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ABSTRACT

We present first results from a hybrid coplanar waveguide microfluidic tank circuit for monitoring lipid bilayer forma-
tion and fluctuations of integrated proteins. The coplanar waveguide is a radio frequency resonator operating at ~250
MHz. Changes within the integrated microfluidic chamber, such as vesicle bursting and subsequent nanopore formation
alter the reflected signal, and can be detected with nanosecond resolution. We show experimental evidence of such al-
terations when the microfluidic channel is filled with giant unilamellar vesicles (GUVs). Subsequent settling and burst-
ing of the GUVs form planar lipid bilayers, yielding a detectable change in the resonant frequency of the device. Results
from finite element simulations of our device correlate well with our experimental evidence. These simulations also
indicate that nanopore formation within the bilayer is easily detectable. The simulated structure allows for incorporation
of microfluidics as well as simultaneous RF and DC recordings. The technique holds promise for high throughput drug
screening applications and could also be used as an in-plane probe for various other applications. It opens up possibili-
ties of exploring ion channels and other nano scale pores in a whole new frequency band allowing for operating at
bandwidths well above the traditional DC methods.
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1. Introduction studied in great detail. In order to yield real-time, in vitro
information of ion channel operation, it is essential to
have circuitry available that can deliver RF spectroscopy
of ion transport. We accomplish this with an easy to use
on-chip method, which is essential for the adoption of
this technique. Here, we present first data from this tech-
nique for the detection of planar lipid bilayer formation,
a crucial first step for the RF monitoring of ion channels.
A challenge in the design of RF circuitry for probing
cellular signals is the high attenuation presented by the aqu-
eous solution containing cells or lipids [7]. We overcome
this problem by integrating microfluidics with a coplanar
waveguide (CPW). This hybrid device (see Figure 1(a))
confines a very small and localized amount of fluid volume
to the sensing surface and probes with nanosecond resolu-

Information processing in biological systems is a highly
complex and parallel task. Cells rely on the conduction
of ions through the cell membrane via membrane em-
bedded ion channel proteins for intercellular communica-
tion. The investigation of these channels in cell mem-
branes as well as artificial planar lipid bilayers is of
paramount importance for pharmaceutical applications.
Electrical measurements of ion channels are traditionally
carried out in the DC regime using the well-established
patch clamp technique [1] and, more recently, the
on-chip planar patch clamping technique [2]. However
Ramachandran et al. [3,4], have shown that the dwell
time of ions in the channel, which is on the order of
nanoseconds, can be probed with radio frequency (RF)

devices. While dielectric spectroscopy of biological
molecules has been reported [5,6], the use of RF signals
for direct investigation of ion channels has not been
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tion. Thus the screening effect of the liquid is substantially
reduced. The reflected signal from our RF “tank” circuit
then acts as a probe for the specimen in the microfluidic
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Figure 1. (a) Fabricated device: (i) pore for fluids, (ii) top
PDMS layer, (iii) inductor, (iv) top glass substrate, (v)
botom glass, (vi) bottom PDMS layer; (b) device layer
squence; (c) waveguide sensing region: dotted line indicates
the line of cut for section (d); (d) sidecut of the sensing re-
gion (not to scale).

device. This setup provides increased sensitivity and a fast
readout capability, as evidenced by Schoelkopf et al. [8,9]
for single electron transport. A similar planar device was
presented by Wood et al. for coulter counting applica-
tions [10] at the micro scale. Utilizing a narrow range of
high frequencies reduces noise and improves the sig-
nal-to-noise ratio, allowing us to perform high speed time
domain measurements with nanosecond resolution. Details
on the operation of the tank circuit are provided below.

2. Fabrication

The device is shown in Figure 1(a): the primary sensing
element is a CPW structure formed by gold deposition on
a 150 pum thick glass substrate (microscope cover slip,
Fisher Sci., Cat. No. 12-545-88). Standard lithography
processes are followed for device fabrication. Before
metal deposition, the samples were subjected to an oxy-
gen plasma in order to enhance adhesion between metal
and the glass. A 150 nm Au layer was deposited on a 5
nm Ti adhesion layer to define the CPW. We sandwich a
thin sheet of Polydimethylsiloxane (PDMS) (Dow Corn-
ing, Sylgard 184 Silicone Elastomer) between the device
glass and a base glass cover slip. An additional PDMS
sheet with a pre-drilled pore was added on top of the co-
planar waveguide structure. The pore could also be used
in simultaneous DC measurements using a planar patch
clamp setup. A technique presented by Yu et al. [11], is
ideal for drilling smooth pores in the glass substrate to
carry out simultaneous RF/DC planar patch clamp meas-
urements. All layers were bonded using uncured PDMS
for strong adhesion. Silver conductive epoxy was then
applied to glue a surface mount inductor and an SMA
connector to the waveguide input.

Copyright © 2013 SciRes.

As shown in Figure 1(c), the end of the signal line is
left open so that it acts as a capacitor, as suggested by
Beilenhoff et al. [12,13] The signal line of the CPW is 50
pm wide and 3.4 cm in length. The ground planes on
either side of the signal line are 200 pm wide with a
spacing of 50 um between the ground planes and signal
line. The gap between the signal line and the ground
plane at the open circuited end is 150 pm.

3. Simulation Setup

Simulations were carried out with Ansoft HFSS [14]. For
simulation purposes, we assume the PDMS sheets to
have a thickness of 1 mm and define the relative permit-
tivity to be 2.5 [15]. The pore in the top PDMS layer is
aligned with the end of the CPW structure and is de-
signed for the addition of microliters of fluids. A repre-
sentation of the different layers used in the device is
shown in Figure 1(b).

Figure 1(d) represents a sidecut taken through the
centre of the signal line, showing the ground plane and
the signal line on either side of the lipid bilayer. The lipid
bilayer was modelled as a sheet with a 4 nm thinness and
a relative permittivity of ¢, = 2. The inductor value se-
lected is 100 nH. In our simulations, we define the sens-
ing region of the device using a cuboid with a 750 um’
base and 50 um height. The cuboid is located in the gap
between the end of the signal line and the ground plane.
The gradient of the electric field is highest in this region
(discussed later) and hence makes the device sensitive to
any perturbations in this region. Figure 1(c) shows this
sensing region, where the position of the lipid bilayer is
indicated in pink.

3.1. Circuit Behaviour

The inset in Figure 2(a) shows a simple circuit equiva-
lent of our setup. The two energy storage elements, the
capacitor and the inductor, together form what is com-
monly referred to as a tank circuit. The impedance of-
fered by the inductor is joL while that offered by the
capacitance is 1/jowC where L and C are the inductance
and capacitance values respectively. This setup causes
the circuit to resonate at a frequency approximated by f=
1/27V(LC) [16]. At this frequency most of the power sent
into the circuit is absorbed and very little is reflected
back to the input port. Variations in the system’s dielec-
tric permittivity due to the formation of the lipid bilayer
lead to an alteration in the circuit capacitance, which is
detected as a change in the resonant frequency.

The reflectance curve indicates the power loss of the
reflected signal in comparison to the input signal power.
The frequency of the resonance is defined by the circuit
inductance and capacitance. The width of the resonance
curve and the signal strength are dictated by the resis
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Figure 2. (a) Simulated reflectance of the circuit for differ-
ent conditions. The inset shows the equivalent circuit dia-
gram of the setup, the dotted region indicates the circuit
equivalent of the coplanar waveguide structure along with
the lipid bilayer; (b) Indicates the difference in amplitude
going from air to water and from water to lipid bilayer
formation.

tance and other losses associated with the non ideal na-
ture of L and C. The quality of the peak is described by
the quality (Q) factor, a measure of the “sharpness” of
the resonant peak. It can be defined as the ratio of the
resonant frequency to the bandwidth at the half power
frequencies. In general a higher Q factor indicates a bet-
ter resonator and a sharper peak.

4. Simulation Results

Figure 2(a) shows results from the reflectance (S11)
simulations for devices with air, water and a lipid bilayer
in the sensing region. Our simulations reveal a detectable
change in the reflectance with the incorporation of de-
ionized (DI) water and a further significant change with
the formation of a lipid bilayer. When the microfluidic
chamber is filled with air, there exists a well-defined
resonance peak in the reflectance signal at 234 MHz.
This resonance shifts down in frequency by 2.7 MHz
when DI water is introduced and again by 1.6 MHz when
a bilayer forms in the sensing region. The amplitude of
the resonant peak changes by 0.98 and 1.5 dB for each
frequency shift respectively.

Figure 2(b) highlights the change in amplitude when
water is introduced into the system and, subsequently,
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when a lipid bilayer forms in the sensing region. Peaks in
this trace represent the frequencies at which the reflec-
tance measurements are most sensitive to changes in the
sensing region. The sensitivity is highest on the shoulder
of the resonant peak at 228 MHz. This is the ideal point
of operation for time domain measurements. There is a
3.3 dB change in response with the introduction of water
and a 2.9 dB change when the bilayer forms. These shifts
in amplitudes correspond to voltage variations that are
easily detectable in a time domain measurement setup. In
general the temporal resolution is given by 1/f and a high
operating frequency is desired for the device.

4.1. Electric Field Distribution

Figure 3 shows the electric field distribution around the
centre of the sensing region, with a cut taken along the
length of the device (Figure 1(c)) in the absence (Figure
3(a)) and presence (Figure 3(b)) of a lipid bilayer. Fig-
ure 3(a) demonstrates that even a small volume of water
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Figure 3. Electric field distribution around the centre of the
sensing region, with a cut taken along the length of the de-
vice (Figure 1(c)) in the absence (a) and presence (b) of a
lipid bilayer. Dotted white lines represent the interface be-
tween different device layers. The signal line is shown in
dark green at the PDMS-glass interface while the lipid bi-
layer is seen in pink at the water-glass interface. x and y
axes denote length in microns. Insets show a schematic of
the device in each case with the dotted line showing plane of
cut.
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has a substantial screening effect on the electric field.
This, however, still permits for an electric field of sig-
nificant magnitude at the centre of the sensing region, as
evidenced in both Figures 3(a) and (b). The field in the
PDMS structure deteriorates with bilayer formation
while the field over the bilayer increases, demonstrating
that the presence of the bilayer influences the electric
field to a large extent. This is expected since the permi-
tivity of the bilayer differs greatly from that of water.
This region of strong electric field over the lipid bilayer
forms the sensing region of the device, as defined in Fig-
ure 1.

5. Experimental Results

Figures 4(a) and (b) show experimental results from the
fabricated device (shown in Figure 1) when different
solutions were added to the pore in the PDMS top layer.
To study the response of the system, we used DI water
and giant unilamellar vesicles (GUVs) suspended in DI
water. The GUVs, consisting of the DPhPC molecule,
were formed in DI water. Allowing the vesicle suspen-
sion to diffuse to the glass substrate enables GUV burst-
ing on the substrate and subsequent bilayer formation.
Controlled experiments were carried out with a 20 min-
ute interval between each experiment and the responses
were very repeatable. The fluid chamber was flushed
with DI water and isopropyl alcohol between experi-
ments, allowing the microfluidic chamber to dry prior to
each new experiment.

GUV bursting was used due to the confined operating
space that the microfluidic chamber presents and a
pre-existing setup to make the vesicles. The technique
has several other advantages with the given setup. When
compared to the adsorption and bursting of small or large
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Figure 4. The measured reflected signal under different
conditions. The device response was measured for air, after
introduction of vesicles suspended in DI water, after allow-
ing the vesicles to settle for 5 minutes, replacing the suspen-
sion with only DI water and after removal of the DI water.
Dotted line indicates the best frequency of operation for the
device. (a) First set of measurements and (b) second set of
measurements.
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unilamellar vesicles, GUV bursting has the advantage of
being able to cover a larger area. Furthermore, because
making the sensing region clean and hydrophilic is diffi-
cult due to the proximity of the gold patterning, the
probability of obtaining a large lipid bilayer within the
sensing region is small when other techniques are used.

Figure 4 makes clear that there is a substantial in-
crease in the reflected signal strength when vesicles are
added to the system. More importantly, there is an even
greater increase in the reflected signal when the vesicles
are allowed to settle in the sensing region, which we at-
tribute to lipid bilayer formation. The changes that may
occur due to multiple layers or vesicle adsorption will
need simultaneous DC investigation which shall be car-
ried out at a later stage. We see another substantial jump
in signal strength when the vesicle solution is replaced by
DI water. Because the vast majority of the vesicle solu-
tion’s composition is DI water, this result demonstrates
that the device is sensitive enough to detect even the
smallest of differences in permittivity.

We observe that there is a decrease in the resonant fre-
quency of up to 10 MHz when DI water is added to the
system, and a 5 MHz shift in response after adding the
vesicle solution. These are both substantial shifts that are
easily detectable in the time and frequency domains. A
smaller, but still detectable shift is seen after the vesicles
are allowed to settle on the device. We achieve this by
leaving the setup undisturbed for 5 minutes after the
vesicle solution is introduced into the pore. When the
device is flushed and dried, the response returns to its
original shape.

There is good agreement between the simulation re-
sults of Figure 2(a) and the measured data. While the
simulation suggests a Q factor of 26, the fabricated de-
vice has a Q factor of 19. The predicted change in am-
plitude upon addition of water to the system is 3.42 dB
while the device itself shows a change of 6 to 8 dB. In
the case of lipid bilayer formation, the simulation pre-
dicts a change of 2.91 dB while the actual results show a
change of 1.6 - 3.15 dB. Also, as suggested by the simu-
lation, operating on the shoulder of the resonance curves
at 248 MHz gives the best detection capability.

6. Simulations for Future Work

To simulate ion channels and other nanopores, we intro-
duced a 5 pm pore in the substrate glass slide (Figures
1(a-iv)). This pore is located in the center of the sensing
region. The bottom PDMS (Figures 1(a-vi)) was re-
placed by saline water. Saline was also assumed to oc-
cupy the pore in the substrate and the top PDMS layer
(Figures 1(a-i)). When representing the ion channel, we
introduced a 4 nm pore in the lipid bilayer. Such a pore
could also represent any other nanopore formed by a
pore-forming protein, such as alpha hemolysin [3]. Fig-
ure 5 shows the results of this simulation.
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Figure 5. Simulated reflectance measurement for detection
of an ion channel in the lipid bilayer system. The traces
show the predicted reflectance upon formation of a lipid
bilayer on the device and upon formation of a nanopore in
this bilayer.

The simulation predicts a change in the reflected sig-
nal amplitude along with a slight shift of resonant fre-
quency when a lipid bilayer forms on the substrate. There
is another shift in the resonant frequency and a 10 dB
change in amplitude when a nanopore is introduced into
the lipid bilayer. These changes are well within the de-
tection capabilities of most high frequency equipment
and will allow for the monitoring of subtle events such as
molecules passing through the nanopore.

7. Discussion and Future Work

Due to the presence of the bottom PDMS layer, the cur-
rently fabricated device is incompatible with the drilling
of the through hole and the incorporation of fluids under
the substrate. These processes, however can easily be
done in future with some minor modifications to the de-
vice fabrication and setup. Experiments with this new
setup shall allow us to measure the DC capacitance of the
system for verification of a stable bilayer formation. Ad-
ditionally, they will allow for simultaneous RF and DC
nanopore measurements. While our simulations show a
change of about 60 fF in the capacitance of the device—a
value calculated based on the resonant frequency, as-
suming the LC circuit model shown in the inset of Fig-
ures 2(a) upon formation of the bilayer, this number just
predicts the capacitance change seen by the RF line for
the current orientation. A traditional measurement of the
bilayer capacitance as commonly reported in literature
can only be performed when the electric field is perpen-
dicular to the bilayer, which would be the case in a DC
measurement.

Copyright © 2013 SciRes.

By controlling the pore size, the inductor value and the
waveguide geometry, it is possible to adjust the resonant
peak over a wide frequency range, thus fine-tuning the
sensitivity. This suggests that nanosecond time resolution
readouts of cellular events can potentially be obtained by
carrying out time domain reflectance measurements us-
ing a simple directional coupler. Our device measure-
ments validate these simulation results to a large extent.

The variations in the simulated and measured data can
be attributed to the imprecise alignment of the PDMS
pore over the coplanar waveguide. Also, the simulation
assumes only a single lipid bilayer centred in the middle
of the sensing region, while there are likely multiple such
layers on the device or a conglomeration of lipids in the
sensing region. Liquid leakage into the small gap be-
tween the top PDMS and the glass may also cause the
variations. We are in the process of developing a better
fabrication method in order to reduce these issues. Most
of these factors can be compensated for by conducting a
simultaneous DC recording, as mentioned previously, in
order to better characterize the device.

8. Conclusion

We have shown that a tank circuit for bilipid data re-
cordings can be realized and yield information on mem-
brane formation. We detected lipids in the sensing region
and found that the device behaviour is in close agreement
with our simulation results. Based on these simulations
and early experimental findings, our system has the po-
tential for carrying out simultaneous RF and DC meas-
urements of ion channels. The technique has applications
in a variety of areas. While it holds promise for high
sampling rate drug screening applications, it also opens
up possibilities for exploring ion channels and other pore
forming proteins in the radio frequency band. Our
low-cost device could prove to be a useful tool for a va-
riety of pharmaceutical and research applications. Other
applications range from studying real time transitions of
ions through pores to whole cell or cell attached planar
patch clamp measurements in the RF domain. One par-
ticularly simple example of applying the setup is an RF,
high speed Coulter counter for use in various fields. Ad-
ditionally, the planar detection scheme employed in our
device can be used in a host of other applications. Be-
cause the extremely thin form factor allows the sensing
element to be patterned into soft and flexible materials,
the device can be used in conjunction with existing
methods along with incorporated microfluidics and aux-
iliary electrical and optical measurements.
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