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• Lab-on-a-Chips are consolidated as
powerful analytical tools

• They are especially useful for the real-
time and in-situ detection of biomarkers
within environmental analysis of
waters.

• The key feature of thisminiaturized Lab-
on-a-Chip is its ability to perform elec-
trochemical measurements combined
with passive microfluidics.

• The passive flow of sample created
removes the need of using external
pumps and valves what extremely re-
duces the power consumption.
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The assembly PDMS-microfluidic structure and silicon transducer lead to the fabrication of a passive-microfluidic
Lab-on-a-Chip to perform in-situ and real time electrochemical analysis in aquatic environments.
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The presentwork reports on the development of a new generation of Lab-on-a-chip (LOC) to perform in-situ and
real-time potentiometricmeasurements inflowingwater. The device consisted of twodifferentiated parts: a poly
(dimethylsiloxane) (PDMS) microfluidic structure obtained by soft lithography and a fully integrated chemical
sensing platform including fourworkingmicroelectrodes, two referencemicroelectrodes and one countermicro-
electrode for detecting ammonium in a continuousmode. The performance of thedevicewas evaluated following
its potentiometric response when analyzing ammonium containing samples. As a key parameter, its time of re-
sponse was compared to that of a commercially available electrical conductivity sensor used as reference sensor
during tests in laboratory using flowing tap water and technical scale using flowing wastewater. As a result, the
LOC showed a slope of 55mV/decade, a limit of detection of 4·10−5M and a time of full response between10 and
12 s. It was demonstrated that the device can provide fast and reliable data at real timewhen immersed in a lam-
inar flow of water. Moreover, the test of robustness showed that it was still functional after immersion in sewage
for at least 15min. Besides, the LOC reported here can be helpful for a wide variety of flowing-water applications
such as aqua culture outlets control, in-situ and continuous analysis of rivers effluents and seawatersmonitoring
among others.
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1. Introduction
Waste discharges from industrial sewage, agriculture, animal and
human activities have hugely increased since the worldwide population
and economy grow (Wang et al., 2014). Accordingly, wastewater quality
assessment has become an essential tool for environmental monitoring
on the last decades. Since the European Union implemented the Urban
Waste Water Treatment Directive in 1991 to regulate the quality of
wastewater, the control of pollutants discharged has significantly in-
creased (European Commision, 2016; European Environment Agency,
2015). However, the presence of emerging biological and chemical con-
taminants in wastewater is still alarming (Awasthi et al., 2016;
Bougnom and Piddock, 2017; Gaw and Glover, 2016; He et al., 2016;
López-Serna et al., 2013; Petrie et al., 2015; Rizzo et al., 2013; Zabinski
et al., 2017). Yet, sewagemonitoring is not only helpful to improvewaste-
water quality from an environmental point of view, but also to perform
epidemiology studies in communities. Such is the case of profiling illicit
drug intake by population. Collecting information concerning illicit-drug
uses plays a vital role in not only helping law enforcement agencies in
prevention and fight against criminal organizations, but also to estimate
illegal stimulating substances production and consumption. At present,
the chemical analysis of wastewater is a powerful tool tomonitor the pat-
terns and trends of illicit drug consumption traditionally carried out in
surveys (Castiglioni et al., 2014;Xu et al., 2017). In oneof the latest studies
in sewage epidemiology, Zuccato et al. used SPE and HPLC-MS/MS to ob-
tain the profile of drug consumption in several Italian school populations.
They found cannabis and cocaine intake up to 6 g/day for 1000 people to
be themost used drugs followed by amphetamine-type stimulants (ATS)
such as ecstasy ormethamphetaminewhere the consumption can rise up
to 0.2 g/day for 1000people depending on the school and season (Zuccato
et al., 2017).

Commonly, most extended analytical techniques used to analyse
wastewater are sample-based studies like spectroscopic measurements
and especially capillary electrophoresis and chromatographic analyses
coupled with mass spectrometry techniques (HPLC and GC–MS). Al-
though these techniques are highly selective and sensitive, they are
still limited by the high costs and also they are time consuming. More-
over, these sophisticate equipment cannot provide results at real time
neither to be used for on-site analyses. Thus, it is important to develop
new techniques that produce reliable data in-situ, are easy-to-handle,
inexpensive and provide fast and accurate results. In contrast to conven-
tional analytical methods, chemical sensors are an attractive alternative
or supplement to detect contaminants in a continuous mode. In the re-
cent years, the presence of Lab-on-a-Chip (LOC) has emerged to moni-
tor water quality (Nurani et al., 2017; Wade et al., 2012). Microfluidic
LOC platforms have been extensively studied due to their possibility of
replacing a fully equipped conventional laboratory. Great efforts have
been devoted in downscaling the instrumentation, and electrochemical
devices that enable the real-timemonitoring ofwater effluents have ap-
peared in the last decade (Jang et al., 2011). D. Geon et al. have recently
reported on the development of a LOC to determine the total phospho-
rous (TP) concentration for water quality assessment (Geon et al.,
2018). Here, the device consisted of integrated mixing and pretreat-
ment chambers and was based on photocatalytic reaction for phospho-
rous detection in a time interval of 20 min. The instrumentation's size
has been highlyminimized and its performancewas comparable to con-
ventional TP analyzers. Similarly, a microfluidic multisensorial LOC that
was able to operate in all natural waters has been reported. It used col-
orimetricmeasurements to assess nitrate andnitrite concentrationwith
a limit of detection of 0.02 μmol/dm3 for both inorganic anions (Beaton
et al., 2012). However, this was time consuming as it requires multiple
steps for a chemical assay (sample pre-treatment, transport, time for re-
action and conditioning). Contrarily, electrochemical LOCs are described
as an attractive and alternative chemical analyses tool as they present
compactness, low sample consumption, low-cost production, easy pro-
cess control, real time analyses and are able to provide fast response
(Gabriel et al., 2017; Mao et al., 2015; Ning et al., 2017; Wu et al.,
2013; Zhang et al., 2017; Zhao et al., 2018).

In this context, we report on the development of a passive
microfluidic LOC for in-situ and real time potentiometricmeasurements
in flowing water. The device wasmade of two parts: a transducer hold-
ing an array of gold working (WE), silver/silver-chloride reference (RE)
and platinum auxiliary (AE) microelectrodes; and a PDMS microfluidic
structure that consisted of internal passive micromixers, microfilters
and a detection microchamber. Both subunits (PDMS/transducer)
were covalently bonded by surface activation using O2 plasma. Gold
WEs were modified as ammonium-selective electrodes (ASEs) and po-
tentiometric measurements were carried out to monitor ammonium-
containing samples as a control experiment to validate the principle
of concept. A passive and continuous flow was created inside the
microfluidic LOC by diffusion when it was immersed in a laminar flow
of tap water. This was verified by the quick response time of the LOC.
Furthermore, the microfluidic LOC was subject of different immersions
in a sewage pipe for different exposure times in order to evaluate its ro-
bustness and performance against clogging and its further application in
sewage analysis. The manufacturing process was a challenge for rapid
prototyping and our ambition is to produce reliable, low-cost, easy-to-
operate andminiaturized sensing devices. Moreover, the LOC was com-
pact for in-situ and real time detection of chemical markers in flowing
water application such as sewage epidemiology, sea water or aqua cul-
ture outlets monitoring among others.

2. Materials and methods

2.1. Chemicals

Poly (dimethylsiloxane) (PDMS) (Sylgard 184) was purchased
from Dow Corning, France. Carbon tetrachloride, heptane,
octadecyltrichlorosilane (OTS), polyvinyl chloride carboxilated
(PVC\\COOH), di-octyl sebacate (DOS), pyrrole, sulfuric acid,
ammonium chloride, hydrogen peroxide, potassium ferrocyanide (II),
potassium ferricyanide (III), nonactine (ammonium ionophore) and
acetonitrile were purchased from Sigma & Aldrich. Cesium Cosane
(Cs[3,3′-Co(1,2-C2B9H11)2]) was purchased from Katchem spol. s.r.o. It
was used as doping agent for the preparation of a conducting-polymer
intermediated layer between the ammonium-sensitive membrane
and gold transducer. As reference, an electrical conductivity electrode
“TetraCon 925” distributed by Xylem Analytics Germany Sales GmbH
& Co.KG was used.

2.2. Microelectrodes fabrication

In a first stage, a batch of transducers was manufactured at the
Barcelona Microelectronics Institute IMB-CNM (CSIC), Spain. They
were made-up in silicon-substrate wafers of 100 mm diameter which
contain 230 devices. The final device size is 4 × 7 mm and it integrates
four gold Wes of 0.64 mm2 each, two Ag/AgCl REs of 0.13 mm2 and
one Pt AE of 1.37 mm2 as shown in Fig. 1(a). The transducer fabrication
process starts by growing a silicon dioxide layer of 800 nm thickness
using thermal oxidation to isolate the metallic microelectrodes from
the silicon substrate. Afterward, gold microelectrodes were fabricated
by physical vapor deposition (PVD) of a tri-layer of Ti (50 nm), Ni
(50 nm), and Au (200 nm).

The Ti layer ensures good adhesion to the SiO2 and the Ni layer
avoids intermixing of Ti and Au. The geometry of the microelectrodes
was defined by photolithography and wet chemical etching. The
platinum microelectrodes were fabricated by PVD of a bilayer of Ti
(15 nm) and Pt (150 nm), followed by photolithography and lift-off.
Silver for the reference electrodes was deposited by PVD as a bilayer
of Ti (15 nm) and Ag (150 nm), and patterned by photolithography
and lift-off. A dielectric passivation layer was deposited over themicro-
electrodes by plasma enhanced chemical vapor deposition (PECVD) of



Fig. 1. In (a), amicrograph of the transducermanufactured. In (b), amicrograph of the negative-shaped siliconmoldmanufactured. In (c), the layout for the production of transducers and
negative-shaped silicon molds bearing the microfluidic elements.
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SiO2 (400 nm) plus Si3N4 (400 nm). The passivation was removed then
from the active microelectrode areas and the microelectrodes' pads by
photolithography and dry reactive ion etching. Afterwards, the trans-
ducer was glued to a printed circuit board (PCB) using an epoxy resin
(Ep-Tek H70E-2LC, from Epoxy Technology). Finally, all microelec-
trodes' pads were wire-bonded (using Kulicke and Sofa equipment
4523A) to the gold tracks of PCB and then the electrical connections
were insulated using the same epoxy resin (Ep-Tek H70E-2LC).

2.3. Silicon master manufacturing process

A batch of negative-shaped silicon molds was fabricated at the IMB-
CNM (CSIC), Barcelona, using a design that included microstructures
such as microfilters, passive micromixers and microchannels as shown
in Fig. 1 (b) and (c). The heights of the structures were etched to a
depth of 100 μm.Themicrostructureswere defined in the silicon surface
to produce PDMSmicrofluidic systemswith positive-shaped superficial
structures by soft lithography replica molding. Silicon molds were
fabricated by patterning the surface with a photoresist resin using
established photolithography techniques. Then, the silicon wafer with
〈100〉 orientation was etched to a depth of 100 μm using deep reactive
ion etching (601 DRIE, Alcatel, France). DRIE was preferred over other
techniques, such as reactive ion etching (RIE) and inductively coupled
plasma (ICP), since DRIE conditions were well optimized for etching
these multilayer systems (Caballero et al., 2009; Mills et al., 2007;
Prats-alfonso et al., 2012), and the technique provided good definition
of the side walls to depths of hundreds of nanometres. After wafer dic-
ing, the silicon masters were immersed in piranha (H2SO4/H2O2 ratio
2:1) solution for 2 h. Thus, Si-OH groups are formed on the Si surface.
Subsequently, the activated surface is put in contact with a solution of
OTS (5 μM) and carbon tetrachloride (0.4 mM) in heptane creating
therefore, anoctadecyl silanemonolayer at the Si surface through nucle-
ophilic reaction between Cl groups from OTS and Si-OH. Finally, the sil-
icon molds were then rinsed with heptane and placed into the oven for
1 h.

2.4. Preparation of ammonium sensitive layer

In order to evaluate the performance of the passive microfluidic de-
vice, WE included in the LOC were functionalized as ammonium-
selective microelectrodes to analyse ammonium during control experi-
ments. The fabrication process started by growing a solid contact layer
of conducting polymer polypyrrole[3,3′-Co(1,2-C2B9H11)2], (called
from now PpyCOSANE) by electrochemical polymerization onto gold
microelectrodes using cyclic voltammetry as we have reported previ-
ously in the literature (Biloivan et al., 2007, 2006; Gallardo-Gonzalez
et al., 2018a; Gallardo-González et al., 2018b; Marques de Oliveira
et al., 2008, 2006; Saini et al., 2018). Subsequently, a combination of
33 wt% of PVC-COOH, 66 wt% DOS and 2 wt% of nonactine as ammo-
nium ionophore was dissolved in 1.5 mL of THF. Afterwards, 2 μL of
the mixture were drop-cast on top of each WE already modified with
the PpyCOSANE layer. The membrane composition used has been ob-
tained from the literature and adapted to fabricate the miniaturized
ammonium-selective microsensors (de Beer and Van Den Heuvel,
1988). The device was left at room temperature overnight for total sol-
vent evaporation. At this stage, the chemical sensor was ready to be
joined to the microfluidic system.

2.5. Replica molding

Themicrofluidic systems based on PDMSweremanufactured by soft
lithography replica-molding. As indicated by its name, this method en-
ables to obtain a replicate polymeric structure from the Simold (Xia and
Whitesides, 1998). For this purpose, a pre-polymer (PDMS) was mixed
with the curing agent at the ratio of 10:3. The PDMS pre-polymer mix-
turewasdegassed in order to remove all air bubbles trapped in thepoly-
mer mixture. This step was very important to prevent mechanical
defects in the microfluidic system. The mixture was then poured onto
the silicon mold (previously silanized with OTS) and the ensemble
mold/PDMS was left in the oven at 90 °C for 1 h. After PDMS curing,
the elastomeric microfluidic system was peeled off from the silicon
mold bearing the microstructures on its surface.

2.6. LOC assembly

The irreversible bonding between PDMS and transducer surfaces
was achieved by surfaces activation through O2 plasma in order to cre-
ate hydroxyl groups Si-OH on the surfaces. Oxygen plasma was applied
at 100mTorr of pressure and 0.4W/cm2 during 30 s for PDMS and 2min
for silicon transducer. An inert and opaque mask was manufactured
in epoxy resin to protect the microelectrodes area from the plasma
source. Immediately after the activation process, both subunits
(PDMS/transducer) were placed in a conformal contact and immedi-
ately an irreversible bonding O\\Si\\O was formed providing the
sealing of the final microfluidic LOC.



Fig. 2. Cyclic voltammogram of four gold working microelectrodes included in the
transducer. Measurements performed in redox probe K3[Fe(CN)6]/K4[Fe(CN)6] 5 mM in
phosphate buffer solution. Potential scanned from −0.2 to 0.6 V vs internal Ag/AgCl
reference microelectrode at scan rate of 100 mV/s. Measurements were carried out
simultaneously using a single-device electrochemical cell.
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2.7. Electrochemical measurements

Cyclic Voltammetry (CV) was used for electrode characterization
and electrochemical polymerization of the PpyCOSANE conducting
polymer using a multichannel potentiostat (Biologic-EC-Lab VMP3) an-
alyzer. Potentiometric measurements were made relative to internal
Ag/AgCl RE and were carried out at room temperature using a multi-
channel data acquisition system with four working microelectrodes
connected simultaneously. Once the LOCwas assembled, the calibration
was performed in laboratory by titration of standard solution of ammo-
nium chloride from 10−8 M up to 1 M prepared in the ionic strength
buffer tris-HCl/triswith a ratio 9.5:1 in 25mL of buffer tomaintain a con-
stant pH = 7.1. The LOC was calibrated using the generalized standard
addition method (GSAM) (Saxberg and Kowalski, 1979). A solution of
(NH4)2CO3 2 M (denoted as ammonium solution from now) was used
for control tests in flowing water at technical scale with the electrical
conductivity (EC) sensor used as time-of-response reference sensor.
3. Results and discussion

3.1. Transducer characterization

In order to validate the electrodes manufacturing process, gold
WEs were characterized by CV. Measurements were made in redox
Fig. 3.Micrographs of (a) transducer with bare electrodes. In (b) PpyCOSANE-modified
probe K3[Fe(CN)6]/K4[Fe(CN)6] (5 mM) in phosphate buffered saline
(PBS, pH 7.4). The potential was scanned from −0.2 to 0.6 V vs
Ag/AgCl internal reference microelectrode at scan rate of
100 mV/s. Cyclic voltammograms were recorded simultaneously for
each WE as shown in Fig. 2. The redox peaks observed at E = 0.12 V
and 0.27 V as well as the symmetry of the intensity current peaks
recorded at I = ± 8 μA were uniform and stable over the four micro-
electrodes. This confirms the normal behavior of the redox reaction;
Fe2+↔ Fe3++e−, at the gold interfacewhich validates the goodmicro-
electrodes manufacturing process.

3.2. Microfluidic LOC assembly

The performance of the LOC was evaluated following its potentio-
metric response to different ammonium-containing samples. Therefore,
all goldWEswere chemically functionalized to obtain four ammonium-
selective microelectrodes as described in the experimental section.
Fig. 3 illustrates the steps for the fabrication. First, a conducting layer
of PpyCOSANE polymer was electrodeposited simultaneously onto all
gold WEs to improve the mechanical and electrical contact between
the sensitive membrane and gold microelectrode as described above.
The optimized parameters of electrodeposition have provided a homog-
enous PpyCOSANE layer (black layer in Fig. 3 (b)). This layer served to
establish a formal contact between the polymeric membrane and the
gold microelectrode enhancing the overall transduction process. After-
wards, the polymeric membrane that contained a mixture of PVC, plas-
ticizer and nonactine as ammonium ionophore was drop-cast on top of
each PpyCOSANE-modified WE (see Fig. 3 (c)) to obtain four ASEs. At
this stage the chemical sensor platform was ready to be joined to the
microfluidic system.

As it was mentioned previously, the PDMS microfluidic structure
was obtained by replica molding of the silicon mold. This soft-
lithography technique enables to obtain a positive-shaped elastomer
bearing the desired microstructures. In Fig. 4 (a) a micrograph of one
of the PDMS microfluidic systems obtained is shown. The system pre-
sented a combination of pillars and microchannel acting as microfilters
and passive micromixers. The high resolution of the PDMS structure
obtained using the replica molding technique was confirmed by its in-
terferometry image shown in Fig. 4 (c).

The microfluidic system has been designed to present a depth of
100 μmwhen assembled with the electrochemical microsensor creating
therefore, a combination of microchannels. Thus, the sample reaches the
detection microchamber by capillarity in a first stage then diffuses
through the microfluidic system. The covalent bonding between the
silicon-based transducer and PDMS microfluidic structure was made
through O\\Si\\O bond formation between Me2SiO2 group from PDMS
and SiO2 from the silicon transducer (Baraket et al., 2016, 2013; Lee
et al., 2013; Tang and Lee, 2010). Both surfaces (PDMS and transducer)
are chemically activated via Si-OH formation using O2 plasma. Thus, an
irreversible bond occurs through condensation reaction when both
microelectrodes (c) transducer holding four ammonium-selective microelectrodes.



Fig. 4. (a)Micrograph of PDMS-microfluidic system obtained by replica molding. (b) Replica molding illustration (c) Interferometry image of a part of the PDMS microfluidic structure.
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surfaces are put in contact. Fig. 5 shows the final device. Themicrofluidic
system was perfectly aligned to the transducer so that the microelec-
trodes were inside the microchamber of analyse. Thus, they are
surrounded by the microfluidic elements in such a way so the
microfluidic system automatically controls the amount of sample
reaching the detection chamber. Therefore, the exposure of the micro-
electrodes to the harsh environment is highly reduced.

For this interest, the inlet of the microfluidic system was placed in
the front side and it formed a combination of pillars with different
Fig. 5. Final microfluidic LOC made of transducer holding four ammonium-selective
microelectrodes and on top of it the PDMS microfluidic system has been glued. The
microelectrodes fit perfectly inside the detection microchamber and are surrounded by
the passive microfluidic elements.
sizes and geometries acting as microfilters and passive micromixers
(see Fig. 5). The four ASEs were hosted in the detection microchamber
and therefore, ammonium can be monitored in continuous. The outlets
1 allowed to evacuate the non-filtered particles so that clogging is
highly minimized at the main inlet of the LOC. Afterwards, the filtered
sample reached the detection microchamber where it was analyzed
then automatically evacuated from the outlets 2.

3.3. Potentiometric measurements

It is well-known that for any ion-selective electrode (ISE), the most
sought parameters are the slope, the limit of detection (LOD), the
selectivity in the presence of a complexmatrix and the time of response.
The slope provides information about the electrical-charge interaction
between target-compound and membrane. Thus, in the case of a
monovalent cation such as ammonium, the ideal value should be
close to 59 mV/decade of ammonium concentration (concentration re-
ferred to the total ammonium concentration (TAC) as an equilibrium
NH3/NH4

+). The ISE's sensitivity is given by the LOD and the time of re-
sponse is defined as the time needed by the sensor to achieve the 95% of
the response expected when a detection event occurred. Fig. 6 present
the dynamic response of potentiometric measurements carried out
using the LOC for ammonium detection following the GSAM (Saxberg
and Kowalski, 1979). The initial volume used for the calibration of the
LOC was V0 = 25 mL of buffer tris-HCl/tris (9.5:1 ratio).

Its performance was found to be comparable to those previously re-
ported in the literature (deBeer andVanDenHeuvel, 1988)with a slope
of 55 mV/decade, a limit of detection of 4·10−5 M and a time of full re-
sponse between 10 and 12 s. Results summarized in Table 1 show the
ASEs performance.

As the LOC includes four working microelectrodes that can measure
at the same time, the repeatability and reproducibility of the



Fig. 6. Dynamic response of one of the ASEs included in the microfluidic LOC for step
changes in the concentration of NH4Cl from 1 μM to 40 mM in buffer tris-HCl/tris.

Fig. 7. LOC and EC sensor's responses to ammonium containing samples. Initial volume,
V0 = 200 mL of tap water.
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measurements was also evaluated. The negligible deviations obtained
(see Table 1) confirmed the good reproducibility of the ammonium-
selective microelectrodes prepared.

3.4. Evaluation under real conditions

The main purpose of the LOC was to be able to perform continuous
and real-time analysis in flowing water applications. For this purpose,
the time of response has been assessed as a key parameter since we
needed to demonstrate that the presence of the microfluidic structure
does not affect the microsensors' response. Thus, the main objective
was to evaluate the overall performance of the passive microfluidic
LOC as a device that is able to perform in-situ and real time analysis in
flowing water applications. In this context, ammonium-selective
microeletrodes were chosen as control microsensors to validate the
proof of concept of the passive microfluidic device. For this purpose,
the LOC time of response was compared to that of a commercial EC sen-
sor used as reference sensor during the analysis of ammonium-
containing samples. Firstly, both devices (LOC and EC sensor) were
placed in a beaker that contained 200 mL of tap water under stirring
and the baselines were recorded until signal stabilization was reached.
Afterwards, 20 mL of ammonium solution were added at t = 10 s. As
it can be observed from Fig. 7, the LOC time of response was delayed
by 15 s when compared to the EC sensor response. Subsequently, a sec-
ond addition of 20mL of ammonium solutionwere added once the sen-
sors signals were stable again (at t = 130 s). Again, the LOC time of
response was delayed by 15 s when compared to the EC sensor
response.

Secondly, the device was evaluated under flowing tapwater. Here, a
testbedmade of roof gutter (pipe diameter of 75mm; length: 2m; slope
~2%) with a partly dammed outlet and supplied with flowing tap water
was set up. The flow-rate was set at 2 L/min using a peristaltic pump.
Table 1
Potentiometric response of the four ASEs included in the LOC. Calibration carried out at
initial volume, V0 = 25mL of buffer buffer tris-HCl/tris at pH= 7.1. Standard deviation
values referred to the measurements obtained with the four microelectrodes included
in the LOC.

Parameter ASE

Slope (mV/decade) 55 ± 0.7
Lower limit of detection (M) 4·10−5 ± 8.1·10−6

Lower limit of linear range (M) 1.0·10−4

Time of full response (s) 10–12
After reaching stable conditions with tap water, 500 mL of the ammo-
nium solution were pumped into the testbed.

In this case, no delay was observed when the time of response of
both the LOC and EC sensor were compared. Since the microfluidic-
system's inlet was oriented to the laminar flow applied in the pipe, dif-
fusion is favored and therefore, the sample reaches the LOC's detection
microchamber faster when compared to the previous test performed in
a beaker and under stirring. Moreover, as the LOC's signal returns to the
baseline right after the peak related to the ammonium detection
(see Fig. 8), it was confirmed that the liquid flows ceaselessly through
the microfluidic system creating a continuous stream. These findings
appear to be very promising as they confirm that the presence of the
microfluidic structure on top of the microelectrodes does not affect its
time of response. Moreover, the results suggest that in a first stage,
the LOC is filled with the sample through capillarity when it was im-
mersed in the liquid medium. Subsequently, as the device is oriented
to a laminar flow, diffusion governs the dynamic flow created through-
out the microfluidic system.

Additionally, the robustness of the device was evaluated by immer-
sion of the microfluidic LOC in a real municipal sewage pipe at the Berlin
Center for Competence and Water, Germany to assess its future useful-
ness under extreme conditions such as sewagemonitoring. Thewastewa-
ter used in the test facility was pumped from a combined sewer of the
Berlin sewer-network into a storage tank which was placed before the
Fig. 8. LOC's and EC sensor's responses recorded when 500 mL of ammonium solution
were pumped into the testbed. No delay is observed when both the LOC and EC sensor
responses were compared.



Fig. 9. LOC and EC sensor's responses to two additions of 20 mL of ammonium solution after LOC immersion in flowing wastewater for (a)15 min and (b) 60 min respectively.
Measurements carried out in tap water as the LOC was removed from the sewage.
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testbed (pipe-diameter of 350mm) at a higher elevation. Aflowofwaste-
water up to 10 L/s could be provided continuously. The respective velocity
in the pipe ranged from 0 to 0.6 m/s (and max. 0.8 m/s at 15 L/s).

In this context, the LOC was set in a plastic module especially de-
signed for sewage application and the ensemble was immersed in the
pipe to evaluate two exposure times: 15 and 60 min respectively. Im-
mediately after the exposure to the sewage, the microfluidic LOC was
removed from the pipe, it was immersed into a beaker with 200 mL of
tap water under stirring together with the commercial EC sensor. The
objective was to check again the LOC response but this time after
being submerged into the wastewater stream for 15 min. Firstly, the
sensors baselines were recorded. Once LOC and EC sensor reached sta-
ble conditions (at t = 125 s) 20 mL of ammonium solution were
added. Here both EC and LOC had the same response time. Subse-
quently, once the LOC and EC sensor signals were stable again, a second
addition of 20 mL of the ammonium solution was added at t = 300 s.
Once again, it was observed that the response time seen for both the
LOC and EC sensors was the same. Fig. 9 (a) shows the LOC and EC sen-
sor responses to ammonium after being immersed in the wastewater
stream for 15min. For both injections, the LOC timeof response remains
in the same orderwhen compared to the EC sensor's response. This con-
firmed that the LOC was still functional after 15 min immersion in sew-
age and therefore no clogging phenomenon was observed.

The same previous experiencewas repeatedwith 60min immersion
of the LOC in sewage. In this case, the LOC only responded to the second
addition of 20 mL of the ammonium solution (see Fig. 9 (b) t = 180 s)
which might be a sign of partial clogging. Moreover, the time of re-
sponse of the LOC to the second injection was about 20 s delayed,
when compared to the previous test where the response was immedi-
ate. Therefore, even if the LOCwas still functional, the results confirmed
the partial clogging at the inlet of the LOC when it was immersed in the
wastewater for 60min. Partial clogging consisted on fibres and particles
acting as a porous dam at the inlet of the microfluidic device. Conse-
quently, a decrease of the flow-rate inside the microfluidic system oc-
curred as the sample started to diffuse more slowly through the LOC
and therefore the response time increased. As it can be observed in
Fig. 9 (b), the LOC response start at 180 s, after the second addition of
ammonium and finish at 220 s. A time of response of 40 s approx. is a
sign of sample diffusing through the partially clogged inlet of the LOC.
To minimize clogging and so to perform real-time analysis for longer
exposure times, a combination of passive and active microfluidics is
under development. For this purpose, we are currently working on the
design of a microfluidic manifold that will contain a piezoelectric
micropump connected to the outlet of the LOC. Therefore, when the
device will shows signs of clogging, a small amount of buffer will be
injected into the LOC using the micropump in order to flash the system
out of particles.

4. Conclusions

Amicrofluidic Lab-on-a-Chip for real-time potentiometric measure-
ments in flowing water has been developed. The device was
manufactured by irreversible bonding of two subunits: a PDMS-flexible
passive microfluidic structure and a transducer holding an array of four
gold working microelectrodes, two Ag/AgCl reference microelectrodes
and one Pt auxiliary microelectrode. As a proof of concept, the LOC was
chemically functionalized to incorporate four ammonium-selective
microelectrodes and therefore, ammonium-containing samples were an-
alyzed in flowingwater successfully. As a result, it was demonstrated that
a continuous water stream is naturally created through the microfluidic
LOC when it was immersed in a laminar flow of water and, what is
more important, without the need of an external pump or actuator.
Thus, the power consumption is reduced to zero and therefore, it is ex-
tremely helpful for applications in inaccessible environment. The test of
roboustness confirmed that the LOC was still functional and responded
to ammonium-containing samples after being immersed in sewage for
at least 15 min. Therefore, the low-cost, low-power consumption, easy-
to-operate and miniaturized LOC presented here can be used for in-situ
and real-time potentiometric measurements in flowing water locations.
Using the same strategy, one can include almost any kind of electrochem-
ical sensor in the LOC and perform water quality assessment in situ and
real time for environmental applications such as sewage epidemiology,
quality controls in a river, aqua culture outlets or “off shore” fish cages
among other.

Acknowledgments

The authors acknowledge the financial support from the European
Union's Horizon 2020 research and innovation program entitled
MicroMole and Hearten grant agreement No 653626 and No 643694
respectively.

References

Awasthi, A.K., Zeng, X., Li, J., 2016. Environmental pollution of electronic waste recycling
in India: a critical review. Environ. Pollut. 211, 259–270. https://doi.org/10.1016/j.
envpol.2015.11.027.

Baraket, A., Zine, N., Lee, M., Bausells, J., Jaffrezic-Renault, N., Bessueille, F., Yaakoubi, N.,
Errachid, A., 2013. Development of a flexible microfluidic system based on a simple
and reproducible sealing process between polymers and poly(dimethylsiloxane).
Microelectron. Eng. 111, 332–338. https://doi.org/10.1016/j.mee.2013.02.059.

https://doi.org/10.1016/j.envpol.2015.11.027
https://doi.org/10.1016/j.envpol.2015.11.027
https://doi.org/10.1016/j.mee.2013.02.059


1230 J. Gallardo-Gonzalez et al. / Science of the Total Environment 653 (2019) 1223–1230
Baraket, A., Lee, M., Zine, N., Yaakoubi, N., Bausells, J., Errachid, A., 2016. A flexible electro-
chemical micro lab-on-chip: application to the detection of interleukin-10.
Microchim. Acta 183, 2155–2162. https://doi.org/10.1007/s00604-016-1847-y.

Beaton, A.D., Cardwell, C.L., Thomas, R.S., Sieben, V.J., Waugh, E.M., Statham, P.J., Mowlem,
M.C., Morgan, H., 2012. Lab-on-Chip measurement of nitrate and nitrite for in situ
analysis of natural waters. Environ. Sci. Technol. 46, 9548–9556. https://doi.org/
10.1021/es300419u.

de Beer, D., Van Den Heuvel, J.C., 1988. Response of ammonium-selective microelectrodes
based on the neutral carrier nonactine. Talanta 35, 728–730.

Biloivan, O.A., Verevka, S.V., Dzyadevych, S.V., Zine, N., Bausells, J., Samitier, J., Errachid, A.,
2006. Protein detection based on microelectrodes with the PPy[3,3-co(1,2-
C2B9H11)]2 solid contact and immobilized proteinases: preliminary investigations.
Mater. Sci. Eng. C 26, 574–577.

Biloivan, O.A., Dzyadevych, S.V., El'skaya, A.V., Jaffrezic-Renault, N., Zine, N., Bausells, J.,
Samitier, J., Errachid, A., 2007. Development of bi-enzyme microbiosensor based on
solid-contact ion-selective microelectrodes for protein detection. Sensors Actuators
B Chem. 123, 1096–1100.

Bougnom, B.P., Piddock, L.J.V., 2017. Wastewater for urban agriculture: a significant factor
in dissemination of antibiotic resistance. Environ. Sci. Technol. 51, 5863–5864.

Caballero, D., Samitier, J., Bausells, J., Errachid, A., 2009. Direct patterning of anti-human
serum albumin antibodies on aldehyde-terminated silicon nitride surfaces for HSA
protein detection. Small 5, 1531–1534. https://doi.org/10.1002/smll.200801735.

Castiglioni, S., Thomas, K.V., Kasprzyk-Hordern, B., Vandam, L., Griffiths, P., 2014. Testing
wastewater to detect illicit drugs: state of the art, potential and research needs. Sci.
Total Environ. 487, 613–620.

European Commision, 2016. Report from the commission to the European parliament, the
council, the European economic and social committee and the committee of the re-
gions. 8th Report on the Implementation Status and the Programmes for Implemen-
tation of Council Directive 91/271/EEC.

European Environment Agency, 2015. The European Environment. State and Outlook
2015. 3. Protecting, Conserving and Enhancing Natural Capital.

Gabriel, D., Baeza, M., Pol, R., Francisco, C., 2017. Trends in analytical chemistry micro flu-
idic lab-on-a-chip platforms for environmental monitoring. Trends Anal. Chem. 95,
62–68. https://doi.org/10.1016/j.trac.2017.08.001.

Gallardo-González, J., Baraket, A., Bonhomme, A., Zine, N., Sigaud, M., Bausells, J., Errachid,
A., 2018a. Sensitive potentiometric determination of amphetamine with an all-solid-
state micro ion-selective-electrode. Anal. Lett. 58, 348–358. https://doi.org/10.1080/
00032719.2017.1326053.

Gallardo-Gonzalez, J., Saini, A., Baraket, A., Boudjaoui, S., Alcácer, A., Streklas, A., Teixidor,
F., Zine, N., Bausells, J., Errachid, A., 2018b. A highly selective potentiometric amphet-
amine microsensor based on all-solid-state membrane using a new ion-pair complex,
[3,3″-Co(1,2-closo-C2B9H11)2]−[C9H13NH]. Sensors Actuators B Chem. 266,
823–829. https://doi.org/10.1016/j.snb.2018.04.001.

Gaw, S., Glover, C.N., 2016. A case of contagious toxicity? Isoprostanes as potential emerg-
ing contaminants of concern. Sci. Total Environ. 560–561, 295–298. https://doi.org/
10.1016/j.scitotenv.2016.04.005.

Geon, D., Jung, D., Ho, S., 2018. Lab-on-a-chip based total-phosphorus analysis device uti-
lizing a photocatalytic reaction. Solid State Electron. 140, 100–108. https://doi.org/
10.1016/j.sse.2017.10.026.

He, L., Ying, G., Liu, Y., Su, H., Chen, J., Liu, S., Zhao, J., 2016. Discharge of swine wastes risks
water quality and food safety: antibiotics and antibiotic resistance genes from swine
sources to the receiving environments. Environ. Int. 92–93, 210–219. https://doi.org/
10.1016/j.envint.2016.03.023.

Jang, A., Zou, Z., Lee, K.K., Ahn, C.H., Bishop, P.L., 2011. State-of-the-art lab chip sensors for
environmental water monitoring. Meas. Sci. Technol. 22. https://doi.org/10.1088/
0957-0233/22/3/032001 (18pp).

Lee, M., Lopez-Martinez, M.J., Baraket, A., Zine, N., Esteve, J., Plaza, J.A., Jaffrezic-Renault, N.,
Errachid, A., 2013. Polymer micromixers bonded to thermoplastic films combining
soft-lithography with plasma and aptes treatment processes. J. Polym. Sci. A Polym.
Chem. 51, 59–70. https://doi.org/10.1002/pola.26387.

López-Serna, R., Jurado, A., Vázquez-Suñé, E., Carrera, J., Petrović, M., Barceló, D., 2013. Oc-
currence of 95 pharmaceuticals and transformation products in urban groundwaters
underlying the metropolis of Barcelona, Spain. Environ. Pollut. 174, 305–315. https://
doi.org/10.1016/j.envpol.2012.11.022.

Mao, S., Chang, J., Zhou, G., Chen, J., 2015. Nanomaterial-enabled rapid detection of water
contaminants. Small 11, 5336–5359. https://doi.org/10.1002/smll.201500831.

Marques De Oliveira, I.A., Pla-Roca, M., Escriche, L., Casabó, J., Zine, N., Bausells, J., Teixidor,
F., Crespo, E., Errachid, A., Samitier, J., 2006. Novel all-solid-state copper(II) microelec-
trode based on a dithiomacrocycle as a neutral carrier. Electrochim. Acta 51,
5070–5074.
Marques De Oliveira, I.A., Risco, D., Vocanson, F., Crespo, E., Teixidor, F., Zine, N., Bausells,
J., Samitier, J., Errachid, A., 2008. Sodium ion sensitive microelectrode based on a p-
tert-butylcalix[4]arene ethyl ester. Sensors Actuators B Chem. 130, 295–299.

Mills, C.A., Fernandez, J.G., Martinez, E., Funes, M., Engel, E., Errachid, A., Planell, J.,
Samitier, J., 2007. Directional alignment of MG63 cells on polymer surfaces containing
point microstructures. Small 3, 871–879. https://doi.org/10.1002/smll.200600683.

Ning, Y.-F., Yan, P., Chen, Y.-P., Guo, J.-S., Shen, Y., Fang, F., Tang, Y., Gao, X., 2017.
Development of a Pt modified microelectrode aimed for the monitoring of ammo-
nium in solution. Int. J. Environ. Anal. Chem. 97, 85–98. https://doi.org/10.1080/
03067319.2016.1277994.

Nurani, S., Abdul, H., Lau, W., 2017. Detection of contaminants in water supply: a review
on state-of-the-art monitoring technologies and their applications. Sensors Actuators
B Chem. 255, 2657–2689. https://doi.org/10.1016/j.snb.2017.09.078.

Petrie, B., Barden, R., Kasprzyk-Hordern, B., 2015. A review on emerging contaminants in
wastewaters and the environment: current knowledge, understudied areas and rec-
ommendations for future monitoring. Water Res. 72, 3–27. https://doi.org/10.1016/j.
watres.2014.08.053.

Prats-Alfonso, E., Sisquella, X., Zine, N., Gabriel, G., Guimerà, A., Campo, F.J., Villa, R.,
Eisenberg, A.H., Mrksich, M., 2012. Cancer prognostics by direct detection of p53-
antibodies on gold surfaces by impedance measurements. Small 8, 2106–2115.
https://doi.org/10.1002/smll.201102724.

Rizzo, L., Manaia, C., Merlin, C., Schwartz, T., Dagot, C., Ploy, M.C., Michael, I., Fatta-
Kassinos, D., 2013. Urban wastewater treatment plants as hotspots for antibiotic re-
sistant bacteria and genes spread into the environment: a review. Sci. Total Environ.
447, 345–360. https://doi.org/10.1016/j.scitotenv.2013.01.032.

Saini, A., Gallardo-Gonzalez, J., Baraket, A., Fuentes, I., Viñas, C., Zine, N., Bausells, J.,
Teixidor, F., Errachid, A., 2018. A novel potentiometric microsensor for real-time de-
tection of Irgarol using the ion-pair complex [Irgarol-H]+[Co(C2B9H11)2]−. Sensors
Actuators B Chem. 268, 164–169. https://doi.org/10.1016/j.snb.2018.04.070.

Saxberg, B.E.H., Kowalski, B.R., 1979. Generalized standard addition method. Anal. Chem.
51, 1031–1038. https://doi.org/10.1021/ac50043a059.

Tang, L., Lee, N.Y., 2010. A facile route for irreversible bonding of plastic-PDMS hybrid
microdevices at room temperature. Lab Chip 10, 1274–1280. https://doi.org/
10.1039/b924753j.

Wade, A.J., Palmer-Felgate, E.J., Halliday, S.J., Skeffington, R.A., Loewenthal, M., Jarvie, H.P.,
Bowes, M.J., Greenway, G.M., Haswell, S.J., Bell, I.M., Joly, E., Fallatah, A., Neal, C.,
Williams, R.J., Gozzard, E., Newman, J.R., 2012. From existing in situ, high-resolution
measurement technologies to lab-on-a-chip - the future of water quality monitoring?
Hydrol. Earth Syst. Sci. Discuss. 9, 6457–6506. https://doi.org/10.5194/hessd-9-6457-
2012.

Wang, H., Juma, D.W., Wang, H., Li, F., 2014. Impacts of population growth and economic
development on water quality of a lake: case study of Lake Victoria Kenya water. En-
viron. Sci. Pollut. Res. 21, 5737–5746. https://doi.org/10.1007/s11356-014-2524-5.

Wu, S., Lee, K., Chiou, A., Cheng, X., Wei, P., 2013. Optofluidic platform for real-time mon-
itoring of live cell secretory activities using Fano resonance in gold nanoslits. Small 9,
3532–3540. https://doi.org/10.1002/smll.201203125.

Xia, Y., Whitesides, G.M., 1998. Soft lithography. Angew. Chem. Int. Ed. 37, 550–575.
https://doi.org/10.1002/(SICI)1521-3773(19980316)37:5b550::AID-ANIE550N3.0.
CO;2-G.

Xu, Z., Du, P., Li, K., Gao, T., Wang, Z., Fu, X., Li, X., 2017. Tracing methamphetamine and
amphetamine sources in wastewater and receiving waters via concentration and en-
antiomeric profiling. Sci. Total Environ. 601–602, 159–166. https://doi.org/10.1016/j.
scitotenv.2017.05.045.

Zabinski, J.W., Pieper, K.J., Gibson, J.M., 2017. A Bayesian belief network model assessing
the risk to wastewater workers of contracting Ebola virus disease during an outbreak.
Risk Anal. 38, 376–391. https://doi.org/10.1111/risa.12827.

Zhang, Q., Zhang, M., Djeghlaf, L., Bataille, J., Gamby, J., Pallandre, A., 2017. Logic digital flu-
idic in miniaturized functional devices: perspective to the next generation of
microfluidic lab-on-chips. Electrophoresis 38, 953–976. https://doi.org/10.1002/
elps.201600429.

Zhao, N., Li, X., Jin, X., Angelidaki, I., Zhang, Y., 2018. Integrated electrochemical-biological
process as an alternative mean for ammonia monitoring during anaerobic digestion
of organic wastes. Chemosphere 195, 735–741. https://doi.org/10.1016/j.
chemosphere.2017.12.139.

Zuccato, E., Gracia-Lor, E., Rousis, N.I., Parabiaghi, A., Senta, I., Riva, F., Castiglioni, S., 2017. Il-
licit drug consumption in school populations measured by wastewater analysis. Drug
Alcohol Depend. 178, 285–290. https://doi.org/10.1016/j.drugalcdep.2017.05.030.

https://doi.org/10.1007/s00604-016-1847-y
https://doi.org/10.1021/es300419u
https://doi.org/10.1021/es300419u
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0025
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0025
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0030
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0030
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0030
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0035
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0035
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0035
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0040
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0040
https://doi.org/10.1002/smll.200801735
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0050
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0050
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0050
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0055
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0055
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0055
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0055
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0060
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0060
https://doi.org/10.1016/j.trac.2017.08.001
https://doi.org/10.1080/00032719.2017.1326053
https://doi.org/10.1080/00032719.2017.1326053
https://doi.org/10.1016/j.snb.2018.04.001
https://doi.org/10.1016/j.scitotenv.2016.04.005
https://doi.org/10.1016/j.scitotenv.2016.04.005
https://doi.org/10.1016/j.sse.2017.10.026
https://doi.org/10.1016/j.sse.2017.10.026
https://doi.org/10.1016/j.envint.2016.03.023
https://doi.org/10.1016/j.envint.2016.03.023
https://doi.org/10.1088/0957-0233/22/3/032001
https://doi.org/10.1088/0957-0233/22/3/032001
https://doi.org/10.1002/pola.26387
https://doi.org/10.1016/j.envpol.2012.11.022
https://doi.org/10.1016/j.envpol.2012.11.022
https://doi.org/10.1002/smll.201500831
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0120
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0120
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0120
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0125
http://refhub.elsevier.com/S0048-9697(18)34348-1/rf0125
https://doi.org/10.1002/smll.200600683
https://doi.org/10.1080/03067319.2016.1277994
https://doi.org/10.1080/03067319.2016.1277994
https://doi.org/10.1016/j.snb.2017.09.078
https://doi.org/10.1016/j.watres.2014.08.053
https://doi.org/10.1016/j.watres.2014.08.053
https://doi.org/10.1002/smll.201102724
https://doi.org/10.1016/j.scitotenv.2013.01.032
https://doi.org/10.1016/j.snb.2018.04.070
https://doi.org/10.1021/ac50043a059
https://doi.org/10.1039/b924753j
https://doi.org/10.1039/b924753j
https://doi.org/10.5194/hessd-9-6457-2012
https://doi.org/10.5194/hessd-9-6457-2012
https://doi.org/10.1007/s11356-014-2524-5
https://doi.org/10.1002/smll.201203125
https://doi.org/10.1002/(SICI)1521-3773(19980316)37:5&lt;550::AID-ANIE550&gt/;3.0.CO;2-G
https://doi.org/10.1002/(SICI)1521-3773(19980316)37:5&lt;550::AID-ANIE550&gt/;3.0.CO;2-G
https://doi.org/10.1002/(SICI)1521-3773(19980316)37:5&lt;550::AID-ANIE550&gt/;3.0.CO;2-G
https://doi.org/10.1002/(SICI)1521-3773(19980316)37:5&lt;550::AID-ANIE550&gt/;3.0.CO;2-G
https://doi.org/10.1016/j.scitotenv.2017.05.045
https://doi.org/10.1016/j.scitotenv.2017.05.045
https://doi.org/10.1111/risa.12827
https://doi.org/10.1002/elps.201600429
https://doi.org/10.1002/elps.201600429
https://doi.org/10.1016/j.chemosphere.2017.12.139
https://doi.org/10.1016/j.chemosphere.2017.12.139
https://doi.org/10.1016/j.drugalcdep.2017.05.030

	A fully integrated passive microfluidic Lab-�on-�a-�Chip for real-�time electrochemical detection of ammonium: Sewage applications
	1. Introduction
	2. Materials and methods
	2.1. Chemicals
	2.2. Microelectrodes fabrication
	2.3. Silicon master manufacturing process
	2.4. Preparation of ammonium sensitive layer
	2.5. Replica molding
	2.6. LOC assembly
	2.7. Electrochemical measurements

	3. Results and discussion
	3.1. Transducer characterization
	3.2. Microfluidic LOC assembly
	3.3. Potentiometric measurements
	3.4. Evaluation under real conditions

	4. Conclusions
	Acknowledgments
	References


