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Abstract A multiport system suitable for pressure con-
trol on a lab-on-a-chip microfluidic device is described.
An agorithm and a strategy for cal culating pressures were
developed to control the flow from multiple reservoirs for
the microfluidic devices. Dye mixing and enzyme assay
titration experiments were performed using pressure-dri-
ven flow only. Results show a good linear response over
two orders of dynamic range.

Introduction

Microfluidic systems or lab-on-a-chip devices have been
extensively studied over the last ten years [1, 2, 3, 4, 5, 6,
7, 8], and proposed for use in capillary electrophoresis
(CE), flow injection analysis (FIA), and chemical reaction
and synthesis. Microfluidic systems also have been ap-
plied to many applications in drug discovery, including
high-throughput screening (HTS) for rapid assay of the
effects of compounds on various chemical and biochemi-
cal systems|[9, 10, 11, 12, 13, 14].

One of the advantages of working with microfluidic
devices is the ease of fluidic control. The capabilities and
implementation of microfluidic systems advanced signifi-
cantly with the advent of electrokinetics — the use of elec-
trical fields to move fluid materials through the channels
of a microfluidic system. Electrokinetic forces have the
advantages of direct control, fast response, and simplicity,
and enable fluid materials to be selectively moved through
acomplex network of channels to effect awide variety of
chemical and biochemical analyses. While electrokinetic
material transport systems have numerous benefits in the
microscale movement, mixing, and aliquoting of fluids,
the application of electric fields can have detrimental ef-
fects in many instances — for example, the sample-bias ef-
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fect during sample injection, or perforation or electropo-
ration of the cellsin an elevated electric field. In addition,
electroosmotic flow depends strongly on the surface prop-
erty of the devices. The reproducibility and long-term sta-
bility of electroosmosis has always been an issue of inter-
est.

To mitigate the problems of electrokinetic systems, hy-
drodynamic flow is sometimes used in microfluidic sys-
tems. The use of external pumps to force liquids directly
through microfluidic channels has previously been pro-
posed. Incorporation of mechanical micro pumps and
valves within a microfluidic device to move the fluids
within amicrofluidic channel has aso been tested. Unfor-
tunately, the flow rate in the microfluidic systems is usu-
ally of the order of nL s™. Accurate control of such atiny
flow of an incompressible liquid is extremely difficult.
Lack of proper control of small pressure differences will
yield irreproducible and erratic results. A system that con-
trols the pressure of a compressible gas at the fluid—air in-
terface directly on top of the wells of the microfluidic de-
vice is a more practical design. Because the flow imped-
ance of the control line could be made severa orders of
magnitude smaller than the impedance of the microfluidic
channels, the pressure change generated by the control
system istransferred completely to the microfluidic device.

In this manuscript, we will describe a system capable
of controlling the flow in microfluidic devices using hy-
drodynamic flow. The basic physics that govern hydrody-
namic flow is very similar to that controlling the electro-
kinetic flow. In microfluidic devices with electrokinetic
control one could operate in either voltage control or cur-
rent control mode. It was generally agreed that the control
of the flow in microfluidic devices by means of the elec-
tric current is more convenient than the control by voltage
and is more relevant to the end user performing chemical
and biochemical assays. For hydrodynamic flow, the pres-
sure is equivalent to the voltage and the bulk flow rate is
equivalent to the electric current. Similar to electrokinetic
control, one would like to control the flow rate instead of
applied pressure in hydrodynamic flow. It is, nevertheless,
much more complicated to measure and monitor the flow
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rate, especially at the micro-scale level. A computer algo-
rithm has been devised to translate the hydrodynamic
flow rates into controllable pressures for each well on the
microfluidic devices.

The agorithm is very similar to network analysis in
electric circuits. To perform the flow-to-pressure conver-
sion, a network list showing the connection of multi-level
hydrodynamic channels was set up for each chip in adata-
base. The channels connected directly to a well form the
lowest level in the virtual network. These channels are
physically joined at a variety of “pressure nodes’ inside
the microfluidic chip. Channels connected between nodes
or between a node and awell form the second level of the
virtual network. Repetition of this process is necessary
until al the channels in the chip can be mapped one-to-
one to the virtua network.

To determine the pressure drop of each channel, knowl-
edge of flow rate and the hydrodynamic resistance of that
channel is needed. The flow rates from the eight wellsin
the lowest levels of the virtual network are specified by
the user. Because the connection is known, the flow rate
of any channel in the network could then be obtained by
propagating through the network, in accordance with
Kirchhoff’s current law, which states that the algebraic
sum of the currents entering any node is zero. The flow
resistances of the channels in amicrofluidic chip could be
calculated on the basis of chip design and reagent viscos-
ity. When the hydrodynamic resistances and the flow rates
are known, the pressure drop in any channel in the net-
work could be calculated using Ohm’s law. The external
pressure supplied to each well is then obtained by sum-
ming al the pressure drops along the virtua network
starting from the node at the top level.

Assuming the hydrodynamic resistance is known, this
multiport pressure system provides highly precise flow
control from each individual channel within a microflu-
idic network. This capability is well suited for many ap-

Fig.1 A schematic diagram of
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plications such as reagent dilution, enzyme assays, and
chemical reactions.

Experimental

Multiport control system. Figure 1 shows a schematic diagram of
our system capable of providing multiple pressure or voltage/cur-
rent control coupled with a multi-reservoir microfluidic device to
manipulate the movement of fluids within microfluidic channel
networks. A home-made eight-syringe pump system is used as our
pressure or vacuum source. The syringe pump is driven by
plungers made by either Kloehn (Model 50120, Las Vegas, NV,
USA) or Cavaro Scientific Instruments (Model XP3000, Sunny-
vale, CA, USA). The plunger drive has a travel distance of ap-
proximately 30 mm and a micro-stepper with resolution of 24,000
steps. The speed of the plunger can be varied in real time from
1.2 sto 20 min per full stroke. Each syringe in the system can be
addressed and operated individually by a PC through a RS232/
RS485 seria connection.

Since the speed of plunger isvery fast, the response time of the
syringe pump is mostly limited by the dead volume and the syringe
size. Although one could easily build an extremely fast pump by
using alarge-volume syringe, large-volume syringes will yield less
resolution in pressure control. To achieve a compromise between
speed and sensitivity, we used 10-mL syringes as our standard
size. In some special circumstances when higher resolution was
desired we used 1 mL or 500 pL syringes.

The other advantage of a syringe pump system is high accuracy
and absence of pulsation noise. The sensitivity of our system is
generally limited by the pressure sensor and A/D noise. If the sys-
tem is leak-tight, we easily achieve the resolution of 0.001 psig for
a5 psig sensor. (1 psig=6894.76 Pa) As alternatives to the syringe
pump, a peristaltic pump or other pressure sources could also be
used

The output of each syringe is then connected to a three-port
valve with a 250 ms turn time between adjacent ports. Thevalveis
driven by a stepper motor with optical encoder for position feed-
back. One port is open to ambient to enable the syringe pump to re-
lease or calibrate the pressure. The other port is attached directly to
another three-way Tee that is connected to a sensor that monitors
the pressure of the pump. For a microfluidic device controlled by
hydrodynamic means one generally prefers to operate at low pres-
sure to simplify chip design and obtain a reasonable flow rate and
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reaction time. One would, on the other hand, like to operate at a
pressure much higher than the hydrostatic and capillary pressure
exerted by the buffer in the wells, to avoid pressure noise. This
capillary pressure is generally in the order of one hundredth psig,
S0 a sensor with a maximum pressure of approximately 1 to 5 psig
will yield a reasonable dynamic range. For most applications, we
used miniature pressure sensors (Model PX185 or 186) from
Omega Engineering (Stamford, CT, USA). These sensors are rela-
tively inexpensive and have a repeatability of +0.15% FS. They
have a fully amplified and conditioned output in the range 1-6 V
dc. The output is connected to a CB-50 connector block and DA Q-
Card-1200 or PCI1200 devices (National Instruments, Austin, TX,
USA). The control program and the user interface are written in
LabView (Nationa Instruments, Austin, TX, USA).

The other end of the sensor Tee is connected to PEEK or
Teflon tubing connected to a pressure manifold to interface with
the microfluidic device. Because the sensor is located far from the
microfluidic devices, the pressure-transmission system must have
relatively low impedance so that the pressure change generated by
the syringe pump will be transferred accurately and completely to
the device. Because the channel depth of the devices used is gen-
eraly of the order of 10 um, 100-um i.d. tubing was used. To a
first-order approximation the hydrodynamic impedance is in-
versely proportional to the fourth power of radius. Consequently,
the impedance in the pressure transmission lines is at least several
orders of magnitude smaller than the impedance of the channel on
microfluidic devices. In addition, ambient air as the compressible
medium was used, which makes the control even faster and more
reliable.

At the end of the pressure transmission system, the tubing is
coupled to a manifold for chip interface. Several different designs
of chip interface manifold were tested. Figure 1 shows a universal
manifold suitable for either electrokinetic or hydrodynamic control
or a combination of both. This manuscript will report the results
obtained from hydrodynamic control only.

In thisuniversal chip manifold, eight T-channels were made on
the block to interface with the reservoirs on a microfluidic device.
A piece of rubber gasket with eight holes was glued to the bottom
of the block to make vacuum seal as the manifold was screwed
down on to the mounting plate. Platinum electrodes were inserted
in one end of T-channels and epoxy glue was used to fix the elec-
trodes and ensure a vacuum seal. The other end of the T-channel
has 1/4-28 fitting and is connected to the syringe pump for pres-
sure control.

For each system, the syringe drive was calibrated in advance by
pulling a fixed number of steps. The change of pressure is mea-
sured and stored in the program as calibration data. The real-time
control of any pressure change is then achieved very rapidly based
on the gas law, PV=nRT, and the calibration data. The response
time of the system obviously depends on many factors, for exam-
ple dead volume, syringe size, etc. For or system the response time
is less than 500 ms for a pressure change from O to 1 psig.

Chip design and fabrication. To utilize the full range of controlla-
bility of the pump, the chip design must be optimized for hydrody-
namic flow. One problem in flow control in microfluidic devicesis
the noise from secondary hydrostatic forces such as capillary
forces within reservoirs. To reduce these unwanted effects the flow
resistance from each well must be large enough such that a maxi-
mum variation of flow rate can be achieved within the dynamic
range of operating pressure. This can be achieved by using a shal-
low channel or flow restrictors. Alternatively, one could also en-
hance channel resistance by using a long serpentine path. One ex-
ample of achip designed for pressure flow is shown in Fig.2. The
side channels have a resistance of the order of 1.3x10" g cm™ s.
The main channel has aresistance of 4.8x10'° g cm s. For a pres-
sure drop between reservoirs of approximately 2 psig, this chip
will provide a mixing time of approximately 6 s and a reaction
time of approximately 20 s. The chip is designed to have roughly
1/3 flow from each pair-well. If 100% flow is from any branch, the
pressure drop across that branch will be beyond the dynamic range
of the system.
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Fig.2 Chip design optimized for hydrodynamic flow control. The
chip has the pair-well design suitable for dilution and enzymatic
studies

Another feature of the chip shown in Fig. 2 isthe so called pair-
well design. If the chip isfilled with buffers of the same viscosity,
the pressure on all junctions can be predicted in advance from a
knowledge of the geometry and the flow rate of the main channel.
Because the two channels for the pair-well are connected to the
common node, and have same hydrodynamic resistances, the
change of flow in one channel could be easily compensated by that
from another channel by varying the same amount of pressure in
opposite direction without changing the flow in the main channel.
By varying the relative pressure of atwo pair-well connected to the
common node, highly reproducible and rapidly changeable con-
centrations can be created to determine standard curves for a
chemical reaction.

A standard semiconductor photolithography process is used to
wet-etch channels, as reported previously [11, 12, 13, 14, 15]. Two
different channel widths, 5 um and 50 pm were used on the mask;
this resulted, after etching, in channels 29 um deep and 74 pm
wide. The chips were made from two layers of soda lime glass.
The top layer contained an array of eight 2-mm diameter holes.
Reagent wells were created by sandwiching the etched layer with
the top layer of glass, and bonded together by a high-temperature
thermal process. After bonding, the chips were thoroughly cleaned
with deionized water.

Microscope and detection system. A modified Nikon TE300 in-
verted microscope with a 50-W tungsten—hal ogen light source was
used for epi-fluorescence detection in this experiment. Two addi-
tional threaded holes were added to the microscope stage to mount
the chip interface manifold described above. There is no overhead
light for transmission microscopy. For examining chips visually,
LED lights are provided in the chip interface and controlled by
means of a separate 9-V power supply.

A D-104 photometer from PTI Technology was attached to the
side port of the Nikon TE300 microscope and used as the detection
system. The PMT output is sent directly to a home-made current
and voltage controller. All data-collection software was designed
in-house and run on a PC.
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Fig.3 Fluorescence signal showing series dilution and mixing of
adye and an aqueous solution
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Fig.4 A plot of measured dilution ratio against set dilution ratio.

The measured dilution is normalized with respect to the saturated
signal and corrected for background signal

Results and discussion
Pair-well dilution

The first experiment was performed to show the ability to
control fluid dilutions precisely. On-chip dilution in mi-
crofluidic devices using electrokinetic force only has pre-
viously been demonstrated [15]. Similar control using hy-
drodynamic means should be shown.

The many different combinations which could be used
for chip design shown in Fig.2. To perform adilution us-
ing wells 1 and 8, a script of pressure settings was gener-
ated automatically to set the relative flow of dye from
well 1 from —4% to +44%, with 10% step size, of the to-
tal flow. The negative flow means the fluid was directed
in opposite direction, flowing back into the reagent well.
The flow from well 8 was correspondingly changed from
+44% to —4% of the total flow, to represent O to 100%
mixing between pair-wells 1 and 8.
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In the experiment, 1 pmol L~ fluorescein dye was
placed in wells 1 and 3. Water was used in all other wells.
The flow from wells 2, 3, 6, and 7 was set to a constant
15% each. The remaining 40% flow comes from wells
1 and 8. Because the flow from well 3 iskept constant, the
extradye signal introduces a constant offset. Figure 3 shows
the raw dye fluorescence data as measured by a PMT
downstream of the intersection node. The step was very
clean and controllability was excellent.

By continuous increasing of the pressure on the dye
well, the fluorescence signal will eventually be saturated
and stabilized when the main channel is filled with 100%
fluorescein dye from dye wells. Knowing this saturated
level and the blank baseline background, the calibrated
measured dilution can be plotted against set dilution as
shown in Fig.4. The results are indicative of very good
agreement between predicted and observed values. The
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Fig.5 (a) Same as Fig.4 but the range is set at the low end be-
tween -4 and 6%. (b) Same as (a) but the range is set at the high
end between 94 and 104%. The plots show a good linear relation-
ship over two orders of dynamic range. A dlight offset is observed
between set and measured dilution
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small offset of zero flow or 100% flow, as shown in Fig.5
(a) and (b), respectively, indicates the channel geometry
can be dlightly different from the simulation. This dis-
crepancy could be reduced further if the channel geometry
was calibrated in advance by measuring the electrical re-
sistance of a conducting standard in the channel.

Enzyme assay

Characterization of an enzyme usually involves determi-
nation of maximum reaction velocity, Vmax, and of a
“Michaelis constant”, Km, for each substrate. Microchip-
based enzyme assays have been demonstrated by many
groups [16, 17, 18]. Electroosmosis was usualy used to
transport these reagents into the network of etched chan-
nels, where the enzymatic reaction occurs. Because elec-
troosmosisis very sensitive to the change of surface prop-
erty, it is sometimes better to perform the assay using
pressure flow only.

The chip shown in Fig.2 is designed to perform en-
zyme kinetic studies using a pressure-driven system for
fluorogenic assays. The enzymatic reaction of alkaline
phosphatase on DiFMUP was chosen as an example.
Cleavage of the non-fluorogenic peptide substrate by the
enzyme provides the fluorescence signal that could be
monitored in the flow stream of the main incubation chan-
nel. In atypical arrangement, the enzymeis placed in well
7 and the substrate is placed in both wells 1 and 3 to in-
crease the dynamic range. Assay buffer is placed in there-
maining wells. The flow is fixed at 40%, 30%, and 30%
for pair-wells 1 and 8, 2 and 3, and 6 and 7, respectively.
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Fig.6 Raw data showing fluorescence signal from a continuous-
flow fluorogenic enzyme titration. The signal from the substrate
only was obtained first by holding the contribution from the en-
zyme well to zero. The substrate was then titrated for 10 different
concentrations from 0 to 70% of total flow. After obtaining the
substrate-only signal, the flow from the enzyme well was set to
30% and the same dilution steps were repeated

By changing the relative pressures on the pair wells, ei-
ther enzyme concentration or substrate concentration
could be varied in real time on a single chip. The diluted
enzyme and substrate then flow into the main channel.
The incubation time is controlled by the vacuum applied
to the waste well.

A script containing the step, duration, and contribution
of flow from each well was used to run the experiment au-
tomatically step by step. The raw data from the PMT de-
tector are shown in Fig. 6. In the experiment the fluores-
cence signal from the substrate only was obtained first by
holding the contribution from the enzyme well to zero.
The substrate was then titrated for 10 different concentra-
tions from O to 70% of total flow. After obtaining the sub-
strate-only signal, the flow from the enzyme well was set
to 30% and the same dilution steps were repeated again.
The whol e experiment required approximately 15 min and
the quality and reproducibility of the data are excellent.

In atraditional enzyme kinetic study, the reaction rate
for each concentration of substrate is measured as the
slope of the signal against time. In theory we could per-
form similar time-dependent experiments by changing the
flow rate in the main reaction channel. It is, however,
much simpler to perform a fixed-time experiment with
constant flow rate in the main channel. If the reaction time
is short enough, which is usually true in a microchip sys-
tem, the signal will be directly proportional to the initial
reaction rate after subtracting the background signal gen-
erated from substrate only. A plot of background cor-
rected signal against substrate concentration is shown in
Fig.7.

The data from this substrate titration experiment were
evaluated using a double-reciprocal (Lineweaver—Burk)
transformation. The resulting plot is shown in Fig.8.
From this plot, the Kmis 1.6 mmol L=
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Fig.7 The plot of reaction rate against substrate concentration for
akaline phosphatase assay using pressure-driven flow. The sub-
strate is DiIFMUP
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Conclusions

Lab-on-a-chip devices provide a novel format for bio-
chemical experimentation. The ability to program and
control fluid transport has always been the most promis-
ing feature of lab-on-a-chip devices. The universal multi-
port system described is capable of controlling multiple
pressures on wells in a lab-on-a-chip microfluidic device.
In addition to simple dye dilution, other experiments in-
volving more complicated flow control were performed.
The ahility to perform plug injection using hydrodynamic
control only was also demonstrated. Because our system
was not optimized for fast response, the plug profile is
much broader than the profile obtained from electroki-
netic injection. It is, nevertheless, possible to reduce the
time constant by using larger syringe pumps with faster
speeds. The universal chip interface also has build-in
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electrodes that enable electrokinetic flow control. Further
work is currently in progress on other applications involv-
ing combination of hydrodynamic and electrokinetic flows.
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