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A microfluidic system was developed to produce sinusoi-
dal waveforms of glucose to entrain oscillations of intra-
cellular [Ca2+] in islets of Langerhans. The work de-
scribed is an improvement to a previously reported
device where two pneumatic pumps delivered pulses
of glucose and buffer to a mixing channel. The mixing
channel acted as a low pass filter to attenuate these
pulses to produce the desired final concentration.
Improvements to the current device included increas-
ing the average pumping frequency from 0.83 to 3.33
Hz by modifying the on-chip valves to minimize adhe-
sion between the PDMS and glass within the valve. The
cutoff frequency of the device was increased from
0.026 to 0.061 Hz for sinusoidal fluorescein waves
by shortening the length of the mixing channel to 3.3
cm. The value of the cutoff frequency was chosen
between the average pumping frequency and the low
frequency (∼0.0056 Hz) glucose waves that were
needed to entrain the islets of Langerhans. In this way,
the pulses from the pumps were attenuated greatly but
the low-frequency glucose waves were not. With the use
of this microfluidic system, a total flow rate of 1.5 (
0.1 µL min-1 was generated and used to deliver
sinusoidal waves of glucose concentration with a
median value of 11 mM and amplitude of 1 mM to a
chamber that contained an islet of Langerhans loaded
with the Ca2+-sensitive fluorophore, indo-1. Entrain-
ment of the islets was demonstrated by pacing the
rhythm of intracellular [Ca2+] oscillations to oscillatory
glucose levels produced by the device. The system
should be applicable to a wide range of cell types to
aid understanding cellular responses to dynamically
changing stimuli.

Synchronized insulin release from a large number of islets of
Langerhans in the pancreas (∼1 × 106 islets in the human
pancreas) results in oscillatory insulin levels in the blood.

Insulin-dependent tissues are more sensitive to oscillatory
insulin levels than to constant levels, and impaired insulin
oscillations are a characteristic of type II diabetics.1-7 Under-
standing the mechanisms involved in synchronization of the large
numbers of islets in the pancreas is therefore of utmost importance.

One hypothesis of how islets synchronize is through a
liver-pancreas feedback loop.8-10 As blood glucose levels rise,
glucose-stimulated insulin release from islets is increased, which
in turn, facilitates glucose consumption in the liver and other
insulin-dependent tissues. Consequently, the glucose level lowers,
resulting in decreased insulin release from the pancreas as well
as decreased glucose consumption. This lowering of insulin levels
then enables glucose levels to rise again, initiating another cycle
of insulin release and a subsequent decline in glucose levels. As
all islets sense blood glucose levels, these oscillatory blood glucose
levels would induce synchronized and oscillatory insulin release
from the pancreas. There is evidence for this hypothesis, as
glucose levels are known to oscillate in vivo with periods similar
to insulin secretory oscillations.8,11,12 A mathematical model has
shown that a liver-pancreas interaction can result in synchroniza-
tion of insulin release from a large number of islets.10 The first
step in experimentally verifying this hypothesis is to determine if
an oscillatory glucose stimulus can entrain the islet response.
Entrainment is defined here as the control and regulation of the
oscillatory nature of islets to an external forcing signal.13
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There is conflicting evidence on the entrainability of islets of
Langerhans. Several reports have indicated that insulin released
from single islets was entrained to periodic glucose exposure.9,14

Whereas others have shown no change in insulin secretory
oscillations with periodic glucose pulses,13 or entrainment of
intracellular [Ca2+] ([Ca2+]i) was only observed with pulses of
high glucose concentration.15 To aid in further studies of islet
entrainment, it would be beneficial to have a system that could
produce accurate and precise oscillatory concentrations of
glucose in a perfusion system for delivery to islets of Langerhans.

Recently, several examples of microfluidic devices used for
cellular perfusion have been described.16-20 As dispersive chan-
nels act as low-pass filters,21,22 output waveforms generated within
a microfluidic chip need to be within the bandwidth of the device,
yet still provide complete mixing of reagents prior to delivery to
the cell chamber. In previous work, a simple microfluidic device
was developed to produce a series of time-dependent concentra-
tions of an analyte.23 This device was applied to stimulate islets
of Langerhans with step changes of glucose concentration to
initiate changes in [Ca2+]i. A cursory examination of the
bandwidth of the device was performed; however, the repro-
ducibility of higher frequency waves was low and frequencies
higher than 0.0025 Hz were attenuated. As frequencies between
0.0033 and 0.0056 Hz are needed to test the entrainment of
islets, the previous system would not be suitable for this task.

In this report, previously developed theory21,22 was used to
modify the chip design to ensure that the cutoff frequency of the
device was lower than the pumping frequency, yet higher than
the frequencies of the glucose waveforms needed to entrain islets.
This cutoff frequency was chosen to attenuate the pulses from
the pumps to produce a well-mixed desired final concentration
but not attenuate the output glucose waveforms. The cutoff
frequency was increased from the previous 0.026 to 0.061 Hz by
two major modifications: modifying the pneumatic valves to raise
the average pumping frequency from 0.83 to 3.33 Hz and
shortening the mixing channel from 12 to 3.3 cm. This newly
developed device was used to entrain [Ca2+]i oscillations within
the islets to sinusoidal glucose waveforms.

THEORY
As has been well described, dispersive microfluidic channels

act as low pass filters to periodic inputs.21,22,24,25 As shown

before,21,22 the amount of attenuation of an output wave is
dependent on the input frequency (f) and the length of the channel
(L). The ratio of the output waveform, Cout(f,L), to the input
waveform, Cin(f,0), can be approximated by

|
Cout(f, L)
Cin(f, 0) | ≈ exp(- f 2

fC
2) (1)

where fC is the cutoff frequency of the low-pass filter. As
indicated by eq 1, if the input frequency is higher than the cutoff
frequency, the periodic input signal will be attenuated. As will be
shown below, the high frequency pulses from the two on-chip
pumps were used to generate low-frequency glucose waveforms.
Figure 1A shows a series of high frequency pulses, where each
pulse indicates when an analyte plug was delivered to the mixing
channel using the optimal pumping system described in this report
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Figure 1. The low-pass effect of the mixing channel to analyte
pulses. (A) Pulses of fluorescein were delivered to the mixing channel
at the times specified by the vertical lines. The pulses were delivered
at an average frequency of 3.33 Hz with the final concentration of
the pulses dictated by the density of the pulses. (B) Using the optimum
channel dimensions and pumping parameters found in this report,
the attenuation of output waveforms as a function of input frequency
was modeled with eq 1 using a cutoff frequency (fC) of 0.061 Hz.
The two shaded regions indicate the frequencies used to entrain the
islets (shaded region 1) and the pumping frequencies (shaded region
2). (C) After passing the high frequency pulses shown in part A
through the microfluidic device with the filter characteristics shown
in part B, the output was a 0.009 Hz sine wave with an amplitude of
40 µM.
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(3.33 Hz). Since these high frequency pulses of analyte are
attenuated as they travel through the mixing channel, the final
concentration is proportional to the pulse density. Figure 1B shows
the amount of attenuation using a cutoff frequency of 0.061 Hz
modeled with eq 1. The low frequencies needed to test the
entrainment of islets is shown by shaded region 1, and the high
frequencies used for pumping are highlighted by shaded region
2. After passing the pulses shown in Figure 1A through the
microfluidic device with the characteristics of the low pass filter
shown in Figure 1B, the result is shown in Figure 1C where the
high-frequency pulses from the pumps have been attenuated while
a 0.009 Hz wave remains. As can be seen, the position of the cutoff
frequency is critical in achieving the desired experimental results.

The cutoff frequency can be approximated by21,22

fC ≈ 1
2π[V 3

DL]1/2
(2)

where V is the average linear flow velocity through the mixing
channel and D is the dispersion adjusted diffusion constant. In
the previous report, the cutoff frequency of fluorescein waves was
0.026 Hz with waveforms attenuated above frequencies of 0.0025
Hz, too slow to entrain islets. To increase the cutoff frequency, V
could be increased or L decreased. As will be described below,
changes to velocity were limited by the total pumping frequency
and pneumatic valve size. Therefore, L was optimized to produce
the filter characteristics that would attenuate high frequencies
from the pumps but not the low frequencies used to entrain the
islets.

EXPERIMENTAL SECTION
Chemicals and Reagents. HNO3, CaCl2, NaOH, and NaCl

were purchased from EMD Chemicals, Inc. (Gibbstown, NJ).
Poly(dimethylsiloxane) (PDMS) was from Rogers Corporation
(Carol Stream, IL). MgCl2, HF, and Cosmic Calf Serum (CCS)
were from Fisher Scientific (Pittsburgh, PA). KCl, fluorescein,
tricine, dimethyl sulfoxide (DMSO), and Type XI collagenase
were from Sigma (St. Louis, MO). Indo-1 acetoxymethyl ester
(indo-1 a.m.), Pluronic F-127, RPMI 1640, and penicillin-
streptomycin were from Invitrogen (Carlsbad, CA). All solutions
were made with Milli-Q (Millipore, Bedford, MA) 18 MΩ cm
deionized water.

All solutions used in the microfluidic device were made with
a buffer composed of 2.4 mM CaCl2, 125 mM NaCl, 1.2 mM
MgCl2, 5.9 mM KCl, and 25 mM tricine and made to pH 7.4
with NaOH. This buffer was supplemented with either fluo-
rescein or glucose when characterizing pumps or performing
islet measurements, respectively. Accordingly, the solutions
used in solvent and analyte pumps, respectively, were buffer
and 100 µM fluorescein or 3 and 13 mM glucose.

Chip Design and Pumping Program. The device was
fabricated as previously described23 with the following modifica-
tions for increased pumping frequencies. The fluidic channel
dimensions in the pumping region were 220 µm × 50 µm (width
× depth). Within each valve, a 20 µm gap was used to separate
the fluidic channels. The valve seats were etched to 1.10 mm ×
0.35 mm × 50 µm (length × width × depth). The fluidic channels
from the third valves to 2 mm after the junction of the two

pumping channels were 80 µm × 30 µm (width × depth). To
shorten the length of the plugs in the longitudinal direction,24

the remaining 31 mm of the mixing channel was 220 µm × 90 µm
(width × depth).

A pump cycle was composed of 5 steps, the first 4 steps having
times of 40, 30, 40, and 40 ms, respectively. Since the sum of these
4 steps was 150 ms, the total number of pump cycles of identical
volume that could be performed by a single pump in 1 min was
400. The distribution of these 400 pump cycles to the two pumps
dictated the final dilution and was performed by determining an
idle time as the fifth step in the valving sequence. Equations 3
and 4 give the idle time for a designated concentration.

ITpumpA ) 0.15(1 - xA

xA
) 0 < xA < 1 (3)

ITpumpB ) 0.15( xA

1 - xA
) 0 < xA < 1 (4)

where ITpumpA and ITpumpB were the idle times for pumps A and
B, respectively, and xA was the final dilution of analyte from
pump A. The value of xA was determined manually or was
automatically generated and entered into a program (LabView,
National Instruments, Austin, TX). The program was used to
calculate and control the timing and to actuate solenoid valves
(model A00SC232P, Parker Hannifin Corp., Cleveland, OH) via
a PCI-6220 data acquisition card (National Instruments). The
solenoid valves directed air or vacuum to close or open the
microfluidic valve seats. In all experiments, a thermofoil and
thermocouple sensor (Omega Engineering, Inc., Stamford,
Connecticut) were attached to the microfluidic chip to maintain
the temperature of the device at 37 °C.

Isolation of Islets of Langerhans. Islets of Langerhans were
collected as previously described.23 For [Ca2+]i monitoring, 1.0
µL of 5.0 mM indo-1 a.m. in DMSO and 1.0 µL of Pluronic
F-127 in DMSO were mixed and transferred into 2 mL of RPMI
with 11 mM glucose to form a final indo-1 a.m. concentration
of 2.5 µM. Each islet was placed in this solution and incubated
at 37 °C, 5% CO2 for 45 min. After incubation, the islet was
transferred to the cell chamber in the microfluidic device and
washed by perfusion with 3 mM glucose prior to monitoring
[Ca2+]i.

Detection. For waveform characterization, fluorescein fluo-
rescence was monitored at the end of the mixing channel using
a Nikon TS100F microscope. Fluorescence from indo-1 was
monitored using a Nikon Eclipse Ti microscope and a broadband
lamp (Lambda XL, Sutter Instrument, Novato, CA). The lamp was
integrated with a shutter (Sutter), which opened 2 ms every 5 s
to reduce photobleaching of indo-1. Excitation light from the lamp
was sent through an excitation filter (XF1004, Omega Optical,
Brattleboro, VT), and the 355 nm light was made incident on a
multiband dichroic cube (XF2003, Omega Optical). The excitation
light was focused onto the islet through a 40×, 0.6 NA objective,
and the emission was collected by the same objective. The
collected emission was sent through the multiband cube and
entered into a microscope photometer (Photon Technology
International, Inc., Birmingham, NJ) containing a spatial filter.
After passing through the spatial filter, the emission was split by

6706 Analytical Chemistry, Vol. 82, No. 15, August 1, 2010



a second dichroic mirror (XF2006, Omega Optical). 405 and 485
nm bandpass filters (XF3004 and XF3005, Omega Optical) were
used in front of two photomultiplier tubes to minimize crosstalk
between the emission channels. All indo-1 fluorescence measure-
ments are shown as the ratio of the fluorescence from the two
emission channels, which is proportional to [Ca2+]i.26

RESULTS AND DISCUSSION
As shown in Figure 2A, pumps A and B, each composed of

three pneumatic valves, delivered analyte and buffer into the
mixing channel. Ideally, the flow from each of these pumps would
be continuous and the ratio of the widths of the two fluids entering
the mixing channel would dictate the final concentration. Instead,
a pulse of either buffer or analyte was delivered to the mixing
channel in each pumping cycle. In this way, the final concentration
of analyte was produced by longitudinal mixing of the buffer and
analyte pulses within a given period of time. This device is similar
to a microfluidic device previously described for producing output

concentrations using pulse code modulation.21,27 The improve-
ments to the device were driven by the theory outlined above
and consisted of two main features: increasing the pumping and
cutoff frequency. As shown in eq 2, the cutoff frequency depends
on the linear flow rate through the device, which depends on the
valve size and pumping rate.28 Because of this dependence, the
pumping frequency was first increased followed by optimization
of the mixing channel length to make the final adjustments to
the cutoff frequency.

Increasing Pumping Frequency. In the previous iteration
of the device, the average pumping frequency was 0.83 Hz. An
attempt was made to increase this frequency, but as the pump
frequency rose, the opening and closing time of each valve was
reduced, resulting in incomplete opening and closing of the valves.
It was observed that the amount of time needed to open and close
the valve was limited by the time to break the adhesion between
the glass and PDMS within the valve. To raise the pumping
frequency, the contact area between the PDMS layer and the glass
was decreased.

The reduction in contact area was accomplished by varying
the sizes of the gap between the fluidic channel and the valve
seat. It was found that a 20 µm gap in the fluidic channels and a
narrow but deep valve seat (0.35 mm × 50 µm, width × depth)
allowed for rapid actuation of the valve. As shown in Figure 2B,
the narrow valve seat and short distance between the fluidic
channels reduced the area of PDMS attached to the glass when
the valve was closed, and the narrow and deep valve seat avoided
contact of PDMS with the bottom glass piece when the valve was
opened. With these modifications, the pumps were operated at
8.35, 6.65, 5.00, and 3.33 Hz and the pumping monitored. The
frequency 3.33 Hz was selected as the optimum since the valves
did not open or close sufficiently at the higher frequencies, which
resulted in irreproducible flow rates, incorrect dilutions, and
distorted waveforms. However, even with the increased pumping
rate, the flow rate generated was 1.5 µL/min (see below), which
was similar to the previous device and found ideal for quickly
flushing out the 200 nL cell chamber while minimizing shear
stress on the islet.

Increasing the cutoff frequency. The frequency of the
waveforms needed to entrain the islets dictated the required cutoff
frequency of the microfluidic chip. As shown below, islets were
entrained with glucose waveforms with frequencies between
0.0033 and 0.0056 Hz. Therefore, the cutoff frequency needed to
be higher than 0.0056 Hz to ensure the amplitude attenuation at
these frequencies was minimal. We set the cutoff frequency to
be not less than 0.05 Hz. In our previous device, the cutoff
frequency was 0.026 Hz with significant attenuation at frequencies
used to entrain the islets.

As shown in eq 2 and described earlier, the length of the
mixing channel was altered to vary the cutoff frequency. To
determine the optimum length, a series of fluorescein concentra-
tions were produced with the on-chip pumps. The RSD of the
fluorescence signal was measured at various mixing channel
lengths. At short mixing channel lengths, the RSD was large
(>50%) due to the large signal variation from the plugs of

(26) Grynkiewicz, G.; Poenie, M.; Tsien, R. Y. J. Biol. Chem. 1985, 260, 3440–
3450.

(27) Ainla, A.; Gozen, I.; Orwar, O.; Jesorka, A. Anal. Chem. 2009, 81, 5549–
5556.

(28) Grover, W. H.; Skelley, A. M.; Liu, C. N.; Lagally, E. T.; Mathies, R. A.
Sens. Actuators, B 2003, 89, 315–323.

Figure 2. Microfluidic chip and valve design for high pumping
frequency. (A) Top view of the layout for the microfluidic device used
in this report. Pumps A and B delivered analyte and solvent pulses,
respectively, into the mixing channel while maintaining a total flow
rate of 1.5 ( 0.1 µL/min. A zoomed in view of one of the valves is
shown in the inset. Pneumatic channels are shown in gray and
fabricated in the bottom glass layer of the three-layer device. Fluidic
channels are shown in black and fabricated in the top glass layer.
(B) Side view of a valve used for rapid pumping. The contact area of
glass-PDMS was minimized in the closed and open states by
minimizing the distance between the fluid channels and deepening
the valve seat, respectively.
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fluorescein and buffer that had not completely mixed. This
situation is analogous to a cutoff frequency close to the pumping
frequency. As the detection point was moved down the mixing
channel, the cutoff frequency was decreased. The optimum mixing
channel length was chosen as the distance where the RSD was
smaller than 2% for a constant output fluorescein concentration.
At this point, the cutoff frequency was deemed low enough to
attenuate the high-frequency noise from the fluorescein and buffer
plugs, yet high enough to not attenuate glucose waveforms for
islet entrainment. The longest mixing distance necessary to
achieve a 2% RSD was 3.3 cm. Shorter mixing distances will
increase the bandwidth of glucose waveforms but at the expense
of high RSDs leading to low signal-to-noise ratios.

With the use of the design modifications outlined above, a
calibration curve was produced by outputting a series of fluores-
cein concentrations. A linear curve of PMT voltage (volts) vs
fluorescein concentration (micromolar) was produced with the
equation for the best fit line as, y ) 0.067x + 0.072 with an r2

value of 0.999. The flow rate, measured as previously re-
ported,23 was 1.5 ± 0.1 µL/min or 3.8 ± 0.3 nL/cycle over all
dilution percentages tested.

Rapid Sine Waves. Sinusoidal waves of fluorescein concentra-
tion with periods of 0.009, 0.018, 0.030, 0.045, 0.060, and 0.090 Hz
were produced with a median value of 50 µM (Figure 3). For each
frequency, at least 4 periods were produced at amplitudes of 40,
30, 20, and 10 µM. The dashed horizontal lines in Figure 3 indicate
the PMT values corresponding to these amplitudes as determined
by an online calibration. To quantitatively evaluate the attenuation,
the ratio of the output amplitude to the input amplitude was plotted
versus frequency of the input waveforms. All plots are displayed
in Figure 4, except the 0.090 Hz due to the poor reproducibility
of the waveform. Sine waves with a period of 0.009 Hz produced
waveforms with 2.1% attenuation, whereas the other waves were
attenuated to higher degrees, as expected for a low-pass filter.

With the use of the current system, the cutoff frequency for
fluorescein, as defined in eqs 1 and 2, was 0.061 Hz as compared
to 0.026 Hz with the previously reported design. The dashed line
in Figure 4 is the theoretical attenuation of a low-pass filter found
by eq 1 using a value of 0.061 Hz as fC. As can be seen, there
was excellent agreement between the theoretical and measured
attenuation. It should be noted that sine waves generated with
frequencies lower than 0.011 Hz had less than 3% attenuation,
whereas in the previous system the frequency had to be lower
than 0.0025 Hz to achieve this level of attenuation.

Since the dispersion-adjusted diffusion coefficient used in eq
2 is inversely proportional to the intrinsic diffusion coefficient,22

the fC of glucose would be approximately 0.076 Hz using an
intrinsic diffusion coefficient of 6.65 × 10-6 cm2/s.29 As the fC
of glucose was higher than the fC of fluorescein, there should
be less attenuation of the glucose waveforms than the fluores-
cein waveforms. Since a typical frequency sufficient to entrain
islets was 0.0056 Hz (see below), the current device was readily
able to generate these glucose waves with little attenuation.

As shown in ref 28, increased valve sizes can increase flow
rates but at the expense of decreased pumping frequencies. In
the future, the first step needed to increase the bandwidth of the
device will be to produce higher pumping frequencies, which will
allow a higher cutoff frequency to be selected. To produce higher
pumping frequencies, other materials may be needed for the
diaphragm to lessen the adhesion to the glass. For example,
fluorinated polymers have been used with these valves;30 however,
the Young’s modulus of PDMS is orders of magnitude lower than
in these films, making PDMS more attractive for rapid pumping.
A thinner piece of PDMS could be actuated faster, which may
allow for faster pumping rates. The use of an all PDMS-based
device with integrated valves can generate more rapid pumping

(29) Longsworth, L. G. J. Am. Chem. Soc. 1953, 75, 5705–5709.
(30) Grover, W. H.; von Muhlen, M. G.; Manalis, S. R. Lab Chip 2008, 8, 913–

918.

Figure 3. Fluorescein waveforms. From left to right, the input frequencies and amplitudes of sine waves were (i) 0.009 Hz, from 40 to 10 µM,
(ii) 0.018 Hz, from 10 to 40 µM, (iii) 0.030 Hz, from 40 to 10 µM, (iv) 0.045 Hz, from 10 to 40 µM, (v) 0.090 Hz, from 40 to 10 µM, and (vi) 0.060
Hz, from 10 to 40 µM. The amplitudes were compared to the intensities of an online dilution of fluorescein from 10 to 90 µM, which are shown
as the horizontal dashed lines.

Figure 4. Attenuation of sine waves. Sine waves with amplitudes
of 40 µM (black 1), 30 µM (red 2), 20 µM (blue b), and 10 µM (green
9) were applied with periods of 0.009, 0.018, 0.030, 0.045, and 0.060
Hz and the attenuation of the output waveforms were determined as
described in the text. The dashed line was found from eq 1 using fC
) 0.061 Hz.
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frequencies,31 which may be an alternative to the current device.
However, we believe that when the pumping frequency gets very
high, the flow will be continuous in nature, not pulsatile, which
will lead to a different set of criteria for producing concentration
gradients.

A major difference between our device and others that have
used similar methods to produce on-chip dilutions is that the
valves in this report are used to produce the pulses into the mixing
channel and also drive solution flow. Other reports have used off-
chip methods to drive fluid flow and fewer valves to direct a pulse
into a mixing channel.21,27,32 With the use of these methods, the
pulsing frequency should be much higher compared to the device
reported here since fewer steps are needed to produce a pulse.
Even with this limitation of the current device, output waveforms
needed to test islet entrainment could be produced with minimal
attenuation.

Entrainment of Islets. After the above modifications were
made to the microfluidic device to ensure that low-frequency
oscillations of glucose could be made with minimal attenuation,
entrainment of islets was attempted. As shown below, stimulation
of the islets with a constant 11 mM glucose induced oscillations
of [Ca2+]i that had a frequency between 0.0033 and 0.0056 Hz.
The origin of these slow [Ca2+]i oscillations are not the subject
of this manuscript but have been attributed to oscillations in
glycolysis.33-35 Insulin release is known to follow [Ca2+]i

increases,36,37 and we used [Ca2+]i as a marker of insulin release.
As shown in Figure 5A, experiments were initiated at a basal

level of 3 mM glucose (red line) while [Ca2+]i was monitored
(black line). After a short period of time, the glucose concen-
tration was increased to 11 mM, initiating [Ca2+]i oscillations
which had a frequency between 0.0033 and 0.0056 Hz. To
entrain this oscillatory [Ca2+]i response, in the middle of the
fifth oscillation, the constant glucose concentration was changed
to a sinusoidal waveform with a frequency determined from
the average of the periods from the third and fourth [Ca2+]i

oscillation and an amplitude of 1 mM.
To determine if the [Ca2+]i responses were entrained to the

forcing glucose signal, a phase offset (∆θ) between each [Ca2+]i

oscillation and the glucose waves was measured. If the islets
were entrained, the [Ca2+]i oscillations would shift in time to
the glucose waves. ∆θ was found by measuring the difference
in the start times of each glucose wave (tg) and the closest
[Ca2+]i oscillation (tC):

∆θ ) 360◦(tC - tg)/T (5)

where T was the period of the glucose wave applied to the islet.
Figure 5B details tg and tC for the first two glucose waves shown

in Figure 5A. To compare how the [Ca2+]i oscillations changed
after applying the oscillatory glucose levels, the [Ca2+]i oscil-
lations during the stable 11 mM glucose were analyzed by

(31) Unger, M. A.; Chou, H. P.; Thorsen, T.; Scherer, A.; Quake, S. R. Science
2000, 288, 113–116.

(32) Bridle, H.; Olofsson, J.; Jesorka, A.; Orwar, O. Anal. Chem. 2007, 79, 9286–
9293.

(33) Tornheim, K. Diabetes 1997, 46, 1375–1380.
(34) Bertram, R.; Sherman, A.; Satin, L. S. Am. J. Physiol. Endocrinol. Metab.

2007, 293, E890-E900.
(35) Bergsten, P. Diabetes. Met. Res. Rev. 2000, 16, 179–191.
(36) Hellman, B.; Gylfe, E.; Bergsten, P.; Grapengiesser, E.; Lund, P. E.; Berts,

A.; Dryselius, S.; Tengholm, A.; Liu, Y. J.; Eberhardson, M.; Chow, R. H.
Diabetes Metab. 1994, 20, 123–131.

(37) Gilon, P.; Ravier, M. A.; Jonas, J. C.; Henquin, J. C. Diabetes 2002, 51,
S144–S151.

Figure 5. Oscillatory glucose concentrations applied to islets of
Langerhans. (A) Glucose (red line) was raised from 3 to 11 mM to
induce oscillations in [Ca2+]i (black line) from single islets of Langer-
hans. The glucose concentration was then made to oscillate about a
mean of 11 mM, with an amplitude of 1 mM and frequency
comparable to the natural oscillations of [Ca2+]i. (B) The [Ca2+]i trace
from part A is zoomed in on the first two glucose waves. Shown are
the times corresponding to the start of the glucose waves (tg) and
[Ca2+]i oscillations (tC) where the difference in these times are
proportional to the phase offset (∆θ) shown in part C. (C) The ∆θ
between the onset of each [Ca2+]i oscillation and glucose wave was
plotted as a function of the number of glucose waves applied (Ng).
The glucose waves were started at Ng ) 0 with negative values
corresponding to [Ca2+]i oscillations that occurred prior to the onset
of the sinusoidal glucose waveform. Included is a representative trace
from an islet that was exposed to a constant 11 mM glucose (brown
O) where ∆θ did not stabilize and varied throughout the experiment.
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supposing the oscillatory glucose waveform extended for the
entire duration of the [Ca2+]i trace.

Figure 5C shows how ∆θ changed as a function of the number
of glucose waves applied (Ng). The 5 traces shown were
representative of all islets tested (n ) 7 from 5 mice). The start
of the first glucose sine wave was at Ng ) 0, with negative
values of Ng representing [Ca2+]i oscillations prior to the onset
of sinusoidal glucose pulses. As can be seen, prior to the onset
of glucose waves (Ng < 0), there was a drift in ∆θ for all islets.
When the glucose wave was applied, ∆θ shifted to a new value
and remained relatively constant throughout the duration of
the applied glucose waves. The shift in ∆θ and its subsequent
invariance are good indications that glucose waves entrained
islet [Ca2+]i oscillations.

For a control experiment, a similar analysis was made on islets
that did not receive an oscillatory glucose input (n ) 3). For
purposes of analysis only, a sine wave with a period determined
as described above was superimposed on the [Ca2+]i trace and
∆θ calculated. In contrast to the results seen when an
oscillatory glucose concentration was applied, in all islets tested
without a rhythmic glucose signal, ∆θ varied throughout the
experiment (one example shown in Figure 5C, open symbols).

180° Phase Shift. Although the change in ∆θ did imply
entrainment, a second type of experiment was performed wherein
after the sine wave of glucose concentration had been applied for
several periods, a 180° phase shift was inserted into the glucose
waves (Figure 6). The reason for the 180° phase shift was to
“unentrain” the islet and determine if it would become entrained
again to the phase shifted glucose wave. If the islet was not
entrained, the [Ca2+]i oscillations would continue independent
of the glucose waveform and the resulting trace of ∆θ vs Ng

would show a jump of 180° after the glucose phase shift.
However, if the islet was entrained to the glucose pulses, the
[Ca2+]i oscillations would need to reset to the new glucose wave
to maintain a constant ∆θ.

Shown in Figure 6A are two representative traces of the
glucose phase shift experiment. The results of all five islets tested
(from four mice) are quantified in Figure 6B and demonstrate
that upon application of the glucose phase shift the [Ca2+]i

oscillations quickly reset to maintain a constant ∆θ before and
after the phase shift occurred. This process can be observed
in Figure 6A, where the [Ca2+]i oscillation during the glucose
phase shift expanded as compared to the other oscillations in
the figures. The shift in ∆θ upon initiation of the glucose waves
(Figures 5 and 6), and the maintenance of a constant ∆θ before
and after a 180° glucose phase shift (Figure 6), provide further
evidence that the islets were successfully entrained by the forcing
glucose signal produced by the microfluidic device.

CONCLUSIONS
A simple microfluidic device was developed to generate glucose

waveforms to test the entrainment of islets of Langerhans. The
ability to increase the average pumping frequency from 0.83 to
3.33 Hz and shortening of the mixing channel length increased
the cutoff frequency to 0.061 Hz for fluorescein waves. The factor
that limited the use of a higher cutoff frequency was the pumping
frequency. Although the opening and closing of the computer-
controlled solenoid valves used to deliver air and vacuum to the
microfluidic device have the ability to be operated at higher

frequencies than what was used in these experiments, other
alterations of the valve geometry or the use of a different material
would be needed to increase the pumping rate.

The use of this device allowed examination of the entrainment
of [Ca2+]i oscillations in single islets of Langerhans to a
sinusoidal glucose input. The analysis showed that the [Ca2+]i

oscillations were modified and regulated by the glucose waves,
which provided the evidence that the [Ca2+]i oscillations were
entrained. This device should be applicable to further experi-

(38) Bennett, M. R.; Hasty, J. Nat. Rev. Genet. 2009, 10, 628–638.
(39) Kuczenski, B.; Ruder, W. C.; Messner, W. C.; LeDuc, P. R. PLoS One 2009,

4, e4847.

Figure 6. 180° glucose phase shifts. (A) Two representative traces
of the [Ca2+]i changes that occurred when a 180° phase shift was
introduced to the sinusoidal glucose waveform. The [Ca2+]i oscillation
that was affected by the glucose phase shift was much wider than
adjacent [Ca2+]i oscillations. (B) For all islets tested, there was no
change in ∆θ after the 180° glucose phase shift, indicating that the
islet quickly reset to the new glucose waves.
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ments investigating the oscillatory nature of the islets of
Langerhans. As this device is ideal for producing an oscillatory
stimulation, it should also be applicable in investigating the
frequency response of other cell types.20,38,39

In the future, the microfluidic device could be further devel-
oped for stimulating multiple islets simultaneously to provide a
more high-throughput approach. Additional analyte channels could
be added to extend the concentration range or achieve a multi-
analyte perfusion system. In addition, a multianalyte system could
provide higher pumping frequency to further reduce amplitude
attenuation and raise the frequency of output waveforms.

ACKNOWLEDGMENT
X.Z., A.G., and M.G.R. were funded from grants by the NIH

(Grant R01 DK080714) and the American Heart Association
Greater Southeast affiliate. R.B. was supported by NSF Grant
DMS-0917664.

Received for review June 2, 2010. Accepted June 28,
2010.

AC101461X

6711Analytical Chemistry, Vol. 82, No. 15, August 1, 2010


