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CELL ENRICHMENT METHODS
Ficoll–hypaque density gradient separation and immunomagnetic
separation are the two most commonly employed techniques for
CTC enrichment. A more recent microtechnology uses a cell size-
based sieving method. Figure 1 provides a schematic overview of
these enrichment methods. A more detailed description of each of
these assays follows.

Cell density-based enrichment
The most established tumour cell enrichment from BM and PB
samples is performed by cell density gradient centrifugation on
ficoll–hypaque solution.10 The basis for this cell separation assay
is the differential migration of cells during centrifugation accord-
ing to their buoyant density, which results in the separation of
different cell types into distinct layers. This method has been
employed in most key clinical trials evaluating BM aspirates for
the presence of single tumour cells.3 Some efforts have been made
to enhance the efficacy of the enrichment such as utilization of a
commercially available OncoQuick11 assay. The main advance
here is the porous barrier that separates the lower compartment
with the separation medium from the PB sample before centrifu-
gation. Following buoyant density gradient centrifugation, the
buffy coat containing enriched tumour cells along with mono-

nuclear lymphocytes can be easily aspirated, keeping the red blood
cells (RBCs) and the granulocytes partitioned below the porous
barrier plug.

In their report comparing ficoll–hypaque and OncoQuick meth-
ods, Rosenberg et al.11 demonstrate in model systems a signifi-
cantly lower number of co-enriched mononuclear cells, still pre-
serving high recovery rates of tumour cells. However, many of the
established laboratories known for their expertise still use the
traditional ficoll–hypaque density gradient centrifugation method
as evidenced from numerous publications, suggesting that
OncoQuick may not be seen as a distinct advantage.

Antibody-based enrichment
CTC enrichment by antibody-based methods relies on the expres-
sion of specific antigens on the cell surface of epithelial tumour
cells or mononuclear haematopoietic cells. Magnetic separation
involves either positive selection via direct epithelial tumour cell
capture or negative selection by haematopoietic cell depletion.
The antibodies employed in positive selection methods target the
epithelial tumour cell surface markers, while those used in nega-
tive selection assays are directed against the surface markers
expressed abundantly in haematopoietic cells of different lin-
eages.

FIG 1. Methods of detecting disseminated tumour cells (DTC)
A. Whole blood layered on top of ficoll–hypaque density gradient. After centrifugation, erythrocytes and granulocytes pellet down while

the mononuclear cell (MNC) fraction containing DTC separate at the top, which are then aspirated and resuspended for further
analysis.

B. Para-magnetic beads functionalized with antibodies (Ab) are added to the cell mixture containing (RBC [red], WBC [grey] and DTC
[blue]). The Ab–bead complex specifically binds to DTC and is later captured by placing the solution in a magnetic field.

C. DTC are generally larger in size than the rest of the cells, with a higher tendency to be captured on a sieving membrane with a
specific pore size such that cells in normal blood or bone marrow will pass through.
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expensive approach. Quantum dots are nanometer-sized semicon-
ductor particles with useful optical properties, such as fluores-
cence tunable by the size and composition of the nanoparticles,
where narrow and symmetric emission is coupled with broad
excitation profiles that allow for a single excitation light source. In
comparison with the traditional organic dyes, quantum dots have
remarkable photostability and bright intensity.28 With emission
spectra as narrow as 12 nm (full width at half maximum), quantum
dots minimize spectral overlap between different colours making
them an ideal label for multiplexing.29 With the ability to simulta-
neously study multiple protein markers by linking quantum dots
of different colours with specific antibodies, each CTC can be
further characterized molecularly; however, quantum dots still
suffer from the same drawbacks as ICC because they require
laborious and time-consuming preparative and analytic protocols.

Molecular analysis using RNA markers
Analysis using qualitative reverse transcriptase PCR (RT-

PCR). A potentially more sensitive and very widely studied
molecular approach for the detection of CTC is RT-PCR, which
has been applied to several malignancies by employing a variety
of marker transcripts as targets. In a previous review in this
Journal, we explained the applicability of RT-PCR in the detec-
tion of CTC.30 Since the first study by Smith and colleagues in
1991,31 many authors have reported molecular diagnoses in the
LN, PB and BM in cancer patients. Application of RT-PCR in
regional and sentinel LNs,32–34 BM35 and PB36 has been described
for a number of cancers. Some of the studies have compared ICC-
based detection with RT-PCR for sensitivity and concluded that
RT-PCR may provide enhanced detection, provided the target
markers are sufficiently specific. Unfortunately, most of the mo-
lecular targets used in these RT-PCR assays have been shown to
lack the requisite specificity due to illegitimate expression in non-
target haematopoietic cells,37 in addition to the variability in
expression of the target genes even among the CTCs, as discussed
later, factors which have hampered the use of these assays in
routine clinical diagnostics.

Analysis using real-time quantitative RT-PCR (q-RT-PCR).
The development of real-time q-RT-PCR has greatly improved the
detection of CTC, because it combines high sensitivity with high
throughput capability and provides quantitative information on
gene expression.38,39 For the detection of CTC in solid tumours,

usually amplification of tumour-associated and/or tissue-specific
mRNA expression in cancer cells has been employed. Various
genes are being evaluated for their suitability, with the prime
candidates being those with epithelium-restricted expression.
Recently, the combination of different mRNA markers has been
suggested to improve the sensitivity in detecting CTC.40–43

The availability of q-RT-PCR has extended the use of conven-
tional RT-PCR assays with the potential for quantification of the
low-level background transcription, and therefore allows the
definition of cut-off values for marker expression in blood, thus
improving the specificity. Another advantage of q-RT-PCR is that
the reliable quantification of housekeeping gene expression al-
lows excellent quality control on a per-sample basis and relates
marker concentration to sample quality.

While q-RT-PCR provides potentially higher sensitivity (down
to 1 tumour cell in 107 normal cells44), enhanced detection is
associated with a higher false-positive rate. This phenomenon is
understandable given that data from RT-PCR studies using epi-
thelial cell markers such as cytokeratins do not provide the desired
level of specificity to detect rare tumour cells in blood.45–47 Despite
many publications, the sometimes unacceptably high false-posi-
tive rates of q-RT-PCR from direct PB analysis remain a problem,
making the density gradient and/or immunomagnetic tumour cell
enrichment strategies essential preparatory steps in CTC detec-
tion and purification, which can improve both sensitivity and
specificity by eliminating nucleated blood cells.48 Nevertheless,
currently used enrichment techniques are all associated with loss
of target cells to varying degrees and the sensitivity of q-RT-PCR
may be restrained by this fact as well.

Although RT-PCR technology offers major advantages, it is
important to remember that several limitations of q-RT-PCR are
the same as those documented for conventional end-point RT-
PCR.49 The technically demanding process of sample preparation
should not be underestimated when using a seemingly easy and
sensitive method as q-RT-PCR. Variability in technical factors
such as different enrichment techniques, varying cell numbers, the
methods used for RNA isolation and cDNA synthesis may influ-
ence the sensitivity and specificity of the detection methods,
making a comparison across different studies problematic.50 The
lack of a standardized method to detect occult tumour cells is one
of the obvious barriers to the clinical implementation of CTC
detection. Consequently, there is an urgent need for agreement on
methodological standardization including basic issues such as
quality and quantity control of RNA, guidelines for analysis and
reporting results and standardized protocols.24,35 Not insignifi-
cantly, the issue of the higher cost of a q-RT-PCR assay for CTC
detection must also be considered.

For the time being, it is important for a clinician to be aware of
the substantial difficulties associated with this approach and to
understand that this technique remains a research tool.51 Several
studies demonstrate that it is of importance to test rigorously the
performance of techniques for detecting CTC before carrying out
large-scale clinical studies.35,52 Further improvements and stan-
dardization of sample preparation and tumour cell enrichment
together with the simultaneous detection of multiple genes may
help to overcome the limitations of detection procedures and
render q-RT-PCR a feasible technique in detecting CTC in PB of
cancer patients. Identification of other target genes encoding for
tumour-associated or tumour-specific antigens could also im-
prove the sensitivity and specificity and, in this context, the
research for appropriate target genes remains an important
issue.

FIG 2. An example of a circulating tumour cell detected after
HEA-positive enrichment on MACS column and immuno-
cytochemistry with A45-B/B3


