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Label-free, high-throughput, electrical detection of cells
in droplets†

Evelien W. M. Kemna,* Loes I. Segerink, Floor Wolbers, István Vermes and Albert van
den Berg

Today, droplet based microfluidics has become a standard platform for high-throughput single cell

experimentation and analysis. However, until now no label-free, integrated single cell detection and

discrimination method in droplets is available. We present here a microfluidic chip for fast (>100 Hz)

and label-free electrical impedance based detection of cells in droplets. The microfluidic glass-PDMS

device consists of two main components, the droplet generator and the impedance sensor. The planar

electrode pair in the main channel allows the detection of only cells and cell containing droplets passing

the electrodes using electrical impedance measurements. At a measurement frequency of 100 kHz non-

viable cells, in low-conducting (LC) buffer, show an increase in impedance, due to the resistive effect of

the membrane. The opposite effect, an impedance decrease, was observed when a viable cell passed the

electrode pair, caused by the presence of the conducting cytoplasm. Moreover, we found that the

presence of a viable cell in a droplet also decreased the measured electrical impedance. This impedance

change was not visible when a droplet containing a non-viable cell or an empty droplet passed the

electrode pair. A non-viable cell in a droplet and an empty droplet were equally classified. Hence,

droplets containing (viable) cells can be discriminated from empty droplets. In conclusion, these results

provide us with a valuable method to label-free detect and select viable cells in droplets. Furthermore,

the proposed method provides the first step towards additional information regarding the encapsulated

cells (e.g., size, number, morphology). Moreover, this all-electric approach allows for all-integrated Lab

on a Chip (LOC) devices for cell applications using droplet-based platforms.
1 Introduction

Analysing single cells and performing biological studies on a
single cell basis are of increasing interest.1,2 Droplet-based
microuidics has become a standard platform for high-
throughput single cell experimentation and analysis,3–5 such as
cell based assays,6 polymerase chain reactions,7 proteome
analysis8 and cell printing technologies.9 Droplets facilitate
high-throughput single cell analysis within micrometer-sized
droplets,10 which are physically and (bio)chemically isolated.11

In addition, the uptake of trace chemicals can be probed
because of the limited droplet volume and associated depletion
of these chemicals. Using microuidic devices, monodisperse
droplets can be generated, merged, and sorted at kHz rates,
enabling high-throughput single cell screening.2 However, until
now, label-free characterization and identication of cells in
droplets, which is of great importance for cell analysis in
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droplets and selection of the droplets of interest, have not been
demonstrated.

Single cell encapsulation has been developed into an integral
part in droplet microuidics. Therefore, deterministic encap-
sulation of single cells in droplets receives growing interest. We
have demonstrated high-yield (77%) and high-speed (2700 cells
per s) single cells in droplet encapsulation using Dean-coupled
inertial ordering in a simple curved continuous microchannel.12

However, 100% efficiency was not obtained, and it is difficult to
reach due to the signicant standard deviation in the longitu-
dinal spacing between the cells. This inefficiency has stimulated
us to develop a label-free method, using impedance, for the
downstream selection of single cell containing droplets, to
nally obtain 100% efficiency. As no cell labeling is required,
the use of external optical equipment is avoided.13,14 Although
uorescent labeling permits molecular-level detection, this
technique is expensive, laborious and time consuming. More-
over, uorescence detection is not easily integrated on chip.15

Label-free on-demand impedance based cell encapsulation has
been demonstrated by Lin et al., but with relatively low
throughput (10 Hz) and with the need for using valves.16 Addi-
tionally, a droplet platform for cell detection in droplets has
never been used.17,18
Analyst, 2013, 138, 4585–4592 | 4585
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We present here a fast, novel and label-free impedance based
approach to detect cells in droplets. A microuidic glass-PDMS
device is developed, consisting of two main components,
the droplet generator and the impedance sensor. The droplet
generator has a ow focusing structure for stable droplet gener-
ation and cell encapsulation. The impedance sensor comprises
two planar electrodes, patterned on glass, positioned in the main
channel. In this article, we demonstrate the differentiation
between empty and cell encapsulated droplets, with the use of
electrical impedance measurements at a single frequency.

Firstly, the chip design and the measurement set-up are
described with a theoretical explanation. Secondly, the imped-
ance spectra of single cells (viable vs. non-viable), empty drop-
lets and cell-containing droplets are shown in either conducting
(PBS) or iso-osmolar low-conducting (LC) buffer. We demon-
strate that LC droplets encapsulating viable cells can be
discriminated from empty droplets or droplets with non-viable
cells, using high-speed impedance measurement analysis. To
validate the impedance measurements, simultaneous high-
speed camera recordings were taken for each measurement to
ensure that cells were actually encapsulated and compared with
the electrical signal.
2 Materials and methods
2.1 Chip design

The microuidic chip consists of two main components, the
droplet generator, with one inlet for the cell suspension and one
inlet for the oil, and the impedance sensor. The droplet
generator has a ow focusing junction with a width of 30 or
40 mm and a focus-width of 25 mm. Hence, the main channel is
30 or 40 mm wide. The impedance sensor comprises two planar
platinum (Pt) electrodes with a width of 20 mm and an inter-
electrode distance of 30 mm patterned on glass. The total chip
depth is 26 mm.

A silicon master design was drawn using Clewin (version
4.0.1) and fabricated using standard UV-lithography. SU-8 2-25
(Microchem, Berlin, Germany) was spun on the silicon master
with a thickness of 26 mm. The chip was made in PDMS (Sylgard
184, Dow Corning, Midland, MI, USA). Curing and base agents
were mixed at a ratio of 1 : 10 and degassed. PDMS was poured
onto a silicon wafer, degassed, and cured at 60 �C for 24 hours.
Aer curing, the inlet and outlet were punched using a
dispensing tip (Nordson EFD, Maastricht, the Netherlands, ID
1.36 mm and OD 1.65 mm). Subsequently, the PDMS chip was
sealed to a Pyrex glass slide with the patterned Pt electrodes
using oxygen plasma (Harrick PDC-001, NY, USA). Aer sealing,
the chip was placed at 60 �C for a minimum of 30 minutes.
2.2 Materials

Iso-osmolar LC buffer, based on a study of Steenbakkers et al.,19

consisted of deionized water, supplemented with 280 mM
inositol (Sigma, St. Louis, USA), 0.1 mM calcium acetate (Sigma),
0.5 mM magnesium acetate (Sigma) and 1 mM L-histidine
(Sigma). The conductivity was adjusted, using deionized water, to
0.009 S m�1. For the continuous phase, hexadecane (Sigma) with
4586 | Analyst, 2013, 138, 4585–4592
1% Span80 (Sigma) was used. Polystyrene beads (Thermo scien-
tic, Breda, The Netherlands) with a diameter of 11 mmwere used
in control experiments.

2.3 Cell culture

The mouse myeloma cell line NS-1 was a kind donation from
ModiQuest, The Netherlands. Cells were grown in DMEM/F12
medium (Invitrogen, Grand Island, NY, USA), supplemented
with 10% (v/v) fetal bovine serum (FBS; Invitrogen), 100 U mL�1

penicillin (Invitrogen), and 2 mM L-glutamine (Invitrogen)
(¼ DMEM+ medium). Cell cultures were sustained in a 5% CO2

humidied atmosphere at 37 �C. NS-1 cells were split every 3–4
days at a ratio of 1 : 10. In the experiments, cells were suspended
in PBS or LC buffer at the desired concentration prior to use. To
induce cell death, NS-1 cells were put at 56 �C in LC buffer for
30 minutes. Aer washing and resuspension in LC buffer,
viability was checked in an aliquot of the sample using propi-
dium iodide (PI) (Sigma) at a nal concentration of 10 mg mL�1

and Calcein AM (Sigma) at a nal concentration of 2.5 mM.

2.4 Experimental set-up

The cell suspension and the oil were separately introduced into
the microuidic chip using two glass Hamilton syringes
(Sigma), and connected to the two inlets with PEEK tubing (Vici,
Schenkon, Switzerland, ID 0.5 mm and OD 1.59 mm). PEEK
tubing was also connected to the outlet of the device and routed
into a collection tube. Flow was driven at a constant volume
rate by a syringe pump (neMESYS dosing units, Cetoni GmbH,
Germany). A magnetic stir bar was inserted into the syringe
containing the cell suspension, to prevent suspension settling
during injection.

When conducting measurements on empty droplets, ow
rates of 0.15–0.5 mL min�1 for water and 1.8–8 mL min�1 for the
continuous phase were used. The droplets were generated
ranging from 20 to 475 Hz at a frame rate of 3000 fps.

Secondly, for experimentation regarding cell containing
droplets, the ow rate of the continuous phase varied between
0.2 and 2 mL min�1. The aqueous ow rate, containing the cells,
varied between 0.05 and 1 mL min�1 and the frame rate was set
to 125–500 fps, to be able to increase the recording time.

The microuidic chip was mounted on an X–Y–Z translation
stage of an inverted wide uorescence microscope (Leica DM
IRM, Leica Microsystems, Wetzlar, GmbH, Germany). Illumi-
nation was supplied by a ber optic illuminator (Leica KL 1500
LCD). A computer-controlled high-speed camera (Photron SA-3,
West Wycombe, United Kingdom), with accompanied Photron
soware (Photron Fastcam Viewer), was used for image
recording of droplets passing the electrode pair. All videos and
images captured were analyzed with the image-processing
program ImageJ (National Institute of Health, MD, USA) and
compared with the obtained electrical signals.

2.5 System overview

The electrodes on the glass slide of the chip were connected to
a printed circuit board using wire bonding, enabling a stable
electrical connection.
This journal is ª The Royal Society of Chemistry 2013
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A frequency sweep of the chip was performed such that the
inuence of the different components of the equivalent circuit
was identied at frequencies ranging from 1000 Hz to 40 MHz.
Using an impedance/gain phase analyser (Hewlett Packard
4194A) a bode plot of the chip lled with PBS or LC buffer, with
or without (non)viable cells at high concentrations, was gener-
ated. During the frequency sweep, ow was induced using
different sized droplets on both inlets.

An AC signal of 100 kHz and 6–14 Vpp was generated by the
Zurich system (HF2IS, Zurich instruments) and transferred to
one electrode on the chip. At the other electrode, a home-made
current amplier was placed to measure the current in order to
determine the impedance. This signal was fed back to the
Zurich system and captured with a sample frequency of 899–
3700 Hz at the laptop. For data analysis to calculate the
impedance, Matlab (R2010B, version 7.11.0.854, 2010, Math-
works, Inc.) was used. The peak heights were detected and
calculated, with respect to the baseline, such that the dri of the
signal did not inuence the analysis.
2.6 Matlab simulation

A model was used to determine the inuence of the viability of
the cell, suspended in LC buffer, on the frequency behavior of
the impedance. Three different situations were modeled: (1)
only an electrolyte present between the electrodes; (2) a viable
cell between the electrodes and (3) a polystyrene bead between
the electrodes. The cell was represented in the model as a
single-shell model,20–22 while the inuence of the suspended
bead was calculated using the Maxwell–Wagner theory.20,21,23

Using Matlab (R2010B, version 7.11.0.854, 2010, Mathworks,
Inc.), a bode plot of the three different situations was made.
The conductivity and permittivity of the LC buffer were set to
0.009 S m�1 and 80� 30, respectively (30¼ 8.854� 10�12 F m�1).
Based on the data of Sun and Morgan in 2010,22 the parameters
used for the cell were 7.5 mm for the cell radius, 1 � 10�8 S m�1

for the conductivity membrane, 0.4 S m�1 for the conductivity
cytoplasm, and 5 � 30 and 60 � 30 for the relative permittivity of
the cell membrane and cytoplasm, respectively (30 ¼ 8.854 �
10�12 F m�1). For the polystyrene beads (radius, 5.5 mm) the
values were 2.5 � 30 and 1 � 10�16 S m�1 for the relative
permittivity and conductivity. The membrane thickness was set
to 5 nm.
Fig. 1 (A) Photo of the microfluidic device glued on a printed circuit board. The
inset shows the impedance sensor. Scale bar is 30 mm. (B) Simplified equivalent
circuit model of the microfluidic device w/o droplet, or cell in droplet. The
interface between the two planar electrodes and the buffer in oil droplet is
represented by the double layer capacitance (Cdl). Rdrop is the buffer resistance
and Cdrop is the buffer capacitance. Rlead is the lead resistance and Cpar is the
parasitic capacitance. The schematic bode plot shows a typical frequency
response of the electrical impedance of the equivalent circuit model for the
situation of a cell containing droplet.
3 Results and discussion
3.1 The microuidic device

3.1.1 Equivalent circuit model and system overview. Elec-
trical impedance spectroscopy measures the AC electrical
properties of particles (in suspension) from which the dielectric
parameters of the particles can be obtained.22 Impedance
analysis is a widely used method for label-free analysis of
cells.17,18,24,25

The chip was connected with the Zurich impedance system
(HF2IS, Zurich instruments) using a home-made current
amplier, to measure the current in order to determine the
impedance. The chip was glued on a printed circuit board
This journal is ª The Royal Society of Chemistry 2013
(Fig. 1A). A simplied equivalent circuit model for three
different situations is given in Fig. 1B. In all situations, there are
two double layer capacitances (Cdl), caused by the electrode–
uid interface, a parasitic capacitance (Cpar) and a lead resis-
tance (Rlead). When a droplet passes the electrode pair the
double layer present in the oil changes to a double layer present
in the buffer. Also the Roil is interchanged for Rdrop, consisting
of the used buffer and Cdrop is added. When the droplet
contains a cell, an additional circuit for the cell is implemented.
This is represented by the addition of an equivalent circuit
model for a cell (capacitance of the cell membrane (Cmem) and
resistance of the cell interior (Rcell)). The components of the cell
are frequency dependent. Primarily due to the presence of the
cell membrane, the cell presents a different impedance
measurement when compared to the surrounding uid. This
change is detected by the sensing electrodes and is used to
indicate the presence of a cell inside a droplet. The membrane
of a cell, suspended in conducting buffer, forms a barrier to the
current ow at frequencies below 1–3 MHz. Below these
frequencies, the cell can be seen as an insulating sphere, which
causes an impedance change depending on the size of the cell.16

However, for a cell suspended in LC buffer, the frequency at
which the current ows through the interior of the cell is lower.
For example for a buffer with a conductivity of 0.0016 S m�1 the
frequency is expected to be around 10 kHz.22
Analyst, 2013, 138, 4585–4592 | 4587
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A typical bode plot of the equivalent circuit model is shown
in the bottom right corner of Fig. 1B. At low frequencies, the
spectrum is inuenced by the double layer capacitances. A
resistive plateau is seen at intermediate frequencies, which is
primarily caused by the resistances in the channel due to the
buffer, droplet and/or cell. The parasitic capacitance plays a role
at higher frequencies.

3.1.2 Characterization of the microuidic device. The
frequency behavior of the microuidic chip with PBS or LC
buffer, with and without (non)viable cells was determined to
ensure that the electrical impedance measurements were per-
formed at a frequency within the resistive plateau. Fig. 2A and B
show the averaged results of 50 individual impedance
measurements of a chip lled with PBS or LC buffer for
Fig. 2 The measured frequency behavior of the microfluidic chip. (A and B) The
lines in the graph show the average of 50 measurements obtained with the
impedance/gain phase analyser using either PBS or LC buffer with or without
(non)viable NS-1 cells. The shaded area indicates the resistive plateau and the
dashed line represents the measurement frequency used during all subsequent
experiments. Variance between 50 measurements is shown by shaded lines. (C)
Simulation of the frequency response of the electrical impedance of the equiva-
lent circuit model with viable NS-1 cells, beads and only LC buffer.

4588 | Analyst, 2013, 138, 4585–4592
frequencies from 1 kHz to 40 MHz. The bode plot for PBS shows
a clear inuence of the double layer capacitance and parasitic
capacitance. The electrolyte resistance is represented in the
shaded area, nevertheless the double layer and parasitic
capacitance are almost interlaced. In the bode plot of the LC
buffer, the inuence of the double layer capacitance, electrolyte
resistance and parasitic capacitance can be clearly distin-
guished. Again the shaded area represents the resistive area.
The cutoff frequencies, F1 and F2, of the resistive area have been
estimated using F1 � 1/(p � Rel � Cdl) and F2 � 1/(2p � Rel �
Cpar) by Langereis,26 where, F1 and F2 of solely PBS are 129 kHz
and 395 kHz, respectively. For LC buffer, F1 and F2 were 663 Hz
and 2 MHz, respectively. These values were combined with the
visual inspection of the obtained bode plots of the different
buffers with or without viable and non-viable cells. The
obtained bode plots are in correspondence with the previous
described theory and show at lower frequencies the inuence of
the double layer capacitance, at higher frequencies the parasitic
capacitance and in the middle the inuence of the buffer
between the electrodes in the channel. The addition of cells to
the LC buffer changes the frequency behavior. The presence of
non-viable cells in LC buffer between the electrodes increased
the impedance. However, a decrease in impedance was
observed when viable cells were suspended in LC buffer. These
data suggest that when using LC buffer, the behavior of viable
cells with respect to the LC buffer alone is opposite to the
behavior of non-viable cells. Similar results were obtained when
comparing these results with our model. Due to the presence of
viable cells in LC buffer, the impedance decreases, compared to
solely LC buffer between the electrodes, indicating that a viable
cell acts as a conducting sphere in LC buffer around 100 kHz.
Since the cell cytoplasm ismore conducting, the cell can be seen
as a conducting sphere in comparison to the surrounding LC
buffer. Sun and Morgan22 show pDEP for cells in LC buffer and
at 100 kHz; this relates the cell cytoplasm conductivity to the
surrounding medium. This results in the detection of a viable
cell as a decrease in impedance. This different electrical
behavior of the cells is due to the presence of LC buffer instead
of conducting buffer, where cells behave as insulating spheres
below 3 MHz.22

Additionally, the inuence of a solid sphere in the LC buffer
was simulated, which resulted in a higher impedance at the
resistive plateau. Beads were used in this simulation, since it
was unclear what exactly happens with the equivalent electrical
circuit model of a dead cell. Cell death was induced by heat and
the compromised membrane allowed for cytoplasm leakage,
leaving only a resistive membrane with denatured proteins.
Therefore it was assumed that a non-viable cell can be repre-
sented as non-conducting membrane ‘debris’. The modeled
bead showed comparable results as non-viable cells, indicating
that non-viable cells indeed act as resistive particles in LC buffer
around 100 kHz.

When performing the frequency sweep measurements there
was a highly concentrated cell containing solution present. This
was transported through the device as described in Section 2.5.
Therefore, the frequency sweep is based on a NS1 cell pop-
ulation. Moreover, the cells pass by at different positions in the
This journal is ª The Royal Society of Chemistry 2013
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channel. Hence, this induces moderate variation in the
measured impedance, therefore 50 measurements were per-
formed, averaging the effect.

The difference between viable and non-viable cells was not
shown around 100 kHz, using a conducting buffer (PBS), which
makes the use of LC buffer favorable, offering the discrimina-
tion based on viability. Lowering the buffer conductivity,
therefore changing the buffer properties and electrical behavior
of cells lowers the frequencies at which discrimination between
viability can be performed. Next, the frequency ranges in the
shaded areas were examined and the optimal measurement
frequency was shown to be at 100 kHz, for both PBS and LC
buffers. So in further experiments, an actuation frequency of
100 kHz was used.

3.2 Droplet generation and detection

Droplets were generated using a ow focusing junction. Fig. 3A
shows that the droplet generation frequency was determined
with a maximum at 475 Hz and visually conrmed using high-
speed recordings. The length and the frequency of the droplets
were varied using a range of ow rates. In our measurement
system, we were able to relate the electrical amplitude to the
droplet length (Fig. 3B). Hence, the impedance change can be
used to dene an approximation of the droplet volume and
detect changes in the droplet volume.

A quadratic power relationship between the droplet length
and the measured impedance change is shown. This is due to
the use of a rst-order low-pass lter by the Zurich system. This
lter suppresses the changes caused by the fast events, such as
the passage of the droplet. For a long droplet, these changes
Fig. 3 (A) Optical versus impedance based droplet frequency determination. (B)
Droplet length versus electrical amplitude obtained with the Zurich impedance
system. Sample rate 899 Hz, Fact ¼ 100 kHz, 16 Vpp.

This journal is ª The Royal Society of Chemistry 2013
occur at a lower frequency than for shorter droplets, and
therefore the effect is less, resulting in a larger impedance peak.
Another reason for the relationship between the droplet length
and impedance change could be the RC-time of the setup or the
wetting of the electrodes. Furthermore, Fig. 3B shows that the
measurement change of empty droplets passing one electrode
pair can be used to determine the droplet length up to 185 mm.
If the droplet length continuously increases the signal will
saturate. At this point it is similar to measuring in solely (low)
conducting buffer. Nevertheless, a passing cell will still result in
an impedance change and can be detected. However, at a
certain point there is plug ow and for our experiments and
applications measuring cells in droplets is of crucial interest.
3.3 Cell detection in different conducting buffers

NS-1 cells were suspended in LC buffer and measured at a
frequency of 100 kHz and 6 Vpp. Both positive and negative
peaks were observed, as shown in Fig. 4A.

When suspending solely non-viable cells, only positive peaks
were observed, with an average impedance change of 24 400 �
12 500 U (Fig. 4C). This indicates that non-viable cells in LC
buffer give an increase in impedance, as described previously
(Fig. 2). The opposite effect, an impedance decrease, was
observed when a viable cell passed the electrode pair with an
average of �60 400 � 37 600 U (Fig. 4C). This peak height also
corresponds to the cell volume, as shown in Fig. 4A, peak
numbers 1 and 2 correspond to cells 1 and 2 in the inset. The
decrease in resistance of viable cells in LC buffer can be
explained by the presence of the conducting cytoplasm
compared to the surrounding LC buffer. This results in an
increase in the conductivity at the applied measurement
frequency. As a consequence, the impedance decreases, giving
rise to a negative peak. This effect is also conrmed by the
simulations using Maxwell–Wagner theory (Fig. 2C). Cell death
was induced by heat. Aer this the cells were washed and sus-
pended in fresh LC buffer, thereby replacing the cytoplasm with
LC buffer. The induced heat denatures proteins and changes
the membrane properties. Hence, it is likely that the present
membrane ‘debris’ adds to the impedance as a resistance at the
measurement frequency, resulting in positive peaks. This
observation is supported by the results shown in Fig. 4A and C,
where non-viable cells show similar impedance changes, unre-
lated to the (original) cell volume, and the membrane ‘debris’ is
measured.

This hypothesis is supported by the observation that 11 mm
beads suspended in LC buffer behave similar to non-viable cells
as shown in Fig. 4C. In conclusion, by using LC buffer it is
possible to differentiate between viabilities based on the peak
appearances. This is not possible when using more conducting
buffer (PBS, 1.4 S m�1). Data showed, for both viable and non-
viable cells, positive peaks at frequencies ranging from 10 kHz
to 3 MHz (Fig. 4B). Hence, NS-1 cells suspended in PBS at an
actuation frequency of 100 kHz behave as insulating spheres, as
expected.

To underline the possibility to detect a change in impedance
when a cell containing droplet passes by, we have calculated
Analyst, 2013, 138, 4585–4592 | 4589
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Fig. 4 (A) The processed signal with the peak heights and discrimination between
viable and non-viable cells in buffer (Zurich impedance system sample rate 899 Hz,
Fact ¼ 100 kHz, 6 Vpp). The inset is a microscopic image of a viable small (1) and a
viable large (2) NS-1 cell passing the electrode pair (black bars) and two non-viable
cells (3) and (4). Scale bar is 20 mm. (B) The processed signal with the peak heights of
NS-1 cells in PBS (Zurich impedance system sample rate 899 Hz, Fact ¼ 100 kHz,
6 Vpp). (C) The average impedance change of viable cells (n ¼ 68), non-viable cells
(n ¼ 154) and beads (n ¼ 12) in either LC buffer (shaded area) or PBS (n ¼ 38).
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that the Rcell has a relative contribution of 9.6% to the total R
(Rcell + Rlead + Rdrop, see Fig. 1B). This is at a measurement
frequency of 100 kHz in LC buffer, suggesting that it would be
possible to detect an impedance change in a cell containing
droplet compared to an empty droplet.
4590 | Analyst, 2013, 138, 4585–4592
LC buffer is not a standard buffer to use in cell experiments,
therefore the viability of NS-1 cells in LC buffer was evaluated.
The viability of NS-1 cells, kept for 90 minutes in LC buffer, was
�95%. Aer two hours, the viability decreased signicantly to
85% (data not shown).
3.4 Cell encapsulation and detection

Final experiments were focused on the detection of cells in
droplets. Due to the best discriminating potency, NS-1 cells
were suspended in LC buffer. Since LC buffer is more con-
ducting than the continuous phase, the resistivity reduces when
a droplet passes and thus the impedance signal decreases. As a
result, empty droplets generate negative peaks.

Fig. 5 shows the detection of two cell containing droplets
using the impedance measurement data. When a droplet con-
tained a viable cell, a decrease in impedance was shown (see ESI
Video 1†). Different signal data were generated, however it was
observed that the real part of the obtained signal was the most
stable and the change due to a cell containing droplet was the
most signicant. When the combined impedance signal was
used, the signal contained more noise due to the added phase
information, making it more difficult to differentiate between
the base line (empty droplets) and peaks (cell containing
droplets).

Cells in LC droplets were detected up to a droplet frequency
of 112 Hz. Additionally, non-viable cells and beads encapsu-
lated in LC droplets could not be detected based on impedance
change. Moreover, it was not possible to differentiate between
empty and cell containing PBS droplets, using frequencies
ranging from 10 Hz to 5 MHz.

As mentioned in Section 3.2, the impedance change is
related to the droplet length (therefore volume), so for
discrimination based on the presence of a cell, it is of utmost
importance to generate homogeneous droplets. This length or
volume effect can also be observed in Fig. 5 right part (23.5 s),
where the base line has a larger amplitude compared to the le
part (6 s). At 6 s the volume of the droplets is 43 pL (n ¼ 20) and
at 23.5 s the volume of the droplets is 45.8 pL (n ¼ 20).

To eliminate a possible effect of droplet volume on the
impedance change of a cell encapsulating droplet, the length of
empty droplets was measured (n ¼ 20) and compared to the
length of cell encapsulating droplets. The real part of the
generated signal was used and the measurement of the empty
and cell encapsulating droplet lengths using the corresponding
frames showed no signicant difference. However, the change
in amplitude of signals generated by cell encapsulating droplets
compared to empty droplets did signicantly differ (p < 0.01).
This nding eliminates the inuence of the droplet length
on the impedance change of the cell containing droplet,
concluding that the measured change is solely based on the
presence of a viable cell inside the droplet. Furthermore, data
suggest that a droplet containing two cells causes a relatively
larger impedance change, compared to a droplet which has only
one cell. However, this difference is not signicant, this is most
likely due to the combined effects of e.g. cell number, cell size,
position and viability.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 NS-1 cell in droplet detection using real part of the voltage signal (top) and the final impedance change (bottom). NS-1 cells in LC buffer at Fact ¼ 100 kHz,
sample rate is 899 Hz and 6 Vpp obtained with the Zurich impedance system.
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The sensitivity of the performed impedance measurements
is 80%, hence 80% of the cell containing droplets are classied
as a cell containing droplet using three times the standard
deviation of empty droplets. Not all cell containing droplets
were detected, which could be due to the cell position in the
droplet or the sensitivity of the measurement setup. Finally, it
could be due to the presence of non-viable cells instead of viable
cells, because the viability of the cells in the LC buffer aer
encapsulation has been shown to be 90%. Furthermore, 99.98%
of the empty droplet were correctly identied. Finally, a positive
predictive value of 89% and a negative predictive value of
99.95% were shown (total amount of measured droplets is
8188).

Finally, the viability of the encapsulated cells was examined.
The cells were stained with Calcein AM and propidium iodide to
determine cell viability and membrane integrity aer encapsu-
lation. Results showed that 90% of the cells retained their
membrane integrity aer 90 minutes, compared with 95% in
control samples (data not shown). When the electrical eld of
100 kHz and 20 Vpp was switched on, the viability decreased to
91% (data not shown). So, there is no signicant effect of the
electric eld on the viability of the cells when passing, for
several milliseconds, an AC eld of 100 kHz.27 Furthermore, the
LC buffer prevents localized heating.

4 Conclusions

Today, the analysis of single cells in droplets is of increasing
interest. However, until now, it is not possible to characterize
and identify cells in droplets, which is of utmost importance to
select the droplets of interest. Here, a microuidic device for the
label-free detection of cells in droplets, based upon electrical
measurements, is presented. To our knowledge, this is the rst
time that label-free detection of cells in droplets is shown. The
This journal is ª The Royal Society of Chemistry 2013
device enables us to measure the individual volume, frequency
and even content of the droplets.

Future experiments are focused on increasing the operating
droplet frequency to several kilohertz, using a dedicated lock-in-
amplier. Furthermore, we want to detect cells in PBS or culture
medium droplets, which is a better environment regarding the
viability of cells, and favors cell culture in droplets. The sensi-
tivity of the impedance measurement data can be increased by
using parallel electrodes instead of planar ones and selection of
the droplets of interest can be performed by incorporating a
dielectrophoresis module.
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