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a b s t r a c t

In this study, we used an automated online chip-based solid-phase extraction (SPE)–inductively coupled
plasma-mass spectrometry (ICP-MS) system for analyzing trace elements in small-volume saline samples
(∼15 �L). The proposed method involved the adsorption of trace metal ions in the interior of a functional-
ized poly(methyl methacrylate) (PMMA) channel in order to separate these ions from saline matrices. The
adsorption of transition metal ions was presumably dominated by the surface complexation between the
carboxylate moieties in the interior of the PMMA channel and the metal ions, which facilitated the forma-
tion of metal–carboxylate complexes. The components of the proposed online analytical system used for
the simultaneous detection of multiple trace metals in saline samples involved microdialysis (MD) sam-
pling, an established chip-based SPE procedure, and ICP-MS. The SPE–ICP-MS hyphenated system was
optimized, and then, the analytical reliability of this system was further confirmed by using it to analyze
the certified reference materials—SRM 2670 (human urine) and SRM 1643e (artificial saline water). The
satisfactory analytical results indicated that the proposed on-chip SPE device could be readily used as
an interface for coupling the MD probe with the ICP-MS system. The dramatically reduced consump-

tion of chemicals and “hands-on” manipulations enabled the realization of a simplified and relatively
clean procedure with extremely low detection limits in the range of 5.86–76.91 ng L−1 for detecting Mn,
Co, Ni, Cu, and Pb in 15-�L samples by ICP-MS. The effectiveness of an online MD–chip-based SPE–ICP-
MS technique for continuous monitoring of trace elements in a simulated biological system was also
demonstrated. To the best of our knowledge, this is the first paper to report the direct exploitation of a
PMMA chip as an SPE adsorbent for online sample pretreatment and trace metal preconcentration prior
to ICP-MS measurement.
. Introduction

In recent times, the importance of trace elements has been
mphasized, particularly in view of the emergence of increasing
vidence with regard to the vital roles played by these elements
n living organisms [1] and environmental systems [2,3]. Clinical
esearch has shown that trace metals play a role in ensuring the nor-

al functioning of the central nervous system [4,5]. However, till

ate, all commonly used analytical methods cannot determine trace
etal ions or their kinetics and spatial distribution with the desired

esolution; therefore, direct evidence for clarifying the release and
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uptake of metal ions in neurological disorders is still lacking [6].
Thus, explaining the physiological roles of trace metal ions in vari-
ous behaviors is an ongoing challenge in neuroscience [7].

The effectiveness of inductively coupled plasma-mass spec-
trometry (ICP-MS) for detecting trace elements in biological fluids
has been demonstrated; this technique offers the advantages
of providing simultaneous multielement/isotopic capability and
facilitating ultra-sensitive analysis of samples with large sizes
[8]. Despite the advantages offered by ICP-MS in carrying out
trace metal analysis, sample pretreatment is usually required to
avoid unpredictable suppression or enhancement effects due to
the presence of high salt content in the samples [5,9]. Gener-

ally, sample pretreatment methods can be broadly categorized in
terms of their operating procedure into offline or online processes.
Because the use of offline preconcentration systems involves the
risk of contamination and requires a relatively large volume of
a sample and/or reagent, these systems have been replaced with

dx.doi.org/10.1016/j.chroma.2011.02.037
http://www.sciencedirect.com/science/journal/00219673
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nline systems to a great extent. To minimize the amount of
abor and errors that arise during the sample pretreatment step,
nline systems using flow injection (FI) techniques have become
ncreasingly popular because of their potential for automation,

inimization of reagent and/or sample consumption, and reduced
isk of contamination, all essential prerequisites for trace analysis
10–14].

For trace metal analysis of saline samples, various pre-
reatment techniques such as solvent extraction, microcolumn
olid-phase extraction (SPE) [15–17], in-tube SPE [18], precipita-
ion/coprecipitation [19,20], and knotted reactors [21] have been
uccessfully adapted to FI systems. Komjarova and Blust [22] com-
ared these techniques and concluded that SPE procedures are
ot only faster, easier, safer, and less expensive but that they also
roceed with higher preconcentration factors and lower sample
olume requirements when selecting suitable operational param-
ters. Nevertheless, as described in our previous paper [5], because
f matrix-dependent extraction efficiency, leaching of metal impu-
ities contained in the sorbent, and contamination caused by the
se of a relatively large amount of reagents during SPE [23], until
ecently, there have been no reports on the use of FI online solid-
hase chelation for separating trace elements from microsamples
e.g., microdialysis samples).

Over the past decade, microfluidic chip-based systems suitable
or use in various biological studies have attracted considerable
ttention because of their unique advantages: low reagent and
ower consumption, short reaction time, portability for in situ use,

ow cost, versatile design, and potential for integration with other
iniaturized devices [24–27]. Recent advances in the miniatur-

zation of many chemical reactors have facilitated the integration
f SPE in microfluidic systems to preconcentrate and clean up
amples [28–34]. So far, the channel structure of chip-based SPE
evices has been typically classified as open [28], packed [29–31],
r monolithic [32–34]. Although both packed and monolithic SPE
icrochips have higher extraction capacities and provide a wider

hoice of stationary phases compared to open-channel microchips,
he large increase in the hydrodynamic resistance (back pressure
f >200 kPa) [35] generated by packing and monolithic materials
n the channel can limit the operational flow rate during the SPE
rocess. When downsizing the channel diameter to the microm-
ter scale, it is important to ensure that the resulting specific
nterfacial area is large and the molecular diffusion distance is
hort; this would in turn ensure that a fast phase transfer of ana-
yte species and effective solid-phase [28] and liquid–liquid [36]
xtraction are achieved. Ramsey [28] and Kitamori [36] reported
hat although open-channel microchips have limited extraction
apacity and contact time for aqueous solutions and organic sol-
ents, they are still effective for extracting trace analytes from
icrosamples. So far, various microfluidic devices have been suc-

essfully developed for metal ion separation based on the classical
iquid–liquid extraction theory. However, the open-channel SPE

icrofluidic devices require a proper inner wall modification for
he extraction of metal ions. Although the fabrication of chip-based
PE systems has seen rapid progress, there have been relatively
ess advances in the use of on-chip SPE for separating trace
lements [37].

In this study, we employed the polymeric material poly(methyl
ethacrylate) (PMMA) to fabricate an open-channel SPE microflu-

dic device because PMMA facilitates the easy functionalization
f the channel surface and has a relatively low cost. The
etal–polymer complexation process was optimized for the sorp-
ion preconcentration of trace metals in order to determine the
electivity of functionalized PMMA toward metal ions. To solve
he “world-to-chip” interface problem [38,39], a valve manifold
as designed as an interface that would combine microdialy-

is (MD) sampling, an SPE microchip, and ICP-MS for achieving
1218 (2011) 2342–2348 2343

a fully automated online chip-based PMMA SPE–ICP-MS system;
this system could then be used to determine trace elements in
microdialysate samples (∼15 �L). The satisfactory analytical results
indicated that the proposed SPE–ICP-MS hyphenated system is a
promising platform for rapidly determining trace metal ions in
microdialysate samples because of its efficient on-chip separation
ability and extremely low blank values. Tests performed on this
simple, low-contamination, highly sensitive online MD–chip-based
SPE–ICP-MS hyphenated system in a simulated biological system
confirmed that the proposed hyphenated system certainly facil-
itated the simultaneous determination of multiple trace metals.
To the best of our knowledge, this is the first time that a pro-
cess for coupling MD sampling to a chip-based SPE device using
a valve manifold has been reported; the process is used to estab-
lish an automated online system for determining trace elements in
volume-limited saline samples.

2. Experimental

2.1. Chemicals and vessels

All chemicals were used as purchased without further purifi-
cation unless stated otherwise. High-purity water was purified
through the Milli-Q apparatus (Millipore, Bedford, MA, USA).
Sodium dodecyl sulfate (SDS) (reagent grade), sodium hydrox-
ide (reagent grade), sodium chloride (ultrapure reagent grade),
nitric acid (ultrapure reagent grade), and ammonium hydroxide
(ultrapure reagent grade) were obtained from J.T. Baker (Phillips-
burg, NJ, USA). Maleic acid disodium salt hydrate (reagent grade),
and poly(vinyl chloride) (PVC) (reagent grade, MW: 80 000 Da)
were purchased from Sigma–Aldrich (St. Louis, MO, USA). PMMA
(reagent grade, MW: 35 000 Da) was purchased from Scientific
Polymer Products (Ontario, NY, USA). Stock solutions (1000 mg L−1)
of analytes were purchased from Merck (Darmstadt, Germany). The
perfusion solution (0.9%, w/v, NaCl) used for microdialysis was pre-
pared by dissolving sodium chloride in high-purity water. Fresh
working standards for calibration were prepared daily by stepwise
dilution of stock solutions using high-purity water. All processes
involving reagent preparation were carried out in a class 100 lami-
nar flow hood. To eliminate possible contamination, maleate buffer
and perfusion solutions were purified through a column we fabri-
cated that was packed with PVC beads before each experiment. The
tubes that were used to connect all of the pieces of the apparatus
together were perfused with high-purity water until the contami-
nants were eliminated.

2.2. Fabrication of the chip-based SPE device

The network of the chip-based SPE device was patterned on
PMMA sheets (Kun Quan Engineering Plastics Co. Ltd., Hsinchu,
Taiwan) using a commercial CO2 laser micromachining system
(LES-10, Laser Life Co. Ltd., Taipei, Taiwan). The chip was designed
by using basic geometric modeling software (AutoCAD, Autodesk
Inc., Sausalito, CA). Fig. 1 shows a schematic illustration of layout
of the chip-based SPE device (45 mm (L) × 22 mm (W) × 4 mm (H)),
which consisted of two separated plates: the cover plate and the
bottom plate. The cover plate had an outlet and three channels:
sample channel, buffer channel, and eluent channel. Each channel
had a corresponding port on the bottom plate, which also contained
an extraction channel. The effective extraction channel, which was
defined as the distance from the converged point of the flows of

the sample and the buffer solution to the confluent outlet, was
2.5 cm. Two separated plates were used instead of one to avoid
structure deformation caused by double punches. The channel fea-
tures were inspected using a high-resolution optical microscope
(FS-880ZU, Ching Hsing Computer-Tech Ltd., Taipei, Taiwan). The
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ig. 1. Schematic illustration of layout of the chip-based SPE device: S, E, and B r
epresents the outlet.

imensions of the effective extraction channel were 2.5 cm (L) ×
22.2 �m (W) × 367.4 �m (D).

Prior to bonding, access holes were drilled in the PMMA sub-
trates to create sample- and reagent-introduction ports and a
onfluent outlet. Both the cover plate and the bottom plate were
ubjected to a three-step cleaning process with the aid of ultra-
onic agitation (0.1% SDS, D.I. water and D.I. water); each step for
0 min and then the plates were dried with nitrogen. The cleaned

lates were aligned and thermally bonded under compression at
05 ◦C for 30 min. Finally, poly(aryletherketone) (PEEK) tubings
Upchurch Scientific, Oak Harbor, WA) were directly inserted into
he inlet and outlet holes and secured using an adhesive (Letbond
403 Instant Adhesive, Sunny Rise Co. Ltd., USA).

Fig. 2. Chip-based SPE–ICP-M
nt the introduction ports of sample, eluent, and buffer solutions, respectively; O

2.3. Channel activation of the chip-based SPE device

PMMA, which is mainly composed of esters, has no hydrophilic
or active groups on its surface. Channel surfaces were hydrolyzed
to carboxylic groups by flushing with saturated NaOH for 12 h, as
described by Jeon et al. [40]. Thus, the activated PMMA channel
surfaces were expected to exhibit sufficient carboxylation to enable
their use as sorbents for metal ions at the appropriate pH.
2.4. Apparatus and instrumentation

A diagram of the chip-based SPE–ICP-MS hyphenated system
is shown in Fig. 2. This system consisted of three main parts: the

S hyphenated system.
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ig. 3. (A) FTIR spectra of pure PMMA (a), functionalized PMMA (b), functionalized
TIR spectra of functionalized PMMA treated with 2500 (a), 5000 (b), and 10 000 (c

ampling configuration system, the online sample pretreatment
ystem, and the ICP-MS detection system.

The sampling configuration system could be divided into two
ubsystems: (1) the direct syringe-injection system and (2) the
D sampling system. The MD sampling system consisted of a

yringe infusion pump (KDS-100, Scientific Instrument Service,
ingoes, NJ, USA) and a 24-mm-long MD probe (CMA 20, CMA,
olna, Sweden); the probe had a 4-mm-long and 0.5-mm-diameter
etal-free poly(arylethersulfone) (PAES) membrane that had a
olecular weight cut-off (MWCO) of 20 kDa. A fluorinated ethylene

olypropylene (FEP) tubing (internal volume of 1.2 �L per 100-mm
ength) purchased from CMA (Solna, Sweden) was used to connect
he syringe infusion pump to the MD probe inlet. The outlet tubing
f the MD probe was modified for attachment to the electric actua-
or valve via tubing sleeves (Upchurch Scientific, Oak Harbor, WA).
n the direct-syringe injection mode, the MD probe was replaced

ith the syringe.
The online sample pretreatment system consisted of four

0-port electric actuator valves (C2H-2340E, Valco Instruments,
ouston, TX, USA) and a laboratory-built chip. All of the valves
ere programmed and controlled by a personal computer via a

erial valve interface (SIV-110 and I-22041, Valco Instruments,
ouston, TX, USA). Polytetrafluoroethylene (PTFE) tubes (Alltech
ssociates Inc., Deerfield, IL, USA) were used as conduits to connect
ll the pieces of the system together. Table S1 gives the opera-
ional sequence of the online system. To retain the desired ions,
conditioning solution (0.2%, v/w, NH3) was introduced to trans-

orm the carboxylic moieties on the channel wall of the chip to
he NH4+ form. The collected samples and maleate buffer (40 mM
2H2(COONa)2) were simultaneously delivered to the chip through
he corresponding ports. After the sample-loading step, a 0.5% (v/v)
NO3 solution was used to detach the adsorbed analyte in the
icrodevice and deliver it to the ICP-MS detection system.
An Agilent 7500a system (Agilent, CA) was used as the ICP-MS
ystem. A Micromist nebulizer (AR35-1-EM04EX, Glass Expansion,
ictoria, Australia) was fitted to a Scott-type quartz double-pass
pray chamber. Because similar results were obtained when analyz-
ng either the peak heights or the peak areas, this study quantified
amples only in terms of their peak areas. Table S2 lists the
A treated with Ni2+ ions (c), and functionalized PMMA treated with HNO3 (d). (B)
1 Ni2+ ions.

instrument operating conditions selected for achieving optimal
sensitivity and low background noise.

3. Results and discussion

3.1. Metal ion interaction with PMMA

The functionalized channel surface of the proposed PMMA chip-
based open-channel SPE device was tested for its efficiency in
separating trace metal ions from samples with high salt con-
tent. To investigate the retention behavior of the metal ions of
interest toward the functionalized interior of the PMMA chan-
nel, PMMA powder was immersed in maleate buffer solutions
with and without Ni2+ ions and then evaporated the solvent prior
to Fourier transform infrared (FTIR) spectroscopic analysis (see
Supplementary Data for PMMA characterization protocol). Because
IR spectroscopy is sensitive to varying carboxylate moieties but not
to metal-centered vibrational modes [41,42], metal–carboxylate
interactions were elucidated by analyzing the vibrational spectra of
the carboxylate moiety of PMMA after protonation, deprotonation,
and metal complexation.

Fig. 3A shows the characteristic features of the IR spectra
corresponding to native, deprotonated, Ni-complexed, and pro-
tonated functionalized PMMA. The spectrum for native PMMA
showed no peaks that could be assigned to carboxylic carbonyls
(C O; 1500–1650 cm−1), whereas the characteristic absorption
peak corresponding to the PMMA carbonyl stretch was observed
at 1722 cm−1. With regard to functionalized PMMA, an absorption
band associated with asymmetric (�as(COO−)) stretching vibra-
tions of the derived carboxylate group (hereafter referred to as �as)
appeared in the range of 1500–1610 cm−1. As indicated in Fig. 3A,
the �as band between 1500 and 1610 cm−1 shifted to a lower fre-
quency only when Ni2+ ions were mixed with the functionalized
PMMA suspension. These results suggested that the interaction

between the functionalized PMMA and Ni2+ ions was very effec-
tive and that the polymer matrix coordinated to the Ni2+ ions via
the carboxylate group of the polymer.

This hypothesis was further tested by examining the man-
ner in which Ni2+ ion concentration affected the complexation
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Fig. 4. Variation in the recovery of analytes with respect to pH.

etween the carboxylate group of the polymer and the cations.
ased on the spectra shown in Fig. 3B, it was inferred that our
esults were consistent with those reported by Strathmann and
yneni [43]; the �as band weakened, broadened, and tended to

plit into two peaks upon increasing the concentration of Ni2+

ons. This result confirmed that the polymer matrix coordinated
o the divalent cations via the carboxylate group of the functional-
zed polymer. The surface complexation between the carboxylate

oieties in the interior of the PMMA channel and metal ions was
roposed to be the main mechanism that facilitated the retention
f transition metal ions when the pH of the sample solution was
et to 9. Moreover, the inhibition of the �as band (Fig. 3A) also
onfirmed that elution with an acid can be used as a simple pro-
ocol for detaching the retained cations from the functionalized
MMA.

.2. Optimization of the chip-based SPE device

To optimize the analytical performance of the functionalized
MMA chip as a sorbent medium for collecting analyte ions from
aline solutions, we tested the effects of two main parameters on
he extraction efficiency: the pH of the sample solution and the
ample flow rate.

.2.1. Effect of pH
Because the reaction between metal ions and the carboxylate

roup strongly depended on the pH of the sample solutions, the
cidity of the sample solution was expected to be the main factor
hat determined the extraction efficiency of metal ions. To investi-
ate the effect of pH on the adsorption of analyte ions in the interior
f the PMMA channel, normal saline solutions containing analyte
ons and buffered with maleate buffer were transported through
he chip at an extraction flow rate of 20 �L min−1. As shown in Fig. 4,
he extraction efficiency of all of the trace elements increased with
ncreasing the pH of the solution and reached the maximum value
t pH 9. In the low pH region, the competition between hydro-
ium and metal ions toward the carboxylated channel surface was
xpected to inhibit the extraction efficiency. When the pH of the
ample solutions was as high as 10, the extraction efficiency of all

f the tested elements decreased, probably because of the forma-
ion or precipitation of anionic hydroxyl complexes. To maximize
he extraction efficiency, a pH of 9 was selected as the working pH
or subsequent experiments because maximum signal intensity of
nalyte ions was observed at this pH level.
Fig. 5. Variation in the recovery of analytes with respect to extraction flow rate.

3.2.2. Effect of extraction flow rate
The flow rate in the extraction process was another important

factor that not only affected the extraction efficiencies of the ana-
lyte ions but also controlled the analysis time. In this study, because
both the sample and buffer solutions were directly loaded into
the chip channel, the dynamic mixing and quantitative extraction
of all the analyte ions were achieved simultaneously during the
sample-loading step. Thus, the flow rate in the extraction process
was defined as the total flow rate of the sample and buffer solutions.
To ensure that the extraction flow rate was selected such that suf-
ficient time was available for the mixing of the sample and buffer
solutions and for the retention of the analyte ions on the channel
surface, the effect of the extraction flow rate on the extraction effi-
ciency was examined in the range of 10–100 �L min−1. As shown in
Fig. 5, the intensity of the obtained analyte signals decreased with
an increase in the flow rate. The maximum adsorption of analyte
ions occurred when the mixture of the sample and buffer solutions
passed through the channel at a flow rate of 10 �L min−1. Fig. 5
shows that the combined mixing and extraction in the chip channel
reduced the residence time because of an increase in the flow rate,
which apparently reduced the extraction efficiency. Even so, almost
complete adsorption of all tested ions was accomplished instantly
in comparison with conventional column methods [44,45] and the
sample residence time was also significantly reduced from 120 to
15 s. These results also proved that the unique characteristics of
the microspace in the extraction channel, such as the high surface-
to-volume ratio and short molecular diffusion distance, certainly
assisted the chip-based SPE device in carrying out rapid and effec-
tive extraction. To achieve maximum extraction efficiency and a
short analysis time, an extraction flow rate of 20 �L min−1 was
adopted for subsequent experiments.

3.3. Analytical characteristics

After optimizing the PMMA chip-based SPE procedure, the effect
of Na+ ions present in 0.9% (w/v) NaCl solution, which has the same
salinity as microdialysate, on the adsorption of analytes toward the
functionalized PMMA channel was investigated. The experimental
results indicated that except for Mn2+ (57%), 80% or more analyte
ions could be extracted from a saline solution in which the con-

+
centration of Na ions was 90 000 times that of the analyte ions.
Although the salt suppression effect could have been eliminated by
reducing salinity, undiluted samples were transferred to the chip
channel for extraction to avoid any possible contamination during
the dilution procedure.
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Table 1
Analytical characteristics of the online chip-based SPE–ICP-MS system.

Element Linear range (�g L−1) R2 MDLa (ng L−1) NIST 2670 (urine) NIST 1643e (artificial saline water)

Certified value (�g L−1) Measured value (�g L−1) Certified value (�g L−1) Measured value (�g L−1)

Mn 0.1–100 0.995 64.74 (330)b 319 ± 5 38.97 ± 0.45 42.00 ± 0.36
Co 0.1–100 0.999 23.64 – – 27.06 ± 0.32 27.00 ± 0.10
Ni 0.1–100 0.997 76.91 (300)b 278 ± 12 62.41 ± 0.69 60.00 ± 2.32
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elements in living animals in the field, the proposed hyphenated
system was combined with an MD probe to test its effectiveness
for in situ and online monitoring of dynamic changes in trace metal
ions concentrations found in microdialysates.

Fig. 6. Variations in analyte signals obtained by switching MD probe from 0.9% NaCl
solutions to 0.9% NaCl solution containing 5 �g L−1 of analytes. Each data point was
Cu 0.1–100 0.996 51.34 370 ± 30
Pb 0.1–100 0.998 5.86 109 ± 4

a Sample volume = 15 �L.
b Reference value.

The loading capacity of the microdevice was evaluated under
he optimized experimental conditions by passing 15-�L aque-
us solutions containing varying concentrations of Mn2+ ions and
hen measuring the eluted fractions, which revealed a capacity of
.17 ng cm−2 (112.2 pmol cm−2). In other words, the observed load-

ng capacity was high enough to allow the chip-based SPE device,
hich consisted of a 2.5-cm extraction channel, to extract about

30 �g L−1 of Mn2+ from 15 �L of saline samples. Analysis of the
nhancement factors indicated that the ratio of the peak heights of
he signals before preconcentration to that after preconcentration
as ca. 5 when the injected sample volumes were only 15 �L. This

ndicated that the proposed system can simultaneously remove the
alt matrix and enhance the analytical signal, even for very small
ample volumes.

The utility of the online chip-based SPE–ICP-MS hyphenated
ystem for determining trace metal ions was further evaluated in
test of its long-term stability by performing SPE for a continuous
-h period. There was no significant difference in the recovery of
he analyte ions, and the repeatability for all continuous 8-h mea-
urements for all of the analyte ions was less than 9% CV, which
uggest that this method is highly practical.

The linear dynamic ranges were determined by passing 15 �L
f standard solutions containing 0.1–400 �g L−1 of analyte ions
hrough the chip-based SPE device under optimum conditions.
he linearities of all analyte ions were satisfactory up to at least
00 �g L−1 with correlation coefficients higher than 0.995, and the
etection limits ranged from 5.86 to 76.91 ng L−1. The detection

imits were reached based on three times the standard deviation of
he baseline noise (n = 7).

Generally, when chelating resin is used to separate metal ions
rom saline samples, washing and conditioning steps are essential
or improving the extraction efficiency and for removing the resid-
al matrix from the preconcentration column. However, according
o Paulson [46] and Straßburg et al. [47], large quantities of insuffi-
iently pure reagents can cause a high blank value or irreproducible
esults in assays utilizing chelating resin. Because only 34 �L of 0.2%
H4OH and an air stream were used in the washing and condition-

ng steps, respectively, for the PMMA chip-based SPE procedure, the
esults indicated that correction for the elemental concentration in
he resultant solution is unnecessary and that the detection limits
chieved (Table 1) are comparable to those of the conditioning-free
PE technique that we proposed previously [18].

The accuracy of the present method was demonstrated by ana-
yzing two saline reference materials: NIST 2670 (human urine) and
IST 1643e (artificial saline water). Although the microdevice had a

ufficiently high loading capacity for directly extracting all analyte
ons from the saline matrices, these two samples were determined

ith an appropriate dilution to draw the concentration of the target
lements within the linear range. Table 1 shows that the analytical
esults were in reasonably good agreement with the certified values
ven in the presence of complicated matrices. These satisfactory

nalytical results indicated that the proposed method accurately
etermines the concentrations of trace metal ions of interest in
icrosamples containing complicated matrices.
344 ± 10 22.76 ± 0.31 22.00 ± 0.57
100 ± 1 19.63 ± 0.21 22.00 ± 0.17

3.4. In vitro response

Although the effectiveness of ICP-MS for trace analysis in chem-
ically complex microsamples is well established, its detection
capability is largely limited by instrument sensitivity, interference
effects, and contamination. To overcome these limitations, online
sample pretreatment systems developed in recent years have com-
bined MD with ICP-MS for continuous and in vivo determination
of trace metal ions in living animals [18,48,49]. Given the novel
applications of the proposed method for analyzing volume-limited
samples and the need to monitor the transfer kinetics of trace
obtained every 12.5 min. The left dash line represents the time (t = 212.5 min) at
which the concentration of analyte ions was changed from 0 to 5 �g L−1. The time
interval (from t = 212.5 to 237.5 min) between the two dash lines which defined as
system lag time for this experiment was 25 min.
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Fig. 6 illustrates the variations in the analyte signals observed
n the microdialysates collected from 0.9% (w/v) NaCl solutions

ith and without analyte ions additions. For the time that the ana-
yte ions spent in the dialysates, with each data point obtained
very 12.5 min, the signal profiles for all tested elements exhibited
imilar features. After continuous measurement for 212.5 min, the
robe was switched between the vials containing different con-
entrations of analyte ions; changes in the signals appeared and
eached a steady state 25 min later. The system lag time, defined
s the duration needed for the signal intensity to reach a steady
tate after switching the probe, was 25 min. Because the corre-
ponding volume associated with the length of the connection
ubing was ca. 18 �L, transferring the analyte from the probe to the

icrodevice at a perfusion rate of 3.0 �L min−1 required almost
alf the entire collection interval. Therefore, the lag time of the
ystem was primarily attributed to the connection accessories.
oreover, to meet the sensitivity requirements of the ICP-MS

nstrument for identifying elements of interest present in the tested
amples in concentrations lower than nanograms per milliliter,
temporal resolution of 12.5 min was required to collect suffi-

ient microdialysate. However, the graph still clearly illustrates
hat the proposed online analytical system enables the characteri-
ation of the concentration–time curve with a temporal resolution
f 12.5 min. In future experiments, improved sampling techniques
ith higher sampling efficiency and instruments with better sen-

itivity are expected to achieve the ultimate goal of near-real-time
onitoring with excellent temporal resolution.

. Conclusions

In this study, a method for the rapid fabrication of open-channel
MMA SPE chips was developed in order to reduce the cost (lower
han 1 USD per device) and reduce the complexity of methods
sed for fabricating glass-based SPE chips; the method developed

n this study involved simple CO2 laser engraving and channel
urface functionalization. Notably, PMMA was not only used for
abricating an on-chip SPE device, but also as the SPE adsorbent
fter surface functionalization. Because the proposed open-channel
PE chip had a higher surface-to-volume ratio and significantly
ower diffusion distance and selective extraction capability in com-
arison with conventional SPE methods [44,45], almost complete
dsorption of all tested ions was accomplished instantly and the
ample residence time was also significantly reduced from 120 to
5 s. Regarding the aim of this study which was focused on ana-

yzing volume-limited samples, the chip-based SPE method can
inimize the contamination problems so that the procedural blank

f metal ions of interest can be easily maintained at a very low
evel that is very critical to the success of trace metals analy-
is in tiny samples. The developed online chip-based SPE–ICP-MS
yphenated system had selective extraction capability and could
andle small volumes of samples inside the channel; an MD probe
ould be coupled to the system for continuous monitoring of trace
etal ions in small-volume microdialysate samples. Owing to the

nnate superiority of selective separation and the simplicity of this
reconcentration procedure, the proposed chip-based SPE–ICP-MS
ystem had several advantages, namely, high extraction efficiency,
ow reagent consumption, low blank value, short procedural time,

nd high cost-effectiveness. Analytical performance tests using
imulated samples indicated that this strategy is an important
dvancement in the in situ detection of dynamic changes in trace
etal ion concentrations in the extracellular fluid of targeted

rgans.
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