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Abstract Research of the past two decades has proved the
relevance of single cell biology in basic research and
translational medicine. Successful detection and isolation
of specific subsets is the key to understand their functional
heterogeneity. Antibodies are conventionally used for this
purpose, but their relevance in certain contexts is limited.
In this review, we discuss some of these contexts, posing
bottle neck for different fields of biology including
biomedical research. With the advancement of chemistry,
several methods have been introduced to overcome these
problems. Even though microfluidics and microraft array
are newer techniques exploited for single cell biology,
fluorescence-activated cell sorting (FACS) remains the
gold standard technique for isolation of cells for many
biomedical applications, like stem cell therapy. Here, we
present a comprehensive and comparative account of some
of the probes that are useful in FACS. Further, we illustrate
how these techniques could be applied in biomedical
research. It is postulated that intracellular molecular
markers like nucleostemin (GNL3), alkaline phosphatase
(ALPL) and HIRA can be used for improving the outcome
of cardiac as well as bone regeneration. Another field that
could utilize intracellular markers is diagnostics, and we
propose the use of specific peptide nucleic acid probes
(PNPs) against certain miRNAs for cancer surgical margin
prediction. The newer techniques for single cell biology,
based on intracellular molecules, will immensely enhance
the repertoire of possible markers for the isolation of cell
types useful in biomedical research.
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Introduction

Contrary to our earlier view that all the cells grown in a
Petri dish are alike, latest evidences prove the existence of
cellular heterogeneity in cell populations in organs and
in vitro culture systems. For example, in Drosophila ovary,
a few of the Notch ligand expressing cap cells are the
determinants of the location and number of germinal stem
cells [1]. Functional heterogeneity in morphologically
similar cells is observed in stem cell pool, where the
committed cells, which are morphologically similar,
acquire different fate. Likewise, in the case of tumorigen-
esis or immunological responses to pathogens, a few cells
may drive the overall processes, which are indistinguish-
able from bulk population. Thus, many of our output
measurements based on cell population are misleading
averages, highlighting the need of single cell biology.
Identification of subpopulations that differ in size, protein/
RNA content, and exhibit functional heterogeneity are the
key to answer unsolved questions in stem cell biology,
developmental biology and cancer research.

To decipher the differential response of heterogeneous
population, we have to enhance the resolution of the
underlying biology through single cell analysis. The dif-
ferent high throughput-analyses, like Single cell-omics,
allow us to gain insight into the unique processes occurring
on multiple functional levels of the single cell. Several
attempts to understand the microenvironment and cell—cell
interactions have unraveled the basis of functional hetero-
geneity in several contexts [2]. The basic requirement for
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single cell biology is the isolation of single cells of interest
using different techniques like microfluidics, microraft
array (MRA) or fluorescence-activated cell sorting (FACS)
(Table 1).

Microfluidics is a multidisciplinary field with applica-
tions to design systems in which low volumes of fluids are
processed to achieve high throughput screening. Droplet-
based microfluidics utilizes droplets of very small volume,
which function as bioreactors for cells, and these cells can
be analyzed or sorted based on their properties, like
secreted molecules [3]. Recently, digital microfluidics,
where the manipulation of droplets is by electric forces, has
received attention for single cell analysis and screening [4].
Another advancing field is Quantum dots, which makes use
of various biofunctionalized nanoparticles, is used for
cancer biomarker detection [5]. Microrafts are arrays of
microwells loaded with raft molds containing magnetic
nanoparticles, where cells are dispersed in 1 cell/well
dilution. This device provides a method to sort, isolate,
analyze, and/or generate clonal populations. This technique
is a powerful tool to isolate clones of cells based on their
biological function [6, 7]. FACS is the conventional
method for detection and purification of cells based on
fluorescence. In many instances, the functional hetero-
geneity can be marked by differential expression of certain
proteins, or markers. Detection probes for those markers
tagged to fluorescent molecules can be used to isolate cells
using FACS. Currently, the use of microfluidics is mainly
for single cell analysis, while microrafts can be used for
both analysis and enrichment of a population of interest.
For many biomedical applications including stem cell
therapy and regenerative medicine, number of cells

Table 1 Methods employed in single cell biology

required is more than what is grown in a microraft, and
hence the cells are sorted using FACS.

The conventional probe used for the identification of
single cell in FACS is antibody. Thus, single cell enrich-
ment of live cells is limited to populations that have
distinct surface markers, since antibody requires cell per-
meabilization to detect internal molecules. Studies using
engineered reporter cells have shown that many intracel-
lular molecules can function as potential markers for
pleuripotent cells, committed cells for a lineage, cancer
stem cells, metastatic malignant cells, etc. [§—10]. A proper
methodology to isolate and trace these cells will revolu-
tionize regenerative and translational medicine. Now
chemistry has advanced, and integration of chemistry and
bioinformatics to molecular biology has resulted in many
probes that can identify and purify single cells based on
intracellular molecules from heterogeneous populations,
which can be used for FACS. Here, we review the rele-
vance of intracellular markers in biomedical research, and
the methodologies available for the isolation and purifica-
tion of single cells based on them.

Relevance of intracellular markers in single cell
biology

Single cell biology relevant to biomedical research focuses
on the cell types involved in stem cell therapy, regenerative
medicine, and diagnostics of various diseases including
cancer. Currently these cell types are identified and isolated
mainly based on surface marker profiles. Even though there
are other more useful markers, they are not exploited due to

Technique Instrumentation for detection Method of detection Applications Biomedical
applications
Microfluidics Special microfluidic device Based on the property of High throughput screening Biomarker
(a) Droplet-based coupled with optical device encapsulated cells Proteomic/transcriptomic/genomic detection
Microfluidics (a) Dielectrophoresis (DEP) Using probes (antibodies) for  analyses of single cells Drug
(b) Digital microfluidics  (b) Fluorescence-activated secreted molecules screening
() Quantum dots droplet sorting (FADS) Disease
diagnosis
Microrafts Microwell plates with magnetic ~Conventional microscopy/ Functional studies of single cells
nanoparticles flowcytometry Proteomic/transcriptomic/genomic
analyses of single cells
Fluorescence-activated Fluorescence activated-cell sorter Using probes Detection of heterogenic Diagnosis
cell sorting (FACS) (FACS machine) (2) Antibodies populations Screening
(b) Aptamers Characterization of single cells Stem cell
(c) Molecular beacons Functional studies of single cells therapy

(d) Peptide nucleic acids
(e) Targeting CPPs

The different techniques, their features, and applications are summarized in the table
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technical limitation. Some of the intracellular markers that
can be relevant in various fields of biomedical research are
discussed in the present review (Table 2).

Stem cells and regenerative medicine

In regenerative medicine, the success of the protocol
depends on the purity of cells used for therapy. Many
protocols tend to isolate pleuripotent cells, and differentiate
them to specific cell types using defined cytokine cocktail.
Another fact which should be noted is when a pleuripotent
cell differentiates; it can go to different cell fates. A
committed cell to a particular cell fate will not respond to
cues for differentiation to another cell type. So, for the
success of therapy, the source of cells used should be either
pleuripotent or a committed cell to the desired cell fate.
One of the major challenges for this approach is identifying
pleuripotent cells with long-term self-renewal capacity.
Majority of the stem cell marker cocktails currently used
fail to distinguish pleuripotent cells from committed cells.
Recently, it has been shown that cell fate decisions are
closely related to cell-cycle stages. So identification of
cells in the correct cell-cycle stage for the required cell
type will be beneficial to get maximum output in cytokine
mediated differentiation. Taken together, identification of
quiescent pleuripotent cells and cells committed for the
desired cell type is the key to obtain maximum clinical
output in stem cell therapy.

Even though several markers are reported for stem cells
of different origin, quiescence (arrest in Gy phase or exit
from cell cycle) is the common feature for all long-term
self-renewing pleuripotent cells [11]. It has been shown
that very high expression of heat shock cognate protein 70
(HSC70), and its cytoplasmic localization with Cyclin D1
marks quiescent stem cells [12]. One of the most

Table 2 Examples of intracellular molecules relevant in biomedical
research

Markers For identification of

HSC 70 and cytoplasmic G phase of cell cycle
Cyclin D1)

CDK4/6 G, phase of cell cycle

ALDH Self-renewing cells

SOX2, OCT4, NANOG
Unchanged HIRA and

Self-renewing cells

Myoblast committed to myogenic

ASfla differentiation

Decreased HIRA and Myoblast committed to osteogenic
ASfla differentiation

ID1 Metastatic marker

Increased miR-21 Cancer cells/cancer-associated stroma
Decreased miR-143/145

Rab7/LAMPI

Cancer cells
Formation of phagolysosome

commonly used markers of self-renewing cells is the
cytosolic enzyme aldehyde dehydrogenase (ALDH), and it
is identified to be a potential candidate for isolating long-
term repopulating cells in clinical application [13]. SOX2,
OCT-4, and NANOG are transcription factors that regulate
self-renewal property in many cell types, and can be used
as markers for self-renewing cells [14].

When pleuripotent quiescent cells differentiate, they
enter cell cycle. Cells in early G, phase preferably go to the
fate of endoderm or mesoderm, and late G; cells differ-
entiate to neuroectoderm, while cells in the G,/S/M state
do not respond to differentiation signals [9]. The cell-cycle
marker CDK4 or CDKG6 could be used to pick up cells in
the G1 phase. Cell differentiation is a process by which a
less-specialized cell undergoes reprogramming to acquire
specialized functions, which involves epigenetic repro-
gramming, and requires factors like histones and histone
chaperones. A pleuripotent mesenchymal stem cell has the
potential to differentiate to osteoblasts, chondrocytes, adi-
pocyte or myoblasts. Depending on the growth factor
profile, C2C12 myoblast cell line differentiates either to
myotubes or to osteoblasts. It has been reported that his-
tones and histone chaperones (like CAF1, Asfl, and HIRA)
are important factors regulating skeletal muscle formation
[15]. The expression of HIRA and Asfla is unchanged
during myogenic differentiation, while their expression
considerably decreases during osteogenic conversion [16].
This information could be used to identify committed cell
types to muscle cell or bone cell during differentiation,
provided we have a means to isolate cells based on the
expression of these nuclear chaperones.

Cancer biology

Cancer consists of heterogeneous population varying in
their tumor initiation ability, invasive property or meta-
static ability. A number of molecules are identified to be
regulating these properties and considered to be markers
for cancer stem cells, chemoresistant cells or metastatic
cells. In such cases, validation of the markers for the
respective function depends on fractionation of cells based
on these markers. Majority of these are done in cell lines
modified with reporters. An actual validation of these
markers in primary cells from clinical samples is not pos-
sible for many intracellular markers. Though research in
the past decade has proven the importance of cancer stem
cells in the progression and treatment response of different
forms of cancer, identification of cancer stem cell is still a
hurdle due to lack of reliable surface markers. But con-
sistently in all cancer types, these self-renewing cancer
cells express high levels of stemness-associated molecules,
like SOX2, OCT4, NANOG, ALDH, etc., which show
intracellular expression [14, 17-19]. ID1 expression is one
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of the parameters that dictate metastasis of breast cancer
cells to lung [20]. Validation of metastatic potential of a
subpopulation of tumor cells over-expressing ID1 in a
primary tumor sample is not possible due to lack of a
method to isolate live cells based on ID1 expression.

MicroRNAs (miRNAs) as biomarkers

miRNAs are short, single-stranded, non-coding sequences
that regulate gene expression. These molecules are identi-
fied to regulate many cellular functions, and deregulation
of many of the miRNAs has been shown to associate with
several diseases. Many of these miRNAs are circulated in
the body, and they are identified to be markers of several
diseases including diabetes, heart diseases, and cancer
[21-26]. Apart from the circulating miRNAs, their tissue
level expressions are shown to mark several forms of
cancer. The loss of expression of Let-7 is shown to be a
marker of less differentiated, advanced cancer in ovarian
carcinoma tissues [27]. The decreased expressions of miR-
143 and miR-145 mark the initiation of tumorigenesis,
while their loss marks malignant cancer in colorectal car-
cinoma [28]. One of the miRNAs reported to be over-
expressing in different forms of cancer is miR-21 [29].
Interestingly, its presence in tumor stroma of oral cancer
and triple negative breast cancer marks high-risk group for
relapse [30, 31], or biochemical failure in breast cancer and
prostate cancer, respectively [32]. This observation sug-
gests miR-21 as an attractive molecule to mark surgical
margins, which is a decisive factor in disease-free survival.
But the usual method of miRNA detection by RT-PCR or
in situ hybridization is not applicable in live tissues. A
rapid and sensitive method to detect miRNA that work in
live tissue will be suitable for predicting accurate surgical
margins during surgery.

Host—pathogen interaction in infection

Phagosome-lysosome fusion in the macrophage is con-
sidered to be an important step in the clearance of many
pathogens. Some viruses like influenza and HIV, and a
spectrum of other microbes including mycobacterium alter
this phagosome maturation pathway to evade host immune
machinery [33, 34]. Consistent with that, phagosome
maturation pathway offers a suitable target for host-di-
rected therapeutics for diseases like tuberculosis [35]. For
many of the drugs used for the treatment of tuberculosis,
exact method of action is still unknown. To confirm whe-
ther the drug is targeting the phagosome maturation
pathway, and whether a patient is responding to the drug,
the fusion of phagosome and lysosome in the macrophages
should be confirmed which can be marked by co-local-
ization of Rab 7 and LAMPI.
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Taken together, currently there are many areas where
identification and characterization of cells at a single cell
level is not possible due to limitations of methods for their
purification. So far, we have discussed some intracellular
molecules that can mark important subpopulations relevant
in regenerative medicine, diagnostics, and therapy. Cur-
rently, their clinical use is hampered by lack of techniques
for live detection of these intracellular molecules. In this
scenario, we describe some of the methods introduced to
biology for single cell isolation, which are summarized in
Table 3.

Methods of single cell identification

Depending on the context, several intracellular molecules,
like DNA, RNA, miRNA, proteins and metabolites, and
other complex biological structures act as targets for
identification. The different probes, like, Aptamers,
Molecular beacons (MB), Peptide Nucleic acid Probes
(PNPs), and targeting CPPs, that can be applied for the
identification of these molecules are summarized in Fig. 1.
Figure 2 depicts the methods for single cell identification
using FACS utilizing these probes. Each of these approa-
ches has advantages and limitations as briefed in the
table (Table 3).

Aptamers

Aptamers are oligonucleotide molecules raised in vitro
from large combinatorial libraries of nucleic acids that
bind to targets with high affinity and specificity like
antibody. Thus, they are considered as oligonucleotide
analogs to antibodies, and can be used to identify and
isolate cells based on a variety of molecules as reviewed
elsewhere [36]. Combinatorial chemistry, which is an
important technology that helps in the discovery of new
drugs and probes, is used to design Aptamers. It is
achieved by the synthesis and simultaneous screening of
large libraries of related, but structurally distinct com-
pounds to identify and isolate functional molecules.
Systematic Evolution of Ligands by Exponential enrich-
ment (SELEX) is one of those technologies, which allows
the synthesis of single-stranded DNA or RNAs for target
identification. The initial step of SELEX is chemical
synthesis of random nucleotides (of the order 10'*-10'
molecules that can form a three-dimensional confirma-
tion) and in vitro target binding. Then the bound
molecules are amplified and further selected to get
specific Aptamer(s) for the target, the sequence of which
is confirmed by sequencing [36]. Several Aptamers have
been reported for a variety of purposes including cancer
detection [37-40].
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Table 3 Comparative account of probes other than antibodies for single cell identification

Method Target Type of Applications Advantages Limitations
probe
Molecular beacons (MBs) DNA/RNA DNA/  Pathogen Sensitive, high signal to It needs a reagent to introduce MBs to
RNA detection background ratio living cell
Stem cell Endonucleases cleave MBs, limiting live
isolation cell application
Cancer Affected by temperature and pH shift
detection
Aptamers Inorganic DNA/  Diagnostics ~ Wide range of targets SELEX protocol is time consuming and
molecules RNA laborious
Toxins Therapy High affinity binding to targets Probes selected in vitro condition do not
Metabolites work well under physiological
condition
Nucleic acids Modifications possible Relatively unstable in biological fluids
Carbohydrates Synthesis is cheaper and SELEX protocol varies with target
reproducible
Amino acids No immunogenicity
Peptides Aptamers may not require
Proteins reagents to introduce to
Complex living cells
biological
structures
Peptide nucleic acid Nucleic acids PNA Diagnostics ~ High specificity Cannot cross cell membranes, limiting
probes (PNPs) miRNA Therapy Not detected by nucleases or live cell application
proteases
Stable over a wide pH range
Targeting cell-penetrating Proteins Peptides Translational Easy to synthesis Degradation by proteases
peptides (targeting medicine
CPPs) Therapy Easy to modify Limited to targets, whose interacting
High affinity binding to targets ~ Partners and interacting regions are
ki
Less immunogenicity nown
Fig. 1 Fl hart for detecti . - -
% oW chart fof defection | DNA/mMRNA | | miRNA | | protein | metabolites
methods for various
intracellular molecules using
probes other than antibodies
Nucleic
Molecular acids Targeting
Beacons (PNPs) CPPs
(MB)

Aptamers can be tagged with suitable fluorescent
molecules for detection or isolation of cells expressing
target molecules like conventional antibody, using FACS
[41, 42]. Even though conventional microfluidics does not
involve specific probes, modifications have been incorpo-
rated for certain applications. Such a device utilizing
cancer specific Aptamers were used to purify cancer cells
with 96 % purity [43]. An added advantage is that the
samples do not require any treatment; it is a simple run
through the column, which resulted in 135-fold enrichment

of rare tumor cells [43], offering a convenient method for
detection of tumor cell, specifically the circulating tumor
cells. Another modification reported for Aptamers is
magnetic bead tagging, which then can be used for mag-
netic separation (MACS) of the target cells [44].
Aptamers are considered superior to antibodies in clin-
ical applications since they are generally non-immunogenic
and non-toxic in vivo. Further, they show high cell-pene-
trating capability, improving the bioavailability in clinical
applications. Added to that, in commercial synthesis, they
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Fig. 2 Methods of intracellular
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are thermostable and offer high reproducibility [40]. Even
though Aptamers possess several attractive features as
mentioned, they have certain limitations as well. One of the
major disadvantages is the selection process, which is time
consuming and laborious, and also needs standardization
for each target molecule [36]. Added to that, it has short
stability in biological fluids [36]. Since the whole selection
process is done in vitro, the specificity may not translate
well in the complex biological systems [36].

Molecular beacons
Molecular beacons (MBs) are oligonucleotide hybridiza-

tion probes that generate fluorescent signals only when
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they are hybridized to a complementary target sequence.
They are hairpin-shaped molecules with an internally
quenched fluorophore whose fluorescence is restored when
they bind to a target nucleic acid sequence [45]. Majority
of these beacons are introduced into the cell by electro-
poration, microinjection or streptolysin O, and they are
used to detect mRNA in living cells [45]. Using this tool,
real-time imaging of viral replication was experimentally
proved in mammalian cells [46]. Modified versions of MBs
were used to purify pleuripotent embryonic stem cells and
osteogenic mesenchymal stem cells by FACS. For the
isolation of embryonic stem cells, a dual FRET molecular
beacon was designed for OCT4. The embryonic stem cells
transfected with the construct were used for sorting
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pleuripotent population from differentiated cells by FACS
[47]. Since alkaline phosphatase (ALPL) expression is
more in stem cell fraction committed for osteogenic dif-
ferentiation, an oligodeoxynucleotide molecular beacon
probe specific for ALPL mRNA was designed to purify
osteogenic-committed adipose-derived stem cells. Stromal
vascular fraction cells that have undergone osteogenic
priming were electroporated with the probe, and the cells
were sorted using FACS [48].

Most of the applications of MBs in single cell identifi-
cation are limited to in vitro systems, since it requires a
probe delivery system to introduce MBs into the cell. This
problem can be overcome by tagging it with cell-pene-
trating peptides to introduce the MBs [46]. Another
problem arising in the application of MB is the false pos-
itivity arising either due to degradation of the stem of MB
by an endogenous nuclease in the cell or interaction of MB
with other intracellular proteins [49]. The false positivity in
the application of MBs could be counteracted by duel
FRET MBs [49].

Peptide nucleic acid (PNA) probes (PNPs)

Peptide nucleic acid is an artificial DNA-mimic in which
the sugar phosphate backbone is replaced with a pseu-
dopeptide backbone composed of N-(2-aminoethyl) glycine
units. PNA binds to target miRNA with high specificity and
sensitivity. PNA can be easily tagged with a cell-pene-
trating peptide to improve the intracellular delivery.
Recently, a method for detection and quantification of
miRNA in living cells using a nanosized graphene oxide
(NGO) miRNA sensor was reported [50]. A specific PNA
was synthesized against an miRNA (miR-21), tagged it
with a fluorescent dye, and then it was bound to the surface
of NGO, which quenches the fluorescence. This PNA-NGO
complex is internalized and the target miRNA displaces the
NGO and binds to the PNA-tagged to fluorophore, recov-
ering the fluorescence. The fluorescence intensity obtained
in flowcytometric analysis corresponds to the quantity of
miRNA present in living cells. This probe showed sensi-
tivity up to 1 pM level [50]. It is a useful tool for detection,
quantification, and isolation of populations based on miR-
21.

Targeting cell-penetrating peptides (targeting CPPs)

Cell-penetrating peptides (CPPs) are peptide sequences
that possess the capability to cross cell membrane. These
peptides like, TAT and penetratin, are not targeted toward
any specific intracellular molecule, and when they are
tagged to other molecules or cargos, they are useful in
cargo delivery to cytoplasm [51]. There are certain prop-
erties like cationicity, helicity, and amphipathicity,

required for a CPP, which can be exploited to design CPPs.
Another class of peptides is cell-targeting peptides (CTPs)
that can bind to specific markers in a cell, like RGD peptide
that detects integrins on cancer cells [52]. This targeting
ability of peptides has been widely exploited for cancer
detection and therapeutics. One of the classic examples for
peptide probe for imaging is RGD peptide, used for cancer
detection [53, 54]. Followed by RGD peptides, several
other peptides were synthesized and tested for optical
imaging [53, 54]. Many of the CTPs currently used are
targeting cell surface molecules. The targeting peptides for
intracellular molecules can be designed in such a way that
they behave as CPPs, which then can be used for isolation
and detection of live cells. Recently, we have reported a
targeting peptide for a nuclear chaperone, HIRA, which
can be used for live cell detection and purification by
FACS [55].

The success of the method of detection by targeting CPP
depends on the specificity of the probe. Like Aptamers,
targeting peptides can be developed by combinatorial
chemistry. There are bioinformatic programs like Pep-
tideMine  (http://caps.ncbs.res.in/peptidemine), ~ which
predict interacting peptide sequences. An alternative
strategy is to select the interacting proteins of the protein of
interest, to make targeting peptides. For this, proteins with
minimum interactions to other proteins should be selected
further, using Human Protein Reference Database (http://
www.hprd.org/). From the short listed molecules, a protein
has to be selected, for which the residues of interaction
with the proteins of interest are proved experimentally.
Based on the region of interaction, Peptides can be
designed by PeptGen peptide generator (http://www.hiv.
lanl.gov/content/sequence/PEPTGEN/peptgen.html). The
peptides that meet the requirements of CPP can be selected.
The different methods of design and synthesis of CPPs, and
essential features of it are reviewed elsewhere [51, 56]. The
specificity of the peptide can be evaluated using western
blot with a modified protocol, as we have reported [55].

Peptides are physiological compounds and are intrinsi-
cally non-toxic, which are easy to synthesize and modify
chemically by radiolabeling or conjugating dyes. They
exhibit high affinity receptor binding and are usually
rapidly excreted from the body, making it suitable for
in vivo applications. Major disadvantage of this technique
is the degradation of peptides by peptidases in vivo, which
can be overcome by linking suitable chelator molecules to
the synthetic peptides. This can be used in, in vitro cultured
cells or in vivo system or primary cells without any mod-
ification. CPPs can be designed and synthesized easily
compared to other systems like Aptamers. However, the
success of CPP depends on its design to get specific
interaction. Even though bioinformatic tools help to design
a targeting peptide, its performance has to be ascertained
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by wet-lab experiments. A more reliable approach can be
used, as discussed, for molecules where the interacting
residues are reported. Thus, developing targeting CPPs
may not be possible for all intracellular proteins.

Future directions

Since FACS is the conventionally used cell isolation
modality for biomedical research, there are certain limita-
tions for the markers that could be used for the isolation of
the specific cell types for those applications. We have also
summarized some of the molecules that can be used as
potential markers to isolate cell populations of interest.
Taking this further, we propose some of the strategies that
can improve regenerative medicine and cancer diagnostics.
We portray the protocols that are currently used in cardiac
regeneration as well as bone regeneration. Further, the
limitations of the current clinical practice are described,
which demand application of new methodologies relying
on intracellular molecules, unexplored previously, due to
technical limitations. We put forward strategies using
Aptamers, Molecular beacons or targeting CPPs to over-
come those technical problems, to improve clinical
outcome in regenerative medicine. A new strategy for
surgical margin prediction using PNPs against miRNAs,
which are not currently used in clinical practice, is also
recommended.

Cardiac regeneration

Cardio vascular disease is still a major health concern
despite the improved medical care. The main issue of
current therapies is their disability to compensate the
irreversible loss of functional cardiomyocytes. Hence, the
future challenge of cardiovascular therapies will be the
functional regeneration of cardiomyocytes. Although use
of ES cells, induced pleuripotent cells (iPSCs), and direct
reprogramming of fibroblast cells for cardiac regeneration
are preclinically evaluated, their clinical use is not yet
started due to concerns of safety aspects [57, 58]. Some of
the techniques tested in clinical evaluation are summarized
in Fig. 3a [57].

Adipose tissue-derived regenerative cells (ADRCs), like
mesenchymal stem cells (MSCs), possess the capability to
differentiate to different lineages. These cells can be iso-
lated from the patient by liposuction and processing of the
fat tissue to obtain stromal vascular fraction, which con-
tains the stem cell fraction that can be enriched as adherent
population. Depending on the conditions provided, this
fraction can have up to 60 % colony forming units corre-
sponding to stem cells [59]. Another source of stem cells
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for cardiac regeneration is bone marrow cells (BMCs)
consisting of BM-HSCs and BM-MSCs along with other
cell types. Conventional method of isolation of BMCs for
therapy is either collection of adherent population, or
gelatine-polysuccinate density gradient sedimentation that
removes only platelets and erythrocytes. Clinical trials
using these non-enriched populations have not produced
significant improvement in cardiac regeneration [57]. Iso-
lation of CD34™", CD133" or ALDH bright cells from bone
marrow also did not significantly improved the clinical
outcome compared to control groups, although ALDH
bright cells showed a trend toward significant improvement
in reversibility [60-63]. Another approach that showed a
significant improvement in clinical outcome is the direct
reprogramming of BMCs to cardiopoietic stem cells
(CPCs) using specified cytokines and using them for
transplantation without further selection. Several reports
suggest that direct reprogramming could significantly
enhance treatment outcome [57, 58]. Another source of
stem cells for cardiac transplantation is cardiosphere-
derived cells (CDCs), derived from the same patient heart
and maintained as sphere culture. Even though the clinical
studies show that unsorted cells do not give any promising
results, sorting the population for C-KIT expressing CDCs
from a mixture of stromal, mesenchymal, and progenitor
cells enhances the clinical outcome [57].

When we analyze the factors reducing clinical outcome,
the important limitation of ADRCs and BMC:s is that it is
only a small fraction within them are capable of regener-
ating to cardiomyocytes. The multilevel sorting enrichment
for the small fraction within them capable of regenerating
to cardiomyocytes decreases the viability of the enriched
fraction, again reducing the success rate. The outcome of
transplantation using cardiac progenitor cell is high, but it
involves a major surgery to collect the cells. In view of
these facts, one of the strategies that could be adopted is
depicted in Fig. 3b.

Nucleostemin (GNL3) is a nucleolar GTP-binding pro-
tein that is involved in stem cell proliferation, embryonic
development, and ribosome biogenesis in mammals, which
is an established stem cell marker expressed only in the
undifferentiated stem cells [64]. Using knock-outs, it has
been shown that stemness of CPCs is dependent on
nucleostemin [65]. Since this protein is localized in the
nucleolar region, it was not explored for its possibility as a
marker of stem cells for isolation and purification. We
propose that targeting CPPs or Aptamers could be
employed to purify the undifferentiated cell fraction from
ADRCs or BMCs. The sorted nuleostemin positive,
undifferentiated cells can be treated with cardiopoietic
cytokines to convert to CPCs in vitro, and then can be used
without further purification.
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Fig. 3 Application of probes a
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patient. These cells are used
either directly or after
enrichment using certain
markers for therapy. Similarly,
cardiosphere-derived cells
(CDCs) are isolated from
cardiospheres generated from
cardiomyocytes obtained from
the same patient heart. b A new
method that could be adopted
for cardiac regeneration. We
propose nucleostemin as a
marker for undifferentiated stem
cells, which could be detected
using cell-penetrating Aptamers
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Bone regeneration

Even though bone is capable of regeneration, in patho-
logical fractures and massive bone defects, where natural
regeneration fails, tissue engineering helps in bone regen-
eration. Bone grafts are implanted materials that promote
bone healing through regeneration. Tissue engineering
involves the use of scaffolds, growth factors that promote
healing and stem cells. Figure 4a represents the current
strategies in bone tissue engineering. Several methods are
adopted to improve the scaffold of the graft to enhance the
regenerative capacity [66-68]. Stem cells, BMCs, and
ADRCs are used in bone regeneration. BMP-2-functional-
ized hydrogels incorporating BMCs or ADRCs were shown
to have a significantly higher bone regenerative capacity
[69]. A clinical investigation of injectable tissue engineered
bone comprising mesenchymal stem cells isolated from
bone marrow showed significant improvement in functional
regeneration of alveolar defects [70]. 3D-printing (3DP) is
another new technique that improves the clinical outcome

of bone regeneration. Using recently established functional
3D-printable particle-laden biomaterial inks contains
hydroxyapatite microspheres or graphene nanoflakes, it has
been shown that mesenchymal stem cells can be used for
organ reconstruction [71]. Since isolation of BMCs is more
invasive than isolation of ADRCs, the later has been tested
for its efficacy for bone regeneration [72]. It has been
shown that a molecular beacon can be used to isolate
ALPL™" cells with osteogeneic potential from stromal vas-
cular fraction of fat tissues. Here we propose that this
method can be adopted to enrich ADRCs with osteogeneic
potential for tissue engineering (Fig. 4b). Another marker
that could be used to demarcate stem cells with osteo-
geneic potential is HIRA. The loss of HIRA expression is
shown to mark the myoblasts committed to osteogenic
differentiation [16]. Recently we have reported a targeting
CPP, TM2 that can be used to detect and isolate HIRA
expressing cells [55]. A combination of these two probes to
isolate osteogenic-committed ADRC might be a better
therapeutic option for bone regeneration.

@ Springer
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Fig. 4 Application of probes a
for intracellular molecules in @
Bone regeneration. a The
strategies currently used for
bone tissue engineering are
summarized. Bone marrow cells =
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Fig. 5 PNPs for surgical
margin prediction. A
diagrammatic representation of
tumor surrounded by normal
cells, normal fibroblasts, and
tumor fibroblasts. The two PNPs
tagged with different fluorescent
tags detecting distinct miRNAs
can be used for imaging. The
merge of the two probes are
shown by yellow color.
Removal of red and yellow
region will ensure disease-free
survival
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Surgical margin prediction in cancer

Prediction of surgical margin is a critical factor deciding
the disease-free survival after surgery in cancer treatment.
Many a time, some tumor cells are left out due to inade-
quate margin prediction, which results in relapse of the
disease. Yet in some other cases, the altered tumor stroma,
which favors the growth of tumor, might lead to relapse.
So, recent reports suggest that removal of tumor cells as
well as tumor-associated stroma (comprised of fibroblasts)
is important in disease-free survival. Over-expression of
miR-21 is reported to mark tumor cells as well as tumor-
associated fibroblasts. Moreover, it has been shown that
stromal expression of miR-21 is associated with poor

@ Springer

prognosis [31]. Loss of expression of miR-143 and -145 is
reported to associate with cancer progression. So up-reg-
ulated miR-21 and down-regulated miR-143/145 mark the
tumor cells as well as tumor stroma, which needs to be
surgically removed for disease-free survival. As discussed
earlier, PNPs can be developed for this purpose and used
for surgical margin prediction as summarized in Fig. 5.

Conclusions
Although antibodies remain the most popular and widely

used probe to detect and isolate single cells in biology, there
are certain situations, where they cannot be used for single
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cell isolation. A comprehensive account of such contexts,
and some of the probes that can be employed in such situ-
ations, were described. A comparative account of the
different modalities used (Fig. 2), and their advantages and
limitations are summarized (Table 3). From the literature it
is evident that Aptamers and molecular beacons can be used
in vitro and in vivo for single cell identification based on the
expression of mRNA or protein. PNAs are extremely useful
for target miRNA identification. Though the currently used
CTPs are against surface molecules, they can be designed
with characteristics of CPPs. Targeting CPPs will be useful
in identification of intracellular protein molecules. Each of
these techniques has limitations, and research in the field
might improve their application in basic research and
translational medicine. In this review, we have proposed the
application of Aptamers, Molecular beacons or targeting
CPPs that could bind to intracellular molecules, like nucle-
ostemin, ALPL or HIRA, which might be useful markers to
identify subpopulations relevant for applications in regen-
erative medicine. Another field where the diagnostic probes
can be applied is disease diagnosis, as we have illustrated for
cancer diagnostics using PNPs. Taken together, it appears
that there is considerable advancement in the field of
chemistry to offer probes and techniques to detect and iso-
late single cells based on intracellular molecules. In other
words, molecular markers used in biomedical research
should no longer be limited to surface molecules. If this
concept is accepted in scientific community, it will prompt
identifying better markers for various fields of biomedical
research, including stem cell therapy as well as disease
diagnosis and therapeutic applications.
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