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Microfluidic device for DNA amplification of single
cancer cells isolated from whole blood by self-
seeding microwells†

Yoonsun Yang,‡a Hoon Suk Rho,‡b Michiel Stevens,c Arjan G. J. Tibbe,c

Han Gardeniersb and Leon W. M. M. Terstappen*a

Self-seeding microwell chips can sort single cells into 6400 wells based on cell size and their identity

verified by immunofluorescence staining. Here, we developed a microfluidic device in which these single

cells can be placed, lysed and their DNA amplified for further interrogation. Whole blood spiked with MCF7

tumor cells was passed through the microwell chips after leukocyte depletion and 37% of the MCF7 cells

were identified by epithelial cell adhesion molecule (EpCAM) staining in the microwells. Identified single

cells were punched into the reaction chamber of the microfluidic device and reagents for cell lysis and

DNA amplification introduced sequentially by peristaltic pumping of micro-valves. On-chip lysis and ampli-

fication was performed in 8 parallel chambers yielding a 10000 fold amplification of DNA. Accessibility of

the sample through the reaction chamber allowed for easy retrieval and interrogation of target-specific

genes to characterize the tumor cells.
Introduction

Genetic characterization of tumor cells is crucial to determine
the aggressiveness of the disease, and determine which treat-
ments are likely to be effective. Cells within a tumor are how-
ever heterogeneous and alterations during the course of the
disease give rise to resistance to therapy and poses a tremen-
dous challenge. These alterations frequently only occur in
subgroup of cells.1,2 Therefore genetic analysis at the popula-
tion level will give the averaged information and certain alter-
ations can be missed either by the low frequency of the sub-
population among the tumor cells or the presence of non
tumor cells. Especially efficiency of targeted therapy can be
guided based on the expression of target genes. For example,
patients whose tumor cells have her-2 gene amplification will
likely respond to Trastuzumab.3,4 The expression of her-2 can
however vary between the tumor cells and without assessment
of the expression at the single cell level the information will
not be available.5 This urges the need to investigate tumors at
the single cell level and preferably at each time therapeutic
intervention is needed.6 The presence of circulating tumor
cells (CTC) provides a great opportunity to obtain a “real time
biopsy” of the tumor.7–10 The load of CTC is directly associ-
ated with the prognosis of the patient11 and in most cases
their frequency is low and no more than 1–10 CTC in a 7.5 ml
blood sample are present among 107 white blood cells and
1011 red blood cells.12

Several methods have been introduced to enrich, identify,
isolate and characterize these rare cells.13–18 However, follow-
ing an enrichment procedure of CTC from blood, the identifi-
cation, isolation and manipulation of single cells for further
analysis without loss of cells remains challenging. Micro-
fluidic devices are highly attractive to manipulate individual
cells. Various microfluidic systems have shown the capability
to capture single cells using hydrodynamic flow, surface mod-
ification for antibody binding, optical detection, magnetic
separation, or electrical fields.19–23 However, not many
devices showed the integration of genetic analysis of individ-
ual cells on the same chip after cell capture. The limited DNA
content of a single cell makes it necessary to amplify the
DNA before a detailed genetic characterization of single cells
can be obtained. On-chip single cell amplification of DNA
has the advantage of a reduced reagent volume resulting in a
reduction of cost and can improve the quality of amplified
DNAs.24 Microfluidic devices using integrated micro-valves
were used to capture up to hundreds of single cells individu-
ally and process the content of each individual cell by lysis,
Lab Chip
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DNA amplification and polymerase chain reaction (PCR) or
including reverse transcription (RT) and RT-PCR.23,25,26 They
however do not provide a solution for the capture and analy-
sis of the content of only the cells of interest present in whole
blood.

Recently, our group developed a single cell isolation
method based on self-seeding microwell chips.27 After depo-
sition of a cell solution on the microwell chip single cells are
contained in the microwells for further single cell analysis.

Here we make use of this technology and introduce a
novel approach to isolate and interrogate individual CTC.
Even though erythrocytes and majority of leukocytes can pass
through the hole at the bottom of the microwell, the number
of leukocytes are too high in whole blood. Therefore, we
depleted leukocytes from whole blood to fit the capacity of
the self-seeding microwells after immunostaining of tumor
cells. The cell suspension is placed on a microwell chip,
EpCAM+ cells are “punched” into a microfluidic device in
which the DNA is amplified for genetic characterization of
individual tumor cells.

Materials and method
Chip design and fabrication

The microfluidic devices were fabricated by multilayer soft
lithography.28,29 The mask designs were prepared with
CleWin software (WieWeb software, Hengelo, The Nether-
lands) and printed on a 5″ soda lime glass by a mask genera-
tor LBPG Heidelberg DWL200 (Heidelberg Instruments
Mikrotechnik GmbH). The master molds were fabricated by a
photoresist-based photolithographic technique. Positive
photoresist (AZ 40 XT, MicroChem Corp.) was spin-coated
onto a 4″ silicon wafer, and patterned using photolithogra-
phy. For reliable operations of the micro-valves, the cross-
sectional shape of microchannels in the fluidic channels was
rounded by heating the mold at 140 °C for 1 min after devel-
opment. The fluidic layer was produced by pouring uncured
polydimethylsiloxane (PDMS, GE RTV 615, elastomer : cross-
linker = 5 : 1) onto the mold to achieve a thickness of 7 ± 0.5
mm. The control layer was made by spin-coating uncured
PDMS (elastomer : cross-linker = 20 : 1) onto the master mold
at 2500 rpm for 1 min. The resulting thickness of the control
layer was 25 ± 2 μm. The fluidic and control layers were cured
for 45 min and 30 min, respectively, at 80 °C. The fluidic
layer was peeled off from the mold and holes for inlets and
outlets were punched with a 25-gauge punch (Syneo Co.,
Angleton, TX, USA). Subsequently, the fluidic layer was
aligned over the control layer using the alignment marks on
both layers under a stereomicroscope and the aligned layers
were bonded by baking at 80 °C for 60 min. The bonded
layers were peeled off from the mold, and holes for control
ports were punched.

For the bottom substrate with open-wells, 8 holes with 1
mm diameters were drilled through the glass slides (Fisher
Scientific, Landsmeer, The Netherlands) in advance. Uncured
PDMS mixture (elastomer : cross-linker = 20 : 1) was dissolved
Lab Chip
in hexane at a 1 : 4 weight ratio and spun onto the glass sub-
strate at 3800 rpm for 2 min. Then, the glass substrate was
baked at 80 °C for 20 min. The multi-layer PDMS device was
aligned on a glass slide and kept in the oven at 80 °C for 12
hours to enhance adhesion. The device was cleaned by
flowing 70% ethanol. A sterile sharp needle (BD, Fraga,
Spain) was used to make a hole in the membrane and con-
nect the fluidic channel to the reaction chamber under a
stereomicroscope. To avoid undesired adsorption of DNA, the
fluidic channels were coated with 1% bovine serum albumin
(BSA) solution (Sigma-Aldrich Chemie B.V., The Netherlands)
for 5 min, followed by drying with air for 5 min.

Self-seeding microwell chips. The procedure for making
self-seeding microwell chips is described in detail else-
where.27 Each plate contains 6400 microwells in an effective
area of 8 × 8 mm2. Each well has a diameter of 70 ± 2 μm
and a depth of 360 ± 10 μm resulting in a well volume of 1.4
nL. The bottom of the well is a thin, optically transparent, sil-
icon nitride (SiN) membrane with a thickness of 1 μm. The
center of the bottom contains a single pore with a diameter
of 5 μm.

Sample preparation

The research does not fall within the scope of the Dutch
Medical Research Involving Human Subjects Act. Blood was
collected in a 6 ml blood collection tube containing ethyl-
enediaminetetraacetic acid (EDTA) as anticoagulant (BD,
Franklin Lakes, USA) from anonymized healthy volunteers at
the University of Twente. Informed consent was obtained
from all volunteers and the used blood collection procedure
was approved by the local Medical Ethical Committee. The
research complies with all applicable laws and institutional
guidelines. MCF-7 (human breast adenocarcinoma cell line,
ATCC HTB-22TM) cells were cultured in Dulbecco's Modified
Eagle Medium (Sigma Aldrich, Zwijndrecht, The Nether-
lands), supplemented with 10% Fetal Bovine Serum (Sigma
Aldrich), 2 mM L-Glutamin (Sigma Aldrich), 1% penicillin–
streptomycin (Sigma Aldrich) at 37 °C in 5% CO2 atmo-
sphere. Cells were detached using 0.05% of Trypsin/EDTA
(Gibco, Paisely, UK). Aliquots of 1 ml of blood were spiked
with 1000 MCF-7 cells and leukocytes were depleted from the
blood using the RosetteSep CTC enrichment kit according to
the procedure recommended by the manufacturer (Stemcell
technologies, Vancouver, Canada). The detailed procedure is
described in ESI†2(S2). After depletion, the cell suspension
was stained with Hoechst 33342 (Invitrogen, Breda, The Neth-
erlands) and phycoerythrinĲPE) conjugated anti-EpCAMĲSigma
Aldrich) for 30 min at 37 °C. Cells were washed and re-
suspended in 4 ml of 1× phosphate buffered saline (PBS)
containing 1% BSA.

Cell filtration, scanning and isolation

A self-seeding microwell chip (VyCAP, Deventer, The Nether-
lands) was degassed in 1× PBS containing 0.1% Tween-20 for
30 min under vacuum. A microwell chip was inserted onto
This journal is © The Royal Society of Chemistry 2015
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the disposable filtration unit and placed on a filtration sys-
tem (VyCAP).

The 4 ml cell suspension was carefully loaded onto the
disposable filtration unit and filtrated using a pressure of
−10 mbar. The microwell chip was placed on an inverted
fluorescence microscope equipped with computer controlled
X, Y, Z stages for scanning the microwell chip and an addi-
tional stage to move the wells of interest to a needle that
allowed to punch the bottom of the wells into the micro-
fluidic device as described in detail elsewhere.27 A custom-
made LabVIEW (National Instruments Co.) program was
used to control the microscope in order to scan the com-
plete area of the microwell chip with a 10× numerical aper-
ture (NA) 0.45 objective using filter cubes for Hoechst and
PE. The program was also used to analyse the images and
identify and count the different cell types and select the
wells that contained cells of interest. The scanned microwell
chip was dried under the flow hood and left overnight. We
selected the cells of interest based on fluorescence staining
and punched the bottom of the well containing the desired
cells into the reaction chamber of the microfluidic device.
The needle was aligned in the middle of the reaction cham-
ber before punching and isolated cells were observed under
a fluorescence microscope.
DNA amplification

Repli-g single cell kit (Qiagen, Venlo, The Netherlands) was
used for DNA amplification. The lysis buffer was prepared
according to the protocol provided with the kit. After
pumping the lysis buffer into the 8 reaction chambers, the
device was placed in a water bath for 10 min and the temper-
ature was set at 65 °C. Stop solutions and amplification mix-
ture (2× polymerase was used) were sequentially pumped into
the reaction chambers. After 16 h of amplification at 30 °C,
1× Tris·EDTA buffer containing 0.2% Tween-20 was pushed
into the individual reaction chambers and samples were col-
lected using a pipette from the open-structure of the reaction
chambers. This was followed by an inactivation step at 65 °C
for 10 min after which the samples were transferred to a 96
well PCR plate.
Purification, quantification and qPCR

Agencourt Ampure XP beads (Beckman Coulter Inc.,
Woerden, The Netherlands) were used to purify amplified
samples. After purification dsDNA was quantified using
Qubit 2.0 Fluorometer and Qubit dsDNA HS Assay Kit
(Invitrogen)). Real-time SYBR green quantitative polymerase
chain reactionĲqPCR) was used for amplifying target-specific
DNA. Primers were designed to target small subunits of
ERBB2 (17q12), CCND1 (11q13), MyC (8q24.21), PRMT2
(21q22.3), URB2 (1q42.13), P53 (17p13.1), TRAM1 (8q13.3),
and PAK1 (11q13–q14) and were used at a concentration of
500 nM.
This journal is © The Royal Society of Chemistry 2015
Result and discussion

We designed and fabricated a microfluidic device to isolate
single tumor cells from leukocyte depleted whole blood
followed by on-chip cell lysis and DNA amplification as illus-
trated in Fig. 1. In Fig. 1(A) the deposition of single cells in
microwells is shown, Fig.1(B) shows the identification of
DNA+, EpCAM+ cancer cells, Fig.1(C) shows the isolation of
single cancer cells into the open-reaction chamber of the
microfluidic device by punching and Fig. 1(D) shows the lysis
of the cells isolated and amplification of DNA in the reaction
chamber. Fig. 1(E) shows the validation process using purifi-
cation and qPCR. The detailed procedure including process
time is available in Table S1†(S1).

Device design

The device was designed to integrate self-seeding microwell
chips and on-chip DNA amplification by introduction of
open-chambers to collect the cells and micro-valves to add
reagents into the chambers. Open micro-chambers made
onto a PDMS layer have been introduced recently into micro-
fluidic platforms for the delivery of cell solutions.30 In gen-
eral a thickness of a few millimeters has been chosen for
PDMS devices because of the ease of use and convenience in
the fabrication of the devices and the connection to the flu-
idic tubing. However, the deformability of PDMS makes it
challenging to achieve confined well-structures needed for
accurate punching of the cells into the chambers. Hence we
drilled holes with a diameter of 1 mm through a microscope
glass slide to form the reaction chambers. Fig. 2(A) shows the
top view and the side view of the device. The device consists
of three layers, a glass substrate layer (gray), a control PDMS
layer (red), and a fluidic PDMS layer (blue). Below the glass
chambers, a thin PDMS membrane (pink) is present at the
top of the fluidic layer (blue). To connect the fluidic channel
to the reaction chamber a sterile sharp needle was used to
make a hole in the thin PDMS membrane (brown). A micro-
scope image of the actual device containing 8 reaction cham-
bers is shown in Fig. 2(B). Five inlets controlled by micro-
valves for different reagents were designed into the device to
perform the BSA pre-coating, the lysis, the neutralization and
the DNA amplification. In front of the inlets three valves were
placed in a row and actuated in a certain sequence to per-
form the peristaltic pumping.31 Multiplexer valves were
placed in front of the channels connected to the 8 chambers
to add reagents to each chamber individually.32 Color dyes
were introduced in 4 inlets except the inlet for air-drying to
visualize and characterize the device. Fig. 2(B) shows an
image of 4 different color dyes that were pumped into 8 indi-
vidual chambers to demonstrate reagent loading using
micro-valve manipulation.

Peristaltic pumping

Fig. 3(A) shows the dimensions of the micro-valves used for
peristaltic pumping, Fig. 3(B) shows the sequence of
Lab Chip

http://dx.doi.org/10.1039/c5lc00816f


Fig. 1 Experimental scheme (A) filtration of 1 ml of leukocyte depleted blood through a microwell chip (B) detection of cells of interest (MCF-7)
based on fluorescence staining (C) isolation of cells by punching the bottom of the well containing MCF-7 cells into the reaction chamber (D) lysis
and DNA amplification in a reaction chamber of the microfluidic device integrated with micro-valves to pass fluids and introduce reagents by peri-
staltic pumping. (E) DNA purification and qPCR analysis after retrieving amplified DNA from the reaction chamber.
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operation, and Fig. 3(C) shows the pumping rates at various
frequencies. In Fig. 3(B), the closed valves are represented as
(1) and the open valves are represented as (0). Pressurizing in
the sequence pattern, (0 0 1), (0 1 0), (1 0 0), delivered a con-
stant volume of the solution across the pumping valves. To
evaluate the pumping rates we introduced blue color dye in
one of the inlets. A real-time movie was recorded during the
peristaltic pumping and the volume of solution moved for-
ward per second could be calculated. Below 10 Hz frequency
of operating sequence cycle pumping rates increase with
operation speed. The maximum pumping rate was obtained
at 10 Hz and is approximately 2.5 nl s−1. Peristaltic pumping
added solutions gently to the reaction chamber from the cen-
ter of the chamber with precise control of the fluid (Supple-
mentary movie). Addition of the reagents sequentially to the
reaction chambers eliminated a transfer step thereby keeping
the loss of DNA to a minimum.
Lab Chip

Fig. 2 Design of the device (A) illustration of top and side views of the
microfluidic device (B) photo of the actual microfluidic device with
color dyes to visualize the microchannel network.
Sample preparation and cell isolation

To demonstrate rare cell isolation from blood sample, we
spiked MCF-7 cells into 1 ml of blood from healthy donors.
After depletion of leukocytes the blood was stained with
Hoechst and a PE labeled monoclonal antibody recognizing
EpCAM present on cells of epithelial origin. After the cells
were resuspended in 4 ml of PBS containing 1% BSA, the sus-
pension was placed on the microwell chip. After filtration
under −10 mbar, fluorescence images of Hoechst and PE and
reflection images were taken covering the complete area of
the microwells. Fig. 4 shows microscope images of the cells.
Fig. 4(A) shows a section of the microwells with 5 MCF-7 cells
(blue Hoechst+, green EpCAM+) indicated with green arrows
and 2 leukocytes (blue Hoechst+, green EpCAM−) indicated
with red arrows. Fig. 4(B) shows a higher magnification of
two wells one with a MCF-7 cell (green arrow) and one with a
leukocyte (red arrow). Fig. 4(C) shows one well containing
one tumor cell before punching and Fig. 4(D) shows the same
well after punching in which the bottom of the well is no lon-
ger present. Fig. 4(E) and (F) show an isolated MCF-7 cell in
the microfluidic reaction chamber. The number of
This journal is © The Royal Society of Chemistry 2015

Fig. 3 Peristaltic pumping (A) dimension of micro-valves for the peri-
staltic pump (B) sequence of operation (C) pumping rates at various
frequencies.

http://dx.doi.org/10.1039/c5lc00816f


Fig. 4 Single cell isolation using self-seeding microwells. Hoechst and
anti-EpCAM PE are represented as blue and green, respectively. (A)
Microscope image of 5 MCF-7 cells (green arrow) and 2 leukocytes
(red arrow) in a section of the 6400 self-seeding microwell chip. (B)
Magnified image of single leukocyte and single MCF-7 cell in micro-
wells. MCF-7 cell in a microwell before (C) and after (D) punching. Iso-
lated single MCF-7 cell in a reaction chamber of the microfluidic
device (E and F).
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microwells in the chip is 6400 and can result in 6400 single
cells when all microwells are filled.27 The 5 μm size of the
hole in the bottom of the well was chosen such that all eryth-
rocytes and platelets pass as well as the majority of leuko-
cytes.14,33 The larger and stiffer tumor cells will block the
pore in the bottom resulting in a stop of the flow in the
microwell and cells will be directed to adjacent microwells.
In previous experiments 1 cm2 microsieves containing
118 000 pores were used to filter 7.5 ml of blood.34 In this
blood volume ~4 × 107 leukocytes were present and this num-
ber of pores was just sufficient to pass this blood volume
without blocking the microsieve. To use the microwell chip
for passing this blood volume either the number of micro-
wells have to be increased or the number of the leukocytes
decreased. To demonstrate the potential of this approach we
used the latter approach and depleted leukocytes from whole
blood. In three experiments ~1000 MCF-7 cells were spiked
into whole blood and after leukocytes depletion the cells were
stained and passed through the microwell chip. Table 1
This journal is © The Royal Society of Chemistry 2015

Table 1 Enrichment of MCF-7 cells in 1 ml of whole blood

# Leukocytes # MCF7

Before
depletion

In
microwells

Before
depletion

In
microwells

1 4.3 × 106 179 1000 396
2 4.3 × 106 325 1000 419
3 6.7 × 106 518 1000 307
shows the number of leukocytes and MCF-7 cells in 1 ml
whole blood and the number of occupied wells after
enrichment.

After examination of the microwell chips by fluorescence
microscopy: 396 (39.6%), 419 (41.9%) and 307 (30.7%) MCF-7
cells were detected. The average recovery rate of 37% is lower
than the 65% recovery rate we reported using microsieves in
our previous work.14 Difference may be explained by the cup
structure around the 5 μm pores, the presence of only 6400
pores versus 115 000 pores, or the leukocyte depletion, which
also includes a density separation. Further investigation will
be needed to identify the cause and increase the recovery.
The majority of the cell loss can be attributed to the deple-
tion and staining protocol that includes several washes.
Future improvements in the tumor cell recovery can be
achieved by the elimination of the density separation in the
leukocyte depletion protocol and elimination of the washing
steps by for example staining in the microwells. Integration
of the microwell chip with larger numbers of wells or a
microfluidic device designed for blood cell depletion in previ-
ous step might be able to improve recovery rate and reduce
the cost of time and reagent for depletion process. In these
experiments 179 (3%), 325 (5%), and 518 (8%) of the 6400
wells were occupied with EpCAM− cells resulting in an occu-
pancy of the microwells of respectively 8.98%, 11.63%, and
12.89%. 87% of microwells were not occupied after filtrating
1 ml of leukocyte depleted whole blood and the capacity
should thus be sufficient to increase the blood volume to 7.5
ml (CellSearch standard).

For on-chip DNA amplification, MCF-7 cells were isolated
from the microwells using a needle with a 50 μm diameter.
After identification of a microwell containing a MCF-7 cell,
the automated stage positioned the chosen microwell under
the needle. The needle was aligned to the center of the open-
chamber of the microfluidic device and the needle was
moved down to punch the bottom of the micro-well including
the MCF-7 cell into the open-chamber. Isolated cells in a
reaction chamber of the microfluidic device were observed
under a fluorescence microscope to evaluate the number and
type of cells. Observation of cells after isolation in the micro-
fluidic chamber is much easier as compared to cells in the
wells of a PCR plate because of the transparency of the mate-
rial and the lower depth of the chamber. Duplicates of 25, 5
cells and 1 MCF-7 cell were isolated in 6 individual chambers
and in 2 chambers no cells were punched and used as nega-
tive control.
DNA amplification and validation

The DNA content of a single cell is approximately only 6–7
pg, which is not sufficient for reliable genetic analysis, there-
fore amplification of DNAs obtained from a single cell is
required to obtain enough copies of DNAs for the down-
stream analysis such as quantitative polymerase chain reac-
tion (qPCR) or sequencing. Isolation of cells of interest in
microfluidic reaction chambers was followed by lysis and an
Lab Chip
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amplification step. Lysis buffer was introduced from one of 5
inlets and pumped into the individual chambers for 100 sec-
onds, resulting in approximately 250 nl, to cover the whole
surface of the reaction chamber. After 10 min lysis at 65 °C,
the same volume of stop solution was added to the reaction
chambers and approximately 300 nl of amplification reagent
was pumped into individual chambers for 120 seconds. This
reagent volume is approximately 130 times smaller compared
to the standard protocol. The calculated maximum chamber
volume is 785 nl and the reagent volume can be adjusted
using peristaltic pumping. The micro-valve in front of the
reaction chamber was closed to contain the single reaction
and the reaction chambers were sealed to avoid drying and
contamination. The microfluidic device was then placed in a
water bath to keep the temperature at 30 °C. After 16 hours
1× TE buffer containing 0.2% Tween-20 was filtered and
introduced through one of the inlets and pushed to the
chambers individually. Approximately 8 μl of the amplified
sample were pipetted out of the each chamber. After sample
collection phi29 polymerase was inactivated by increasing the
temperature to 65 °C for 10 min according to the standard
protocol of the commercial kit. The average amount of ampli-
fied DNA was 91.4 ng (n = 6) providing an amplification of
more than 10 000 fold in the chambers with cells. In the
chambers without cells a background of 51.84 ng DNA (n = 2)
was measured. Previous researches showed that the DNA
amplification using phi29 can produce non-specific DNAs
when the reaction time is extended.35 To validate the quality
of amplified DNA, real-time qPCR targeting 8 genes of inter-
ests located in different loci was performed. We purified on-
chip amplified DNA using Ampure XP magnetic beads, and 1
μl of the 20 μl sample from each chamber was used for qPCR
of single genes. Fig. 5 shows the amplified (green) and non-
amplified (white) genes of individual samples of 8 genes posi-
tioned at different loci on the chromosomes. A Cq (threshold
cycle) value lower than 40 with a correct melt curve was
Lab Chip

Fig. 5 Validation of on-chip amplified samples. qPCR targeting 8 genes
of interest on different loci were performed using 1 μl of amplified and
purified DNA. Amplified genes were represented as green and non-
amplified genes were represented as white. 2 ng of isolated and puri-
fied genomic DNA was used as positive control.
considered as a positive product. On-chip amplified DNA of
25 cells successfully amplified 8 of 8 genes. Amplified DNA of
less than 5 cells detected 3–5 of the 8 genes. These amplified
genes can be analysed in more detail using for example
sequencing to identify specific alterations. On the other
hand, amplified DNA in the chambers without cells did not
amplify any of the 8 genes. This verified that the amplified
DNA in the negative chambers was a non-specific product.
Even though the methods for whole genome amplification of
single cells has been improved, amplification bias of ampli-
fied DNA from single or few cells still exist. Likely further
improvements in the single cell amplification kits are
expected and will improve the representation of the genes at
low cell numbers. Examples are whole genome amplification
of single cells with methods such as adapter-linker PCR36 or
multiple annealing and looping-based amplification cycles
(MALBAC)37 that already have been developed and demon-
strated in the field. Improved amplification kits could be
adaptable due to the flexible volume control offered by peri-
staltic pumping under temperature control. Other causes for
the lesser gene representation at low cell numbers could be
the drying procedure included in the sample preparation
steps Isolation of single cell in liquid could improve the qual-
ity of DNA. Expanding this technology for the future may be
able to perform cultivation or drug-response monitoring of
cells after isolation of cells in liquid.
Conclusions

Here, we developed a microfluidic device to enrich and iso-
late individual tumor cells from whole blood and amplify its
DNA for further characterization. This was achieved by com-
bining self-seeding microwell chips and open-well reaction
chambers connected to fluidic channels. Micro-valves were
used to add different reagents in sequence and allow for
8 single reactions. We demonstrated that after seeding of 1
ml of leukocyte depleted whole blood on the microwell chip,
individual tumor cells can be deposited in an open-well struc-
ture microfluidic device in which the individual tumor cells
were lysed and the DNA amplified for further characteriza-
tion. The combination of the leukocyte depletion and filtra-
tion through the 5 μm pores resulted in a carry-over of hun-
dreds of leukocytes and ~37% of MCF-7 cells were recovered
and could be discriminated from the leukocytes using
EpCAM-PE staining. After identification of the cells of inter-
est they were “punched” into an open-well structure micro-
fluidic device. Peristaltic pumping of micro-valves added
reagent to the reaction chambers with precise control of fluid
and gave a high flexibility of the reagent volume. Further-
more, open-chambers convey the accessibility of sample after
lysis and amplification, allowing the investigation of further
genetic information. Validation of amplified DNA was carried
out using qPCR targeting 8 different genes of interest.
Template-specific genes were only amplified from chambers
with MCF-7 cells isolated.
This journal is © The Royal Society of Chemistry 2015
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