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Abstract Evaporation is of great importance when deal-
ing with microfluidic devices with open air/liquid interfaces
due to the large surface-to-volume ratio. For devices uti-
lizing a thermal reaction (TR) reservoir to perform a series
of biological and chemical reactions, excessive heat-
induced microfluidic evaporation can quickly lead to reac-
tion reservoir dry out and failure of the overall device. In
this study, we present a simple, novel method to decrease
heat-induced fluid evaporation within microfluidic sys-
tems, which is termed as heat-mediated diffusion-limited
(HMDL) method. This method does not need complicated
thermal isolation to reduce the interfacial temperature, or
external pure water to be added continuously to the TR
chamber to compensate for evaporation loss. The principle
of the HMDL method is to make use of the evaporated
reaction content to increase the vapor concentration in the
diffusion channel. The experimental results have shown that
the relative evaporation loss (Vi Vini) based on the HMDL
method is not only dependent on the HMDL and TR
region’s temperatures (Tympr and Trgr), but also on the
HMDL and TR’s channel geometries. Using the U-shaped
uniform channel with a diameter of 200 pum, the Viu./Vini
within 60 min is low to 5% (Tympr = 105°C, Trr =
95°C). The HMDL method can be used to design open
microfluidic systems for nucleic acid amplification and
analysis such as isothermal amplification and PCR ther-
mocycling amplification, and a PCR process has been
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demonstrated by amplifying a 135-bp fragment from
Listeria monocytogenes genomic DNA.
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1 Introduction

Temperature is no doubt the often used parameter in
macro-, micro-, and nano-fluidic systems (Squires and
Quake 2005). Many reactors for biochemical analysis are
temperature-controlled and require relatively high operat-
ing temperatures, such as the temperature cycling reactions
including polymerase chain reaction (PCR) (~94, ~55,
~72°C) (Saiki et al. 1985), Sanger DNA sequencing
(~95, ~55, ~60°C) (Blazej et al. 2006), allele-specific
ligase chain reaction (LCR) and ligase detection reaction
(LDR) (~94, ~60°C) (Hashimoto et al. 2006), and the
isothermal reactions including the multiple-strand dis-
placement amplification (MDA) (30°C) (Marcy et al. 2007;
Michikawa et al. 2008), rolling circle amplification (RCA)
(30-37°C) (Ericsson et al. 2008; Hutchison et al. 2005),
nucleic acid sequence-based amplification (NASBA)
(41°C) (Dimov et al. 2008; Gulliksen et al. 2004; Morisset
et al. 2008), loop-mediated isothermal amplification
(LAMP) (60-65°C) (Lam et al. 2008), padlock ligation
reaction (50°C) (Ericsson et al. 2008), enzyme digestion
reaction (37°C) (Ericsson et al. 2008), and reverse tran-
scription reaction (42-50°C) (VanDijken et al. 2007).
These biochemical assays have been performed in either
bench or microfluidic thermocyclers, and have witnessed
many potential applications.
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During the past several years, microfluidics technologies
have enabled the development of rapid and inexpensive
bioreaction systems. A bioreaction microsystem offers
several advantages, including reduced reagent costs and
the amount of chemical waste, decreased reaction time,
reduced risk of contamination, simplified liquid handling,
and high integration. In general, there are two kinds of
miniaturized PCR systems (Zhang et al. 2006; Zhang and
Xing 2007), a steady fluid PCR (Cho et al. 2006; Easley
et al. 2006; Guttenberg et al. 2005; Legendre et al. 2006;
Matsubara et al. 2005; Neuzil et al. 2006; Oh et al. 2005;
Pal et al. 2005; Pilarski et al. 2005; Prakash et al. 2006;
Toriello et al. 2008), and a dynamic flow PCR (Cheng et al.
2005; Hashimoto et al. 2006; Kopp et al. 1998; Sista et al.
2008). For these two categories of miniaturized systems,
recent trends turn to integrate bioreactors with sample
preparation, fluidic handling, and product detection to
produce micro total analytical systems (UTAS) (Easley
et al. 2006; Sista et al. 2008; Toriello et al. 2008).

One of the well-known issues using miniaturized biore-
action systems is evaporation at the open air-liquid inter-
faces (Berthier et al. 2008a, b; Lynn et al. 2009; Eijkel and
van den Berg 2005). Evaporation can be put to good use
by employing it as a microfluidic pumping (Effenhauser
et al. 2002; Goedecke et al. 2002; Heuck et al. 2008;
Namasivayam et al. 2003; Zimmermann et al. 2005;
Xu et al. 2008) or sample concentration (Timmer et al. 2003;
Walker and Beebe 2002) mechanism. However, evapora-
tion is also seen as a problematic issue for most applica-
tions, especially for temperature-controlled small-scale
bioreaction systems. If no action is taken to replenish the
solvents being evaporated in these systems, sub-microliter-
sized volumes can dry out within a few minutes, requiring a
sufficiently fast analytical procedure (Neugebauer et al.
2004). There are many approaches to preventing or reduc-
ing heat-induced microfluidic evaporation loss during
heating or thermocycling. A straightforward and frequently
used approach is to block any open gas—liquid interface. An
immiscible liquid is typically used to cap the exposed
reaction solutions, such as mineral oil (Easley et al. 2006;
Guttenberg et al. 2005; Legendre et al. 2006; Matsubara
et al. 2005; Neuzil et al. 2006; Sista et al. 2008; Bratten
et al. 1997) or another organic liquid (for example octane)
(Litborn and Roeraade 2000). The non-miscible mineral oil
is a suitable liquid cover preventing evaporation of the
underlying solution because it has a boiling point far above
100°C and a density slightly below 1.0 g/cm’. However, the
use of viscous mineral oil would complicate fluid of interest
and accurate dispensing of nanoliter or picoliter volumes. In
addition, this approach will also increase the risk of cross
contamination. Much akin to mineral oil, wax can also be
used to cover the inlet/outlet holes of reaction chamber to
avoid evaporation of the sample (Gulliksen et al. 2004).
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Another approach is to use microvalves or solid lids to seal
the reaction chamber (Moerman et al. 2005; Cheng et al.
2005; Cho et al. 2006; Oh et al. 2005; Pal et al. 2005;
Pilarski et al. 2005; Prakash et al. 2006; Toriello et al. 2006,
2008). It is common knowledge that the evaporation rate
reduces with increase of the gas pressure around a liquid.
However, because all microvalves require some kind of
physical confinement and most need to provide some kind
of actuations to operate, they often add to the complexity of
the fabrication and fluidic handling (Zhang et al. 2007).
Other approaches can also be utilized to mitigate evapora-
tion. For example, evaporation can be suppressed by
directly placing the microfluidic device in a sealed humid
environment (Litborn et al. 1999, 2000). This involves
control of the relative humidity directly above the air/liquid
interface, usually performed through sample placement
near a water bath to keep the surrounding air saturated with
water vapor. However, this approach is typically empirical
and relies on the assumption that the level of humidity
provided is sufficient to alleviate evaporation. In addition,
as microfluidic devices become denser and use specialized
equipment with space constraints, it is impossible to deposit
liquid in the same manner and a design parameter to ensure
acceptable evaporation is often needed (Berthier et al.
2008a, b). More complicated approaches involve the fab-
rication of reservoir arrays from agarose gel (Minarik et al.
2002). These gel arrays are made of over 90% water, sat-
urating the local environment above each well and greatly
minimizing the evaporation.

Simple microfluidic devices are often open or unsealed
systems to ease the introduction and/or the withdrawal of
reaction fluids. Therefore, a simple approach to reduce the
evaporation loss without covers, microvalves, or sacrifi-
cial water is highly desirable for microfluidic reaction
applications. In this article, we report on a simple, novel
method to decrease heat-induced fluid evaporation within
microfluidic systems, which is termed as heat-mediated
diffusion-limited (HMDL) method. The underlying prin-
ciple of this method is to make the most of the evapo-
rated reaction content to increase the vapor concentration
in the diffusion channel. Therefore, the HMDL method
per se is a self-contained vapor replenishment method-
ology to decrease heat-induced microfluidic evaporation
loss.

2 Materials and methods
2.1 Principle of design for the HMDL method
The principle of the HMDL method is based on the concept

of diffusion-limited (DL) evaporation. Within our initial
experiments, the volume of liquid in the open thermal
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greatly reduce or dry out within a few minutes when it is
exposed to the enhanced temperature condition (for
example 95°C for the denaturation of double-stranded
DNA). This uncontrolled evaporation can lead to unwanted
changes to the initial experimental conditions and, if given
enough time, failure of the microfluidic device. And then,
the long-armed DL regions, which are exposed to the
nature environment, are engrafted onto the TR region
(Fig. 1b). Although this approach can reduce the micro-
fluidic evaporation loss to a certain extent, condensation
occurs within the DL regions, usually done by bringing the
vapor into contact with a solid surface whose temperature
is below the saturation temperature of the vapor. At the
place adjacent to the TR region, the amount of the con-
densate liquid increases with time and the liquid ‘plug’ will
form within the microchannel. As a result, the air gap
forms between the liquid plug and the TR liquid. However,
this air gap has an adverse effect on the steady flow PCR
thermal cycling. When the DL regions are subjected to
elevated temperatures (Fig. 1c), which is termed as the
HMDL method, this adverse effect can be completely
circumvented, while the heat-induced evaporation loss is
effectively reduced.

In the design, the HMDL channels (input and output) to
the heated TR channel provide a resistance that reduces the
evaporation rate from the reaction fluid. Vapor that evap-
orates from the reaction liquid meniscus must diffuse
through the HMDL microchannels before it can escape into
the natural environment. The rate of evaporation is limited
by this vapor diffusion rate. The HMDL evaporation rate
can be evaluated from the mass transfer equations. Written
in terms of D, the diffusivity of water vapor in air, p, the
density of water, C, the mass concentration of water vapor
(kg/m3), and 7, the unit vector normal to the interface, the
evaporation rate, E, is given by: E = %‘ S ;—%dS (Berthier

et al. 2008a). For a three-step PCR thermocycling reaction,
Wang et al. (2008) have recently proposed a relation

loss during a DL evaporation process (Vipss) @ Viess =

2PMyDyjte; 1 ( P—po 2 .
( Z ook 0\ p=,0 ) + x5 — Xo |, where A is the

cross-section area of the diffusion channel, n is the number
of cycles, P is the atmosphere pressure, M, is the molec-
ular weight of water, R is the ideal gas constant, Tj;, py;, tg;
and D,; are the liquid interfacial temperature, vapor pres-
sure, reaction time, and vapor diffusivity at different ther-
mocycling steps, respectively, p, is the ambient vapor
pressure and x, is the initial diffusion length. From this
equation, the variables that we can adjust to decrease Vi
mainly are the initial diffusion length x,, the channel cross-
section area A, and the liquid interfacial temperature 7.
The temperature near the liquid interface also determines
the interfacial vapor pressure p,; and the vapor diffusivity
Dy;. Variables such as n, tg;, My, and py, are determined by
the reaction protocols, and p is negligible compared to the
atmosphere pressure P. In this study, the topic is restricted
to experimental studies concerning the controlled heat-
induced microfluidic evaporation loss using the HMDL
method, with the focus on those experiments from the
constant initial diffusion length x,.

2.2 Description of device design and instrumentation

The experiments were performed using a computer-con-
trolled, LabView-based temperature control and measure
system developed in our laboratory (Zhang and Xing 2009).
A schematic of the equipment is shown in Fig. 2 and the
setup mainly consists of the following parts: three grooved
copper heating blocks (42 mm x 40 mm x 15.2 mm)
hollowed out with a circular hole (8§ mm diameter) which
were fabricated by Automation Engineering R&M Centre
(AERMC), Guangdong Academy of Sciences (Guangzhou,
China), three resistance cartridge heaters (100 W,
8 mm x 40 mm (o.d. x length), Guangzhou Haoyi Ther-
mal Electronics Factory, Guangzhou, China), three
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Fig. 2 Illustration of the temperature control system using the
HMDL method to decrease heat-induced microfluidic evaporation
loss. The microchannel with even or uneven diameter is incorporated
on three constant temperature regions (two HMDL regions and one
TR region)

thermocouples (K-type, 0.005 inch diameter, Omega Engi-
neering Inc., Stamford, CT, USA), the PCI control module
(PCI-4351, National Instruments Corp., Austin, TX, USA),
the terminal block (TBX-68T), and the relay module. When
the PCR thermocycling is performed, the copper heating
block of the TR region is replaced with the thermoelectric
(TE) unit (40 mm x 40 mm, output power of 30 W) that is
powered with a DC power supply (Model PS-305D, Longwei
Instrument Meter Co. Ltd., Hongkong, China). The control
of thermal cycling or constant temperature was performed
with a LabView™ (Version 8.0, National Instrument Corp.,
Austin, TX, USA) program through the PCI control module.
A K-type thermocouple, which was inserted into the bore of
the copper heater block or placed onto the upper surface of
TE unit, was connected to the terminal block which, in turn,
interfaced with the PCI control module. The temperature
acquired with the thermocouple was used as the feedback
signal for the fuzzy proportional/integral/derivative (PID)
algorithm that was programmed in LabView ™.

2.3 Formation of the microreservoir for evaluating
the HMDL method

In order to demonstrate that the HMDL method can be used
to decrease the heat-induced microfluidic evaporation loss,
a series of channel microreservoirs with same length are
constructed. Unless otherwise stated, the length of the TR
region is 40 mm, and the length of each HMDL side is
27 mm. In between two adjacent copper blocks, an air gap
of ~3 mm is used to secure thermal insulation. As a result,
the total length of about 100 mm is used. When the
microchannels within the TR and HMDL regions have
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different cross-sections, they are assembled together with
the home-made miniaturized connectors. It should be noted
that the channel microreservoir is placed onto the hori-
zontal heating blocks to prevent the gravity-induced liquid
flow. During experimental runs, it has been observed that
the liquid of interest can steadily settle in the TR region
within a long time. In addition, the ten parallel grooves of
certain width and depth are formed on the surface of the
copper heater. After the channel microreservoirs are
embedded into these grooves, they are covered with a thin
layer of transparent glass cover whose edges are in contact
with a raised piece of the copper block. Such design
can improve temperature uniformity inside the channel
Mmicroreservoir.

2.4 Experimental procedures

After the channel microreservoir is washed and desiccated,
the liquid of interest is introduced into the microchannel of
the TR region via capillary force, without need of any
pipetter or pump. The filled channel microreservoir with/
without the HMDL sides is then laid on the desired tem-
perature regions. When the HMDL method is used,
the temperature block of the HMDL region is first heated to
the desired temperature (Tyvpr) (for example 105°C), the
temperature of the TR region (TrR) is regulated according
to the experimental requirements (for example 95°C).
Figure 3 shows the typical curves of the Typr and Ttr as
a function of time. As shown in Fig. 3, the Tyy\py is heated
to 105°C and keeps constant after about 90 s. In this work,
the TR region begins to be heated after the HMDL region is
heated for 120 s, and the time when the TR region begins
to be heated is considered as the origin of the time scale of
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Fig. 3 A typical curve of the temperature of the HMDL region
(Tumpr) as a function of time. The inset shows a typical curve of the
temperature of thermal reaction region (7rg) versus time
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the relative evaporation loss (time ¢ = 0). In addition, data
at each point is independently measured thrice. Note that
the developed PID module allows the TR region to be
heated to the desired Ttr as rapidly as possible, with an
over-shoot temperature less than 1°C (Fig. 3). During the
experiments, the assembled device is placed at a room
environment that is air-conditioned at 25 £ 2°C. In addi-
tion, it is necessary to point out that during experimental
runs, the volume of the liquid is indirectly obtained by
measuring the length of liquid within the capillary channel
microreservoir with the home-made measuring device,
which mainly consists of an optical magnifier and a vernier
caliper (Hangzhou Hanggong Tools Industry Co. Ltd.,
Hangzhou, China). One can freely adjust the measuring
device relative to the place where the channel microres-
ervoir is placed. The purpose of using the magnifier is to
ease the observation of fluid so as to improve the precision
of measurement.

2.5 Experimental materials

Taq DNA polymerase (5 unit/pl), 10 x Tag DNA poly-
merase buffer (500 mM KCI, 100 mM Tris—HCI (pH 8.8),
0.8% Nonider P-40), and MgCl, solution (25 mM) were
purchased from Bio Basic Inc. (BBI) (Ontario, Canada).
Deoxynucleotide triphosphate (ANTPs) (10 mM each of
dATP, dGTP, dCTP, and dTTP in water), primers, and
agarose were obtained from Shanghai Sangon Biological
Engineering & Technology Services Co. Ltd. (SSBE,
Shanghai, China). The sequences of forward and reverse
primers were 5'-GGC CTA TAG CTC AGC TGG TTA-3’
and 5-GCT GAG CTA AGG CCC CGT AAA-3,
respectively. With this set of primers, a DNA fragment of
135 bp is amplified. The doubly deionized H,O (ddH,O)
and DNA markers were bought from Tiangen Biotech Co.
Ltd. (Beijing, China). Bovine serum albumin (BSA)
(fraction V; Cat. No. 735094) was from Roche Diagnostics
GmbH (Mannheim, Germany). GoldView™ dye was
purchased from SBS Genetech Co. Ltd. (Beijing, China).
Glycerol (analytical reagent) was purchased from Tianjin
Fuyu Fine Chemical Co., Ltd. (Tianjin, China). The
Listeria monocytogenes (L. monocytogenes) CMCC54007
was obtained from Guangzhou Microbiology Institute
(Guangzhou, China). The glass capillary with inner diam-
eter (ID) 500 or 300 um was obtained from Instrument
Factory of West China University of Medical Sciences
(Chengdu, China). The glass capillary tube with an ID of
50, 100, or 150 pm was provided by Yongnian Ruifeng
Chromatographic Device Co., Ltd (Handan, China). Unless
stated elsewhere, the liquid introduced into the TR channel
for evaluation of the HMDL method consists of 1 x Taq
DNA polymerase buffer, 1.5 mM MgCl, solution, 0.2 mM
each dNTP, and 10% (v/v) glycerol. In this study, the

purpose of use of high boiling point biocompatible glycerol
is to increase the boiling point of the resulting liquid, and
thus to prevent bubble formation at high temperatures.

2.6 PCR amplification and analysis

PCR in a HMDL-based open microfluidic system was
demonstrated by amplifying a 135-bp fragment on the
intergenic region spacer (IGS) between the 16S and 23S
rRNA genes from L. monocytogenes genomic DNA. In
parallel, control runs were performed using a Master-
cycler gradient thermocycler (Eppendorf AG, Hamburg,
Germany). Both the control and microfluidic PCR reactions
were performed with the same reagents, which included
6.0 ng/pl DNA template, 1 x PCR buffer, 1.5 mM MgCl,,
0.2 mM each dNTP, 0.4 uM each primer, 0.5 pg/ul BSA,
0.2 unit/pl Taq DNA polymerase, and 10% (v/v) glycerol.
The thermocycling protocol used by the microfluidic or
positive-control PCR consisted of a 94°C incubation for
2 min for initial DNA denaturation, followed by 30 or 35
PCR amplification cycles consisting of 94°C for 30 s, 55°C
for 30 s, and 72°C for1 min, and a final extension at 72°C for
2 min. PCR products were visualized and analyzed with a
1.5% agorose gel electrophoresis prestained with Gold-
View™ dye.

3 Results and discussion

3.1 Effect of the HMDL and TR region’s temperatures
(TympL, and T7Rr) on the relative evaporation loss
(Vloss/Vini)

The HMDL evaporation is a temperature-controlled method
for decreasing the microfluidic evaporation loss. Therefore,
the effect of Tyvpr on the evaporation loss is first evaluated.
Figure 4a shows the relative evaporation 10ss (Viess/Vini)
versus time for a variety of HMDL region’s tempera-
tures for a set value of Trg = 95°C and uniform channel
diameter of dyypr. = 300 pum and drg = 300 pm, repre-
sentative of a typical medium-scaled reservoir constructed
from glass capillary in this study. In addition, the Tg of
95°C is chosen because this temperature is not only the
denaturation temperature of the used widely PCR-based
DNA amplification technique, but also the temperature of
cell thermal lysis that is an alternative method for disrupting
cell walls or membranes. As shown in Fig. 4a, a decrease in
Vioss! Vini 18 seen with increasing Tynvpr . For example, when
Tumpr is 55°C, the evaporation loss (V)u) in the tested
channel within 60 min is approximately 33% of the initial
volume of liquid (Viy;). For the case of TympL = 85°C,
there is a decrease in V),s/Vip; during the same duration by
42% to reach ~ 19%. However, further increasing Tympr, to
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Fig. 4 a Effect of Tyvpr on the relative evaporation 1oss Vigs/Vini-
b The relative condensate liquid volume V_,,/Vi,; within the HMDL
region and the relative residual liquid volume V,.¢/V;,; within the TR
region as a function of temperature of the HMDL region within
240 min. dHMDL = dTR = 300 pm, TTR = 95°C

95 or 105°C can not obviously decrease the Ve /Vin. In
order to demonstrate the usefulness of the HMDL method,
Vioss! Vini Without HMDL versus time under other same
conditions is also included in Fig. 4a. It is clearly seen from
Fig. 4a that the difference in relative evaporation losses
between with and without HMDL is quite dramatic. The
Vioss! Vini Without HMDL within 60 min is high up to 47%,
which is about twice of that with HMDL at Typy, = 85°C.
This evaporation loss is unacceptable for many microfluidic
applications where the analyte(s) must be maintained within
a certain concentration range.

Experimentally observed Vi./Vin; with HMDL at
Tavor = 85, 95, or 105°C seems to be linearly increased
within the time range of 0-240 min. That is, the evapora-
tion rate is nearly invariable. However, Vs /Vin; without
HMDL shows a non-linear and exponentially increased
trend. The evaporation rate gradually reduces and finally
tends to be “zero”. Such experimental results can be
attributed to the following reasons: (1) for evaporation
without HMDL, the diffusion length gradually increases as
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the menisci at both ends of a channel reservoir recedes (the
initial diffusion length without HMDL is close to be zero).
In general, the increase in the average distance needed for
diffusion will result in the decreased evaporation rate
(Lynn et al. 2009). However, for the case of evaporation
with HMDL, the initial diffusion length at each end of the
TR region is about 30 mm. During evaporation, the
increased diffusion length is far less than this initial dif-
fusion length, and therefore the evaporation rate shows
near-linear. (2) For the zero diffusion length without
HMDL, the liquid of interest will be exposed to a venti-
lated environment that increases evaporation rates
(Berthier et al. 2008a). In most cases, the absolutely
windless laboratory environment is hard to obtain. How-
ever, for the HMDL region with a diffusion length of about
30 mm at each end, this ventilation-induced effect on
evaporation loss of liquid is negligible.

Here, it should be accentuated that the curve with
HMDL at 55°C developed exponentially as without
HMDL. The reasons for this phenomenon can be explained
as follows: when Tyypr. becomes 55°C, the vapor from the
TR region (Ttgr = 95°C) gradually condenses, continu-
ously decreasing the concentration of vapor within the
diffusion channel. As a result, at the early stage the evap-
oration rate within the TR channel with HMDL is still high
(Fig. 4a). However, the amount of the condensate liquid
increases with time, and the liquid ‘plug’ forms at the place
adjacent to the TR region after about 60 min. It has been
found that when the liquid plug forms, the evaporation rate
within the TR channel begins to decrease. This is most
likely because under the similar conditions, the evaporation
rate of liquid at 55°C is much lower than that at 95°C. In
addition, the formed plug of liquid seems acts as the
“valve” to decrease the diffusion of vapor within the TR
region. However, for the case of HMDL at 85°C, the
condensed water in HMDL section greatly decreases. Even
at the early stage (for example within 120 min), it is hard to
observe the formation of the condensed water. Within
~ 240 min, its volume of the condensed water is only 1%
of the initial liquid volume. As a result, during the exper-
iments, it cannot form the liquid plug. This result can be
attributed to the following reason: when the air gap of
~3 mm is used between two adjacent copper heating
blocks, the microchannel between them suffers from a
gradually decreased temperature gradient from the TR
region (95°C) to the HMDL region (85°C). While the vapor
evaporated from the TR region diffuses through this region,
its temperature gradually decreases, but its saturation
temperature is still very close to the temperature of channel
innersurface within this region. Therefore, the phenomenon
that the condensed water in the HMDL region affects the
evaporation of liquid within the TR region is not apparent
for the case of HMDL at 85°C.
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As stated previously, the HMDL method developed here
makes full use of the liquid condensated at the DL region
and the long-armed DL evaporation to decrease heat-
induced microfluidic evaporation loss. Figure 4b displays
the relative condensate liquid volume V. ../Vi, in the
HMDL region and the relative residual liquid volume
Vies/Vini in the TR region as a function of Tyypr. within
240 min. It has been shown that V.../Vii or Vid/Viu
gradually reduces with increasing Tyypr. For example, at
Tumpr = 55°C, the volumes of condensate liquid within
the HMDL regions and residual liquid within the TR region
are ~18 and 71% of the original liquid volume, respec-
tively. For the case of Tympr = 85°C, the volumes of
corresponding liquid within each region decrease to ~1
and ~ 54%, respectively. The small amount of condensate
liquid still remains within the HMDL regions. When
Tuwmpr, 1s further increased to 95 or 105°C, condensation
does not take place. In the experimental results described
below, 105°C is chosen for Tympr in each case, similar to
the working manner of the heated lid in the conventional
PCR machines.

In addition to Tympr, Itr also affects Viye/Vini Or
evaporation rate. It is of great importance to evaluate the
effects of the Trr since different Trg used within the TR
region will associate with different potential applications of
the HMDL method, such as some isothermal amplification
reactions that have been well used to produce large numbers
of amplification products from small biological samples. In
general, different isothermal reactions require different
constant temperatures such as MDA (30°C), RCA (30-37°C),
NASBA (41°C), LAMP (60-65°C), reverse transcription
reaction (42-50°C), enzyme digestion reaction (37°C), and
padlock ligation reaction (50°C). As is known, the driving
force for liquid evaporation is the difference between the
interfacial vapor pressure p, and the ambient vapor pressure
Do, and p, is strongly associated with the interfacial tem-
perature T;. For the experiments performed in this work, all
liquid of interest is ensured to be situated in the desired TR
region. Therefore, the relative evaporation loss is dependent
on the Trgr. Figure 5 shows the dependence of Viqs/Vini
without/with HMDL on Trr. The comparison between
Fig. 5a and b further shows that the HMDL approach has an
acute effect in reducing the microfluidic evaporation loss.
Furthermore, for the two cases presented, Vio./Vini reduces
with decrease of Ttr. For example, when the HMDL
regions are used, Vius/Vini at Trr = 95, 72, 65, 55, and
45°C within 60 min is approximately 19, 6, 5, 4, 3%,
respectively. As much as within 120 min, Vjo/Viy; at cor-
responding Ty is about 34, 12, 10, 8, and 5%, respectively,
showing a slight increase in Vjos/Vini. Such results have
shown that the HMDL technique in this study can be used
for the above-mentioned biological and chemical applica-
tions where the isothermal reactions are required.
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Fig. 5 Effect of Ttg on the relative evaporation loss. a Without the
HMDL region (drg = 300 pm). b With the HMDL region (dympr. =
drr = 300 pm, Tyypr = 105°C)

3.2 Effect of HMDL and TR’s channel geometries
on the relative evaporation 10ss (Vioss/Vini)

Experimental observed evaporation rates of liquids con-
tained in certain reservoirs have been shown to be strongly
associated with the geometry of the reservoir. For example,
Lynn et al. have shown that the evaporation rate is higher
for an expanding reservoir than a contracting reservoir for a
given volume of liquid (Lynn et al. 2009). Wang et al.
(2008) also showed that the cross-sectional area of the
channel affected the Vs /Viy; ratio. In this work, a simple
reservoir design consisting of a straight channel with uni-
form cross-section area is first used to evaluate the effects
of different cross-section areas on the V.. /Vi, and evap-
oration rate (Fig. 6). For the two cases with/without
HMDL, within the same duration of time both V},./Vi,; and
average evaporation rate decrease with reducing diameters
of the channel. For dyypr = drgr = 500, 300, and
100 um, the Viu./Vini with HMDL within 60 min are
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Fig. 6 The relative evaporation loss with/without the HMDL region
Vioss/ Vini @s a function of time within the uniform channel reactors
with different diameters. Tiypr, = 105°C, Trg = 95°C

approximately 22, 18, and 15%, respectively. Under other
same conditions, the V), /Vin; without HMDL are high up
to approximately 56, 46, and 21%, respectively. The
evaporation rates are reduced in channels of small diameter
due to the decrease in the available interfacial area for
diffusion area. It should be noted that the evaporation
loss without HMDL changes more rapidly than that with
HMDL. For example, Vius/Vini without HMDL within
60 min sharply reduces from 47% at drg = 300 um to
22% at dtgr = 100 pum. Under other same conditions,
however, the relative evaporation loss with HMDL for
drr = 100 pm (Vipss/Vini = 15%) is only slightly lower
than the case for drg = 300 um (Viess/ Vini = 18%). These
results show that within straight small channels with uni-
form cross-section area, V},./Vin; with HMDL is lower than
that without HMDL, but has little dependence on the
diameter of small channel. In fact, although the absolute
value of evaporate loss is very small when the thin channel
is used, Vios/Vin; is still large due to the small initial vol-
ume of liquid.

Different from the uniform channels, the straight chan-
nels with varying cross-sectional area would have the
ability to further decrease Vi, /Vin. During the experi-
ments, the straight channel is divided into three regions:
one TR region with the cross-sectional area Atg and two
HMDL regions on either end of the TR region with the
cross-sectional area Aynpp. Figure 7 illustrates the effect
of the Agmpr, on Viee/Vini- It needs to be noted that in all
cases, the drg within the TR region keeps constant
(drr = 300 pm), but the dgypr. in the HMDL region is
changeable (dynpr = 50, 100, 150, and 300 pm). The
results in Fig. 7 shows that the smaller the value of Ay
pL:ATR 18, the less the Vi, /Vin will be, implying that the
narrow HMDL channels with large TR channels are
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Fig. 7 Effect of the cross-sectional area of the HMDL channel
(ApmpL) on the relative evaporation loss. In all cases, the cross-
sectional area of the thermal reaction region (Atr) iS constant
(dtr = 300 pm), the dyypr Within the HMDL region is 50, 100, 150,
and 300 pm, respectively. Tympr = 105°C, Ttgr = 95°C

preferred. For example, when the Agypr :Atr ratio changes
from 1:1 to 1:4, the V},/Vini Within 60 min decreases from
19 to 10%. However, to further decrease this ratio, only
results in a litter decrease in Viu./Vin;. For two cases of
both Agmpr:Atr = 1:9 and 1:36, the Viu/Vin; within
60 min keeps approximately 9%. As was demonstrated
before (Wang et al. 2008), the evaporation rates may
increase in narrow channels due to the increased extent of
liquid film wetting on the channel wall. However, it has
been clearly shown in Fig. 7 that this functional relation-
ship does not hold true for the HMDL method in this study.
One possible reason for this phenomenon is that the liquid
film is hard to form on the channel wall since the HMDL
channel is maintained in the high temperature environment
(up to 105°C). Note that when Tyympr keeps low (for
example 85 or 55°C), the vapor evaporated from the TR
region (Ttgr = 95°C) condenses at the HMDL region and
the condensate wets the surface of HMDL channel and
forms a liquid film on the surface. Moreover, this wetting
would be extended by narrowing the dyypr, in the HMDL
region, and thus the film evaporation rate may increase.
However, shrinking the diameter of HMDL section will
greatly decrease the diffusion rate of vapor within the
tested channel. In addition, under other same conditions,
the evaporation rate of liquid at Tyypr = 85 or 55°C is
lower than that at Ttg = 95°C. As a result, when the
dympr. 18 decreased for the case of low Tympr, the net
Viess/ Vini should be decreased. However, decreasing the
dympr, Within the HMDL region has no or little effect on
the wetting within the TR section since the drr at the TR
region keeps constant.
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In addition to the effects of the Agympr, on the Vigee/ Vinis
the Atg and geometry of the TR channel have also an
active effect on the Vs /Vi,. Figure 8a illustrates the
schematic of a straight channel (drgr = 300 um, dympr =
200 pm) and U-shape channel (drr = dympr. = 200 pm),
giving a same initial volume of 3 pl for the TR channel.
Figure 8b shows the Vi.s/Vin; as a function of time in two
cases of Fig. 8a. For a given volume of liquid, the V)qss/Vin;
and evaporation rate within the thin TR channel are much
lower than those within the thick TR channel due to the
decrease in the available area for diffusion area as drgr
decreases. For example, the V), /Vi,; within 60 min
decreases from 14% for dyg = 300 um to 5% for
dtr = 200 um, and the average evaporation rate has also a
similar dependence on drr. This result shows that to per-
form the TR with same volume of liquid and HMDL
channel, thin TR channels are preferred. Moreover, in order
to decrease the footprint of device, the U-shaped or ser-
pentine TR channels should be used.
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Fig. 8 Effect of the cross-sectional area (Atr) and geometry of the
TR channel on the relative evaporation loss. a Schematic of the
straight channel (i) (drr = 300 pm, dyvpr = 200 pm) and U-shape
channel, (ii) (dtr = dympL = 200 pm), giving a same initial volume
of 3 pl for the thermal reaction region. b The relative evaporative loss
Viess/ Vini as a function of time in two cases of (a). Tyvpr = 105°C,
TTR = 950C

3.3 Applications of HMDL-based open microfluidic
systems to PCR thermocycling systems

One of our goals in this study is to develop an open
microfluidic system for PCR thermocycling so as to cir-
cumvent the problems associated with solid/liquid lids or
microvalves that are often used to seal the TR microres-
ervoirs to reduce the evaporation loss. The aforementioned
experiments on the Vj,./Vin; as a function of time (Figs. 4,
5, 6, 7, 8) are all performed at the constant Ttg, with the
result that lower Vj,/Vini can be obtained at these tem-
peratures within a relative long time (for example 60 min).
By considering and comparing the results in Figs. 5, 6, and
7, it is reasonable to think that the HMDL method can be
used to construct an open microfluidic systems for PCR
thermocycling. Figure 9a displays the thermocycling
curve of the straight channel-based TR microreservoir
(drr = 300 pm, dgvpr = 300 or 100 pm) within the TR
region (only 16 cycles were shown). The thermal cycle
protocol started with a 2-min 94°C initial denaturation step
followed by 40 cycles of 0.5 min at 94°C, 0.5 min at 55°C,
and 1 min at 72°C, with a final extension of 2 min at 72°C,
giving a total reaction time of about 154 min. The V}us/Vini
as a function of the number of PCR cycles is shown in
Fig. 9b, where the Apypr:Atr 1S 1:1 (dampr = dtr =
300 pum) or 1:9 (dgmpr = 100 um, dtgr = 300 pm). For
two cases, the Viu./Vin seems to linearly increase with
increase of number of PCR cycles. After 35 cycles, the
Vloss/Vini is ~19% for AHMDL:ATR = 1:1 and ~10% for
AuvmpL: AR = 1:9. In the PCR microfluidic devices
reported before, the effect of the sample evaporation loss
on PCR amplification has been investigated by some
searchers. For example, Prakash et al. (2006) have
observed that samples that lost more than about 50% of
their volume during the PCR stage were generally unsuc-
cessfully amplified. In this context, the PCR may only be
successful if it is started with a sufficiently large number of
DNA molecules, so as to obtain a detectable amount of
PCR product after about 20 cycles. After 35 thermal cycles,
the PDMS chip, where the volume of liquid lost was only
about 0.4 pl, i.e., about a 23% fluid loss, could give a
reliable PCR result, using samples with either a large or
small number of template molecules (Prakash et al. 2006).
Note that Prakash et al. did not compensate for the changes
in the concentration of the salts and other possible PCR
inhibitors by the 23% loss of fluid. Therefore, the HMDL-
based open microfluidic system developed here is suitable
for PCR thermocycling.

To demonstrate that PCR can be achieved on the HMDL-
based open microfluidic system, three-parallel amplification
of a 135-bp gene fragment from L. monocytogenes genomic
DNA was performed on the current device using the
straight channel-based TR microreservoir (drgr=300 pm,
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Fig. 9 a Temperature cycling curve of the straight channel-based
TR microreservoir (drg = 300 pm, dgmpr = 300 or 100 pm) (only
16 temperature cycles were shown). The thermocycling profile
consisted of 94°C for 2 min for the initial denaturation, 40 cycles
of 94°C for 0.5 min, 55°C for 0.5 min, and 72°C for 1 min,
followed by 2 min at 72°C for a final extension, which gave a total
reaction time of about 154 min. b The relative evaporative loss
Viess/Vini as a function of the number of PCR cycles when the
AHN[DL:ATR is 1:1 (d}HVﬂ)L = dTR =300 ]Jnl) or 1:9 (dl"ﬂ\/ﬂ)L =100 pm,
dTR = 300 um) THMDL = 105°C

dympr=100 um) and the thermocycling parameters
described in Fig. 9. Figure 10a, b shows the PCR products
collected from the open microfluidic system and the com-
mercial thermocycler after 30 thermal cycles. It has shown
that open microfluidic PCR exhibits similar amplification
efficiency to the positive control in the commercial PCR
thermocycler, and that no byproduct bands have been
detected from two reaction systems. After 30 thermal
cycles, the V)u/Vini is approximately 9% for the open
reaction system. It is necessary to note that during the open
system-based PCR runs, the same reagent components were
used as those in the commercial apparatus, and the reaction
protocol was not optimized, indicating the robustness of
the HMDL-based open PCR system. However, some
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Fig. 10 Electrophoretic assessment of PCR products obtained using
the HMDL-based PCR microfluidic system and the commercial
thermocycler. a and b were the PCR products after 30 thermal cycles
using the HMDL-based microfluidic system and the commercial PCR
system. ¢ and d were the 35-cycle PCR products performed in the
HMDL-based microfluidic system and the commercial PCR system.
Lane M, DNA markers, Lanes 1-3, three-parallel PCR reactions under
the same reaction conditions. And, the used thermocycling parameters
are demonstrated in Fig. 9 (drr = 300 pm, divpr = 100 pm)

nonspecific side-products were found when 35 thermal
cycles were used in the current open reaction system, as
shown in lanes 1-3 of Fig. 10c, where the V ./ Viy; is about
10.5%. To test whether the production of the unspecific
byproducts is due to the increased evaporation loss resulted
from the increase of PCR cycles, the 35-cycle positive-
control PCR was also carried out in the commercial ther-
mocycler under the similar reaction conditions (Fig. 10d).
The results showed that the nonspecific PCR products
appeared in each of three-parallel positive controls.
Therefore, the unspecific byproducts detected after 35
cycles within the HMDL-based open PCR system are not
due to the increased evaporation loss, but due to the PCR
chemistry itself and/or the thermal cycling protocol. By
using the optimized PCR components and thermocycling
parameters, the increase of the number of cycles maybe will
not result in the unspecific byproducts.
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The current thermal cycling for the HMDL-based open
PCR microfluidic system is performed in a commercial
Peltier device controlled by the fuzzy PID strategy. The
thermocycling device is not optimized and efficient tem-
perature transitions of only ~ 1.0°C/s are achieved. Most
of the cycling time is spent on cooling and heating during
the reaction process. As a result, a 40-cycle PCR thermo-
cycling needs to be completed within 154 min, and
the Viess/Vini 18 ~23% (AgmpL:Atr = 1:1) and ~12%
(AumpL:ATr = 1:9) during this duration. In order to
decrease Vioes/Vini during the thermal cycling, the heating/
cooling rates should be increased. Although the high
thermal mass of the Peltier device weakens the thermal
response of the entire PCR microdevice, ~5°C/s heating
rates can still be acquired (Prakash et al. 2006). Alterna-
tively, the microelectromechanical systems (MEMS)-based
film heaters have a smaller thermal mass, and thus allow
faster thermal response and heating rates high up to 10°C/s.
To date, the fastest heating rate (175°C/s) and cooling rate
(125°C/s) have been obtained using this method, where 40
PCR cycles can be accomplished in <6 min (Neuzil et al.
2006). Currently, we are examining improved designs of
thermal cycling to increase the heating/cooling rates to
decrease the cycling time. The improved design provides
powerful DNA amplification by using the HMDL-based
open microfluidic PCR system.

3.4 Comparison of different methods to decrease/
prevent liquid evaporation loss within microfluidic
systems

In previous studies, various methods of reducing/prevent-
ing liquid evaporation loss within close or open microflu-
idic systems have been well developed. Several typical
results are compared and listed in Table 1. In general, solid
covers can be used to seal the liquid sample to form a close
microfluidic system, where liquid sample evaporation is
greatly reduced and no appreciable evaporation loss can be
observed over a long period (Cho et al. 2006; Moerman
et al. 2005). The principle of this approach is to resist the
internal pressure generated during thermal reactions. It is
known that the evaporation rate reduces with the increase
of gas pressure around a liquid. Cheng et al. (2005) have
recently developed an improved solid cover approach to
decrease sample evaporation within the oscillating-flow
PCR chip. In their approach, a single opening serves for
both sample loading and syringe pump port. When the
sample plug is pumped to high-temperature zones, the
internal pressure increases by six times and thus the sample
evaporation is greatly reduced. It has shown that ~70% of
the sample remains as a unified plug following 30 tem-
perature cycles. As stated above, however, the solid cover
approach will increase the complexity of fabrication and

Table 1 Comparison of methods of decreasing/preventing evaporation loss within microfluidic systems

Reference

Evaporation loss

Volume

Heat condition

Field of application

Method

of liquid

This work

~5%
~10%

~3 ul

60 min at 95°C

Steady flow PCR

Heat-mediated diffusion-

~3 ul

35 cycles (30 s at 94°C, 30 s at 55°C, 60 s

limited (HMDL)

at 72°C); heating/cooling rate: ~ 1.0/~ 1.0 (°C/s)

35 cycles (5 s at 94°C, 10 s at 55°C, 20 s

Wang et al. 2008

~1%

Steady flow PCR

Diffusion-limited evaporation

at 72°C); heating/cooling rate: ~4.5/~4.5 (°C/s)

with thermal isolation and
vapor replenishment

Guttenberg et al. 2005
Cho et al. 2006

10%

200 nl

35 cycles; heating/cooling rate: 10/5 (°C/s)
40 cycles (1 s at 92°C, 15 s at 62°C)

Steady flow PCR

Mineral oil cover

No appreciable

1w

Steady flow PCR

Sealing the inlet/outlet

evaporation
~23%

holes using the tape

Prakash et al. 2006

~1.75 pl

Steady flow PCR 35 cycles (60 s at 94°C, 60 s at 55°C, 60 s

Vapour barrier

at 72°C); heating/cooling rate: ~ 4.5/~ 4.5 (°C/s)
30 cycles shuttled along a radial temperature gradient

Cheng et al. 2005

~30%

6 ul

Dynamic flow PCR

Pressurizing the sample

during heating

Moerman et al. 2005

No appreciable

8 nl

Enzyme reaction

Solid coverslip

evaporation for

Roeraade 2000

Litborn and

minutes up to hours
No appreciable evaporation

Very small loss

15 nl

90 min at 37°C
>3 min at 95°C

Tryptic digest

Volatile liquid cover
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fluidic handling. Apart from regular solid lids, a liquid
cover in the form of a high-boiling mineral oil has been
employed for PCR systems. By using the mineral oil cover,
the loss of water by evaporation from the droplet after
35 PCR cycles was about 10% (Guttenberg et al. 2005).
Encapsulation of the PCR solution against evaporation can
be reached much simpler than with solid cover or micr-
ovalves in a microfluidic channel system (Guttenberg et al.
2005). However, a mineral oil lid is difficult to remove
from very small fluid volumes. In addition, it contaminates
and obstructs the inlet of micro-pipettes during withdrawal
of an aliquot of sample, and disturbs subsequent analysis
(Litborn and Roeraade 2000).

As demonstrated above, simple microfluidic devices are
usually open or unsealed systems to ease the introduction
and/or withdrawal of an aliquot of sample, without any
disturbance of subsequence analysis. In the literature, there
is a report of microfluidic valveless device for open PCR
thermal cycling based on diffusion-limited evaporation
(Wang et al. 2008). In this work, three valveless strategies
have been developed to reduce the sample evaporative loss
in a microfluidic device during thermal reactions using the
principle of diffusion-limited evaporation, including use of
long narrow diffusion channels, decreasing the interfacial
temperature using thermal isolation, and reducing the vapor
concentration gradient by replenishing water vapor in the
diffusion channels. Although the proposed approaches can
limit the evaporation loss to approximately 1% of the
reaction content, both thermal isolation and vapor replen-
ishment techniques are complicated in design, and high in
the chip fabrication and operation cost. When compared to
the work of Wang et al. (2008), the HMDL method pro-
posed in this article does not require complicated thermal
isolation to reduce the interfacial temperature, or external
pure water to be heated synchronously with the reaction
chamber to increase the vapor concentration in the diffu-
sion channel and therefore decrease the concentration
gradient. Using the HMDL method, the evaporation loss is
only 15% within a comparatively long time (i.e., 240 min)
in the case of Trg = 95°C. In addition, the HMDL method
only requires the fluid channel(s) and temperature controls.
Therefore, the resulting microsystem is simple, and allows
us to carry out a very large number of parallel-operated
reactions.

4 Conclusions

In this work, we have developed the HMDL strategy to
reduce the sample evaporation loss during microfluidic
thermal reactions, without need of liquid/solid lid, microv-
alve, or sacrificial water. The principle of the method is
simple and novel, and it makes the most of the evaporated
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reaction liquid to increase the vapor concentration in the
diffusion channel. It is therefore a self-contained vapor
replenishment methodology to reduce heat-induced evapo-
ration loss. The heated microchannels on both ends of the
TR region provide long narrow diffusion paths to decrease
the evaporation rate. It has been shown experimentally that
the Viose/Vini Within a relatively long time (for example
60 min) is low up to 5%. This is for the first time reported
within open PCR microfluidic devices, without need of any
thermal isolation, vapor replenishment, solid/oil lid, or
microvalves. Although PCR has been taken as an example
to demonstrate the usefulness of the HMDL-based open
microfluidic devices, the novel methodology can also be
applied in microfluidic devices for other biological and
chemical reactions. Moreover, the developed HMDL
method can be readily applied onto more advanced chip-
based devices where the film heater and sensor are inte-
grated to measure and control the temperatures of HMDL
and TR regions.
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