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Thermo-responsive Manipulation of a Water Plug
in a Poly(N-isopropylamide)-modified Glass Capillary
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A thermo-responsive polymer, poly(N-isopropylacryl-
amide), was used for the modification of the inner surface of a
glass capillary. The modification was performed by the coupling
Bind-Silane™ (3-acryloxypropyltrimethoxysilane) on glass sur-
faces and a subsequent radical polymerization of N-isopropyl-
acrylamide and methylenebis(acrylamide) with ammonium per-
sulfate—N,N,N',N'-tetramethylethylenediamine. A water plug
placed in the capillary was successfully manipulated by warming
the portion of the capillary. The movement was attributed to the
wettability gradient of the inner surfaces of the polymer-modi-
fied capillary.

Fluid control or manipulation has been a topic of research
increasing interest in the analyses using micro fluidic systems.
Fluids are typically transported inside microchannels using a sy-
ringe pump or a pressure head for physically driven flows!™ or
an electric field for electrokinetic flows.®’ Such systems require
the external instruments and delicate operations for the fluid con-
trol. In order to achieve further development of microfluidic sys-
tem, the driving force to move the fluid must come from within
the channels.

Some stimuli-responsive hydrogels have been employed for
fabricating self-regulating systems in microchannels.®® They re-
versibly swell and shrink and, hence, act as valves or regulators
that can be responsive to temperature, pH, and certain chemical
species. However, accurate and precise synthesis procedures are
necessary for fabricating these regulators. Poor reproducibility
of the shape or the physical performance seems to be another
problem in such hydrogel-based components.

Previously, we designed a novel liquid control system using
temperature-induced wettability change on the channel walls
that had been modified with a thermo-responsive polymer, poly-
(N-isopropylacrylamide) [PNIPAAm].!? The capillary action of
water inside a polymer-modified glass capillary was significantly
degraded above the lower critical solution temperature (LCST,
ca. 32°C)!=13 of PNIPAAm. In a branched channel, the liquid
stream was successfully switched and entirely flowed toward op-
posite side of the polymer-modified capillary being heated.

Recently, the wettability gradient over channel walls in a
microanalytical device was successfully utilized for the migra-
tion of a water plug.'*!> Hydrophobic and hydrophilic regions
were patterned inside channel networks using self-assembled
monolayer chemistry. In the present study, we attempt tempera-
ture-induced manipulation of a water plug in microchannels. A
glass capillary modified by PNIPAAm in the inner surface was
used.

The glass capillary (EM minicaps™, i.d. 900 mm) was ob-
tained from EM capillary (Germany). The inside was rinsed with
1 M NaOH and then washed with water. After drying the capil-

lary, it was filled with a toluene solution of 10% (v/v) Bind-
Silane™ (3-acryloxypropyltrimethoxysilane, Amarsham Bio-
sciences, Piscataway, USA) for 16 h. The tube was washed with
ethanol and subsequently with water. Next, an aqueous mixture
of N-isopropylacrylamide (NIPAAm) and methylenebis(acryl-
amide) (Bis), ammonium persulfate (APS), and N,N,N',N -tetra-
methylethylenediamine (TEMED) were introduced into the ca-
pillary under nitrogen atmosphere. The amounts of chemicals
were 1.70 g of NIPAAm, 0.11 mg of Bis, 0.05g of APS, and
25 uL. of TEMED for 25 mL of water. After the polymerization,
the tube was well washed with water.

The thermo-responsive wettabilities of the PNIPAAm-
modified glass surfaces prepared in different conditions were
evaluated by measuring water contact angles (Figure 1). The
wettability was dramatically changed around the LCST of PNI-
PAAm. The results suggest that warming or cooling the surfaces
can modulate the water permeation. With less amounts of mono-
mers for the polymerization, the wettability change was exigu-
ous. In contrast, the use of greater amounts of monomer choked
up the capillary.
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Figure 1. Temperature dependence of water contact angle on
PNIPAAm-modified glass surfaces. Amounts in 25 mL of reac-
tion solution: (@) NIPAAm: 1.70 g, Bis: 0.11 mg, (LJ) NIPAAm:
0.42 g, Bis: 5.7 mg.

Approximately 1 pL of water plug was placed into the PNI-
PAAm-modified capillary tube using a microsyringe. Then, the
outer sides of the capillary near the water plug were warmed
with a pair of solder irons. The temperature of the solder irons
was set to 45 °C by regulating electric power with transformers.
The movement of the water plug was monitored with a Telesco-
Micro microscope system composing of a Nikon COOLPIX
4500 digital camera and a TelescoMicro ED4x18D. The temper-
ature at the respective portion of the capillary was measured with
a Horiba infrared thermometer 1T-540.

Successful result of the temperature-induced manipulation
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of a water plug was exhibited in Figure 1. Figure 1A shows a
glass capillary in which a water plug was placed. When a point
near the water plug was warmed with a pair of solder irons, the
plug was moved toward the opposite direction of the warmed
position (Figure 1B). The movement occurred immediately
and almost finished within 5s. The expanded view including
the results of temperature measurement was also shown in
Figure 1C. The water plug arrived at the position where the tem-
perature is almost the same as LCST. The plug was further
moved when it was followed by the solder irons. Therefore,
the water plug could be freely located at the optional position
of PNIPAAm-modified capillary. On the other hand, the water
plug in unmodified glass capillary was negligibly moved, even
if the capillary was heated at 50 °C. Hydrophobic—hydrophilic
gradient based on the temperature-induced phase transition of
thermo-responsive polymer on surfaces of wall was effective
for the liquid manipulation of such a narrow flow channel.
Recently, the fabrication of microfluidic devices including
more complicate channels or 3-D structure have begun to be at-
tempted.'®!” In such analytical devices, the fabrication of fluid
control system will require cumbersome and highly delicate
procedures. In contrast, the modification of polymer was easy.
Different kind of stimuli-responsive polymer will be modified
at the objective point of the channels by using a pattern masking
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Figure 2. Temperature-induced movement of a water plug in a
PNIPA Am-modified glass capillary.
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and a photoinduced radical polymerization. Further studies
about the polymer modification and the manner to carry stimuli
at the position to be responded will be fruitful for developing
a novel self-regulated liquid manipulation system for micro-
channels.
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