most widely used in clinical and preclinical setup. FDG is ac-
tively transported in cancer cells which were detected through
PETscan [197, 198]. Keratin 19 (K19) and GLUT1 expression
is reported to be increased in Hepatocellular(HCC) CSCs.
Study conducted on 98 patients who underwent 18F-FDG-
PETscan revealed higher uptake of 18F-FDG inK19+ cells than
in K19- cells, thus, could be used to detect K19+ CSCs popu-
lation in HCC [199]. Similarly, thyroid CSCs related markers
such as CD133, CD44, oct4 and nanog were correlated with
higher FDG uptake in thyroid cancer patients [200]. I-124 PET
imaging has been used to identify sodium/iodine symporter
(NIS) -enhanced green fluorescent protein (EGFP) transfected
CSCs in vivo with high resolution [193] (Fig. 6b). Of note, a
recent study in ovarian cancer patients showed that cells with
low FDG uptake may have CSC properties. Sato et al. also
isolated CSCs from cell lines and demonstrated the lower ex-
pression of L-type amino acid transporter 1(LAT1) and glucose

transporter1 (GLUT1) in CSCs than in non–CSCs which may
account for decreased FDG uptake and altered glutaminolysis
in Ovarian cancer CSCs in patients [201]. Most common re-
porter gene used for tracing exogenous stem cells in vivo via
PET scan is herpes simplex virus type-1 thymidine kinase
(HSP-tk) which phosphorylates the18F-fluoropenciclovir
probe and retained in cytosol of cells for detection [196, 202].

All these modalities used for in vivo imaging have their
own limitations and advantages. Also the techniques for
in vivo tracing of CSCs require high resolution as the number
is very less. Modalities used for in vivo tracking of CSCs are
summarized in Table 4. Although the imaging of exogenous
stem cells has been achieved upto single cell levels in small
animals but tracking and detection of endogenous CSCs is still
correlative. The major drawback for identifying endogenous
CSCs is that it share common markers of stem cells and met-
abolic discrepancies of CSCs and differentiated cancer cells

Fig. 6 Tracking of endogenous CSCs (a) MRI images of BCSC, BCSC
Doc, FTH-BCSC and FTH-BCSC Doc tumor. 1 × 106 BCSCs or FTH-
BCSCs were injected into the mammary fat pads of NOD/SCID mice.
Distribution of R2* values showing pre-treatment and docetaxel treated
BCSC and FTH-BCSC at day 0, day 5 and day 14. Studies were per-
formed using ferritin based MRI with a high spatial resolution [187]. (b)

In-vivo PET images of tumor cells in the hind limb of ischemic mice.
Transplantation of tumor cells was performed 24hrs after hind limb is-
chemia. 3 × 106 CSCs and 3 × 106 parental CT26 infected with
Ad.EGFP.NIS were implanted into the ischemic mice PET images dem-
onstrate I-124 uptake with NIS expressing CSCs and CT26 was per-
formed in all the eight animals at 2, 15 and 24hr [193]

Table 4 Comparison of imaging modality for CSC study

S.no. Molecular imaging Resolution Detection
limit: Cells

Model Imaging agent Cancer stem
cell Biomarker

Clinical
use

References

1. Fluorescence 2–3 mm ~106 Glioblastoma Cy5.5 CD133 Preclinical [203]

2. Bioluminescence 5–20 mm depending
on depth of signal

~103 Breast cancer Firefly luciferase
(Luc)

CD44+ Preclinical [152]

3. Quantum dots 0.02μm ~103 Prostate cancer Rhodamine-
Functionalized
Graphene

Fe+3 Clinical [158]

4. PET ~1 mm; 4–6 mm ~104 Glioblastoma 64Cu-NOTA CD133 Clinical [204]

5. MRI 25–500 μm; 0.5–5 mm ~104 Breast cancer Ferritin heavy
chain (FTH)

CD44+/CD24- Clinical [187]
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are not finely demarcated. However, multimodal imaging
could enhance the clarity to visualize CSCs, where probes
are designed to visualize cells in two or more imaging sys-
tems. Examples of dual imaging modalities include PET/FI,
PET/CT, PET/BLI and MRI/ FI etc [153, 205].

Conclusion

Stem cells in cancer present a valuable avenue in tumor re-
search. These cells could be used as good prognostic markers
and are the main targets for anticancer therapies. However,
their, scanty number and presence of common stem cells
markers for CSCs present a major challenge for the isolation
and studies related to drug targeting. Various techniques have
been used for the isolation of these rare cells exploiting the
differences in expressed markers, size, deformability and qui-
escent nature. The flow cytometry and MACS platforms for
the isolation of CSCs can provide both preparative and ana-
lytical scale purification but recent progresses in development
of microfluidics platform could provide a better method to
isolate CSCs for their analysis. Moreover, the laser capture
micro-dissection is very useful in analysing CSCs at single
cell level. However, every technique has its advantages and
disadvantages for the isolation of CSCs. The growing interest
in the studying CSCs have pushed the establishment of in vitro
and in vivomodels such as cell lines, PDXmodels and 3D cell
culture models to enhance our current knowledge. Various
imaging techniques such as MRI and PET have shown its
potential in studying endogenous CSCs in various cancer
types. Need of the hour demands a model which could mimic
the heterogeneity of cancers which varies at individual levels
and using the information for personalized medicine.

Funding Information This work is financially supported by National
Institute of Pharmaceutical Education and Research, Ahmedabad,
Department of Pharmaceuticals, Ministry of Chemicals and Fertilizers,
Government of India.

Compliance with Ethical Standards

Conflict of Interest Authors declare that they have no conflict of interest.

References

1. Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of cancer: the
next generation. Cell, 144, 646–674.

2. Dalerba, P., Cho, R.W., &Clarke,M. F. (2007). Cancer stem cells:
models and concepts. Annual Review of Medicine, 58, 267–284.

3. Kreso, A., & Dick, J. E. (2014). Evolution of the cancer stem cell
model. Cell Stem Cell, 14, 275–291.

4. Peitzsch C, Tyutyunnykova A, Pantel K, Dubrovska A. Cancer
stem cells: the root of tumor recurrence and metastases. Seminars
in Cancer Biology 2017: Elsevier. p. 10-24.

5. Keysar, S. B., & Jimeno, A. (2010). More than markers: biological
significance of cancer stem cell-defining molecules. Molecular
Cancer Therapeutics, 9, 2450–2457.

6. Nagare, P. R., Sneha, S., Krishna Priya, S., & Ganesan, S. T.
(2017). Cancer stem cells–are surface markers alone sufficient?
Current Stem Cell Research & Therapy, 12, 37–44.

7. Yan, Y., Li, Z., Jia, Z., et al. (2016). KLF4-mediated suppression
of CD44 signaling negatively impacts pancreatic cancer stemness
and metastasis. Cancer Research, 76, 2419–2431.

8. Yan, Y., Zuo, X., &Wei, D. (2015). Concise review: emerging role
of CD44 in cancer stem cells: a promising biomarker and thera-
peutic target. Stem Cells Translational Medicine, 4, 1033–1043.

9. Pattabiraman, D. R., & Weinberg, R. A. (2014). Tackling the
cancer stem cells—what challenges do they pose? Nature
Reviews. Drug Discovery, 13, 497.

10. Ricardo, S., Vieira, A. F., Gerhard, R., et al. (2011). Breast cancer
stem cell markers CD44, CD24 and ALDH1: expression distribu-
tion within intrinsic molecular subtype. Journal of Clinical
Pathology, 64, 937–946.

11. Yilmazer, A. (2018). Cancer cell lines involving cancer stem cell
populations respond to oxidative stress. Biotechnology Reports
(Amsterdam, Netherlands), 17, 24–30.

12. Horst, D., Kriegl, L., Engel, J., Kirchner, T., & Jung, A. (2009).
Prognostic significance of the cancer stem cell markers CD133,
CD44, and CD166 in colorectal cancer. Cancer Investigation, 27,
844–850.

13. Patriarca, C., Macchi, R. M., Marschner, A. K., & Mellstedt, H.
(2012). Epithelial cell adhesion molecule expression (CD326) in
cancer: a short review. Cancer Treatment Reviews, 38, 68–75.

14. Amini, S., Fathi, F., Mobalegi, J., Sofimajidpour, H., & Ghadimi,
T. (2014). The expressions of stem cell markers: Oct4, Nanog,
Sox2, nucleostemin, Bmi, Zfx, Tcl1, Tbx3, Dppa4, and Esrrb in
bladder, colon, and prostate cancer, and certain cancer cell lines.
Anatomy & cell biology, 47, 1–11.

15. Dalerba, P., Dylla, S. J., Park, I.-K., et al. (2007). Phenotypic
characterization of human colorectal cancer stem cells.
Proceedings of the National Academy of Sciences of the United
States of America, 104, 10158–10163.

16. Wu, X.-S., Xi, H.-Q., & Chen, L. (2012). Lgr5 is a potential
marker of colorectal carcinoma stem cells that correlates with
patient survival. World Journal of Surgical Oncology, 10, 244.

17. Pang, R., Law,W. L., Chu, A. C., et al. (2010). A subpopulation of
CD26+ cancer stem cells with metastatic capacity in human colo-
rectal cancer. Cell Stem Cell, 6, 603–615.

18. Katoh, S., Goi, T., Naruse, T., et al. (2015). Cancer stem cell
marker in circulating tumor cells: expression of CD44 variant
exon 9 is strongly correlated to treatment refractoriness, recur-
rence and prognosis of human colorectal cancer. Anticancer
Research, 35, 239–244.

19. Michl, M., Heinemann, V., Jung, A., Engel, J., Kirchner, T., &
Neumann, J. (2015). Expression of cancer stem cell markers in
metastatic colorectal cancer correlates with liver metastasis, but
not with metastasis to the central nervous system. Pathology,
Research and Practice, 211, 601–609.

20. Holah, N. S., Aiad, H. A.-E.-S., Asaad, N. Y., Elkhouly, E. A., &
Lasheen, A. G. (2017). Evaluation of the Role of ALDH1 as
Cancer Stem Cell Marker in Colorectal Carcinoma: An
Immunohistochemical Study. Journal of Clinical and Diagnostic
Research, 11, EC17.

21. Chen, J., Zhou, J., Lu, J., Xiong, H., Shi, X., & Gong, L. (2014).
Significance of CD44 expression in head and neck cancer: a sys-
temic review and meta-analysis. BMC Cancer, 14, 15.

22. Faber, A., Barth, C., Hörmann, K., et al. (2011). CD44 as a stem
cell marker in head and neck squamous cell carcinoma. Oncology
Reports, 26, 321–326.

Stem Cell Rev and Rep (2019) 15:755–773768



23. Koukourakis, M., Giatromanolaki, A., Tsakmaki, V., Danielidis,
V., & Sivridis, E. (2012). Cancer stem cell phenotype relates to
radio-chemotherapy outcome in locally advanced squamous cell
head–neck cancer. British Journal of Cancer, 106, 846–853.

24. Schröck, A., Bode, M., Göke, F. J. M., et al. (2014). Expression
and role of the embryonic protein SOX2 in head and neck squa-
mous cell carcinoma. Carcinogenesis, 35, 1636–1642.

25. Mannelli, G., Magnelli, L., Deganello, A., et al. (2015). Detection
of putative stem cell markers, CD44/CD133, in primary and
lymph node metastases in head and neck squamous cell carcino-
mas. A preliminary immunohistochemical and in vitro study. Clin.
Otolaryngol., 40, 312–320.

26. Murillo-Sauca, O., Chung,M. K., Shin, J. H., et al. (2014). CD271
is a functional and targetable marker of tumor-initiating cells in
head and neck squamous cell carcinoma. Oncotarget, 5, 6854.

27. Qian, X.,Wagner, S., Ma, C., et al. (2014). Prognostic significance
of ALDH1A1-positive cancer stem cells in patients with locally
advanced, metastasized head and neck squamous cell carcinoma.
Journal of Cancer Research and Clinical Oncology, 140, 1151–
1158.

28. Koo, B., Lee, S., Kim, J., et al. (2015). Oct4 is a critical regulator
of stemness in head and neck squamous carcinoma cells.
Oncogene, 34, 2317–2324.

29. Leinung, M., Ernst, B., Döring, C., et al. (2015). Expression of
ALDH1A1 and CD44 in primary head and neck squamous cell
carcinoma and their value for carcinogenesis, tumor progression
and cancer stem cell identification. Oncology Letters, 10, 2289–
2294.

30. Yanamoto, S., Yamada, S.-I., Takahashi, H., et al. (2014).
Expression of the cancer stem cell markers CD44v6 and
ABCG2 in tongue cancer: effect of neoadjuvant chemotherapy
on local recurrence. International Journal of Oncology, 44,
1153–1162.

31. Liu, W., Wu, L., Shen, X. M., et al. (2013). Expression patterns of
cancer stem cell markers ALDH1 and CD133 correlate with a high
risk of malignant transformation of oral leukoplakia. International
Journal of Cancer, 132, 868–874.

32. de Moraes, F. P. P., Lourenço, S. V., Ianez, R. C. F., et al. (2017).
Expression of stem cell markers in oral cavity and oropharynx
squamous cell carcinoma. Oral Surgery, Oral Medicine, and
Oral Pathology, 123, 113–122.

33. Salnikov, A. V., Gladkich, J., Moldenhauer, G., Volm, M.,
Mattern, J., & Herr, I. (2010). CD133 is indicative for a resistance
phenotype but does not represent a prognostic marker for survival
of non-small cell lung cancer patients. International Journal of
Cancer, 126, 950–958.

34. Li, F., Zeng, H., & Ying, K. (2011). The combination of stem cell
markers CD133 and ABCG2 predicts relapse in stage I non-small
cell lung carcinomas. Medical Oncology, 28, 1458–1462.

35. Woo, T., Okudela, K., Mitsui, H., &Yazawa, T. (2011). Prognostic
value of CD133 expression in stage I lung adenocarcinomas.
International Journal of Clinical and Experimental Pathology,
4, 32.

36. Li, X., Wan, L., Geng, J., Wu, C.-L., & Bai, X. (2012). Aldehyde
dehydrogenase 1A1 possesses stem-like properties and predicts
lung cancer patient outcome. Journal of Thoracic Oncology, 7,
1235–1245.

37. Pirozzi, G., Tirino, V., Camerlingo, R., et al. (2013). Prognostic
value of cancer stem cells, epithelial-mesenchymal transition and
circulating tumor cells in lung cancer. Oncology Reports, 29,
1763–1768.

38. Herpel, E., Jensen, K., Muley, T., et al. (2011). The cancer stem
cell antigens CD133, BCRP1/ABCG2 and CD117/c-KIT are not
associated with prognosis in resected early-stage non-small cell
lung cancer. Anticancer Research, 31, 4491–4500.

39. Shien, K., Toyooka, S., Ichimura, K., et al. (2012). Prognostic
impact of cancer stem cell-related markers in non-small cell lung
cancer patients treated with induction chemoradiotherapy. Lung
Cancer, 77, 162–167.

40. Roudi, R., Korourian, A., Shariftabrizi, A., & Madjd, Z. (2015).
Differential expression of cancer stem cell markers ALDH1 and
CD133 in various lung cancer subtypes. Cancer Investigation, 33,
294–302.

41. Zhou, L., Yu, L., Zhu, B., et al. (2016). Metastasis-associated in
colon cancer-1 and aldehyde dehydrogenase 1 are metastatic and
prognostic biomarker for non-small cell lung cancer.BMCCancer,
16, 876.

42. Pore, M., Meijer, C., de Bock, G. H., et al. (2016). Cancer stem
cells, epithelial to mesenchymal markers, and circulating tumor
cells in small cell lung cancer.Clinical Lung Cancer, 17, 535–542.

43. Li, T., Su, Y., Mei, Y., et al. (2010). ALDH1A1 is a marker for
malignant prostate stem cells and predictor of prostate cancer pa-
tients’ outcome. Laboratory Investigation, 90, 234–244.

44. Matsika, A., Srinivasan, B., Day, C., et al. (2015). Cancer stem cell
markers in prostate cancer: an immunohistochemical study of
ALDH1, SOX2 and EZH2. Pathology, 47, 622–628.

45. Kalantari, E., Asgari, M., Nikpanah, S., Salarieh, N., Lari, M. H.
A., & Madjd, Z. (2017). Co-Expression of Putative Cancer Stem
Cell Markers CD44 and CD133 in Prostate Carcinomas.
Pathology Oncology Research, 1–10.

46. Kalantari, E., Saadi, F. H., Asgari, M., Shariftabrizi, A., Roudi, R.,
& Madjd, Z. (2017). Increased expression of ALDH1A1 in pros-
tate cancer is correlated with tumor aggressiveness: a tissue mi-
croarray study of Iranian patients. Applied Immunohistochemistry
& Molecular Morphology, 25, 592–598.

47. Wang, Y., Zhe, H., Ding, Z., Gao, P., Zhang, N., & Li, G. (2012).
Cancer stem cell marker Bmi-1 expression is associated with
basal-like phenotype and poor survival in breast cancer. World
Journal of Surgery, 36, 1189–1194.

48. Leis, O., Eguiara, A., Lopez-Arribillaga, E., et al. (2012). Sox2
expression in breast tumours and activation in breast cancer stem
cells. Oncogene, 31, 1354–1365.

49. Liu, T., Sun, B., Zhao, X., et al. (2013). CD133+ cells with cancer
stem cell characteristics associates with vasculogenic mimicry in
triple-negative breast cancer. Oncogene, 32, 544–553.

50. Kang, E., Jung, H.,Woo, O., et al. (2014). Association of aldehyde
dehydrogenase 1 expression and biologically aggressive features
in breast cancer. Neoplasma, 61, 352–362.

51. Wang, D., Lu, P., Zhang, H., et al. (2014). Oct-4 and Nanog pro-
mote the epithelial-mesenchymal transition of breast cancer stem
cells and are associated with poor prognosis in breast cancer pa-
tients. Oncotarget, 5, 10803.

52. Handa, T., Katayama, A., Yokobori, T., et al. (2017). Caspase14
expression is associated with triple negative phenotypes and can-
cer stem cell marker expression in breast cancer patients. Journal
of Surgical Oncology, 116, 706–715.

53. Ji, J., Wei, X., & Wang, Y. (2014). Embryonic stem cell markers
Sox-2 and OCT4 expression and their correlation with WNT sig-
nal pathway in cervical squamous cell carcinoma. International
Journal of Clinical and Experimental Pathology, 7, 2470.

54. Yao, T., Chen, Q., Zhang, B., Zhou, H., & Lin, Z. (2011). The
expression of ALDH1 in cervical carcinoma. Medical Science
Monitor, 17, HY21.

55. Hou, T., Zhang, W., Tong, C., et al. (2015). Putative stem cell
markers in cervical squamous cell carcinoma are correlated with
poor clinical outcome. BMC Cancer, 15, 785.

56. Shen, L., Huang, X., Xie, X., Su, J., Yuan, J., & Chen, X. (2014).
High expression of SOX2 and OCT4 indicates radiation resistance
and an independent negative prognosis in cervical squamous cell
carcinoma. The Journal of Histochemistry and Cytochemistry, 62,
499–509.

Stem Cell Rev and Rep (2019) 15:755–773 769



57. Yang, Z., Pan, X., Gao, A., & Zhu,W. (2014). Expression of Sox2
in cervical squamous cell carcinoma. Journal of BUON, 19, 203–
206.

58. Gu, T.-T., Liu, S.-Y., & Zheng, P.-S. (2012). Cytoplasmic
NANOG-positive stromal cells promote human cervical cancer
progression. The American Journal of Pathology, 181, 652–661.

59. Jan, M., Chao, M. P., Cha, A. C., et al. (2011). Prospective sepa-
ration of normal and leukemic stem cells based on differential
expression of TIM3, a human acute myeloid leukemia stem cell
marker. Proceedings of the National Academy of Sciences of the
United States of America, 108, 5009–5014.

60. Williams, S. C. (2013). Circulating tumor cells. Proceedings of the
National Academy of Sciences of the United States of America,
110, 4861.

61. Theodoropoulou, S., Copland, D. A., Liu, J., et al. (2017).
Interleukin-33 regulates tissue remodelling and inhibits angiogen-
esis in the eye. The Journal of Pathology, 241, 45–56.

62. Gazzaniga, P., Gradilone, A., Petracca, A., et al. (2010). Molecular
markers in circulating tumour cells frommetastatic colorectal can-
cer patients. Journal of Cellular and Molecular Medicine, 14,
2073–2077.

63. Gradilone, A., Naso, G., Raimondi, C., et al. (2010). Circulating
tumor cells (CTCs) in metastatic breast cancer (MBC): prognosis,
drug resistance and phenotypic characterization. Annals of
Oncology, 22, 86–92.

64. Armstrong, A. J., Marengo, M. S., Oltean, S., et al. (2011).
Circulating tumor cells from patients with advanced prostate and
breast cancer display both epithelial and mesenchymal markers.
Molecular Cancer Research, 9, 997–1007.

65. Toloudi, M., Apostolou, P., Chatziioannou, M., & Papasotiriou, I.
(2011). Correlation between cancer stem cells and circulating tu-
mor cells and their value. Case Rep Oncol, 4, 44–54.

66. Fusi, A., Reichelt, U., Busse, A., et al. (2011). Expression of the
stem cell markers nestin and CD133 on circulating melanoma
cells. The Journal of Investigative Dermatology, 131, 487–494.

67. Kasimir-Bauer, S., Hoffmann, O., Wallwiener, D., Kimmig, R., &
Fehm, T. (2012). Expression of stem cell and epithelial-
mesenchymal transition markers in primary breast cancer patients
with circulating tumor cells. Breast Cancer Research, 14, R15.

68. Giordano, A., Gao, H., Anfossi, S., et al. (2012). Epithelial–
mesenchymal transition and stem cell markers in patients with
HER2-positive metastatic breast cancer. Molecular Cancer
Therapeutics, 11, 2526–2534.

69. Barrière, G., Riouallon, A., Renaudie, J., Tartary, M., & Rigaud,
M. (2012). Mesenchymal and stemness circulating tumor cells in
early breast cancer diagnosis. BMC Cancer, 12, 114.

70. Nadal, R., Ortega, F. G., Salido, M., et al. (2013). CD133 expres-
sion in circulating tumor cells from breast cancer patients: poten-
tial role in resistance to chemotherapy. International Journal of
Cancer, 133, 2398–2407.

71. Papadaki, M. A., Kallergi, G., Zafeiriou, Z., et al. (2014). Co-
expression of putative stemness and epithelial-to-mesenchymal
transition markers on single circulating tumour cells from patients
with early and metastatic breast cancer. BMC Cancer, 14, 651.

72. Alonso-Alconada, L., Muinelo-Romay, L., Madissoo, K., et al.
(2014). Molecular profiling of circulating tumor cells links plas-
ticity to the metastatic process in endometrial cancer. Molecular
Cancer, 13, 223.

73. Pal, S. K., He, M., Wilson, T., et al. (2015). Detection and pheno-
typing of circulating tumor cells in high-risk localized prostate
cancer. Clinical Genitourinary Cancer, 13, 130–136.

74. Tseng, J.-Y., Yang, C.-Y., Yang, S.-H., Lin, J.-K., Lin, C.-H., &
Jiang, J.-K. (2015). Circulating CD133+/ESA+ cells in colorectal
cancer patients. The Journal of Surgical Research, 199, 362–370.

75. Gazzaniga, P., Raimondi, C., Nicolazzo, C., Gradilone, A., &
Cortesi, E. (2015). 2194 Isolation of circulating tumor cells with

stem-like features in metastatic colorectal cancer. European
Journal of Cancer, 51, S398.

76. Patel, S., Shah, K., Mirza, S., Shah, K., & Rawal, R. (2016).
Circulating tumor stem like cells in oral squamous cell carcinoma:
An unresolved paradox. Oral Oncology, 62, 139–146.

77. Blassl, C., Kuhlmann, J. D., Webers, A., Wimberger, P., Fehm, T.,
& Neubauer, H. (2016). Gene expression profiling of single cir-
culating tumor cells in ovarian cancer–Establishment of a multi-
marker gene panel. Molecular Oncology, 10, 1030–1042.

78. Watanabe, T., Okumura, T., Hirano, K., et al. (2017). Circulating
tumor cells expressing cancer stem cell marker CD44 as a diag-
nostic biomarker in patients with gastric cancer.Oncology Letters,
13, 281–288.

79. Apostolou, P., Papadimitriou, M., & Papasotiriou, I. (2017).
Stemness Gene Profiles of Circulating Tumor Cells. Journal of
Cancer Therapy, 8, 155–167.

80. Krawczyk, N., Meier-Stiegen, F., Banys, M., Neubauer, H.,
Ruckhaeberle, E., & Fehm, T. (2014). Expression of stem cell
and epithelial-mesenchymal transition markers in circulating tu-
mor cells of breast cancer patients. BioMed Research
International, 2014.

81. Ming, Y., Li, Y., Xing, H., et al. (2017). Circulating tumor cells:
from theory to nanotechnology-based detection. Frontiers in
Pharmacology, 8, 35.

82. Gorges, T. M., Tinhofer, I., Drosch, M., et al. (2012). Circulating
tumour cells escape from EpCAM-based detection due to
epithelial-to-mesenchymal transition. BMC Cancer, 12, 178.

83. Hyun, K.-A., Koo, G.-B., Han, H., et al. (2016). Epithelial-to-
mesenchymal transition leads to loss of EpCAM and different
physical properties in circulating tumor cells from metastatic
breast cancer. Oncotarget, 7, 24677.

84. Soysal, S. D., Muenst, S., Barbie, T., et al. (2013). EpCAM ex-
pression varies significantly and is differentially associated with
prognosis in the luminal B HER2+, basal-like, and HER2 intrinsic
subtypes of breast cancer. British Journal of Cancer, 108, 1480.

85. Ogle, L. F., Orr, J. G., Willoughby, C. E., et al. (2016).
Imagestream detection and characterisation of circulating tumour
cells–A liquid biopsy for hepatocellular carcinoma? Journal of
Hepatology, 65, 305–313.

86. Bhagwat, N., Dulmage, K., Pletcher, C. H., et al. (2018). An inte-
grated flow cytometry-based platform for isolation and molecular
characterization of circulating tumor single cells and clusters.
Scientific Reports, 8, 5035.

87. Vishnoi, M., Peddibhotla, S., Yin, W., et al. (2015). The isolation
and characterization of CTC subsets related to breast cancer dor-
mancy. Scientific Reports, 5, 17533.

88. Greve, B., Kelsch, R., Spaniol, K., Eich, H. T., & Götte, M.
(2012). Flow cytometry in cancer stem cell analysis and separa-
tion. Cytometry Part A, 81, 284–293.

89. Charafe-Jauffret, E., Ginestier, C., & Birnbaum, D. (2009). Breast
cancer stem cells: tools and models to rely on. BMC Cancer, 9,
202.

90. Almanaa, T. N., Geusz, M. E., & Jamasbi, R. J. (2013). A new
method for identifying stem-like cells in esophageal cancer cell
lines. Journal of Cancer, 4, 536.

91. Nakamura, N., Ruebel, K., Jin, L., Qian, X., Zhang, H., & Lloyd,
R. V. (2007). Laser capture microdissection for analysis of single
cells. Single Cell Diagnostics: Methods and Protocols, 11–18.

92. Wilson, G. D., Thibodeau, B. J., Fortier, L. E., et al. (2016).
Cancer stem cell signaling during repopulation in head and neck
cancer. Stem Cells International, 2016.

93. Lin, H. H., Lee, H. W., Lin, R. J., et al. (2015). Tracking and
Finding Slow-Proliferating/Quiescent Cancer Stem Cells with
Fluorescent Nanodiamonds. Small, 11, 4394–4402.

94. Wu, T.-J., Tzeng, Y.-K., Chang, W.-W., et al. (2013). Tracking the
engraftment and regenerative capabilities of transplanted lung

Stem Cell Rev and Rep (2019) 15:755–773770



stem cells using fluorescent nanodiamonds. Nature
Nanotechnology, 8, 682.

95. Xing, Y., Xiong, W., Zhu, L., Osawa, E., Hussin, S., & Dai, L.
(2011). DNA damage in embryonic stem cells caused by
nanodiamonds. ACS Nano, 5, 2376–2384.

96. Richichi C, Brescia P, Alberizzi V, Fornasari L, Pelicci G. Marker-
independent method for isolating slow-dividing cancer stem cells
in human glioblastoma. Neoplasia 2013;15:840IN36-7IN39.

97. Lassailly F, Griessinger E, Bonnet D. "Microenvironmental con-
taminations" induced by fluorescent lipophilic dyes used for non-
invasive in vitro and in vivo cell tracking. Blood 2010:blood-
2009-05-224030.

98. Azari, H., Deleyrolle, L. P., & Reynolds, B. A. (2018). Using
Carboxy Fluorescein Succinimidyl Ester (CFSE) to Identify
Quiescent Glioblastoma Stem-Like Cells (pp. 59–67). Cellular
Quiescence: Springer.

99. Parish, C. R. (1999). Fluorescent dyes for lymphocyte migration
and proliferation studies. Immunology and Cell Biology, 77, 499–
508.

100. Kemsheadl, J., & Ugelstad, J. (1985). Magnetic separation tech-
niques: their application to medicine. Molecular and Cellular
Biochemistry, 67, 11–18.

101. Leong, S. S., Yeap, S. P., & Lim, J. (2016). Working principle and
application of magnetic separation for biomedical diagnostic at
high-and low-field gradients. Interface Focus, 6, 20160048.

102. Plouffe, B. D., Murthy, S. K., & Lewis, L. H. (2014).
Fundamentals and application of magnetic particles in cell isola-
tion and enrichment: a review. Reports on Progress in Physics,
78, 016601.

103. Huang, L. R., Cox, E. C., Austin, R. H., & Sturm, J. C. (2004).
Continuous particle separation through deterministic lateral dis-
placement. Science, 304, 987–990.

104. Hou, H. W., Warkiani, M. E., Khoo, B. L., et al. (2013). Isolation
and retrieval of circulating tumor cells using centrifugal forces.
Scientific Reports, 3.

105. Iglesias, J. M., Leis, O., Pérez Ruiz, E., et al. (2014). The activa-
tion of the Sox2 RR2 pluripotency transcriptional reporter in hu-
man breast cancer cell lines is dynamic and labels cells with higher
tumorigenic potential. Frontiers in Oncology, 4, 308.

106. Ling, G.-Q., Chen, D.-B., Wang, B.-Q., & Zhang, L.-S. (2012).
Expression of the pluripotency markers Oct3/4, Nanog and Sox2
in human breast cancer cell lines.Oncology Letters, 4, 1264–1268.

107. Giesen, C., Wang, H. A., Schapiro, D., et al. (2014). Highly
multiplexed imaging of tumor tissues with subcellular resolution
by mass cytometry. Nature Methods, 11, 417.

108. Doan, M., Vorobjev, I., Rees, P., et al. (2018). Diagnostic Potential
of Imaging Flow Cytometry. Trends in Biotechnology, 36, 649–
652.

109. Hilton, J. (1984). Role of aldehyde dehydrogenase in
cyclophosphamide-resistant L1210 leukemia. Cancer Research,
44, 5156–5160.

110. Christ, O., Lucke, K., Imren, S., et al. (2007). Improved purifica-
tion of hematopoietic stem cells based on their elevated aldehyde
dehydrogenase activity. Haematologica, 92, 1165–1172.

111. Yu, C., Yao, Z., Dai, J., et al. (2011). ALDH activity indicates
increased tumorigenic cells, but not cancer stem cells, in prostate
cancer cell lines. In Vivo, 25, 69–76.

112. Colacino, J. A., Azizi, E., Brooks, M. D., et al. (2018).
Heterogeneity of Human Breast Stem and Progenitor Cells as
Revealed by Transcriptional Profiling. Stem Cell Reports, 10,
1596–1609.

113. Kryczek, I., Liu, S., Roh,M., et al. (2012). Expression of aldehyde
dehydrogenase and CD133 defines ovarian cancer stem cells.
International Journal of Cancer, 130, 29–39.

114. Moore, N., & Lyle, S. (2011). Quiescent, slow-cycling stem cell
populations in cancer: a review of the evidence and discussion of
significance. Journal of Oncology, 2011.

115. Salic, A., & Mitchison, T. J. (2008). A chemical method for fast
and sensitive detection of DNA synthesis in vivo. Proceedings of
the National Academy of Sciences of the United States of America,
105, 2415–2420.

116. De Clercq, E., DESCAMPS, J., G-F, H. U. A. N. G., &
TORRENCE, P. F. (1978). 5-Nitro-2'-deoxyuridine and 5-nitro-
2'-deoxyuridine 5'-monophosphate: antiviral activity and inhibi-
tion of thymidylate synthetase in vivo.Molecular Pharmacology,
14, 422–430.

117. Ligasová, A., Strunin, D., Friedecký, D., Adam, T., &Koberna, K.
(2015). A fatal combination: a thymidylate synthase inhibitor with
DNA damaging activity. PLoS One, 10, e0117459.

118. Lyons, A. B. (2000). Analysing cell division in vivo and in vitro
using flow cytometric measurement of CFSE dye dilution. Journal
of Immunological Methods, 243, 147–154.

119. Aharoni A. Introduction to the Theory of Ferromagnetism:
Clarendon Press; 2000.

120. Schmitz, B., Radbruch, A., Kümmel, T., et al. (1994). Magnetic
activated cell sorting (MACS)—a new immunomagnetic method
for megakaryocytic cell isolation: comparison of different separa-
tion techniques. European Journal of Haematology, 52, 267–275.

121. Sharifi, S., Behzadi, S., Laurent, S., Forrest, M. L., Stroeve, P., &
Mahmoudi, M. (2012). Toxicity of nanomaterials. Chemical
Society Reviews, 41, 2323–2343.

122. Paul, F., Roath, S., Melville, D., Warhurst, D., & Osisanya, J.
(1981). Separation of malaria-infected erythrocytes from whole
blood: use of a selective high-gradient magnetic separation tech-
nique. Lancet, 2, 70–71.

123. Budd, G. T., Cristofanilli, M., Ellis, M. J., et al. (2006). Circulating
tumor cells versus imaging—predicting overall survival in meta-
static breast cancer. Clinical Cancer Research, 12, 6403–6409.

124. Cohen, S. J., Punt, C., Iannotti, N., et al. (2008). Relationship of
circulating tumor cells to tumor response, progression-free surviv-
al, and overall survival in patients with metastatic colorectal can-
cer. Clinical Oncology, 26, 3213–3221.

125. Schumm,M., Lang, P., Taylor, G., et al. (1999). Isolation of highly
purified autologous and allogeneic peripheral CD34+ cells using
the CliniMACS device. Journal of Hematotherapy, 8, 209–218.

126. Zhang, M., & Rosen, J. M. (2015). Developmental Insights into
Breast Cancer Intratumoral Heterogeneity. Trends Cancer, 1, 242–
251.

127. Zborowski, M., & Chalmers, J. J. (2011). Rare cell separation and
analysis by magnetic sorting. ACS Publications, 83, 8050–8056.

128. Chen, Y., Li, P., Huang, P.-H., et al. (2014). Rare cell isolation and
analysis in microfluidics. Lab on a Chip, 14, 626–645.

129. Tu, J., Qiao, Y., Xu, M., et al. (2016). A cell sorting and trapping
microfluidic device with an interdigital channel. AIPAdvances, 6,
125042.

130. Sarioglu, A. F., Aceto, N., Kojic, N., et al. (2015). A microfluidic
device for label-free, physical capture of circulating tumor cell
clusters. Nature Methods, 12, 685.

131. Loutherback, K., D'Silva, J., Liu, L., Wu, A., Austin, R. H., &
Sturm, J. C. (2012). Deterministic separation of cancer cells from
blood at 10 mL/min. AIPAdvances, 2, 042107.

132. Di Carlo, D. (2009). Inertial microfluidics. Lab on a Chip, 9,
3038–3046.

133. Tan, S. J., Yobas, L., Lee, G. Y. H., Ong, C. N., & Lim, C. T.
(2009). Microdevice for the isolation and enumeration of cancer
cells from blood. Biomedical Microdevices, 11, 883–892.

134. Gascoyne, P. R., & Shim, S. (2014). Isolation of circulating tumor
cells by dielectrophoresis. Cancers (Basel), 6, 545–579.

135. Davis, D., Gupta, V., Garza, M., et al. (2011). Abstract B20:
EpCAM-independent ApoStream™ technology isolates

Stem Cell Rev and Rep (2019) 15:755–773 771



circulating tumor cells from blood of patients with various types of
cancer. AACR. https://doi.org/10.1158/1535-7163.TARG-11-B20.

136. Varadhachary, G., Abbruzzese, J., Shroff, R., et al. (2013).
ApoStream, a new dielectrophoretic device for antibody-
independent isolation and recovery of circulating tumor cells from
blood of patients with metastatic pancreatic adenocarcinoma.
Cancer Research, 73, 1449.

137. Tran HT, Melnikova VO, Tsao AS, et al. Characterization and
identification of specific EGFR mutations in circulating tumor
cells (CTCs) isolated from non-small cell lung cancer patients
using antibody independent method, ApoStream. Journal of
Clinical Oncology 2013; 31: Abstract No. 11044.

138. Geng, C., Li, C., Li, W., et al. (2018). A simple fabricated
microfluidic chip for urine sample-based bladder cancer detection.
Journal of Micromechanics and Microengineering, 28, 115011.

139. Liao, C.-J., Hsieh, C.-H., Chiu, T.-K., et al. (2018). An Optically
Induced Dielectrophoresis (ODEP)-Based Microfluidic System
for the Isolation of High-Purity CD45neg/EpCAMneg Cells from
the Blood Samples of Cancer Patients—Demonstration and Initial
Exploration of the Clinical Significance of These Cells.
Micromachines (Basel), 9, 563.

140. Lin, E., Rivera-Báez, L., Fouladdel, S., et al. (2017). High-
throughput microfluidic Labyrinth for the label-free isolation of
circulating tumor cells. Cell Systems, 5, 295–304.

141. Varillas, J. I., Zhang, J., Chen, K., et al. (2019). Microfluidic iso-
lation of circulating tumor cells and cancer stem-like cells from
patients with pancreatic ductal adenocarcinoma. Theranostics, 9,
1417.

142. Zhang, Z., Chen, Y.-C., Cheng, Y.-H., Luan, Y., & Yoon, E.
(2016). Microfluidics 3D gel-island chip for single cell isolation
and lineage-dependent drug responses study. Lab on a Chip, 16,
2504–2512.

143. Hung, L.-Y., Wang, C.-H., Che, Y.-J., et al. (2015). Screening of
aptamers specific to colorectal cancer cells and stemcells by uti-
lizing On-chip Cell-SELEX. Scientific Reports, 5, 10326.

144. Caen, O., Lu, H., Nizard, P., & Taly, V. (2017). Microfluidics as a
strategic player to decipher single-cell omics? Trends in
Biotechnology, 35, 713–727.

145. Cho, H., Kim, J., Song, H., Sohn, K. Y., Jeon, M., & Han, K.-H.
(2018). Microfluidic technologies for circulating tumor cell isola-
tion. Analyst, 143, 2936–2937.

146. Chung, S. H., & Shen, W. (2015). Laser capture microdissection:
from its principle to applications in research on neurodegenera-
tion. Neural Regeneration Research, 10, 897.

147. Bertos, N. R., & Park, M. (2016). Laser capture microdissection
as a tool to study tumor stroma (pp. 13–25). The Tumor
Microenvironment: Springer.

148. Yang, R., Liu, X., Thakolwiboon, S., et al. (2016). Protein markers
associated with an ALDH sub-population in colorectal cancer.
Journal Proteomics Bioinform, 9, 238.

149. Podgorny, O. V. (2013). Live cell isolation by laser microdissec-
tion with gravity transfer. Journal of Biomedical Optics, 18,
055002.

150. Nguyen, P. K., Riegler, J., & Wu, J. C. (2014). Stem cell imaging:
from bench to bedside. Cell Stem Cell, 14, 431–444.

151. Nguyen, L. T. T., Song, Y. W., Tran, T. A., Kim, K.-S., & Cho, S.
K. (2014). Induction of apoptosis in anoikis-resistant breast cancer
stem cells by supercritical CO2 extracts from Citrus hassaku Hort
ex Tanaka. Journal of Korean Society for Applied Biological
Chemistry, 57, 469–472.

152. Liu, H., Patel, M. R., Prescher, J. A., et al. (2010). Cancer stem
cells from human breast tumors are involved in spontaneous me-
tastases in orthotopic mouse models. Proceedings of the National
Academy of Sciences of the United States of America, 107, 18115–
18120.

153. Akbari-Birgani, S., Paranjothy, T., Zuse, A., et al. (2016). Cancer
stem cells, cancer-initiating cells and methods for their detection.
Drug Discovery Today, 21, 836–842.

154. Heryanto, Y. D., Achmad, A., Taketomi-Takahashi, A., &
Tsushima, Y. (2015). In vivo molecular imaging of cancer stem
cells. American Journal of Nuclear Medicine and Molecular
Imaging, 5, 14.

155. Han, H.-S., Niemeyer, E., Huang, Y., et al. (2015). Quantum dot/
antibody conjugates for in vivo cytometric imaging in mice.
Proceedings of the National Academy of Sciences of the United
States of America, 112, 1350–1355.

156. Yukawa, H., & Baba, Y. (2017). In vivo fluorescence imaging and
the diagnosis of stem cells using quantum dots for regenerative
medicine. Analytical Chemistry, 89, 2671–2681.

157. Pericleous, P., Gazouli, M., Lyberopoulou, A., Rizos, S., Nikiteas,
N., & Efstathopoulos, E. P. (2012). Quantum dots hold promise for
early cancer imaging and detection. International Journal of
Cancer, 131, 519–528.

158. Guo, R., Zhou, S., Li, Y., Li, X., Fan, L., &Voelcker, N. H. (2015).
Rhodamine-functionalized graphene quantum dots for detection
of Fe3+ in cancer stem cells. ACS Applied Materials &
Interfaces, 7, 23958–23966.

159. Kebschull, J. M., & Zador, A. M. (2018). Cellular barcoding:
lineage tracing, screening and beyond. Nature Methods, 15,
871–879.

160. Lan, X., Jörg, D. J., Cavalli, F. M., et al. (2017). Fate mapping of
human glioblastoma reveals an invariant stem cell hierarchy.
Nature, 549, 227.

161. Morton, C. L., & Houghton, P. J. (2007). Establishment of human
tumor xenografts in immunodeficient mice. Nature Protocols, 2,
247.

162. Al-Hajj, M., Wicha, M. S., Benito-Hernandez, A., Morrison, S. J.,
& Clarke, M. F. (2003). Prospective identification of tumorigenic
breast cancer cells. Proceedings of the National Academy of
Sciences of the United States of America, 100, 3983–3988.

163. Eramo, A., Lotti, F., Sette, G., et al. (2008). Identification and
expansion of the tumorigenic lung cancer stem cell population.
Cell Death and Differentiation, 15, 504.

164. Hermann, P. C., Huber, S. L., Herrler, T., et al. (2007). Distinct pop-
ulations of cancer stem cells determine tumor growth and metastatic
activity in human pancreatic cancer. Cell Stem Cell, 1, 313–323.

165. Li, C., Heidt, D. G., Dalerba, P., et al. (2007). Identification of
pancreatic cancer stem cells. Cancer Research, 67, 1030–1037.

166. Ricci-Vitiani, L., Lombardi, D. G., Pilozzi, E., et al. (2007).
Identification and expansion of human colon-cancer-initiating
cells. Nature, 445, 111.

167. Singh, S. K., Hawkins, C., Clarke, I. D., et al. (2004).
Identification of human brain tumour initiating cells. Nature,
432, 396.

168. Wakimoto, H., Kesari, S., Farrell, C. J., et al. (2009). Human
glioblastoma–derived cancer stem cells: establishment of invasive
glioma models and treatment with oncolytic herpes simplex virus
vectors. Cancer Research, 69, 3472–3481.

169. Chen, L., Groenewoud, A., Tulotta, C., et al. (2017). A zebrafish
xenograft model for studying human cancer stem cells in distant
metastasis and therapy response (pp. 471–496). Methods Cell
Biol: Elsevier.

170. Di Fiore, R., Guercio, A., Puleio, R., et al. (2012). Modeling
human osteosarcoma in mice through 3AB-OS cancer stem cell
xenografts. Journal of Cellular Biochemistry, 113, 3380–3392.

171. Richmond, A., & Su, Y. (2008). Mouse xenograft models vs GEM
models for human cancer therapeutics. The Company of Biologists
Ltd, 78–82.

172. Chen, J., Li, Y., Yu, T.-S., et al. (2012). A restricted cell population
propagates glioblastoma growth after chemotherapy. Nature, 488,
522–526.

Stem Cell Rev and Rep (2019) 15:755–773772

https://doi.org/10.1158/1535-7163.TARG-11-B20


173. Driessens, G., Beck, B., Caauwe, A., Simons, B. D., & Blanpain,
C. (2012). Defining themode of tumour growth by clonal analysis.
Nature, 488, 527–530.

174. Schepers, A. G., Snippert, H. J., Stange, D. E., et al. (2012).
Lineage tracing reveals Lgr5+ stem cell activity in mouse intesti-
nal adenomas. Science, 337, 730–735.

175. Zomer, A., Ellenbroek, S. I. J., Ritsma, L., Beerling, E.,
Vrisekoop, N., & Van Rheenen, J. (2013). Brief report: intravital
imaging of cancer stem cell plasticity in mammary tumors. Stem
Cells, 31, 602–606.

176. Cortina, C., Turon, G., Stork, D., et al. (2017). A genome editing
approach to study cancer stem cells in humantumors. EMBO
Molecular Medicine, e201707550.

177. Shimokawa, M., Ohta, Y., Nishikori, S., et al. (2017).
Visualization and targeting of LGR5+ human colon cancer stem
cells. Nature, 545, 187–192.

178. Rios, A. C., Fu, N. Y., Cursons, J., Lindeman, G. J., & Visvader, J.
E. (2016). The complexities and caveats of lineage tracing in the
mammary gland. Breast Cancer Research, 18, 116.

179. Cowan, C. A., Klimanskaya, I., McMahon, J., et al. (2004).
Derivation of embryonic stem-cell lines from human blastocysts.
The New England Journal of Medicine, 350, 1353–1356.

180. Crook, J. M., Peura, T. T., Kravets, L., et al. (2007). The genera-
tion of six clinical-grade human embryonic stem cell lines. Cell
Stem Cell, 1, 490–494.

181. Hwang, W. S., Ryu, Y. J., Park, J. H., et al. (2004). Evidence of a
pluripotent human embryonic stem cell line derived from a cloned
blastocyst. Science, 303, 1669–1674.

182. Reubinoff, B. E., Pera, M. F., Fong, C.-Y., Trounson, A., &
Bongso, A. (2000). Embryonic stem cell lines from human blas-
tocysts: somatic differentiation in vitro. Nature Biotechnology, 18,
399–404.

183. Pollard, S. M., Yoshikawa, K., Clarke, I. D., et al. (2009). Glioma
stem cell lines expanded in adherent culture have tumor-specific
phenotypes and are suitable for chemical and genetic screens.Cell
Stem Cell, 4, 568–580.

184. Scaffidi, P., &Misteli, T. (2011). In vitro generation of human cells
with cancer stem cell properties. Nature Cell Biology, 13, 1051.

185. Giuliano, M., Herrera, S., Christiny, P., et al. (2015). Circulating
and disseminated tumor cells from breast cancer patient-derived
xenograft-bearing mice as a novel model to study metastasis.
Breast Cancer Research, 17, 3.

186. Heyn, C., Ronald, J. A., Mackenzie, L. T., et al. (2006). In vivo
magnetic resonance imaging of single cells in mouse brain with
optical validation.Magnetic Resonance in Medicine: Magn Reson
Med, 55, 23–29.

187. Choi, Y., Kim, H. S., Cho, K.-W., et al. (2013). Noninvasive iden-
tification of viable cell populations in docetaxel-treated breast tu-
mors using ferritin-based magnetic resonance imaging. PLoS One,
8, e52931.

188. Carril, M. (2017). Activatable probes for diagnosis and biomarker
detection by MRI. Journal of Materials Chemistry B, 5, 4332–
47118.

189. Conti, L., Lanzardo, S., Ruiu, R., et al. (2016). L-Ferritin targets
breast cancer stem cells and delivers therapeutic and imaging
agents. Oncotarget, 7, 66713.

190. Tang, J., Zhou, H., Liu, J., et al. (2017). Dual-mode imaging-
guided synergistic chemo-and magnetohyperthermia therapy in a
versatile nanoplatform to eliminate cancer stem cells. ACS Applied
Materials & Interfaces, 9, 23497–23507.

191. Al Faraj, A., Shaik, A. S., Al Sayed, B., Halwani, R., & Al, J. I.
(2016). Specific targeting and noninvasive imaging of breast can-
cer stem cells using single-walled carbon nanotubes as novel
multimodality nanoprobes. Nanomedicine (London, England),
11, 31–46.

192. Sun, Y., Kim, H. S., Kang, S., Piao, Y. J., Jon, S., & Moon, W. K.
(2018). Magnetic Resonance Imaging-Guided Drug Delivery to
Breast Cancer Stem-Like Cells. Advanced Healthcare Materials,
7, 1800266.

193. Park, J. W., Jung, K.-H., Lee, J. H., et al. (2016). Imaging early
fate of cancer stem cells in mouse hindlimbs with sodium iodide
symporter gene and I-124 PET. Molecular Imaging and Biology,
18, 748–757.

194. Kawai, T., Krishna, M. C., Brender, J. R., et al. (2018). Metabolic
imaging of glioblastoma using hyperpolarized 13C-MRI:
Glycolytic metabolism in cancer stem cell-like cell-derived tumor
model. AACR. https://doi.org/10.1158/1538-7445.AM2018-4110.

195. Weissleder, R., & Pittet, M. J. (2008). Imaging in the era of mo-
lecular oncology. Nature, 452, 580.

196. Hart, L. S., & El-Deiry, W. S. (2008). Invincible, but not invisible:
imaging approaches toward in vivo detection of cancer stem cells.
Journal of Clinical Oncology, 26, 2901–2910.

197. Lindholm, H., Brolin, F., Jonsson, C., & Jacobsson, H. (2013).
The relation between the blood glucose level and the FDG uptake
of tissues at normal PET examinations. EJNMMI Research, 3, 50.

198. Marcu, L., Reid, P., & Bezak, E. (2018). The Promise of Novel
Biomarkers for Head and Neck Cancer from an Imaging
Perspective. International Journal of Molecular Sciences, 19,
2511.

199. Kawai, T., Yasuchika, K., Seo, S., et al. (2017). Identification of
Keratin 19–Positive Cancer Stem Cells Associating Human
Hepatocellular Carcinoma Using 18F-Fluorodeoxyglucose
Positron Emission Tomography. Clinical Cancer Research, 23,
1450–1460.

200. Hsieh, Y., Lu, T., Ke, C., et al. (2018). Correlation of 18F-FDG
uptake and thyroid cancer stem cells. The Quarterly Journal of
Nuclear Medicine and Molecular Imaging.

201. Sato, M., Kawana, K., Adachi, K., et al. (2017). Low uptake of
fluorodeoxyglucose in positron emission tomography/computed
tomography in ovarian clear cell carcinoma may reflect
glutaminolysis of its cancer stem cell-like properties. Oncology
Reports, 37, 1883–1888.

202. McCracken, M. N. (2018). Thymidine Kinase PET Reporter Gene
Imaging of Cancer Cells In Vivo (pp. 137–151). Reporter Gene
Imaging: Springer.

203. Tsurumi, C., Esser, N., Firat, E., et al. (2010). Non-invasive in vivo
imaging of tumor-associated CD133/prominin. PLoS One, 5,
e15605.

204. Gaedicke, S., Braun, F., Prasad, S., et al. (2014). Noninvasive
positron emission tomography and fluorescence imaging of
CD133+ tumor stem cells. Proceedings of the National Academy
of Sciences of the United States of America, 111, E692–E701.

205. Chen, H., Wang, Y., Wang, T., et al. (2016). Application prospec-
tive of nanoprobes with MRI and FI dual-modality imaging on
breast cancer stem cells in tumor. J Nanobiotechnology, 14, 52.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Stem Cell Rev and Rep (2019) 15:755–773 773

https://doi.org/10.1158/1538-7445.AM2018-4110

	Advancements in Cancer Stem Cell Isolation and Characterization
	Abstract
	Introduction
	Cancer stem cells: Are they similar to circulating tumour cells?
	Cell separation platforms for the isolation of cancer stem cells:
	Flow cytometry
	Magnetic activated cell sorting (MACS)
	Microfluidics
	Laser Capture Microdissection

	Current Techniques to Study and Trace Cancer Stem Cells (�in�vivo):
	Techniques for Studying Exogenous CSCs
	The Transplantation Assay
	The Lineage Tracing Assay

	Techniques to Study Endogenous CSCs:
	High Resolution MRI
	Positron Emission Tomography (PET)


	Conclusion
	References


