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Abstract

Microfluidic devices that reduce evaporative loss during thermal bioreactions such as PCR without
microvalves have been developed by relying on the principle of diffusion-limited evaporation. Both
theoretical and experimental results demonstrate that the sample evaporative loss can be reduced by

more than 20 times using long narrow diffusion channels on both sides of the reaction region. In

order to further suppress the evaporation, the driving force for liquid evaporation is reduced by two

additional techniques: decreasing the interfacial temperature using thermal isolation and reducing

the vapor concentration gradient by replenishing water vapor in the diffusion channels. Both thermal
isolation and vapor replenishment techniques can limit the sample evaporative loss to approximately

1% of the reaction content.

Introduction

Many reactions used for biochemical analysis are temperature-controlled and require relative
high operating temperatures. One of the most well known thermal reactions is the polymerase
chain reaction (PCR), an enzyme-catalyzed DNA amplification cycles through three different
temperatures (denaturation (~94°C), annealing (~55°C) and extension (~72°C)). Sanger cycle
sequencing is another thermocycling reaction (~95°C, ~55°C, ~60°C) that utilizes the
termination function of dideoxynucleotide triphosphates (ddNTPs) on DNA chain enlongation.
1 Ligase chain reaction (LCR) and ligase detection reaction (LDR), techniques used to detect
single base mutations, both require elevated temperatures. 2 Restriction of DNA strands into
shorter fragments for DNA analysis is an isothermal reaction but still requires temperatures up
to ~75°C. Traditionally, these biochemical assays have been carried out in bench-top
equipment (e.g., themocyclers) and, although there are many potential applications, the
techniques have not been widely disseminated, particularly for point-of-care applications.

In recent years, microfabrication technologies have paved the way for the development of rapid
and inexpensive bioreaction systems. A miniaturized bioreaction system presents several
advantages over the bench-top equivalent: reduced reagent, labor and equipment costs,
decreased reaction time, reduced risk of contamination, and simplified sample handling. There
are two major types of miniaturized bioreaction systems: batch-based systems where the
stationary reaction solution is heated or thermocycled inside a reaction chamber by either
external heaters 3716 or integrated on-chip heaters, 17724 and continuous flow-based systems
where the sample flows through certain temperature zones with well-defined flow rates. 25~
30 Other novel approaches, such as on-chip rotary reaction, 31 noncontact infrared-mediated
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reaction, 32734 electrokinetically synchronized reaction, 3° electrowetting-based reaction 36
and Rayleigh-Bénard convection-based reaction 37+38 have also been reported. Recent trends
in miniaturized bioreaction systems are to integrate bioreactions with sample preparation,
fluidic handling, and product detection to produce systems that can rapidly, conveniently, and

economically extract information from raw biological samples with greatly reduced cost. 4:7:
11,12,17—20,23,39

One technical challenge in miniaturizing bioreaction systems is preventing or reducing
evaporative loss during thermocycling. Although mineral oils, 4716:10:26 adhesive tapes 19:22
and silicone rubber gaskets 2! have all been used in miniaturized bioreaction devices, most
integrated systems reported so far have used microvalves to prevent evaporative loss. These
microvalves seal the reaction chamber using pneumatically or mechanically actuated
diaphragms, /~9:11,15,17=18,40-43 thermally actuated phase-change pistons, 12:19:39,44 or
polyacrylamide gels.1® Because all microvalves need to provide some kind of physical
confinement and most require some kind of actuations to operate, they often add complexity
to the microfabrication and fluidic operations. In addition, simple microfluidic assays are often
open or unsealed systems to allow the introduction and/or the withdrawal of fluids. Therefore,
a simple technique to reduce the evaporative loss without valves is highly desirable for
microfluidic reaction systems.

We have fabricated microfluidic devices that use diffusion-limited evaporation mechanisms
to suppress liquid loss during thermal reactions. Eliminating the use of microvalves, oil or
gaskets, the basic design uses long narrow diffusion channels in the fluidic network to slow
down the diffusion of water vapor through the channel openings. The vapor evaporation rate
can be further reduced by decreasing the driving force for liquid evaporation. This reduction
is achieved either by decreasing the sample interfacial pressure using thermal isolation or by
decreasing the vapor concentration gradient using vapor replenishment.

Theory and design principles

The principle of valveless reaction devices is based on the concept of diffusionlimited
evaporation. In the design, the input and output channels to the heated reaction chamber provide
a resistance that decreases the evaporation rate from the reaction fluid (see Figure 1(a)). Vapor
that evaporates from the reaction solution meniscus must diffuse through the microchannels
before it can escape through sample loading holes into the ambient environment. The
evaporation rate is limited by this vapor diffusion rate since the phase change at the liquid
surface (i.e., liquid to vapor) is quite rapid and there is no convective flow of air in the channel.

The diffusion-limited evaporation rate can be evaluated using mass transfer equations. At any
given time, there is a vapor-pressure gradient along the diffusion path, from the equilibrium
interfacial vapor pressure at the liquid meniscus to the ambient vapor pressure at the outlets.
As evaporation proceeds, the sample interface recedes in the channel, resulting in an increased
diffusion length over time. According to Fick’s law, the total diffusion flux of vapor Np in the
channel (in the x direction) is determined by

PD, dy
Ny =
RT(1 —y)dx (1)

where P is the total pressure; y is the mole fraction of vapor ( Y= F’and pa is the partial vapor
pressure); Dy is vapor diffusivity in air; T is liquid interfacial temperature; and R is the ideal
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gas constant. Integrating equation (1), we obtain the total diffusion flux of vapor at any given
moment,

PD, P-p,
=——In—,
RTx P - po (2)

where x is the diffusion length (i.e., the distance between the sample interface and the loading
holes); pg and p, are the ambient and sample interfacial vapor pressures, respectively.
Assuming a pseudo-steady-state condition (i.e., the sample interface recedes slowly), the
diffusion flux also equals the amount of water leaving the liquid meniscus,

_ Pw dx

AT M, dt’ )

where M, and p,, are the molecular weight and density of water, respectively. Combining
equation (2) and (3), and integrating fromt = 0 to t = tF, we obtain the distance from the sample
interface to the sample access hole as a function of time at a constant temperature:

F

5 3 2PMWD\,IFln(P—p0)

X — Xn=
Q prTi P - Pv (4)

where Xq, Xg are the initial and final diffusion lengths, respectively; Tj is sample interfacial
temperature; and tg is the reaction time.

For a thermocycling reaction, equation (4) must be modified to include periodically changed
sample interfacial temperatures, T;, and reaction time, tg. The vapor pressure, p,, and vapor
diffusivity, Dy, also need to be changed periodically because they are temperature dependent.
45,46 For example, three sets of T, py, tg and D, are needed for PCR that consists of three-step
thermocycling. The total evaporative volume loss during a three-step thermocycling reaction,
Vioss, is then calculated using equation (5),

j=1 prTij P- ij )

where Tij, pyj, trj and Dy are the sample interfacial temperature, vapor pressure, reaction time
and vapor diffusivity at different thermocycling steps, respectively; n is the number of cycles;
and A is the cross-section area of the diffusion channel. In this equation, variables such as
trj, N, My, and py, are determined by the reaction protocols, and pg is negligible compared to
the atmosphere pressure P. Therefore, the variables that we can adjust to reduce V|qg in the
microfabricated devices are the initial diffusion length xg that is associated with the channel
length L, the channel cross-section area A¢, and the sample interfacial temperature Tj;. The
temperature near the sample interface also determines the interfacial vapor pressure py; and the
vapor diffusivity D;.
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Materials and methods

Device design and fabrication

The long-armed device with thermal isolation contains a 4mm long, 2mm wide and 100um

deep reaction chamber with a rough volume of 800nL, and two 1cm long, 200pum wide and

20um deep channels connected to the reaction chamber. The reaction chamber is surrounded
by a 1um thick and Imm wide silicon nitride diaphragm. The device with vapor replenishment
consists of a serpentine reaction channel (designed volume of 500nL) with two 5mm long and
100um wide straight channels on either end. All channels in this device are 50um deep except
that there are two 150um deep liquid stop structures near the T-junctions in the water channels.

The devices are assembled by bonding silicon and glass substrate components. The fluid
networks are fabricated in a glass wafer using two photolithography and two-step wet chemical
etching due to the non-uniform depth. The detailed procedure for photolithography and wet
etching have been outlined elsewhere.32 In the fabrication process of the thermally isolated
long-armed device, the first lithography is carried out to only pattern the deeper features (i.e.,
the reaction chamber), followed by etching away the exposed metal film. The remaining
photoresist is then stripped away. The second lithography is carried out to pattern the whole
fluid network. The glass wafer is then etched to generate the reaction chamber with a depth of
80um in hydrofluoric acid (49%, CMOS grade; J.T. Baker, Philipsburg, NJ). After removing
the metal film that protects the channels, the second glass etching is conducted to an additional
depth of 20um. Then the remaining photoresist and metal film are removed. The fabrication
of fluid network in the vapor-replenished device follows a similar procedure, except that the
etching depth in each etching step is different according to the design. Sample access holes are
drilled by a homemade electrochemical discharge drilling system. Finally, the glass wafer is
coated with 5um parylene in a parylene coating system (PDS-2010 LABCOTER®2, SCS
Cookson Electronics, Indianapolis, IN), and diced to yield the individual devices.

Silicon fabrication process of the vapor-replenished device is the same as described in previous
work.38 Silicon fabrication of the thermally isolated long-armed device begins with depositing
a 1um thick low stress silicon nitride on a silicon wafer (<100>, 500um thick) by low pressure
chemical vapor deposition (LPCVD). The lithography and liftoff for the heaters and sensors
have also been described in previous work.38 To thermally isolate the reaction chamber, another
lithography is carried out on the backside of the silicon wafer. The exposed silicon nitride layer
is then removed by CF4/CHF3 plasma RIE process. Next, a deep reactive ion etching (DRIE)
process is carried out to selectively remove the silicon substrate and thus obtain a 1um thick
silicon nitride diaphragm.

The procedure to assemble the glass-silicon device has also been described in detail elsewhere.
38 Briefly, Individual silicon devices are fixed on the custom designed printed circuit board
(PCB, Advanced Circuits, Aurora, CO), and then wire bonded (Kulicke & Soffa 4124 Ball
Bonder) using 1.0 mil gold wire. Next, the assembly is coated with 5um parylene. The silicon
and glass components are visually aligned and then bonded using UV curable optical glue.
Finally, the wirebonds are encapsulated with a non-fluorescent epoxy (EP939; Thermoset,
Indianapolis, IN).

Instrumentation

The setup for reaction temperature control consists of a DC power supply (B+K Precision
Model 1760, Yorba Linda, CA), two data acquisition (DAQ) boards (National instruments PCI
6031E and PCI-6704, Austin, TX), two connector blocks (National instruments SCB-100 and
SCB-68, Austin, TX), a signal conditioning circuit, a computer and two LabVIEW programs
(National instruments, Austin, TX). The temperature sensors are calibrated by heating the
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device in a convection oven and recording the temperature-resistance data in a LabVIEW
program. The slope and intercept from a linear fit of the temperature and resistance data is read
into the control algorithms that use a proportional-integral (PI) module to control temperature.
The heaters are connected to the power supply through the signal conditioning circuit that
boosts the supply voltage from the computer with an op-amp gain of 3. During the experiments,
the device is placed on a copper block that sits on a probe station chuck at room temperature.
Lab air supply, controlled by a pressure regulator (Matheson Gas Products Inc, Irving, TX,
Model Number 3701), provides the pneumatic pressure used for fluidic operations.

PCR amplification and analysis

PCR amplification of the Influenza viral strain A/LA/1/87 DNA samples is performed on the
devices. The hemaggultinin gene (HA1) region of influenza viral RNA is reverse transcribed,
amplified, ligated into pPGEM-T vector, and cloned into E. coli. The cloned plasmid is used to
synthesize RNA in vitro with T7 RNA polymerase. The RNA samples are then subject to
reverse transcription to produce the DNA samples that are used in the device. The reaction
mixture consists of 2ng/uL DNA template, 0.2mM each dNTP, 60mM Tris-HCI, 15mM
NH4SO4, 1.5mM MgCl,, 0.3mM each primer, and Tag DNA polymerase 50units/mL
(Invitrogen, Carlsbad, CA). The sequences of forward and reverse primers are 5'-
GTTTGTTTCTCTGGTACATTCCGC-3' and 5'-CAACTGTTACCCTTATGATGTGCC-3',
respectively. A DNA fragment of 690bp is amplified. The thermocycling protocol used by the
on-chip PCR consists of 30 cycles of 94°C for 5s, 55°C for 10s, 72°C for 20s, and 72°C for
30s after 30 cycles. The reaction solution is then collected and analyzed on a 1% agarose gel
electrophoresis prestained with ethidium bromide.

Results and discussions

Based on the principle of diffusion-limited evaporation, three approaches are proposed to
reduce the sample evaporative loss in a microfluidic device during thermal reactions. First,
long channels with small cross sections at both ends of a reaction chamber increase the diffusion
path of the evaporated vapor, greatly reducing the vapor diffusion rate. Second, a thin silicon
nitride diaphragm surrounding a reaction chamber thermally isolates the high-temperature
reaction region from the rest of the device, significantly lowering the temperature and vapor
pressure at the liquid interface as well as the driving force for evaporation. Third, a pure water
meniscus, pinned at the edge of a deep pit that connects to the diffusion channel, is heated
synchronously with the reaction chamber to increase the vapor concentration in the diffusion
channel and therefore decrease the concentration gradient (i.e., the driving force for
evaporation). Each of these techniques is described in the following sections.

Diffusion channel geometry and initial diffusion length

For thermal reactions in microfluidic systems such as PCR, evaporative loss can be significant
compared to the reaction volume if valves or seals are not used. Figure 1(b) shows the
evaporative loss (V|qss) during thermocycling as a function of the amount of liquid that is
initially present in the reactor. For these experiments, we used a simple 13 reactor design
consisting of a straight channel with uniform cross-section area (Figure 1(a)). The evaporative
loss is measured by heating the entire channel using the PCR protocol mentioned previously.
As shown in Figure 1(b), the evaporative loss (V)gss) in a straight uniform channel during
thermocycling (30 cycles of 94°C for 5s, 55°C for 10s, 72°C for 20s) is approximately 40%
~100% of the original reaction volume (Vpcg).

Using equation (5), we also calculated the relative sample evaporative 10ss (V|oss/Vpcr) in @
uniform channel with different channel lengths (L) and initial diffusion lengths (xo ) when the
channel is thermocycled. The temperatures used in the cycling, and the vapor pressure and
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diffusivity at different temperatures are listed in Table 1. The results in Figure 1(c) show that
with the same fractional filled length ((L —2xg)/L), the evaporative loss is reduced dramatically
by increasing the channel length (i.e., the length of the diffusion regions). For a certain
percentage of sample evaporative loss, the optimal initial diffusion length and the minimal
channel length can be determined using Figure 1(c). For example, to keep the evaporative loss
to no more than 10%, the channel should be at least 4cm long with a fractional filled length of
0.5 (i.e., xp=1cmon both ends). The plot also indicates that in most cases, designing the channel
so that the reaction solution fills it half way ((L —2xg)/L = 0.5) will result in less relative
evaporative loss than if the channel is filled completely ((L —2xg)/L =1) or hardly at all ((L
—2X0)/L<0.1). In fact, although the absolute value of evaporative loss is very small when the
channel is alImost empty, V|qss/Vpcr IS Still large due to the small initial reaction volume.

In addition to the channel length and initial diffusion length, the cross-section area of the
channel also affects the V|oss/Vpcr ratio as predicted in Figure 1(d). In this calculation using
equation (5), we divide the channel into three regions: a reaction region with the cross-section
area Ay, and two diffusion regions on either end of the reaction region with the cross-section
area A.. The results show that the smaller the value of A¢/A, is, the less the evaporative loss
will be, implying that narrow diffusion channels with large reaction chambers are preferred.
Note that actual evaporation rates may increase in narrow channels due to the increased extent
of liquid film wetting on the channel wall.*8

Driving force for liquid evaporation

Thermal isolation—In addition to controlling the design geometry, the evaporative loss can
be further reduced by reducing the liquid interfacial temperature using thermal isolation. As is
known, the driving force for liquid evaporation is the difference between the interfacial vapor
pressure p, and the ambient vapor pressure pg. py is strongly associated with the interfacial
temperature T;, and thus decreasing T; will decrease p, and the driving force for liquid
evaporation. In order to obtain low interfacial temperature, excellent thermal isolation is
required because in most microfabricated reactors the low temperature region at the sample
interface is very close to the high temperature region in the reaction chamber. Similar to what
has been demonstrated previously, 47 a low stress silicon nitride diaphragm surrounding the
reaction chamber can be used to produce good thermal isolation characteristics, resulting in a
lower sample interfacial temperature that helps to suppress evaporation (Figure 2).

The interfacial temperature, T;, during a thermal bioreaction is predicted using steady-state
heat transfer simulations. Both devices that we simulated contain a long-armed chamber (i.e.,
a large reaction chamber with two long narrow channels on both ends). In addition, the chamber
in one device is thermally isolated with a thin diaphragm as depicted in Figure 2(a) (also see
Figure 1in ESI). As was demonstrated before, 47 the temperature throughout the device without
thermal isolation is significantly higher than with thermal isolation (see Figure 1 in ESI). This
temperature difference is mostly due to a more than three orders of magnitude difference in
the thermal conductivities of silicon and air (150 W/m-K vs. 0.026 W/m-K).

To investigate the evaporative loss in a long-armed device with thermal isolation, the relative
evaporative loss (Vioss/Vpcr) is calculated theoretically and experimentally. The theoretical
Voss/VPcR ratios are calculated using equation (5) and the simulation results of interfacial
temperature (listed in Table 1). The experimental V|oss/Vpcr ratios are measured during the
reaction in a long-armed device with and without thermal isolation. Both theoretical and
experimental Vqss/VpcR ratios are plotted in Figure 3(a). The plot indicates that the
experimental data fit fairly well with the theoretical results, and that the thermally isolated
device significantly reduces the evaporative loss compared to the device without thermal
isolation. In most cases, with (L —2xg)/L < 0.83 (i.e., Xg > 2mm), the evaporative loss in the
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device without thermal isolation is more than 5 folds higher than that in the thermally isolated
device.

The gel electrophoresis of PCR products collected from the thermally isolated devices shows
that most on-chip PCR exhibits similar amplification efficiency to the off-chip positive control
(Figure 3(b)). No byproduct bands have been detected from both on-chip and off-chip PCR
and the yield (brightness analysis) of amplification increases with the reduction of the
evaporative loss. This result is understandable since evaporative loss changes not only the
reaction volume, but also the sample and reagent concentrations. However, amplification from
different template DNAs requires different optimal concentration and thermocycling
conditions. Thus, the effect of reducing the evaporative loss on the PCR yield may vary for
other DNA samples.

A potential problem associated with this thermal isolation device is that part of the reaction
solution (i.e., the sample in the long narrow channels) will not be amplified because it does not
experience the desired thermocycling temperatures. However, the results in Figure 3(b)
indicate that the unreacted sample volume in the channels will not significantly affect the
overall PCR fidelity and efficiency because the narrow channels have limited volume of extra
solution (less than 10% of the total reaction volume).

To facilitate the reduction of evaporative loss while assuring the reaction efficiency, some key
design factors need to be optimized. The width of the silicon nitride diaphragm is one factor
that can significantly affect the interfacial temperature. As shown in Figure 4(a), a wider
diaphragm is expected to provide better thermal isolation and further reduce the evaporative
loss. This improvement, however, becomes negligible when the diaphragm is wider than
1.5mm. In addition, larger diaphragms may require longer fabrication time and are sometimes
more difficult to handle, implying an optimal width between 1mm and 1.5mm. According to
the previous discussions, complete removal of the silicon under the reaction chamber will
provide better thermal isolation because it further reduces the heat conduction between the
chamber and the rest part of the device.*” However, heat transfer simulations reveal that in
such a design the temperature uniformity in the reaction chamber will be poor compared to the
current design in which the chamber is supported by silicon (see Figure 2 in ESI).

The reaction volume also plays an important role in designing long-armed devices with thermal
isolation. The result in Figure 4(b) indicates that the difference of evaporative loss in a long-
armed device with and without thermal isolation is much more prominent for a smaller reaction
volume (or smaller cross-section area of reaction chamber). In the current design with a
relatively large reaction volume (~800nL), even a device containing long diffusion channels
without thermal isolation can reduce the evaporative loss to less than 4%. However, if the
reaction chamber volume is reduced to 100nL, the evaporative loss is 20% when (L —2xg)/L =
0.83 (i.e., xg = 2mm) in the device without thermal isolation, while only 4% in a thermally
isolated device. Therefore, it is more advantageous to use a thermally isolated device for small
volume reactions.

Vapor replenishment—The driving force for liquid evaporation (i.e., the water vapor
concentration gradient) can also be reduced using vapor replenishment. Vapor generated at a
pinned water meniscus on both sides of the reaction channel can be used to offset vapor lost
from the reaction volume (Figure 5(a)). This pinned meniscus increases the water vapor
concentration near the reaction solution meniscus, thus reducing the vapor concentration
gradient in the channel. The key feature in this design is the liquid stop fabricated by etching
a deep pit near the T-junction (Figure 5(b)). The principle of liquid stop is based on the surface
energy change when the cross-section of capillary enlarges abruptly.*® The liquid stop not only
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prevents the mixing of the reaction solution with the water reservoirs during fluidic operation,
but also defines the location of the water meniscus and thus the vapor source.

Steady-state mass transfer simulations confirm the reduction of water vapor concentration
gradient and flux in the diffusion channels using vapor replenishment. The results of
concentration and flux values along the centerline of the diffusion channel when the reaction
solution is at 94°C are plotted in Figure 6(a) and 6(b). Without vapor replenishment, the vapor
concentration decreases from the reaction solution meniscus (x = 5mm) to the sample access
hole (x = 0mm) (Figure 6(a)), while the total vapor flux is constant along the channel (Figure
6(b)). The results in Figure 6(a) also indicate that adding vapor into the diffusion channel
reduces the vapor concentration gradient between the liquid stop and the reaction solution
meniscus and thus the driving force for liquid evaporation. Clearly the vapor replenishment
increases the total vapor flux from the liquid stop to the sample access hole (0<x<2.5mm), but
decreases the flux from the reaction volume (2.5mm <x <5mm) in comparison to a constant
flux in a straight channel design (Figure 6(b)).

Both simulation and experimental results demonstrate that the operating temperatures at the
pinned water meniscus significantly affect the water vapor flux, as shown in Figure 6(c). In
fact, when the operating temperature is higher than 95°C and the reaction temperature remains
at 94°C, theory predicts that water vapor will condense at the reaction solution meniscus.
Experimental results show the same trend as the theory but the experimental fluxes are positive
for all temperature points tested. This difference could be due to the assumption in the
simulations —fixed reaction solution meniscus position — that does not match the real reaction
conditions. Moreover, the reaction solution meniscus may be heated above 94°C due to thermal
crosstalk from the heated (i.e., above 95°C) water meniscus, a situation that can be eliminated
with proper device design. On-chip PCR with different water-meniscus operating temperatures
produced similar amplification efficiency to off-chip positive controls (data not shown). In
addition, similar to the results obtained in the thermally isolated device, no byproducts have
been detected, and less evaporative loss also leads to higher amplification yield.

Design factors such as the geometry and location of the liquid stop play an important role in
minimizing the vapor flux and the evaporative loss. As shown in Figure 7(a), the total vapor
flux from the reaction solution meniscus decreases with decreasing liquid stop length. A shorter
liquid stop reduces the distance between the vapor source (the pinned water meniscus) and the
T-junction in the diffusion channel, thus increasing the vapor concentration at the T-junction.
This increase will decrease the vapor concentration gradient between the reaction solution
meniscus and the T-junction, resulting in less vapor flux from the reaction solution. A wider
liquid stop (i.e., a larger surface area of the pinned water meniscus) also facilitates the reduction
of vapor flux from the reaction solution by increasing the vapor concentration at the T-junction
(Figure 7(b)). Moreover, the lowest total flux from the reaction solution is achieved when the
liquid stop intersects the diffusion channel at the midpoint (Figure 7(c)).

Conclusion

We have developed valveless strategies to reduce the sample evaporative loss during
microfluidic thermal reactions using the principle of diffusion-limited evaporation. The
microchannels on both sides of the reaction region provide long narrow diffusion paths that
reduce the evaporation rate. Decreasing the driving force for evaporation by either increasing
the thermal isolation of the reaction chamber or by increasing the concentration of water vapor
in the diffusion channel will also limit the evaporation. Both theoretical and experimental
results demonstrate that the proposed strategies can effectively reduce the evaporation rate
during thermocycling and successfully perform PCR without using microvalves. Although
PCR has been taken as an example to demonstrate the capability of the devices, the novel
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miniaturized methodologies provided by these devices can also be applied in microfluidic
devices for other chemical and biochemical reactions. Moreover, these methodologies can be
readily integrated into more advanced devices such as integrated analysis systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Schematic of the simple reactor. X is the initial diffusion length; xg is the final diffusion
length; A is the cross-section area of the diffusion path; A, is the cross-section area of the
reaction region; L is the total length of the channel. (b) Experimental relative evaporative loss
Vioss/Vpcr in a 2cm straight uniform channel with varying fractional filled length (L —2 xg)/
L. (c) Calculated relative evaporative 10ss V|qss/Vpcr in a straight uniform channel with
different channel length. (d) Calculated relative evaporative 10ss Voss/Vpcr in a channel-
chamber-channel design with different cross-section area ratio A¢/A, The total length of the
channels and chamber is 2.4cm and the reaction chamber is 0.4cm long.
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Figure 2.

(a) Schematic of the long-armed device with thermal isolation. The color gradient conceptually
represents the temperature gradient. The actual temperature gradient is shown in Figure 1(e)—
(g) in ESI. (b) Picture of the microfabricated device.
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Figure 3.

(a) Calculated and experimental relative evaporative 10ss V|qss/Vpcr as a function of the
fractional filled length (L —2 xg)/L. The cross-section areas of reaction chamber A, and diffusion
channel A; used in the calculation and experiment are 0.2mm? and 0.004mm?, respectively. m
experimental data in a long-armed device without thermal isolation; A experimental data in a
long-armed device with thermal isolation. (b) Gel electrophoresis of PCR products in the long-
armed device with thermal isolation. Lane 1, the 100bp DNA ladder. Lane 2-lane 6, on-chip
PCR products. The extra sample volumes in the channels are 7.2%, 6.1%, 4.1%, 2.7% and
1.8% of the reaction volume, respectively. The corresponding values of relative evaporative
loss and fractional filled length refer to the experimental data points (from right to left) shown
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in (a). Lane 7, a positive PCR control carried out in a commercial thermocycler. Lane 3 exhibits
lower fluorescent intensity due to sample volume loss during the sample collection process.
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Figure 4.

(a) The relative evaporative loss in a thermally isolated long-armed device with different
diaphragm width. (b) The relative evaporative 10ss V,qss/Vpcr for different reaction volume in

a long-armed device with and without thermal isolation.
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50 108rn WD16
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(a) Picture of the device with vapor replenishment. L, is the distance from the sample access
hole to the centerline of liquid stop; L. is the distance from the sample access hole to the reaction
solution meniscus; W, is the width of the diffusion channel; Ls and Wj are the length and width
of the liquid stop, respectively. (b) A SEM image of the liquid stop structure.
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Figure 6.

(@) Vapor concentration and (b) vapor flux along the centerline of the diffusion channel in the
simulation results. L = 5mm; W = 100pum; Lg =1mm; Wy = 0.6mm. L W, Ls and W are
defined in the captions of Figure 5(a). (c) Vapor flux from the reaction channel with different
operating temperatures at the pinned water meniscuses. Note that a positive flux represents an
inbound flux (toward the sample access hole) while a negative flux represents an outbound
flux (toward the reaction solution meniscus).
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Simulation results of vapor fluxes from the reaction channel (a) when different length of the
liquid stop is used; (b) when different width of the liquid stop is used; (c) when the location of
the liquid stop varies with Lg =1mm and Wg = 0.6mm. All the simulations use 94°C as the
operating temperature at the water meniscus, L = 5mm and W = 100pm. L W¢, Ly, Lsand

W are defined in the caption of Figure 5(a).
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Interfacial temperature, vapor pressure, vapor diffusivity and reaction time used in the calculations

long-armed device without

long-armed device with

PCR steps variables uniform straight channel thermal isolation thermal isolation
Ti 367K (94°C) 360 K (87°C) 313 K(40°C)
P 81447 Pa 62660 Pa 7375 Pa
denaturation - ., -
Dy 3.62x107° m“/s 3.50x107° m“/s 2.74x107° m“/s
tey 5s 5s 5s
Tip 328K (55°C) 325K (52°C) 303 K (30°C)
Py 15737 Pa 14000 Pa 4240 Pa
annealing
Dy, 2.97x107° m%/s 2.92x107° m?/s 2.59x1075 m?/s
tey 10s 10s 10s
Tis 345K (72°C) 340K (67°C) 308 K (35°C)
Pvy 33944 Pa 28000 Pa 5626 Pa
extension - 5 5
Dys 3.25x107° m“/s 3.16xI107° m“/s 2.66x107° m“/s
tes 20s 20s 20s
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