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Abstract

A micro flow injection wetting film liquid–liquid extraction system has been developed for trace analyte concentration and on-chip detection.
A hydrophobic channel fabricated on a polycarbonate chip was used to support the wetting film, and hydrostatic pressure generated by the
difference in liquid levels was employed to drive the fluids. Sequential injection of segments of aqueous sample solution and organic solvent
was conducted by switching the sample- or solvent-containing vials to an on-chip sampling probe, and detection was performed by a co-
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ocused, laser induced fluorescence detector. Using butyl rhodamine B as a model analyte and butanol as the solvent for both film
lution, various experimental conditions such as hydrostatic pressure, coating time, channel length, sampling volume, and sample

nvestigated. Under optimized conditions, a 24-fold enrichment factor was obtained with the consumption of about 3�L sample solution
nd a detection limit (3�) of 6.0× 10−9 M butyl rhodamine B was achieved at the sampling rate of 19 h−1. Eleven consecutive runs o
.0× 10−5 M butyl rhodamine B solution produced a relative standard deviation of 1.5% for the detected fluorescence signals.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Microfluidic chips for chemical and biochemical analy-
es have been extensively developed since the introduction
f the concept of micro total analysis by Manz et al.[1].
lthough most studies on microfluidic chips dealt with the
eparation and detection of biochemical and chemical species
y chip-based electrophoresis[2–4], microfluidic devices
oncerning sample pretreatment techniques, such as ana-
yte derivation, matrix isolation and analyte concentration,
ave recently attracted much attention from analytical scien-

ists [5]. Pressure driven microfluidic liquid–liquid extrac-
ion is one of the rapidly developed techniques. The first
eport on microfluidic extraction was made by Kitamori’s
roup[6]. In this work, a Y-shaped microchannel was fab-
icated in a glass chip. When an aqueous solution of Fe-
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bathophenanthrolinedisulfonic acid complex and a chl
form solution of tri-n-octylmethylammonium chloride we
introduced separately by two syringe pumps from the
introduction channels into the central extraction chann
parallel two-phase laminar flow was formed in the extrac
channel. The Fe complex was extracted into the chloro
flow by phase transfer through the interface of the organic
aqueous phases based on molecular diffusion. Since th
number of works on chip-based extraction with parallel t
phase laminar flow[7], parallel three-phase laminar flow[8],
two-phase cross flow[9] and two-phase countercurrent fl
[10] have been reported by several groups. In genera
microfluidic extraction based on laminar flow possesses
tinguished advantages. First, it may provide high extrac
efficiency owing to the enhanced ratio of the interfacial a
to phase volume as well as the significantly reduced d
sion distance inside the microchannels. Second, it cons
an extremely low quantity of sample and reagent that is
beneficial for bio-applications where samples are extre
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valuable and reagents are expensive, and beneficial for envi-
ronmental protection due to the reduction of organic waste
discharge. Third, it does not require a special phase separator
integrated onto chips. Nevertheless, the laminar flow-based
microfluidic extraction has a troublesome problem, this being
instability of the aqueous/organic interface. Thus, various
channel structures, such as guided channel[8], axis-shifted
channel[7], hydrophobic/hydrophilic hybrid channel[9,10],
and intermittent partition walls[11] have been developed to
stabilize the interface. These structures increased the difficul-
ties in the chip fabrication. Besides the laminar flow-based
micro extraction systems, a segmented flow-based microflu-
idic extraction system[12], a micro-porous membrane-based
microfluidic extraction system[13] and a stagnant droplet-
based microfluidic extraction system[14] have also been
reported. The extraction efficiency of the segmented flow
model could be significantly enhanced by the increase of the
interface area for the two phases. However, a phase separa-
tion device was required to be integrated on the chip[12].
For the micro-porous membrane extraction, no such prob-
lems like emulsion formation, phase separation and interface
instability existed. But its extraction efficiency was restricted
by the relative low mass transfer rate across the membrane.
Although an enrichment factor of 1000-fold was obtained by
the microfluidic extraction model of stagnant droplet[14],
its non-continuous operation model made it difficult to be
c

ow
e an’s
g ter-
i nic
s were
s flon
t uni-
f ac-
t ds
t mple
b the
s s then
e for
p ctor a
h
t labo-
r rious
s ms
h ation
o )
[ s
[ rmi-
n r
d r
k tion
w

dic
c ed to
d on

(MFWE) system. Gravity force was used for driving fluids
and a laser induced fluorescence detector (LIF) was employed
for on-channel detection. With butyl rhodamine B (BRB) as
a model analyte, various experimental parameters affecting
the performances of the MWFE system were investigated.

2. Experimental

2.1. Chemicals

Aqueous stock solution of 1.00× 10−3 M butyl rho-
damine B (Tianjin Chemical Reagent Co., Tianjin, China)
was prepared by dissolving 0.0535 g of BRB in 100 mL
of water. The BRB working solutions in the range of
1.00× 10−5 to 1.00× 10−8 M were prepared by step-wise
dilution of the stock solution with water. Butanol (Shanghai
Chemical Reagent Co., Shanghai, China) was used with-
out further purification. All chemicals used were analytical
grade or better and Millipore simplicity pure water was used
throughout the work.

2.2. Apparatus

A home-made confocal microscope laser induced fluo-
rescence (LIF) system[22], equipped with an argon ion
laser (Sanle Instrument Co., Nanjing, China), was used for
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oupled to other flow analytical systems.
Sequential injection wetting film extraction, a novel fl

xtraction technique introduced by Ruzicka and Christi
roup[15] in 1996, is based on the film-forming charac

stics of organic solvent on Teflon tubing walls. The orga
olvent, aqueous sample solution and eluting solution
equentially aspirated into an extraction coil made of Te
ubing. When the organic solvent band passed the coil, a
orm organic film was formed on the inner wall of the extr
ion coil due to the wettability of the tubing wall towar
he solvent. The extractable analytes in the aqueous sa
and were extracted into the organic wetting film when
ample band passed the coil. The extracted analyte wa
luted by microliters of eluting solution. Without need
hase segmentor and phase separator, an enrichment fa
igh as 150 was achieved at a sampling rate 10 h−1, and both

he consumption of organic solvents and discharge of
atory waste were significantly reduced. Since then va
equential or flow injection wetting film extraction syste
ave been coupled with spectrophotometry for determin
f trace molybdenum[16], vanadium(IV) and vanadium(V

17], chromium(VI) and chromium(III)[18] and nitrophenol
19], with flame atomic absorption spectrometry for dete
ation of trace copper[20], and with�-activity detection fo
etermination of trace strontium-90[21]. To the best of ou
nowledge, up to now, no microchip-based flow injec
etting film extraction systems have been reported.
In this work, the hydrophobic property of the microflui

hannels fabricated on polycarbonate chips was exploit
evelop a novel micro flow injection wetting film extracti
s

etection. The laser beam was isolated by a dichros
488 nm/520 nm) and focused to a 20-�m spot on the c
el from below the chip. The emitted light was collected

he same focusing system, and detected by a PMT (H
atsu, Beijing). The signal output of the PMT was recor
ith a model XWTD-164 chart recorder (Dahua Instrume
hanghai).

.3. Fabrication of the microchip device

A hot wire imprinting method was used to fabricate
icrochannel onto PC plates of 2 mm thickness (a produ
etelong Co., Taiwan, China). A piece of straight copper

200�m in diameter× 7 cm) was placed over a 2 cm× 6 cm
C plate all the way across the length of the plate. Th
late and the wire were sandwiched by two glass pl
nd the sandwich assembly was placed between two

rically heated stainless steel blocks. When the temper
as heated to 142◦C and maintained at the level, a pressur
.0 MPa was applied to the blocks for 5 min. The pressure
eleased after the temperature was cooled down to 60◦C with
unning water, the sandwich assembly was withdrawn
he heating blocks, and the PC plate was removed. The
ire was carefully pulled away from the PC plate to revea
hannel across the length of the plate. The channel-impr
late and another flat PC plate of the same type and s

he imprinted one were thoroughly cleaned in isopronol
ried under a N2 stream. The two plates were face-to-f
ontacted and then sandwiched by the glass plates and
gain between the heating blocks that were kept at 144◦C. A
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pressure of 1.0 MPa was applied to the heating blocks for
2 min to bond the two PC plates together. After the bonded
chip was removed from the heating blocks, both the left and
right edges of the bonded chip were ground with emery paper.
Using the method described in Reference[23], two holes
were drilled, with a 0.35 mm o.d. flat-tipped drill bit, along
the channel to a depth of 4 mm from each terminal of the
channel. Two pieces of fused-silica capillary (200-�m i.d.
and 375-�m o.d., product of Refine Chromatography Ltd.,
Yongnian, China), one 1 cm long that was used as a sam-
pling probe to introduce sample and solvent and the other
40 cm long that was used to hold the liquid segments and gen-
erate hydrostatic pressure, were, respectively, inserted into
the holes. Care must be taken to eliminate the dead volume
between the bottom of the holes and the terminals of the cap-
illaries. Epoxy glue was used to seal the connection joints. To
avoid blocking of the channel by epoxy, an epoxy-freezing
approach[24] was employed. Briefly, a freshly mixed and
fluidic epoxy was applied to the gap between the hole and
the capillary. The fluidic epoxy spread in the gap due to cap-
illary action until the epoxy almost reached the terminal of
the capillary, observed with the help of a microscope. The
chip was immediately put into a refrigerator and maintained
at−4◦C for 5 h to freeze the epoxy. The epoxy was partially
cured during this operation. The chip was then removed from
the refrigerator and the epoxy was fully cured at room tem-
p
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focal microscope LIF system. The laser beam was focused
onto the downstream of the channel, 2 mm away from the
capillary-to-channel connection joint. The sample dispens-
ing system for micro flow injection analysis developed by
Du et al.[25] was modified to perform sequential injection
of sample and solvent into the MFWE system. Briefly, six
cap-removed and bottom slotted 0.2 mL microtubes (a 1.5-
mm wide× 2-mm deep slot was sawed on the conical bottom
of each microtube) were used as the reservoirs for organic
solvent, water, and four sample solutions, respectively. The
slotted vials were horizontally fixed on a plastic platform in
an array, with the slot of each vial being positioned horizon-
tally to allow free passage of the sampling probe through all
the vial slots sequentially by linearly moving the platform
along the direction of the array. The gravity driven system
was composed of a 40 cm long fused-silica capillary and a
25 mL beaker for waste collection.

2.5. Procedures.

2.5.1. Liquid–liquid extraction
Prior to use, the micro extraction unit was sequentially

flushed with ethanol and water. The vial for water (the blank)
was manually shifted to the sampling probe. By adjusting the
length of the vertical section of pressure inducing capillary, a
s d the
l ng in
a shed,
t vent,
a t the
s ial)
w h for
a ent,
6 ially

F n wetti sed-silica
c solven
p

erature for 6 h.

.4. Experimental set-up of the MFWE system

The experimental set-up of the gravity driven micro fl
njection system for wetting film extraction is illustrated
ig. 1. The microchip device for MFWE, positioned in
lastic holder, was put on the working platform of the c

ig. 1. The experimental set-up for the chip-based micro flow injectio
apillary sampling probe; (3) array of bottom-slotted vials for organic
ressure; (5) beaker for wastes. This figure was not drawn to scale.
uitable level difference between the sampling probe an
iquid surface in the waste beaker was produced, resulti

desired flow rate. After a stable base line was establi
he extraction procedure began. The coating/eluting sol
queous sample solution and water (used to wash-ou
ampling probe after it was withdrown from the sample v
ere sequentially aspirated into the extraction unit, eac
specified time (typically, 120 s for coating/eluting solv
0 s for sample solution and 2 s for water), by sequent

ng film extraction. (1) Microfluidic chip made of polycarbonate; (2) fu
t, blank and sample solutions; (4) fused-silica capillary for inducing hydrostatic
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switching the corresponding vial into sampling position so
that the sampling probe was inserted into the solution through
the slot. LIF signal trace was recorded with a chart recorder.
Owing to the solvent for elution being the same as that for
the coating, the elution for the current run was accompanied
by the coating for the next run.

2.5.2. Measurements of enrichment factor
Two BRB working solutions were prepared. The first

(solution A), whose concentrationCA was in the 10−6 M
level, was prepared in water (or 0.01 M NaOH solution). The
second (solution O), whose concentration (CO) was about
20-fold ofCA, was prepared in butanol. Solution A was sub-
jected to the MFWE under optimized conditions, resulting in
a transient fluorescence signal with peak height ofIA. Then,
solution O was continuously aspirated to pass the channel,
producing a steady state signalIO. Thus, the enrichment fac-
tor F was estimated with the equationF = IACO/CAIO.

3. Results and discussion

3.1. Method development for MWFE

In conventional wetting film extraction systems,
hydrophobic Teflon tubing is used as the supporter of
o m,
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in chip-based electrophoresis is also not applicable to the
MFWE system due to non-conductive organic solvent being
involved. Hydrostatic pressure driving[25,27], also known
as a gravity pump, is another alternative for pumping fluids
in microfluidic systems. It possesses such advantages as non-
pulse pumping and simplicity in equipment. Using the gravity
pump in combination of a microvial array for liquid dispensa-
tion, Du et al.[25] developed a novel chip-based micro flow
injection spectrophotometry system. This driving and sample
injection model seems to be suitable to the proposed MFWE
system. Nevertheless, the gravity pump generates a constant
flow rate only under the condition of both the hydrostatic pres-
sure (the driving force) and the back-pressure (the resistant
force consisting of friction and surface tension) being kept
constant. This may be satisfied provided that one phase of
liquid is driven by its own gravity. However, if two phases of
immiscible liquids with different densities and viscosities are
involved to form a two-phase segmented flow, both the driv-
ing force and the resisting force, accordingly the flow rate,
may no longer be constant. Tests confirmed this expectation.
Thus, if the polymer channel and fused-silica capillaries of
the MFWE systems were wholly filled with water, the flow
rate for the single-phase water flow induced by a 27 cm dif-
ference in water levels was 8.0�L/min. When butanol was
gradually introduced into the flow system to substitute the
water while the difference in liquid levels was kept 27 cm
h ater
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rganic wetting film. For the proposed MFWE syste
microchannel with hydrophobic surface is required

upport the organic film. Glass chips have been wi
sed in various microfluidic analytical systems, ma
ue to their excellent optical and electroosmotic proper
owever, they are not very much suitable for the MF
nless the hydrophilic surface of the native glass cha

s modified to be hydrophobic. Polymer-based microc
ave recently attracted much attention[26] because they a
uch less expensive than glass, are not as fragile as
nd are capable of being mass-produced by either embo
r molding technology outside a clean-room environm
he hydrophobic property of the native polymer surfa
lthough troublesome for the chips to be used for chip-b
lectrophoresis, is an advantage worthwhile being expl

o fabricate microfluidic chips for MFWE. Thus, PC pla
ere used for fabrication of the MFWE chip as describe
ection2.
Another requirement to establish a wetting film extrac

ystem is a suitable fluid driving and sample/solvent in
ion system. In previously reported works on sequential/
njection wetting film extraction[17–21], either syring
umps or peristaltic pumps, in combination with vari
witch valves, were employed to perform these tasks. H
ver, neither of them is suitable to be coupled to the MF
ecause the large dead volume (usually several deca
undreds of microliters) involved in the valve and the con

ion tubing of conventional sequential/flow injection sys
oes not match the microliter volume of the microflui
hannel. Electroosmitic driving that has been widely app
,

igh, the flow rate for the two-phase segmented flow (w
ollowed by butanol) was gradually decreased. When a
he channel and capillaries were filled by butanol, the flow
or single-phase butanol flow was 2.5�L/min. The ratio o
he flow rate of water to the flow rate of butanol was 3.2. W
he difference in liquid-levels was step-wisely decreased
7 to 10 cm, the observed rates of single-phase flow
ither water or butanol were steadily decreased but the
f water-flow-rate to butanol-flow-rate was increased f
.2 to 4.8 (Table 1). The table also lists the fluorescen
ignals and the relative standard deviations (R.S.D.s) o
ignals produced by the MFWE system working at var
iquid-level differences (note: these data were obtained
volume-based sampling technique so that the injected
le volumes were kept constant regardless of the flow
hanges). With the decrease in the difference of liquid-le
he fluorescence signals were steadily increased whil
.S.D.s were tendentiously deteriorated. The higher sig
btained at smaller liquid-level differences can be ascr

o the slower moving velocity of the sample segment
onsequently, the long contact time between the sample
ent and the wetting film, while the poorer R.S.D.s of

ignals can be attributed to the greater fluctuating flow
eing generated by the smaller liquid-level differences. T
25 cm difference in liquid levels was applied in the follo

ng studies in order to obtain a less fluctuating flow rate fo
wo-phase segmented flow. Under this condition, quite
sfactory precision of the determinations could be obtai
rovided that sampling time and elution/coating time w
trictly controlled.
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Table 1
Effect of the difference in liquid levels on the flow rates of single-phase water and single-phase butanol and on the fluorescence signals of MFWEa

Difference in liquid levels (cm) Flow rates (�L/min) Ratio ofFw/Fb Relative peak height S.D. for peak height (n= 3)

Water Butanol

27 8.0 2.5 3.2 100 0.6
20 5.2 1.55 3.4 116 2.0
15 3.0 0.75 4.0 156 6.3
10 1.7 0.35 4.8 201 6.9

a MFWE was performed with 10−5 M BRB at flow rates generated by the specified liquid-level differences. A 1.0�L of sample solution was injected with a
volume-based sampling technique. The time duration for elution/coating was 120 s.

The inner diameter of the capillary used to induce hydro-
static pressure was found to have dramatic influence on the
flow rates: relative rates of water flow generated by a 25 cm
high water column inside capillaries with the diameter of 200,
100 and 50�m were 100, 6.0 and 0.57, respectively. This was
mainly because the thinner the capillary the greater the sur-
face tension that resisted the hydrostatic force of the water
column. This observation clearly shows the gravity driven
model is very sensitive to the change of the resistant forces.
The flow rates generated by the later two capillaries were
too slow (less than 1�L/min) to meet the requirement of
the present MFWE system. Thus, the capillary with 200�m
inner diameter was used.

In most conventional wetting film extraction systems, air
bubbles were applied to prevent the direct contact of coating
solvent, sample solution and eluting solution. Hence, the axial
mass transfer of analyte between the organic coating solvent
and the aqueous sample solution was avoided owing to the
presence of air barrier. The wetting film-based extraction is
the only possible way for mass transfer of analytes from sam-
ple solution to eluting solution to occur. In the present system,
however, when air bubbles were introduced to prevent direct
contact of the sample solution and the elution/coating sol-
vent, the analytical signals were almost the same as without
air bubbles but the signal reproducibility severely deterio-
rated. In worst case, the fluids even stopped flowing due to
t axial
t FWE
s io of
d cibil-
i air
b

3

3
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s y of
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elution step of the current run was accompanied by the coat-
ing step of the next run and the two steps could not be isolated
from each other, we use the term “coating” for the combined
process in this section.

Although various organic solvents such as benzene, chlo-
roform, methyl-isobutyl-ketone have been used in the pre-
vious reported wetting film extraction systems, only water-
immiscible alcohols, including butanol, isobutanol, isopen-
tanol and hexanol, were examined in the proposed MFWE
extraction system because benzene, ketones and chloro-
substituted methane attack the microfluidic chips made of PC.
Using these alcohols for coating, the fluorescence signals of a
BRB standard solution, produced by MFWE, were observed
and compared. Tests revealed that the relative sensitivities,
expressed by normalized peak heights, of 110, 100, 46 and
48 were observed for isobutanol, butanol, isopentanol and
hexanol, respectively. Butanol was finally chosen because its
viscosity was lower that of isobutanol.

The time duration for coating might affect the thickness
of the wetting film and consequently the sensitivity of the
extraction system. Using butanol as the coating and elution
solvent, the influence of coating time on the fluorescence
signal was investigated. Since the variation of coating time
would result in changes of the flow rate, and consequently
the sampling volume if a time-based sampling technique was
employed, a volume-based sampling technique was used in
t solu-
t robe
a as the
s d
o res-
c rved
u pro-
d f the
a BRB
i hilic
s uo et
a th-
y with
b were
o ight
b nnel
( ing
s the
p used
he presence of the air segments. This indicated that the
ransfer of analyte between segments in the present M
ystem was negligible, most possibly due to the small rat
iameter-to-length for the segments. The poor reprodu

ty may be attributed to the flow instability caused by the
ubbles. Thus, air segment was avoided.

.2. Influences of various experimental conditions

.2.1. Coating solvent and the time duration for the
oating

In a wetting film extraction system, the type of orga
olvent may significantly affect the thickness and stabilit
etting film formed on the inner wall of channels. It m
lso influence the partition coefficient of the analyte betw

he solvent and the aqueous solution. As mentioned i
revious sections, the organic solvent used for coating
lso used for elution in the present system. In such a cir
tance, it may also impact the elution process. Althoug
his investigation to ensure a constant volume of sample
ion being subjected to the MFWE. Thus, the sampling p
nd the extraction channel themselves were also served
ampling loop. As shown inFig. 2, if no butanol was coate
nto the channel wall, a moderate peak height of fluo
ence signal, about 60 % of the maximum signals obse
nder the coating condition, was obtained. The signal
uced without coating can be attributed to adsorption o
nalyte by the hydrophobic surface of the channel (note:

s apt to be absorbed on both hydrophobic and hydrop
urfaces). A similar observation has been reported by L
l. for their conventional wetting film extraction of bromo
mol blue[15]. When the channel surface was coated
utanol, constant and maximum fluorescence signals
btained in the coating time ranging 30–180 s. This m
e ascribed to the limited surface area of the micro-cha
about 20 mm2) that was quickly saturated by the coat
olvent within 30 s—the shortest tested coating time. In
resent MFWE system, a quite long period of 120 s was
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Fig. 2. Effect of coating time on the peak height signals. Gravity driving,
25 cm level difference; length of extraction channel, 5.6 cm; BRB concen-
tration, 1.0× 10−6 M; sampled volume, 1.0�L (volume-based sampling).

for coating and elution in order to eliminate carry-over effect
of different samples.

3.2.2. The length of hydrophobic channel
To examine the influence of channel length on extraction

efficiency, the laser spot was shifted to the locations of 1/4,
1/2, 3/4 and full length of the channel then MFWE was per-
formed. It was found that the fluorescence signals of MFWE
were linearly increased with the increase of channel length,
the regression equation beingF = 10L + 5 (F, fluorescence
signals in arbitrary unit;L, the channel lengths in centimeter;
R2 = 0.9999). This observation indicates that the extraction
efficiency and accordingly the sensitivity of the proposed
MFWE may be further improved if a longer channel, for
instance a serpentine or spiral channel imprinted on a plastic
chip with a small footprint, is used.

3.2.3. Sampling time
In the proposed system, a time-based sampling model was

used if not specified. As discussed in Section3.1, the flow
rate of the two-phase segmented flow driven by a gravity
pump was not constant in the entire extraction process. Thus,
the relationship between the sampled volume and the sam-
pling time was investigated first. It was observed that the
sampled volume almost linearly increased with the increase
o the
s ickly,
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d ed
w ince
t the
i ove
1 r 90
i sat-
u pling
t enta
r f the
p 90 s
f -

Fig. 3. Effect of sampling time on the peak height signals. Elution/coating
time 120 s; other experimental conditions were the same as described in
Fig. 2except for the sampling parameter. The error bars indicate one standard
deviation of three measurements.

ing studies, a sampling time of 60 s (corresponding to about
3�L sample) was applied.

3.2.4. Acidity of the sample medium
The influence of sample acidity on the detected fluo-

rescence signal was investigated by adjusting the sample
medium to pH 1.0, 6.9 and 13.0 with hydrochloric acid, phos-
phate buffer and sodium hydroxide solutions, respectively.
Then the samples with different acidities were subjected to
MFWE. It was found that relative peak heights of 71, 100 and
165 were obtained for the acidic, neutral and basic samples,
respectively. It was also observed that the samples prepared
with either pure water or phosphate buffer (pH 6.9) produced
the same fluorescence signals.

3.3. Analytical performances

Eleven determinations of a 1.00× 10−5 M BRB standard
solution with the proposed method produced a relative stan-
dard deviation of 1.5% for the detected signals.Fig. 4shows
a recorded trace for a series of BRB standard solutions
(prepared in water, pH 7.0) in the concentration range of
1.00× 10−6 to 10.0× 10−6 M BRB, the correlation coeffi-
cient of their linear regression equation (F= 55.2C+ 16.7,F

s
ed
n to

e
dard
ment
te of
OH

ned.
line
f sampling time within 100 s. With a further increase of
ampling time, the sampled volume increased more qu
eading to positive deviation from the linearity. As to
etected signals, shown inFig. 3, they were linearly enhanc
ith the increase of sampling time from 30 up to 90 s. S

he sampled volume was more quickly increased with
ncrease of the sampling time after the sampling time was
00 s, the detected signal would be further enhanced afte

f the extraction capacity of the wetting film had not been
rated. Unfortunately, the observed signals for the sam

imes longer than 90 s were leveled off. These experim
esults indicated that the maximum extraction capacity o
resent wetting film was reached at the sampling time of

or a 1.0× 10−6 mol/L BRB standard solution. In the follow
r
s

l

represents fluorescence signals in arbitrary unit,C represent
BRB concentrations in�M) being 0.9997. Tests also show
that the linear dynamic range could be expanded dow
5.00× 10−8 M and up to 1.00× 10−5 M. Compared to th
signal produced by continuous aspiration of a BRB stan
solution prepared in butanol into the channel, an enrich
factor of 16 was obtained at the sample throughput ra
19 h−1. When the sample was prepared in a dilute Na
medium (pH 13.0) an enrichment factor of 24 was obtai
The detection limit (based on three times of the base
noise) was 6.0× 10−9 M BRB.
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Fig. 4. Recording trace of the signals produced by the micro flow injection wetting film extraction system with a series of standard BRB solutions. Elution/coating
time, 120 s; Sampling time, 60 s. Other experimental conditions were the same as described inFig. 2. BRB concentrations from left to right (×10−6 M): 1.0,
2.0, 4.0, 6.0, 8.0 and 10.0. In the insert, the signal detected in the time durationS was for aqueous sample segment while the signal detected in the time duration
E was for the eluant.

4. Conclusion

Since the native surface of the micro channels fabricated
on a polymeric chip is an excellent supporter for organic wet-
ting films, microfluidic polymer chips, in conjunction with a
gravity pump and a vial array for sample and solvent distri-
bution, can be used to perform on-chip micro flow injection
wetting film extraction for trace analytes. For the two-phase
segmented flow, a gravity pump cannot generate steady flows.
However, this does not deteriorate the reproducibility of the
analytical signals produced by the micro flow injection wet-
ting film extraction system, provided that reasonable liquid
level difference is applied and regular sample and solvent
aspiration is conducted. Although a 24-fold enrichment factor
has been achieved in the developed micro flow injection wet-
ting film extraction system with a 5.2 cm long hydrophobic
extraction channel, higher enrichment factor may be expected
if longer polymeric channels are used.
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