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Carbon nanotubes (CNT) have been extensively used to
produce electrodes of enhanced performance but only very
recently exploited in microfluidic devices. In these cases,
CNT-electrodes had to be produced previous to device
assembly, which might damage the CNT layer. Here, we show
a fast and simple method for the reversible nanostructuration
of microfluidic electrode devices in-situ. The procedure is
based on attachment of single walled CNT (SWCNT) onto the
surface of magnetic particles (MP) and magnetic confinement
of the MP/SWCNT composite onto the sensor in a two-step
process that provided homogeneous coating. As it is shown,
subsequent magnet removal allows MP/SWCNT release and
electrode reutilization. Compared to most previously
described methods, ours is faster, simpler and also reversible.

The modification of electrodes with CNT is a widely used
methodology since 2001, when Luo et al. showed how the
incorporation of a layer of SWCNT improved the electrochemical
properties of a glassy carbon electrode.' Since then, lots of
research has been devoted to the study of CNT-modified devices,
either to better understand the electron transfer kinetics through
the layer of CNT>? or to optimize new protocols for the efficient
incorporation of CNTs to the electrode surface.*> However, most
of the surface modification techniques used so far entail long and
complex procedures and/or harsh conditions, and involve
irreversible modification of the electrode as well. This is of
special importance in the case of microfluidic electrode devices
that, once assembled, are less accessible for pre-treatment,
modification and/or regeneration than bulk electrodes. This might
partly explain why only a percentage of the microfluidic devices
reported over the last decade incorporated CNT, even when
nanomaterial incorporation to microfluidic chips has been
defended to provide faster electron transfer kinetics, lowered
detection potentials, better-defined and resolved peaks, enhanced
signals, and higher sensitivity and resolution than those obtained
using unmodified electrodes for the analysis of many analytes.®”

In most of the examples reported, CNT were either drop-casted
onto electrodes'®!? or grown directly onto insulating Si/SiO, by
chemical vapour deposition (CVD)."*'* In both cases, it followed
assembly of the CNT-electrodes to the other components of the
microfluidic device. Attempts to simplify fabrication and produce
cheaper gadgets has been based for long on the utilization of
polymeric materials such as poly(dimethylsiloxane), polystyrene,
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poly(methyl methacrylate), and polycarbonate ®’. Since these
materials rarely survive the severe temperature and chemical
conditions required for CNT growth or incorporation, SWCNT
stamping has been reported as a good alternative.'”'” More
recently, CNT casting or filtering on paper chips has been used
for the subsequent production of disposable and low-cost paper
microfluidic cartridges.'®®® It is worth noting that all these
strategies require that CNT-electrodes are first produced, either
onto a physical substrate or on pre-existing electrodes, to be then
appropriately aligned and assembled with the rest of the device
components. In this way, multicomponent assembly can damage
the CNT layer and/or modify the final electrode effective area.

To the best of our knowledge, only two teams have reported on
CNT incorporation under flow conditions; this is, inside
preassembled microfuidic electrode devices. In the first example,
SWCNT were wrapped with thiolated ssDNA. These SWCNT-
ssDNA complexes were then flowed into a 250x50 pm PDMS
channel, where they self-assembled on the contained gold thin-
film electrodes.”’ In the second example, the gold thin-film
electrodes were placed inside a 500x250 um PDMS
microchannel, were modified by cysteamine self-assembly and
then conjugated to carboxylated SWCNT via EDC carbodiimide
chemistry.?? Both procedures took hours (>12-24 h).

Here, we show a simpler and faster strategy, which allowed, not
only modification of electrodes with SWCNT inside a plastic
microfluidic cartridge, but also their reversible nanostructuration
in order to facilitate device regeneration and reutilization. This
protocol is based on CNT magnetic co-entrapment, which had
been previously developed for the production of CNT-modified
screen printed electrodes (SPE).**** In those works, a SWCNT
aqueous suspension was mixed with magnetic microparticles
(MP) in the presence of salt. This induced transient
destabilization of the SWCNT suspension, which usually results
in formation of SWCNT bundles stabilized by van der Waals
forces. However, in the presence of the beads, SWCNT
destabilization produced random attachment of the tubes to the
surface of MP (Fig. 1a). As a result, a MP/SWCNT composite
was created that could be confined onto an SPE by using a
magnet. Once the electrochemical measurement had been carried
out, the magnet was removed, the MP/SWCNT were released by
pipetting, and the SPE could be reused. Furthermore, SWCNT
wiring allowed also the direct electrochemical sensing of the MP
surface, enhancing the signals generated by molecules bound to
them such as dopamine and myeloperoxidase.”*’

This journal is © The Royal Society of Chemistry [year]
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Fig. 1. (a) Preparation and SEM image of the MP/SWCNT composite. (b) Scheme of the COP microfluidic cartridge and images of the electrodes (c)
before and (d) after cartridge assembly. (e) Amplification of a WE modified with MP/SWCNT in a two-step procedure, as described in the text.

In the present work, this procedure has been successfully re-
optimized for the modification of microfluidic thin-film electrode
devices in-situ, which is the first step towards protocol
automation to minimize variability caused by user handling. With
this aim, platinum (Pt) thin-film electrodes were produced by
standard photolitography on Cyclo Olefin Polymer (COP, 100
um thick). Briefly, the COP wafer was first cleaned by oxygen
plasma and was spin-coated with a positive photoresist (OiR 908-
35; Fujifilm). The wafer was then exposed to UV using an acetate
mask, was developed, and was submitted to metal sputtering (Pt
onto a Ti adhesion layer forming a 145 nm metal film). After lift
off in methanol and acetone, the wafer was finally cut to separate
the individual chips. For the assembly of the microfluidic
cartridge, the COP wafer was vaporized with chlorobenzene and
was immediately pressed onto a second COP wafer (1 mm thick)
that displayed the microfluidic channels and chamber (Fig. 1b).
These were engraved by injection moulding, which was
considered the most suitable technique for mass production.
Upon assembly, each cartridge was 53.97 mm long and contained
a three-electrode detection chamber (5 mm x 4 mm, 10 pL
volume) that included working (®= 2.1 mm), counter and
reference Pt electrodes (Fig. 1c-d). The inlet and outlet channels
were 500 um wide and the distance from the inlet to the
electrochemical detection chamber was of 47 mm. The
incorporation of Luer connectors enabled the injection of the
sample using either a syringe or Luer-Lock caps and a pump, as
well as direct pipetting of small volumes. Here, a peristaltic pump
P720 (Instech, Plymouth, PA, USA) was connected to the outlet
and solutions were flowed through the channel by suction. All the
electrochemical measurements were performed using a portable
potentiostat designed and developed in IK4-Ikerlan.”® This
equipment includes a specially designed connector port, to which
the cartridge was directly plugged without the need for additional
cables or adapters. Before its utilization, each sensor was
35 electrochemically activated. For that, the device was filled with
PBS (20 pL, 89 uL min™), the flow was stopped and 3 pulses of 5
s each were applied at -1.2 V, 0 V and 1.2 V. The electrodes were
next characterized by cyclic voltammetry (CV) in ferrocyanide 5
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mM and washed again (40 uL of PBS, 89 pL min™).

40 For electrode nanostructuration, carboxylated SWCNT were

sonicated in water (1 mg mL™") for 1 h and 30 min. In order to
prevent heating, the water in the tank of the ultrasonic bath was
refreshed every 15 min. The composite material was next
assembled by mixing in an Eppendorf equal volumes of SWCNT
and MP (5 mg mL"") and adding 3 times concentrated PBS. In the
presence of salt, SWCNT suffered transient destabilization and
formed bundles that randomly adsorbed onto the surface of MP
(Fig. 1a). As a result, blackish aggregates formed that could be
observed by the naked eye. These MP/SWCNT complexes were
then immediately injected into the cartridge for their magnetic
confinement onto the working electrode.

Noteworthy, if a magnet was placed below the working electrode
(WE) while the mixture MP/SWCNT was injected, only a
proportion of the magnetic composite was retained onto the WE
and part of the sediment flowed downstream. This resulted in
partial and even nanostructuration of the electrode surface. The
best electrode coating was obtained if the modification was
performed in two consecutive steps instead, using two
neodymium magnets of different size (magnetization N45;
Supermagnete, Spain). First, a magnet (&= 5 mm, 1 mm high)
was placed over the detection chamber. Hence, when the
MP/SWCNT composite was injected, it was retained on the
ceiling of the compartment (at less than 1 mm above the WE,
which is the thickness of the whole cartridge). Then, the first
magnet was removed and a second magnet (= 1 mm, 1 mm
high) was placed immediately below the WE (at 100 um of it,
which is the thickness of the bottom COP wafer). In this way, the
MP/SWCNT composite was relocated and concentrated onto the
WE surface, where it generated a homogeneous coating (Fig. 1e).
Fig. 2a compares the behaviour of bare and nanostructured
devices in a CV obtained in ferrocyanide. MP/SWCNT-
electrodes displayed higher peaks than bare Pt electrodes. Once
the electrochemical measurement had been carried out, the
magnet was removed and the electrochemical sensor was washed
with PBS to remove the MP/SWCNT sediment. The device was
characterized again in ferrocyanide to confirm that it had
recovered its original state and could be submitted to a new
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Fig. 2. (a) CVs obtained in ferrocyanide 5 mM using either a bare or a
nanostructured electrode. (b) Four CV obtained in ferrocyanide using a
single microfluidic electrode device before and after 3 consecutive
nanostructuration and regeneration rounds. (¢) Comparative performance
of electrodes modified with increasing amounts of MP and SWCNT.

nanostructuration round. Most microfluidic cartridges (n>20)
could be reused in this way at least 4 consecutive times (Fig. 2b).
After the fourth consecutive regeneration, some cartridges could
not be entirely recovered because traces of MP/SWCNT
remained on their surface, and/or they started generating distorted
CVs in ferrocyanide. This was attributed to the microfluidic cell
design and electrode quality, which limited washing efficiency
and electrode reutilization, and should be improved in future.

The MP/SWCNT mixture used for electrode modification was
next optimized. Different amounts of MP (2-8 pL, 5 mg mL™")
and SWCNT (0- 5 pL, 10 mg mL™") were mixed in parallel with 4
pL of 3x PBS in a final volume of 20 pL, were used to modify the
cartridge, and performance was analyzed by CV in ferrocyanide.
In all cases, modified electrodes generated higher peaks in the
CV than bare Pt electrodes. However, amounts of MP lower than
4 pL were insufficient to cover the surface and support efficient
SWCNT wiring. Higher numbers of MP, on the other hand,
produced a thick multilayer that was more difficult to remove for
electrode reutilization, and generated series of secondary peaks in
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the CV that presumably indicated a thin-film effect.” In relation
to the amount of SWCNT used, the peak height registered in the
CV increased with the amount of SWCNT added up to 2-3 pL
and worsened above 4 pL of SWCNT. In view of this, we
selected for subsequent experiments nanostructuration of these
electrodes using 4 pL of MP and 3 pL of SWCNT (Fig. 2c¢).
These nanostructured microfluidic electrode devices
additionally assayed by detecting uric acid (UA). Different
concentrations of UA were prepared in PBS and were injected in
the cartridge (either bare or nanostructured) at a flow rate of 40
pL min™'. Flow was then stopped and UA was detected by CV.
As before, nanostructuration improved detection and SWCNT-
modified devices registered narrower peaks that were in average
3-6 fold higher than those observed at bare electrodes (Fig. 3a).
While at bare cartridges UA was not detected below 200 uM,
nanostructured sensors consistently distinguished concentrations
as low as 50 uM and detected 50% of the samples containing 20
uM of UA (Fig. 3b). Furthermore, nanostructuration correlated
also with a wider detection range and higher sensitivity
(measured as the graph slope; Fig. 3b, insert). It could thus be
concluded that the nanostructuration procedure improved
significantly the performance of these microfluidic cartridges.
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Fig. 3. (a) Two CVs obtained in UA 1 mM using either a bare or a
nanostructured electrode. (b) Detection of increasing concentrations of
UA using either a bare or a nanostructured electrode.
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Conclusions

We have reported on a protocol for the modification of
microfluidic electrode devices with SWCNT that, apart from
reversible, is significantly simpler and faster than most of the
strategies ~ reported  previously.  Performing  electrode
nanostructuration in-situ, inside a microfluidic cartridge, should
facilitate protocol automation. This could be of interest in many
analytical fields, such as diagnostics or detection of reactive
analytes, in which a new electrode should be used, but in which
10 reutilization of potentially complex microfluidic platforms could
decrease assay cost. Remarkably, the procedure reported could be
additionally modified, for instance to produce MP/SWCNT
composites that included additional components, such as metal
nanoparticles or electroactive polymers, to further ameliorate
15 electrode behaviour or target specific analytes. Nevertheless, the
performance of our microfluidic electrode devices, both bare and
nanostructured, is still far away from the results reported by other
authors for bulk electrodes modified with either CNT or multi-
component CNT composites, with claimed limits of detection
(LOD) in the high nanomolar to low micromolar range for UA.**-
' It has been already pointed out by other authors that CV in
minute volumes and chambers produce results that deviate from
those observed for bulk electrodes in bigger volumes, which was
attributed to depletion of redox species and restricted diffusion
25 patterns.*” Hence, a better design of the microfluidic chamber and
optimization of the flow and electrochemical detection conditions
might help in future works. Another factor that could be
improved is fabrication of electrodes on COP, for instance by
producing smaller and more sensitive electrodes or by
substituting the Pt pseudoreference by an Ag/AgCl integrated
reference electrode. Finally, automation of the mixing, delivery
and magnetic confinement of the MP/SWCNT composite should
minimize handling by the user and provide more reproducible
results.
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