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This study describes the direct interfacing of polydimethylsiloxane (PDMS)microfluidic chipswith laser-induced
breakdown spectroscopy (LIBS) detection. The changes induced in the PDMSmaterial by nanosecond laser abla-
tion are briefly documented by using optical microscopy and scanning profilometry. The main part of the study
focuses on the solution of technical and analytical problems of coupling single-pulse LIBS detection with PDMS
microfluidic chips in order to assess the feasibility and performance of the concept of creating a lab-on-a-chip de-
vicewith LIBS detection (LOC-LIBS). Multiple optical and sample presentation schemes including in-channel and
in-port detection were tested, but it was found that LOC-LIBS is only viable and practical with in-port detection
outside the chip. It was shown that LOC-LIBS in this configuration is capable of the trace speciation analysis of
chromium using as little as 0.5 μL solution volume. The achieved absolute limit of detection was 2 ng.
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1. Introduction

Micro total analytical systems (μ-TAS) or lab-on-a-chip (LOC) de-
vices are attractive because their use can be largely automated and
they offer a microfluidic platform for the sample preparation and/or
analysis of liquid samples, requiring low sample and reagent volumes
(e.g. in the nL to μL range). The short liquid pathways promise fast anal-
yses, and the closed channels even provide a safe way for the analysis of
biologically or chemically hazardous materials - especially if the chan-
nels are made of some cheap material (e.g. polymer) so that the chip
can be disposed after use. Disposable chips can also make complex,
but important analytical procedures (e.g. medical screening) available
in places where running a full chemical lab is not feasible [1,2].

At present, one of themost often used technical polymer for LOC sys-
tems is polydimethylsiloxane (PDMS). It is a soft elastomer with excel-
lent physical and chemical properties, such as curing at low
temperatures, inertness, controllable surface chemistry, low permeabil-
ity to water, non-toxicity and non-flammability, insolubility in water
and alcohols, etc. It is also optically transparent down to 240 nm and a
good electrical and thermal insulator [3,4]. Completed PDMS devices
can be easily interfaced with silica or polymer layers. Fabrication
.

methods most often employed with PDMS include replica molding,
soft lithography and rapid prototyping [5,6].

Most LOC systems are made for liquid sample preparation (chro-
matographic and electroforetic lab-on-a-chip systems are most popu-
lar) with the detection typically left to off-chip, laboratory instruments
[1,2,7,8]. Among the detectors actually used on-chip are some electro-
chemical sensors [9–13], and certain optical detection schemes, such
as UV–Vis absorption or laser induced fluorescence spectroscopy using
fiber-optics based light guiding and semiconductor laser-based excita-
tion [14–17]. Most recently, even atomic spectroscopy detection,
which is complicated by the requirement of generating a high tempera-
ture atom source, has also been successfully miniaturized. Several mm-
sizedmicroplasmadevices (e.g. dielectric barrier discharges,microwave
plasmas) have been reported to work under conditions that may be
compatible with LOC operation [18,19].

Laser-induced breakdown spectroscopy (LIBS) is a versatile, power-
ful and robust atomic emission spectroscopy technique. It's operation is
based on focusing a high-power, pulsed laser beam onto/into the sam-
ple, in order to ablate the sample and generate a plasma (laser-induced
breakdown plasma, or LIB plasma for short). By the collection and eval-
uation of the emission spectrum of this plasma, both qualitative and
quantitative analytical data can be acquired about the sample. LIBS is
quite popular these years; in fact, themajority of newpublicationswith-
in the field of atomic spectroscopy is nowadays produced by LIBS re-
search [20]. The popularity of LIBS is due to the fact that it offers a
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unique set of advantageous analytical and technical characteristics. It is
a versatile, non-contact method, which is capable of providing elemen-
tal composition data (either at the level of trace,minor ormajor compo-
nents) for practically any samples (solids, liquids or gases), in a virtually
non-destructive way, without any significant sample preparation, thus
the analysis is very fast too. The instrumentation needed is reasonably
simple, very robust, and is also available in such a compact format,
that it allows portable operation or even space applications [20–23].

Direct liquid sample analysis by LIBS is still a challenging application
[20,24], which is hampered by focusing and light collection problems
associated with the mobile free liquid surface and bubble formation,
etc. In addition, the plasma formation in liquids (e.g. water) is signifi-
cantly suppressed by the incompressibility and high thermal conduc-
tance of liquids, which result in poor emission signals. Nevertheless,
these problems can be overcome by using special sample presentation
techniques such as sample introduction via nebulization [25,26] or liq-
uid jets [27], as well as by liquid-to-solid conversion [28–30], or by
using the double-pulse LIBS approach [24,31].

The combination of LOC with LIBS detection (LOC-LIBS) has a great
analytical potential, especially for liquid sample analysis. On one hand,
microfluidic chips are low-cost, very practical devices for low-volume,
semi-automated, closed-system liquid sample preparation. On the
other hand, LIBS instrumentation can be made compact and relatively
low-cost, which requires very small sample volumes and can provide
direct analysis of the elemental or isotopic components of liquid sam-
ples. Interfacing LIBS to optically transparent polymer chips can be as-
sumed to be relatively easy, e.g. by using fiber-optics light guiding for
both the excitation and light collection.

In the light of the above, it is interesting that so far only in a single
study, to the knowledge of the authors of the present work, has been
the combined use of microfludics and LIBS suggested and tested [32].
The Fedosejevs group demonstrated the feasibility of building a
microfludics-based nano droplet sample introduction device (a ther-
mally actuated micro-nozzle nebulizer) for LIBS sample introduction.
A patterned thin film resistive element super-heated the liquid sample
flowing in a channel in tens of microseconds time and created a
micro-bubble that extruded a hemispherical, 6 pL volume micro-drop-
let from the microchip. Sodium was successfully detected by LIBS in
this microdroplet achieving 60 ppm limit of detection. Yet, this device
was not a lab-on-a-chip device in the fullest sense, as no additional an-
alytical function (e.g. sample pretreatment, separation, enrichment,
etc.) was added to the microfludic channel.

Involving sample preparation in the process of LIBS analysis might
seem, at the first glimpse, to be a notion that makes no sense, as this
conceptwould eliminate one of themost esteemed features of the tech-
nique, namely that it requires very little if any sample preparation. In re-
ality however, this concept makes perfect sense. For example, direct
liquid sample analysis is the LIBS application field which de facto re-
quires some sample preparation, as it has been alluded to above. In ad-
dition, the sample preparation can enable the use of well-established
analytical approaches, such as sample buffering, enrichment, standard
addition, etc. In fact, most recently researchers have started to explore
the feasibility of adapting conventional macro-scale liquid sample prep-
aration methods, such as preconcentration or extraction, to micro-vol-
ume liquid samples prior to their LIBS analysis. For example, single-
drop microextraction (SDME) [33] and dispersive liquid-liquid
microextraction (DLLME) [34,35] of chelated metal ions were carried
out. Other groups reported about successful preconcentrations carried
out by the electrodeposition of metal ions [36], or by using ion-ex-
change polymer membranes [37].

The laser ablation of polymer layers in atomic spectrometry is an up-
coming methodology. This serves, for example, the purposes of
bioimaging by laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS), where soft biological samples are encased in a
hard polymer matrix (e.g. epoxy resins) to facilitate microtome slicing
[38,39]. Few other related applications perform the LIBS [40] or LA-
ICP-MS [41,42] analysis of gel electrophoresis spots for elemental
speciation.

The aimof the present studywas to assess the feasibility of the direct
coupling of PDMSmicrofluidic chips to a LIBS detector for liquid sample
trace analysis. In this combination, themicrochip can provide small-vol-
ume sample preparation, whereas LIBS can offer element selective de-
tection capabilities. The detailed assessment of this analytically
appealing concept includes the study of the behaviour of PDMS polymer
under the influence of laser ablation, the evaluation of various potential
options for the LOC-LIBS interfacing, and finally the testing of the analyt-
ical capabilities of the system in a Cr(III)/Cr(VI) speciation application.

2. Experimental

2.1. Preparation of microfluidic chips

PDMS chips in this studywere created by using soft photolitography
[43,44]. The microfluidic pattern was designed in AutoCAD (AutoDesk,
USA) software and turned into a photomask by printing it with a
3600 dpi resolution onto a transparency film. This photomask was
then used in 1:1 contact photolithography using a photoresist (SU-8,
Microchem, USA), spin-coated onto a pre-cleaned 3″ silicon wafer, and
irradiation with 365 nmUV light. This master consisted of a positive re-
lief and served as a mold for PDMS in a Petri dish. The flexible PDMS
polymer was prepared by using the Sylgard 184 commercial kit from
Dow Corning (USA), that contains a 10:1 mixture of PDMS oligomer
and cross-linking agent. Stirring and degassing under vacuum was
used to remove any gas bubbles that may have formed during polymer-
ization. The pre-polymer was poured onto the master to form a ca.
3 mm thick layer, and was cured for 60 min at 65 °C. The PDMS replica
was then peeled off from the master, the ports were created by a hole
puncher and the PDMS surface was cleaned with methanol and then
sealed using plasma oxidation to either another flat layer of PDMS, or
a flat glass or quartz plate (standard size microscope slides) to form
the microfluidic channels.

Some glass and quartz microscope slides used for the preparation of
the chips contained fabricated “pockets” (pits) that served as effluent
containers. The diameter of these pocketswas 1mm, and theywerema-
chined using a computer numerical control (CNC) engine. Aftermachin-
ing, the slides were thoroughly cleaned with “Piranha” solution (a 3:1
mixture of trace analytical purity cc. H2SO4 and 30% H2O2).

2.2. Instrumentation

Two laser systems were employed during the experiments. In laser
ablation experiments, we used a Thunder Art Nd:YAG laser (Quanta
Systems, Italy), capable of emitting single laser pulses at the fundamen-
tal, second and fourth harmonic wavelengths (1064, 532 and 266 nm)
with maximum useful pulse energies of 900, 500 and 220 mJ, respec-
tively (Laser system A). In this study, only the fundamental wavelength
output from this laser was used. The pulseswere 7–9 ns in duration and
could be generated with a maximum repetition rate of 20 Hz. The laser
beam was focused on the sample surface with a 50 mm focal length,
fused silica plano convex lens (the beam was f/3) and the focal spot
had a slightly elliptical cross section with ca. 200 × 350 μm axial sizes.
The laser was operated with 90, 150 and 210 mJ pulse energies corre-
sponding to a fluence range of 160 to 382 J/cm2.

The laser used in analytical LOC-LIBS experimentswas a passively Q-
switched LIBScan 25+ laser from Applied Photonics, UK (Laser system
B). This laser is able to emit single pulses at 1064 nmwith a pulse energy
of 50 mJ. The laser pulse duration is 4 ns. The focused beam in the focal
spot was slightly elliptical with ca. 200 × 300 μm axial sizes. The beam
was f/3 and the fluence used was about 100 J/cm2. All LIBS spectra
were recorded using an AvaSpec-FT2048 fiber optic CCD spectrometer
(Avantes, NL) in the 198–318 nm UV and 344–888 nm Vis spectral
ranges with optical resolutions of 0.09 and 0.4 nm, respectively. Light



Fig. 1. Optical microscopy images of laser ablated PDMS (single laser pulse of 1064 nm
wavelength and 90 mJ energy) taken at the site of beam impact. The inserts (A to C)
show magnified images of characteristic destruction patterns identified in the text. A)
“clean ring”, B) “shattered ring”, C) “marked ring”, D) an overview image of the damage
pattern.
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collectionwas carried out using solarization resistantmultimodeoptical
fibers (Avantes, FCB-UV200-2-SR) and 6mmdiameter fused silica colli-
mating lenses (Avantes, COL-UV/Vis) placed at a ca. 20 mm distance to
the focal spot. A 1mWHe-Ne gas laser (Uniphase)was used to facilitate
the aiming of the analytical laser beam.

Laser ablation experiments were all performed in a fluence range
typical of LIBS (upwards from 10 mJ pulse energy and well above the
breakdown threshold fluence). Light emitting, laser-induced plasmas
were observed inside or on the surface of the studied PDMS samples.

During the preparation of PDMS chips the following equipment was
used: Spectroline FC-100/F lamp (Spectronics Corporation, USA) for
photolitographic irradiation, a Memmert UNB-300 oven (Memmert
Company, Germany) for drying, a hole puncher (Schmidt Technology,
Germany) for porting the chip, and a PDC-32G plasma cleaner (Harrick,
USA) for plasma treatment. A GilsonMinipuls 3M312 type, multi-roller
peristaltic pump was used for microflow liquid injection into the chip.

For the documentation of the changes induced by laser ablation in
the PDMS polymer, we used optical microscopy. A Nikon and an Optika
B600-TiFL type microscopes, both equipped with 4–50× objectives and
megapixel digital cameras, were employed.

2.3. Materials

Test solutions of chromium species were prepared from solid potas-
sium dichromate (Reanal, Hungary) and Cr(III)-nitrate (Sigma, USA).
Analytical purity tetrabutylammonium bromide (TBA-Br) from Sigma-
Aldrich (USA), acetic acid (Molar Chemicals Kft.) and methanol (Labor
Chemie), as well as 100-C18 type 10 μm diameter microparticles from
Varian (USA) were used in the separation experiments. All solutions
were prepared using double deionized water from a Puranity TU 6
UV/UF device (VWR International, USA).

Microchip bases were fabricated from 1 mm thick, 25 × 75 mm
quartz (SPI Supplies, USA) or glass slides (AA Labor, Hungary). Trace an-
alytical purity cc. H2SO4 and 30% H2O2 were purchased from Molar
(Hungary) and Merck (Germany) respectively. LIBS calibration solu-
tions were prepared by diluting of a 1000 mg/L Cr(III)-nitrate ICP-MS
standard solution (Merck, Germany) and by making solutions from an
analytical purity Th(IV)-chloride salt (Reanal, Hungary).

2.4. Data handling

Microscope images were recorded in TSView 7 (Xintu Photonics,
China) software. All LIBS spectra were acquired in AvaSoft 7.4 by
Avantes, NL. Microfluidic patterns were designed in AutoCAD 2013
(Autodesk, USA). Basic data analysis was performed using MS Excel
2010 (Microsoft, USA) and Origin 8.6 (OriginLab, USA). The illustrations
were made by using the graphics software of Xara X (Xara Ltd., UK).

3. Results and discussion

The potential LIBS detection sets stringent requirements for the chip
material considering in-channel/in-cell optical readout usual in LOC. For
a successful realization, the optical,mechanical and thermal characteris-
tics of the polymer material are all important. PDMS, the most popular
microfluidic chip material, was chosen for the present study. First, we
studied the behaviour of PDMS upon laser ablation, then the applicabil-
ity of several PDMS chip designs for the purposes of coupling themwith
LIBS detection was investigated, and finally the performance achievable
using LOC-LIBS in an analytical application was assessed.

3.1. Description of the laser ablation behaviour of PDMS

For direct in-channel LOC-LIBS applications, the good optical trans-
parency of the chip material is crucial. The polymer should not absorb
strongly neither the excitation laser beam, nor the plasma emission.
General LIBS setups typically employ laser excitation from Nd:YAG
lasers at either their fundamental 1064 nm or at the frequency doubled
532 nmwavelength. Efficient detection by atomic emission spectrosco-
py through the chip material requires a very good transmission in the
UV and Vis range (e.g. from 200 to 800 nm). PDMS generally fulfills
these optical requirements, as it has a lower cut-off wavelength of ca.
240 nm and its transmission is nearly flat up to ca. 1100 nm [45,46],
with the transmission being about 80–90% for a 2–3 mm thick layer. It
has to be added that Sylgard 184 PDMS is known to contain silica nano-
particles which cause light scattering [3]. These particles, as well as gas
bubbles and adsorbed dirt can cause significant light coupling losses in
PDMS, thus chip preparation should be done using degassing andwork-
ing in a clean environment.

We studied the laser ablation behaviour of PDMS at 1064 nm laser
wavelength by varying the energy (90, 150 and 210 mJ) and number
(1, 3 and 10) of laser pulses delivered. In all experiments, 2–3 mm
thick layers of PDMS were used. The ablation-induced damage of
PDMS caused by single, ns-range laser pulses with a fluence well
above the breakdown threshold, shows a pattern of somewhat periodic
rings, as is illustrated in Fig. 1. The following characteristic parts of the
damage pattern were identified by optical microscopy (starting the de-
scription from the center of the pattern):

■ ablation hole: at the impact site of the laser beam, a “hole” is formed.
The shape and size of this is slightly elliptical (see Section 2.2.). The
other damage features (rings) are more or less concentric with this
elliptical hole.

■ clean ring: it is a smooth ring around the marked ring with 200–
300 μm width. It shows little sign of any damage.

■ marked ring: a concentric ring with well observable borders. It con-
tains markings with curved line segments (cracks), which are ar-
ranged like static wavefronts from a common point source located
around the ablation hole. The width of this ring is about 50–100 μm.

■ shattered ring: an extensive damage, similar in appearance to dense
frills or shatters, is seen in this ring. It has a relatively well-defined
borderline common with the marked ring, but its outer borderline
is diffuse and contains lines (cracks) that are approximately radially
oriented. The width of this ring is 300–500 μm.
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When the ablation was also performed using repeated laser pulses
(3 and 10 pulses), with a repetition rate kept well below 1Hz andwith-
out repositioning the PDMS sample, the above damage pattern
remained basically the same, but the damage effects intensified. Within
the damaged area, the width of the shattered ring became significantly
larger and the number of cracks (and small fragments) within this re-
gion has increased largely. The size of the ablation hole practically did
not change. The diameter of the damaged area increases more or less
linearly with the pulse energy (fluence). The extension of the damage
is such that the proportionality between the width of the ring-shaped
regions remain about the same. The observations are summarized in
Fig. 2.

It can therefore be stated that laser ablation “drills a hole” into the
PDMS material, and it also makes the polymer to become partially
opaque in the close vicinity of the ablation spot. The implications of
the above observations on the geometry of potential microfludic chip
patterns with in-channel LIBS detection is that the channels need to
be widened to cover the approximate size of the ablation hole, which
is 100–300 μm in diameter. The channels will open up and the optical
detection of the plasma emission through the PDMSwill be largely hin-
dered. The size of the total laser-damaged area also does not allow for
dense microfluidic patterns; parallel channels have to be separated by
at least a 3–5 mm distance. The use of a single laser pulse with less
than 90 mJ energy (below 160 mJ/cm2 fluence) can be suggested to be
used in the applications in order to mitigate these effects.

3.2. Interfacing LIBS with microfluidic chips

Optical detection can be potentially interfaced with microfluidic
chips in two fundamental ways. In the case of “in-channel” detection,
which is the most common approach in LOC systems, the liquid sample
flowing inside the microfluidic channel is examined directly through
the channel wall or a detection window. The other basic option is “in-
port” detection, inwhich the prepared liquid sample is collected and an-
alyzed in a widened outlet port (e.g. “well” or “pad”) [14]. Interfacing
LIBSwith LOC chips needs special considerations due to the characteris-
tics of the microplasma and the fact that LIBS analysis is
microdestructive. In the following sections, we describe and discuss
the features of each of the above possibilities.

3.2.1. In-channel LIBS detection
In the in-channel LIBS detection approach the LIBmicroplasma is ex-

pected to be formed directly inside the microchannel. One of the main
appeals of in-channel detectionwould be that chemically or biologically
Fig. 2. Comparative graphs of the diameter of the total damaged circular area of 1064 nm
laser ablation-induced destruction of PDMS as a function of the fluence and number of
laser pulses delivered. The diameter shown here represents the double of the average of
the major and minor radii of the spot.
dangerous liquid samples may also be processed, if the channel stays
closed during the process. Assuming that the microfludic channels on
the chip are sealed with a glass or quartz plate base as typical, theoret-
ically there are two alternatives for in-channel LIBS detection. These are
schematically depicted in Fig. 3. We tested these approaches in a large
number of experiments using various microfludic geometries and dif-
ferent baseplates, but our experiences were largely discouraging.
Below, we give a brief account of the problems experienced.

Front side detection can potentially be achieved by focusing the exci-
tation laser beam through the PDMS into the microchannel and by
collecting and detecting the emitted light also on the same side (Fig.
3a), either by using uniaxial or off-axis focusing and collection optics.
This scheme is optically very difficult to realize, because the generation
of the microplasma within a some tens of μm high microchannel
through a thick (2–3mm) PDMS layer is very hard to achieve. Imperfec-
tions of the casted PDMS top surface and the curvature of the
microchannel wall, but most importantly the ablation damage of the
PDMS largely hinders light focusing and collection.We found this detec-
tion approach not to be practical, as it can be characterized by
unrealiable plasma formation and extremely fluctuating signal intensi-
ty. The microchannel always burst open not only upwards (due to the
formation of the ablation hole), but also the seal between the PDMS
layer and the substrate was broken.

In the back side detection scheme, both the excitation beam and the
emitted light have to pass through only the base plate (Fig. 3b). Again,
uniaxial or off-axis focusing and collection optics can be both used. In
theory, focusing and light collection is easier and more reproducible in
this approach, and PDMS degradation should not influence detection.
Yet, we tested this seemingly promising approach in a number of exper-
iments and found that although plasma generation is somewhat easier
this way, but the microchannels are so close to the baseplate that the
plasma inflicts damage on it. This makes the LIBS signals recorded
through the plate low intensity and very fluctuating. In addition to
this, the microchannel seal broke in these tests too.

A common problem with the in-channel detection options is there-
fore that the seal between the PDMS layer and the baseplate is not
strong enough to endure the high temperature and high pressure
pulse expressed by the microplasma located within the channel, some
tens of μm distance from the seal. This effect is facilitated by that the
shockwave is efficiently conveyed by the liquid. The break of the seal
compromises the integrity of parallel microchannels on the chip,
Fig. 3. Schematics of potential in-channel options for interfacing LIBS detection with
microfludic channels. L indicates the excitation laser beam, and D the part of the emitted
light collected. Detection options: A) front side, B) back side.



Fig. 4. Schematics of in-port options for interfacing LIBS detection with microfludic
channels. L indicates the excitation laser beam, and D the emitted light collected.
Detection options: A) on the surface, B) in a widened port, C) in a pocket.
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because even if single pulse LIBS is to be carried out on each channel, the
leakwill contaminate adjacent channels.We found that it is not possible
to achieve a good enough seal quality with a thorough H2SO4/H2O2 acid
cleaning of the silica baseplate and oxygen plasma treatment, which is
the standard procedure in PDMS LOC fabrication. According to themea-
surements by Sollier et al. [6], PDMS-to-glass seals can only withstand a
ca. 3,5 bar pressure. The best seal quality can reportedly be achieved by
the permanent bonding of PDMS to plastic substrates e.g. by epoxy
bonding, but even these are useful for only up to 10 bar pressures
[47]. This seal strength is adequate for low pressure chromatographic
separations (e.g. electrophoresis) [8,11,12], but not for in-channel LIB
plasma formation.

Another obvious challenge of in-channel LOC-LIBS interfacing op-
tions is that the generation of a microplasma within a liquid is known
to be largely suppressed because liquid environments have higher den-
sity and cooling effect, and thus impose stronger quenching on the LIB
plasma than gaseous environments typical for LIBS. Consequently, LIB
plasmas created in liquids have lower temperature, lower emission in-
tensities, shorter lifetimes, and smaller maximum dimensions than
their counterparts generated on solid samples in an atmospheric gas
[48]. This also means that if in-channel LIB plasma formation is
attempted, it has to be tried by using significantly higher laser fluences
than what would be needed on a solid sample in air. This further in-
creases the damage of the chip material caused by the laser ablation.

Based on the above findings, the direct, in-channel LIBS detection in
microfludic channels formed between PDMS and glass or quartz sub-
strates was concluded to be not feasible under the conditions used in
the present study.

3.2.2. In-port LIBS detection
In the case of LOC-LIBS, the in-port detection approach is equivalent

with generating the LIB microplasma in an outlet port or on a pad in/
around the outlet port. This too, is a frequently employed approach in
lab-on-a-chip applications. Both the laser focusing and the emission de-
tection are also the least unobstructedwith this detection option, there-
fore this approach has the potential of offering the best LIBS sensitivity.
One obvious drawback is that the laser ablation is performed in an open
system (unless the whole chip is placed inside an ablation chamber),
thus this approach is not ideal formeasuringdangerous samples. During
the present work, we have tested three alternatives for in-port LIBS de-
tection; these are schematically depicted in Fig. 4.

Liquid-to-solid sample conversion by drying is an approach often
used in liquid sample LIBS analysis [28–30]. After the evaporation of
the solvent a small solid deposit, usually in the form of microcrystals,
is formed which is then ablated. It has to be considered that a) the sub-
strate is co-ablated with the sample, which can give rise to spectral in-
terferences, and b) a confinement of the liquid – and hence the
deposit – is beneficial, as otherwise the spread of the liquid generates
a non-uniform coating of the solid deposits (also known as the “coffee
spot effect”) [29]. Evaporation of the solvent can be accelerated if a
heat source is used, but using a volatile solvent (e.g. methanol or ace-
tone) is a more practical alternative, especially if the microfluidic chip
is set up for separation.

Detection directly on the surface of the chip outside a vertical outlet
(Fig. 4a) is also possible. We found this approach however to suffer
from the non-uniform coating (“coffee spot”) effect, and the surface
area of the liquid spot was also largely varying. In addition, some of
the solution recessed back into the outlet port during evaporation.

Detection in a widened vertical outlet port (e.g. in a “container” creat-
ed in an extra layer of PDMS above an outlet port Fig. 4b) is a better al-
ternative, as the container confines the spread of the liquid during
evaporation, but a careful design of the container is necessary. It should
just be large enough to hold the liquid volume to be converted in order
to minimize the formation of the solid deposits on the wall of the con-
tainer. The bottom of the container should be accessible to the focused
laser beam (uniaxial with the detection of emission) but the area of its
(circular) bottom surface should be small enough to allow for a) an as
complete as possible ablation of the deposits, b) a relatively “thick”
layer of solid deposits to be formed. Ideally, assuming an aqueous sam-
ple solution, the wall of the container should be hydrophobic, whereas
the bottom should be hydrophilic; this arrangement promotes the lim-
iting of the spread of the liquid sample droplet. This configuration can
be achieved by not exposing the extra layer of PDMS (which is punched
for creating the container and positioned onto the top of the chip PDMS
so that it is centered around the outlet port) to oxygen plasma, which
would make the PDMS surface hydrophobic, as opposed to the chip,
which is plasma-treated during the sealing process, therefore is hydro-
philic.We found themain problemwith this approach to be that the top
PDMS layer is therefore not sealed to the chip (instead it is held in place
only byweak adhesion), which allows some of the solution to penetrate
into between the two layers, thereby causing inaccuracies in quantita-
tive analysis.

We have found the detection in a pocket outside a horizontal outlet
port to be themost practical of the three approaches (Fig. 4c). In this op-
tion, a 1 mm diameter, approximately hemispherical “pocket” created
in the glass base plate was placed in front of the horizontal outlet port
by carefully positioning the base plate before sealing. The pocket was
able to hold 0.5 μL of liquid dripping out from the outlet. Channels
with a width of 1000 μm were used in these experiments. The 1 mm
pocket diameter was selected for a safe receiving of the focal spot of
the laser beamand the liquid volume, and to allow for a reasonablemar-
gin for the positioning of the line of pockets in the base plate to a series



Fig. 5. Calibration plots for Cr and Th recorded with the in-pocket detection option. Error
bars indicate the standard deviation calculated for five repetitions. Net line intensities
were normalized to the total integrated light in the visible range. The curves are only
meant to guide the eyes.
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of microfluidic channels in the chip. Reproducible, good quality calibra-
tion curves were recorded with this setup for several elements and
spectral lines. See Fig. 5 for Cr and Th, as examples. Signal normalization
based on the total integrated light in the visible range [49,50] was used
in order to improve the repeatability. The Cr I 425.43 resonance linewas
chosen for this experiment and also for the quantitative experiments
described in the following sectionmainly for its sensitivity and freedom
from interferences from substrate lines (e.g. Ca, Na, Si).
3.3. Analytical application of LOC-LIBS for chromium speciation

As an analytical test of the LOC-LIBS combination, we performed ex-
periments with the goal of Cr(III) and Cr(VI) separation. The
microfluidic chip was setup to separate Cr3+ and Cr2O7

2− ions by elec-
trostatic interaction on the positively charged surface of a reverse-
phase C18 microcolumn modified by tetrabutylammonium (TBA) bro-
mide, according to a method originally described for conventional col-
umns [51]. Two authors of the present study (Nagy and Gáspár) has
already successfully downscaled this separation method in a micro-
chip-based application, where the microcolumn was coupled to flame
atomic absorption spectrometry detection [52]. In this method the di-
chromate ions are retained on the column by forming an ion-pair with
TBA, whereas the Cr3+ cations pass.

Our chip containedmicrochannels thatwere 1mmwide and 100 μm
high. Each microfluidic channel was prepared to hold the 10 μm C18
particles by designing “bottlenecks” (five narrowings) in the channel.
A small volume (~10 μL) of freshly ultrasonicated methanolic suspen-
sion of 10 μm C18 particles was pumped by peristaltic pump toward
the “bottlenecks” created at the end of the channel (please see the
Fig. 6. A photo (on the left) and a microscopic picture about the configuration (on the right)
picture on the right side of Fig. 6.), where the particles were retained
in the flexible channel and formed a compact, homogeneous stable
packing due to the “keystone”, “clamping” and “anchor” effects [53].
The packings were conditioned by employing 10 min washing with
methanol followed by 5 min washing with the mobile phase (50 mM
TBA-Br, pH = 3 adjusted with acetic acid) at 0.5 μL/min flow rate, in
order to cover the surface of the packing with TBA. Each column was
10 mm in length and had an estimated capacity of 2250 ng for dichro-
mate [52].

LIBSwas used as an element selective detector, interfaced to the chip
via the in-pocket detection option, using the formerly described 1 mm
diameter pockets in the glass base plate. The output of the
microcolumnswere fabricated so that the design lead the effluent liquid
into the detection pockets created in the base, as can be seen in Fig. 6. In
order to facilitate calibration and the processing of samples, each chip
held nine parallel channels. Please note that in this microfluidic setup,
the dichromate detection (after elution by methanol) is neither practi-
cal nor feasible because the detection pockets cannot be completely
cleaned from Cr3+. This problem can be potentially circumvented in
the future by fabricating a ”Y-shaped” branching with two microvalves
at the end of the microcolumn to direct the liquid flow into one of two
detection pockets during sample loading and elution phases.

We assessed the performance of the LOC-LIBS chromium speciation
by analyzing a synthetic test solution that contained 500 ppm Cr3+,
500 ppm Cr2O7

2− and 1000 ppm TBA-Br (pH= 3). The preconditioning
of the packing as described above and the adding of the TBA salt also to
the test solution ensured the large excess of the ion-pair forming agent
during separation.

The Cr3+ calibration was performed by varying the loading times of
this solution in the range of 1 to 5min using a sample introduction flow
rate of 0.1 μL/min. In order to ensure a complete passing of Cr3+ content
of the solution, the microcolumn was washed with a triplicate volume
(1.5 μL) of deionizedwater after loading (it was tested that this washing
removed no Cr2O7

2− from the column). The effluent was fully dried into
the pockets prior to LIBS measurements by heating under an infrared
lamp at about 90 °C (ca. 363 K) for 5 min. During the optimization of
this process, the dryness of the sample was visually inspected under
an optical microscope. It was found that after a couple of minutes,
only solid residues remained from the liquid sample.

Six calibration points were recorded with three repetitions in the
range of 0 to 250 ng Cr3+, and the calibration curve shown in Fig. 7.
was obtained. As earlier, the net intensity of the Cr I 425.43 nm line
was monitored again. The signal repeatability was improved by using
signal normalization based on the total integrated light in the visible
range [49,50]. The absolute detection limit for Cr3+ was calculated to
be 2 ng according to the IUPAC three sigma criterion (the sensitivity
was taken at the initial, linear part of the curve). This is equivalent to a
4 μg/mL relative limit of detection (LOD), which compares favourably
to Cr detection limits reported in the literature. 20–30 μg/mL LODs
were achieved in direct liquid sampling LIBS studies [54,55], whereas
of the developed PDMS microfluidic chip for chromium speciation with LIBS detection.



Fig. 7. Top panel: LOC-LIBS calibration curve for Cr3+ recorded with the in-pocket
detection option, after the separation of Cr3+ from Cr2O7

2− based on ion-pair formation.
Error bars indicate the standard deviation calculated for three repetitions and net line
intensities normalized to the total integrated light in the visible range. Bottom panel:
LIBS spectrum of 50 ng Cr3+ recorded during the calibration.
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a 1.2 μg/mL LOD was found in LIBS experiments employing liquid-to-
solid matrix conversion [56].

The accuracy of the analysis was assessed by performing held-out
tests; some of the calibrating samples were excluded from the dataset
and used as unknowns. As can be seen in Table 1, good accuracy results
were achieved by the method (the relative error is 5–7%).

4. Conclusions

In the present study, we briefly described the changes induced in the
PDMSmaterial by nanosecond laser ablation and discussed in detail the
technical and analytical problems of coupling LIBS detectionwith PDMS
microfluidic chips. Our results demonstrate that this direct interfacing is
a feasible and an analytically advantageous approach. The experiments
revealed that out of the two basic interfacing options (in-channel and
Table 1
Quantitative results byheld-out tests as obtainedwith LOC-LIBS in a Cr3+/Cr2O7

2− contain-
ing aqueous solution.

True Cr3+ content
(ng)

Cr3+ content found by LOC-LIBS
(ng)

Repeatability
(%RSD)

100 94 11
150 140 10
200 204 6
in-port), only in-port detection is practical. Out of the tested three in-
port detection arrangements, we found that LIBS detection is the most
useful on the collected and dried effluent solution from themicrofluidic
chip in a “pocket” (pit) fabricated in the glass/quartz substrate adjacent
to an outlet port.

LOC-LIBS interfacing can be particularly important in field-applica-
tions, which are possible since the commercial availability of portable,
compact LIBS systems. Microscale chromatographic techniques, that
are easy to integrate into microfluidic devices, can facilitate sophisticat-
ed sample pretreatment (e.g. separation, enrichment, indirect analysis,
etc.) to be used in conjunction with LIBS analysis. Using LIBS-interfaced
microchip designs more sophisticated than the simple arrangement
used in this pilot study can further facilitate applications or boost the
analytical performance. For example, the microflows to and from the
microcolumn can be programmatically routed via the incorporation of
thermally or pneumatically actuated microvalves into the setup,
which provides more flexibility. Liquid-to-solid conversion inside a
LIBS detection port can be facilitated by applying resistive heating
pads, etc.

In summary, the present work is believed to be the first step toward
the wide application of disposable, versatile lab-on-a-chip devices de-
signed for LIBS interfacing, serving the purposes of liquid sample trace
analysis.
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