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Abstract

3D-carbon nanomaterials have proven to be high-performance transducers in electrochemical sensors but their integration into
miniaturized devices is challenging. Herein, we develop printable freestanding laser-induced carbon nanofibers (f-LCNFs)
with outstanding analytical performance that furthermore can easily allow such miniaturization through a paper-based
microfluidic strategy. The f-LCNF electrodes were generated from electrospun polyimide nanofibers and one-step laser
carbonization. A three-electrode system made of f-LCNFs exhibited a limit of detection (LOD) as low as 1 nM (S/N=28) for
anodic stripping analysis of silver ions, exhibiting the peak at ca. 100 mV vs f-LCNFs RE, without the need of stirring. The
as-described system was implemented in miniaturized devices via wax-based printing, in which their electroanalytical perfor-
mance was characterized for both outer- and inner-sphere redox markers and then applied to the detection of dopamine (the
peak appeared at ca. 200 mV vs f-LCNFs RE) with a remarkable LOD of 55 pM. When modified with Nafion, the f-LCNFs
were highly selective to dopamine even against high concentrations of uric and ascorbic acids. Especially the integration
into closed microfluidic systems highlights the strength 3D porous structures provides excellent analytical performance
paving the way for their translation to affordable lab-on-a-chip devices where mass-production capability, unsophisticated
fabrication techniques, transfer-free, and customized electrode designs can be realized.

Keywords Carbon nanofibers - Miniaturized electrochemical systems - Anodic stripping voltammetry - Point-of-need
devices

Introduction the material, promoting their applicability in chemo- and

biosensors-based electrochemical detection methods.

Three-dimension (3D) carbon nanomaterials, e.g., graphene
foam and carbon nanofibers, possess intrinsic beneficial
architectures, besides their favorable electrical conductivity
and low material costs, that enable their potential use as a
high-performance transducer in miniaturized electrochemi-
cal sensors [1]. In comparison to 2D-based graphene, the 3D
architecture not only prevents the agglomeration of graphene
sheets but also promotes greater interaction between ana-
lytes and the sensing interface. Additionally, chemical- or
bio-functionalities, e.g., metal nanocatalysts or bioreceptors,
respectively, can be facilely and uniformly incorporated into
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Various approaches have been reported for the fabrication
of 3D graphene composites. Template-based methods are
known as an effective strategy to generate 3D graphene with
well-controlled morphologies. However, the methods suffer
from high production cost and inherent complexity, in par-
ticular the need for template removal. Template-free based
strategies such as hydrothermal technique [2], freeze-drying
[3], and electrochemical deposition [4] are much simpler and
less expensive, but the integration of the as-fabricated 3D
graphene to the miniaturized electrochemical sensor is still
an issue, in particular, in terms of mass-production feasibil-
ity. Even though 3D-printing of carbon materials promises
high throughput manufacturing of electrochemical trans-
ducers with convenience, fast and customizable shapes, and
designs, the dimensions of electrodes are typically limited to
the millimeter range unless sophisticated instrumentation is
applied. In addition, surface activation with harsh conditions
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Scheme 1 a Fabrication of 3D-freestanding LCNF electrodes and
their integration into a device. (i) electrospinning of PI solution into
precursor nanofibers collected on an oxygen plasma treated filter
paper, (ii) carbonizing PI nanofiber substrate, (iii) releasing LCNF
electrodes from the filter paper, (iv) the device without any further
treatment (hydrophobic-open device), (v) increasing the wettability
of the device via plasma treatment, (vi) creating channel wax bar-
rier and device assembling, (vii) the device with plastic cover con-
sisting of the wax channel (hydrophilic-closed device), and (viii)

is needed as the carbon materials contain insulating poly-
mers, e.g., conductive graphene-doped polylactic acid fila-
ments [5].

Despite their high-performance capability, 3D-carbon
nanomaterials suffer from difficulties in integrating into
microfluidic analytical systems due to their irregular shape,
high thickness (in micrometers to millimeters range), and
rough surface. A few studies attempted such integration,
for example, graphene foam was manually inserted into a
polydimethylsiloxane (PDMS) microfluidic channel [6]. Ali
et al. filled photopolymers into graphene foam, and later
selectively polymerized channel barriers prior to removing
unpolymerized polymer with solvent [7]. Alternatively, a gel
was filled into the 3D-PDMS porous scaffold before assem-
bly and later removed by hot water [8]. The aforementioned
methods are laborious, incompatible for mass-production,
and prone to having poor batch-to-batch reproducibility.

Electrospun carbon nanofibers (¢CNFs) make up their
3D structure via fibers with diameters in the range of a few
hundreds of nanometers. Such eCNFs possess disordered
graphitic structures exposing a number of edge sites that
promote efficient electron transfer of electroactive species
[9]. Nanofiber precursors are typically electrospun and heat-
treated in a strictly controlled condition. Apart from tun-
able morphological/chemical characteristics of electrospun
fiber precursors prior to carbonization, the production is
scalable and cost-effective. Previous studies in our group
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the device after the removal of the plastic cover (hydrophilic-open
device). b Transferring of printed wax (step vi) onto the PI carried
LCNF nanofiber substrate. The whole substrate piece and printed wax
were sandwiched between two glass slides and placed on a heat plate
(100 °C) until the wax is completely melted (~60 s). The filter paper
was afterwards removed before closing the channel with double-sided
adhesive tape (step vii). A plastic sheet can be also added to another
side of the tape, enabling a robust device and ease of handling. The
plastic cover will be removed in case of opened device (step viii)

demonstrated the successful generation of eCNF elec-
trodes from electrospun polyimide (PI) nanofibers through
CO, laser pyrolysis, namely laser-induced carbon nanofib-
ers (LCNFs), with great flexibility in shapes and designs.
Excellent electroanalytical performances were achieved
apart from fulfilling all requirements stated above. In situ
generation of metal oxide decorated LCNFs was recently
demonstrated with highly competitive performance for glu-
cose sensing [10]. However, in those cases, indium tin oxide
(ITO) was used as a base substrate, hindering the generation
of complete 2- or 3-electrode system configurations due to
short circuits via conductive film (or other conducting col-
lectors). Even though peeling of fiber mats from the surface
of the conductive collector is feasible, the resulting fiber
mat’s fluffiness and uneven matt thickness make reliable
laser carbonization impossible.

In this study, we, therefore, developed freestanding
LCNFs (f-LCNFs) by a one-step laser exposure as well
as a robust strategy to implement them into the miniatur-
ized electrochemical device with an integrated microflu-
idic channel (Scheme 1). Herein, instead of collecting PI
nanofibers on an ITO sheet, a non-conductive porous filter
paper was used. The conditions in electrospinning and las-
ing process that render f-LCNFs with favorable morpholo-
gies were initially investigated. To demonstrate the analyti-
cal performance, the 3-electrode system made of f-LCNFs
without assembly into the microfluidic devices was used for
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anodic stripping analysis of silver. Further integration into
a microfluidic analytical system was realized through the
transferred wax barriers. The electroanalytical performance
of the f-LCNFs-integrated miniaturized system was assessed
and compared with unenclosed devices through common
redox markers, e.g., ruthenium hexamine (RuHex), ferri/fer-
rocyanide, and dopamine. Furthermore, a highly sensitive
and selective f-LCNF device for dopamine detection realized
from the as-developed device was demonstrated.

Experimental
Chemicals and reagents

A solvent-soluble polyimide (Matrimid 5218) was purchased
from Huntsman Advanced Materials (Europe) BVBA Bel-
gium. Iron (III) acetylacetonate (Fe(acac);), nitric acid
(>65%) (HNO;), dopamine hydrochloride, hexaamineru-
thenium (III) chloride (RuHex), potassium ferricyanide
(K;[Fe(CN)g]), and potassium ferrocyanide (K,[Fe(CN)g])
were purchased from Sigma Aldrich, Germany. N,
N-dimethylacetamide (DMAc) and potassium nitrate
(KNO;) were purchased from Merck KGaA Darmstadt, Ger-
many. Silver nitrate (AgNO;) was purchased from Carl Roth
GmbH Karlsruhe, Germany. Silver paint was purchased from
Busch GmbH & Co. KG Viernheim, Germany. Filter paper
MN616 with 90 mm in diameter and 200 pm in thickness
(Ref. 432,009) was purchased from Machery-Nagel Diiren,
Germany. Double-sided adhesive tape was purchased from
tesa. Plastic sheets in A4-size were purchased from Expo-
nent as Laser Films. Dropsens electrodes were purchased
from Metrohm, Germany.

Fabrication of Pl nanofibers via electrospinning

The PI nanofibers were fabricated by electrospinning the solu-
tion containing 15% (w/v) Matrimid 5218 (750 mg) and 5%
Fe(acac); (37.5 mg) (unless stated otherwise) in 5 mL DMAc.
In order to obtain a homogenous mixture, the solution is soni-
cated for 30 min prior to stirring overnight at room tempera-
ture. The solution could be used 1 to 5 days after the prepara-
tion without significant changes in nanofiber properties.

An electrospinning device (Spraybase®) connected to
a syringe pump was used to generate PI nanofibers. Here,
the solution was injected into the system by a 5-mL-glass
syringe connected to a polytetrafluoroethylene (PTFE) tub-
ing where a metal needle (inner diameter of 1.2 mm) was
placed at the end. The distance between the collector and
the needle was set to 15 cm. The flowing rate was chosen at
10 pL/min. Environmental conditions such as humidity and
temperature play an important role in the electrospinning
process. Therefore, the applied voltage, between the needle

and the collector, has to be adjusted according to the two
parameters. This can be usually changed from 13 to 17 kV.
However, the optimum conditions for spinning the nanofiber
were found to be at 20 °C and around 40% relative humidity
where the optimum applied voltage was ca. 16 kV.

The nanofibers were deposited on a filter paper (9 cm in
diameter with a collecting area of 6 cm X 6.5 cm) that was
fixed on a metal collector. Prior to collecting the fibers, the
filter paper was treated with O, plasma at 100 W (unless
stated otherwise) to promote strong adhesion between the
nanofibers and the paper’s surface.

Laser-induced carbonization of electrospun Pl
nanofibers

A CO, laser with 10.6 pm wavelength from Universal Laser
Systems, Polytech System GmbH was used to carbonize
the nanofiber substrate. Its maximum power is 30 W, and
its maximum speed is 1270 mm/s. The laser process was
always set to 1000 DPI and 500 PPI. For the carbonization
of the nanofibers, the 2-inch lens is used. The design of the
electrodes was created using CorelDRAW. The nanofiber
mat is first fixed in place with tape in the laser chamber to
prevent the uncontrolled movement of the mat during the
scribing process. The laser conditions were varied concern-
ing laser power and speed. The optimum conditions were
found to be 4% power and 80% speed for the chosen fiber
collection time. If the fiber collection time is varied, the laser
parameters must be adjusted accordingly. Each electrode is
scribed separately.

Electrochemical characterization

The potentiostat PalmSens4 (the Netherlands) was employed
for the electrochemical measurements. One electrochemical
cell is fabricated containing a three-electrode setup, all of
them are made from LCNFs. For detecting silver, anodic
stripping voltammetry (ASV) was used. ASV consists of
two main steps, including a deposition step and a stripping
step. In the first step, silver is cathodically electrodepos-
ited onto the surface of the working electrode by applying
a constant negative potential. Then using linear sweep vol-
tammetry (LSV) silver is stripped away from the surface by
re-oxidation in the second step. Electroactive surface area
(ESA) is estimated by the Randles—Sevcik equation shown
below at the scan rate of 25 to 250 mV/s.

I, = (2.69 X 10°)n: ACD? v

where I, is the peak current (mA), A is the ESA of the elec-
trode investigated (cm?), D is the diffusion coefficient of
ferricyanide (7 x 107% cm?/s), of RuHex (9.1 x 107 cm?/s),
and of dopamine (6.74 X 107% cm%s) [11], n is the number
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of electrons transferred in the redox reaction, C is the con-
centration of the analyte in the bulk solution (M), and v is
the scan rate (V/s). The value for the ESA is calculated from
the slope of the I, versus v'? linear regression equation.
Dopamine was detected via LSV. The resistance was meas-
ured with a four-point probe, containing a current source,
Keithley 6430 SUB-FEMTOAMP REMOTE SourceMeter,
and a Keithley Multimeter 2000 to measure the voltage
between the inner two probes.

For open devices without plasma treatment, a larger vol-
ume (approx. 50 pL) of solution is required to cover the
three-electrode strips while 10-30 pL is sufficient for the
open and closed devices with plasma treatment in which
10 pL. was used for these cases especially when f-LCNFs
were employed as a reference electrode (RE). However, in
case of using an Ag/AgCl external RE, 30 pL of sample was
dropped on the plasma treated electrodes where the tip of RE
can be inserted to the drop.

Morphological and mechanical stability
characterization

The morphology of the nanofibers was characterized using
a scanning electron microscope (Zeiss/LEO 1530 Germany)
at 5.0 kV. Prior to imaging, the samples have been sput-
tered with gold for 30 s, which should create a layer of ~
7 nm. The confocal microscope Olympus LEXT 3D Meas-
uring Laser Microscope OLS4000, Germany was used to
determine the thickness of the mat and the side view of the
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Fig. 1 Laser-induced freestanding CNFs from electrospun PI nanofib-
ers. a SEM of electrospun nanofibers/filter paper substrate (i), PI
nanofibers (ii), side view of LCNFs on paper (iii), and higher mag-
nification of LCNFs on the top view (iv). b Effect of electrospinning
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device with and without wax. Images for optical measure-
ments were taken with a light microscope (KERN optics).

Tensile strength measurements were performed using
Instron 5566 testing machine. The nanofibers were electro-
spun for 90 min without any further modification. The filter
paper was peeled off, so both PI nanofibers and PI carrying
LCNFs were tested in a freestanding form.

Results and discussion

Fabrications of freestanding LCNFs and their
characterizations

The collection of fiber precursors is generally performed on
a conductive substrate, e.g., [ITO [12], to provide a uniform
electric field during electrospinning. However, this underly-
ing surface will interfere with electroanalytical applications
resulting in mixed signals from nanofiber and underlying
electrodes. Research was thus performed creating a strategy
for the fabrication of freestanding fibers with uniform mat
thickness. A non-conductive porous substrate such as a filter
paper was chosen as a sacrificial layer, since it allowed for
unhindered penetration of the electric field and generated a
homogeneous fiber mat thickness (Fig. 1a-i) and uniform
nanofiber diameters (Fig. 1a-ii). In the end, after laser expo-
sure, by removing the filter paper, highly porous freestand-
ing laser-induced carbon nanofibers (f-LCNFs) 3D mats
with pore sizes in a few micrometer ranges were obtained
(Fig. la-iii and la-iv). Due to the roughness of the filter

15 45

Collection time /minutes

time on LCNF features, and ¢ sheet resistance of the as-generated
LCNFs. d Dimensions of working (WE), counter (CE), and reference
(RE) electrodes
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paper support, the f-LCNFs could easily be peeled off the
support as well.

To achieve a suitable nanofiber substrate for f-LCNF gen-
eration, various parameters were studied. The effect of iron
content and lasing condition was initially assessed suggest-
ing optimal concentrations between 5 and 7% iron (Fig. S1).
Furthermore, it was found that thick and dense fiber mats are
needed for reliable laser-induced pyrolysis (Fig. 1b) in con-
trast to LCNFs made on ITO previously, which needed only
15 min collection times [10]. This implies that a conduc-
tive substrate assists with heat distribution during the laser
carbonization process whereas the non-conductive substrate
relies on the highly interconnected fiber network. In the end,
an electrospinning time of 90 min was chosen as the electri-
cal conductivity (156 S/m) and reproducibility of f-LCNF
mats was best (Fig. 1c).

After the collection of a homogenous nanofiber mat,
the pattern of the electrodes was carbonized into the mat,
as shown in Scheme 1 step ii, obtaining ready to use elec-
trodes (Fig. S2a and S2b). The fabrication strategy is not
only fast (3 min for each set of electrodes (Fig. 1d) at the
optimum laser speed) but also highly affordable consider-
ing the material costs of 0.01 €/electrode set (Table S1).
Our current electrospinning setup allowed the fabrication
of a 6.5 cm X 6 cm substrate accommodating 12 sets of
three-electrode systems (Fig. S2b). A higher number of
electrode sets is feasible with larger collectors or smaller
electrode sizes.

Proper adhesion between electrospun nanofibers and the
filter paper was studied as poor adhesion promoted bending
and loose nanofibers which in turn led to unreliable sur-
faces for the lasing process (Fig. S3a-i to S3a-iii). Oxygen
plasma treatment of the filter paper prior to fiber collection
was identified as a key parameter. Calvimontes et al. demon-
strated that such treatment increases surface roughness and
the number of oxygenated groups of the filter paper [13],
which we assume in turn assists in the attraction of fiber mat
to the surface of filter paper (Fig. S3b). Finally, it was found
that drops formed during electrospinning lead to defects. The
agglomeration of iron in these spots could lead to substrate
burning due to dramatic heat collection (Fig. S3c).

Characterizing the mechanical properties of the LCNFs,
their tensile strength was measured (Fig. S4). For this
purpose, nanofibers are electrospun for 90 min on filter
paper, which is removed afterwards. The freestanding PI
nanofibers proved to have a Young’s modulus of 20 MPa
(Fig. S4d), being comparable to other reports found in
literature [14]. After carbonization, the LCNF electrodes
were tested again without any modification (Fig. S4b)
resulting in a decreased Young’s modulus (Fig. S4d), prob-
ably caused by a more brittle nature of the laser-induced
carbon. Furthermore, it was found that their obtained elas-
ticity is similar to the skin (~ 100 kPa), suggesting the

PI nanofiber carring LCNFs are suitable for developing
wearable sensors in medical applications [15].

Anodic stripping analysis of silver ions using
a three-electrode system

To assess the electroanalytical performance of the f-LCNFs,
a three-electrode system (open hydrophobic device —
Scheme 1-iv and Fig. S2c) was lased and employed for
ASYV of silver ions. LSV scanned from — 200 to — 800 mV
(vs f-LCNFs RE) was performed to determine the proper
reduction potential of silver ions with respect to an LCNF
pseudo-RE (Fig. 2a-i), suggesting — 600 mV (vs f-LCNFs
RE) for electrodeposition of silver ions (Fig. 2a-ii). The sub-
sequent re-oxidation by LSV scanned from — 200 to 400 mV
(vs f-LCNFs RE) generated an anodic peak corresponding
to silver at ca. 100 mV (vs f-LCNFs RE) (Fig. 2a-iii). These
settings are similar to those published by others where Ag/
AgCl and saturated calomel electrodes are used as a RE
(Table 1) [16]. ASV signals increased proportionally to the
silver concentration ranging from 0.001 to 1 uM (Fig. 2b).
At higher concentrations, the signal drop-off is likely caused
by competitive electrodeposition on the rough surface result-
ing in loosely bound silver grains detaching from the LCNF
surface [17]. The peak shifts of the measurements seen in
Fig. 2b-ii are likely due to the variation from device-to-
device. Effective climate control during electrospinning as
well as rotating collector could potentially reduce such vari-
ations as uniform fibers and mat thickness play a crucial role
in electrode reproducibility.

In the end, a three-electrode f-LCNF compares favora-
bly to other high-performance electrochemical transducers
(Table 1) without the need for stirred conditions to enhance
mass transport via convection [18]. The increase of mass
transport can be attributed to better mixing in which chaotic
nanofibrous structures of LCNFs could potentially promote
efficient collisions between the analyte solution and LCNF
surface. This hypothesis has been proven by our group in
which PVA nanofibers possess mixing capability [19].

Assembly of freestanding LCNF electrodes
into microfluidic systems

The porosity, fluffiness, and electrostatics of the f-LCNFs
make their assembly into microfluidic systems challeng-
ing. Here, a simple wax barrier was hence applied similar
to strategies of paper-based analytical devices (PADs) [26].
Since direct printing onto the nanofiber mats was not feasible
with the wax printer available, wax channels were printed
onto a plastic film prior to transferring onto the LCNFs/fiber
mat (Scheme 1b). After printing the wax channels, holes of
3 mm were punched into the plastic cover sheet to obtain an
inlet and outlet. The wax barriers are transferred by simply
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Fig.2 Three-electrode system of LCNFs for anodic stripping vol- HNOj; containing 0.1 M KNO;. b Current intensities of various sil-
tammetry of silver ions. a Cathodic peak of 1 mM silver ions (i), ver ion concentrations (all measurements were performed in triplicate
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linear stripping responses in the presence and absence of silver ions vers in the dynamic range (ii)
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Table 1 Comparison of electroanalytical performance of stripping analysis of silver of f-LCNF-based device to other types of carbon electrodes

Working electrode Deposition potential ~ Counter Conditions Anodic peak of LOD (nM) Ref
(WE) vs reference electrode electrode — — . deposited silver
(RE) (CE) Static/stirred l?eposztfon Slrlpptng (mV)
time (min) technique
Glassy carbon elec- —500 mV vs Platinum Stirred 10 LSV 400 5 [20]
trode (GCE) saturated calomel
electrode
Carbon fiber ultrami- —500 mV vs Ag/ Platinum Static 2.5 LSV 350 1 [21]
croelectrode AgCl
Graphite felt (edge —600 mV vs Hg/ Platinum Static 2 LSV —100 10 [22]
plane pyrolytic Hg,SO,
graphite)
p-Isopropylcalix[6] —250 mV vs Ag/ Platinum Stirred 3 DPV 50 48 [23]
arene modified car- AgCl
bon paste electrode
Carbon paste elec- —700 mV vs Ag/ Platinum Stirred 0.33 DPV 100 0.74 [24]
trode modified with AgCl
multiwalled carbon
nanotubes
Sulfur (S)-doped —100 mV vs Ag/ Platinum Stirred 5 DPV 300 2150 [25]
graphene (S-Gr) AgCl
and a 3,3',5,5'-tetra-
methylbenzidine
(TMB) composite
(S-Gr-TMB) modi-
fied glassy carbon
(GCE)
LCNFs —600 mV vs LCNFs LCNFs Static 3 LSV 100 1 This work
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putting the plastic cover sheet together with the electrodes
on a heat plate, this allows the wax to melt and penetrate
into the pores of the nanofibers/electrodes (Scheme 1-vi and
1b). Optimizing this process, the fiber mat thickness was
investigated through fiber collection time concurrent to the
variation of line width of the wax barrier (wy,) and resulting
channel width (w,) (Fig. S5a-i). Lower density mats (15 min
collection time) exhibited larger wax expansion (Fig. S5a-
ii), whereas denser fiber mats (=30 min collection time)
enabled the expansion within only 20% for all investigated
wyo- The results are attributed to the amount of fiber material
and void space. Consequently, a reduction by approximately
50-60% of the resultant channel was observed for the wy, of
0.8, 1, and 1.6 mm (Fig. S5a-iii). The widest wy, designed
at 2.1 mm enabled a minimum reduction of channel width
(ca. 30%) regardless of fiber density. Fluid flow and hence
functionality of the resulting channels was done using sul-
forhodamine B (SRB) dissolved in ethanol. It was found
that high-density fiber mats require a minimum amount of
wax ink (determined by the designed width of the wax bar-
rier) to completely form a hydrophobic barrier (Fig. 3a and
Fig. S5a-iv).

Since aqueous solutions need to be transported within
the channel system for applications in point-of-care test-
ing (POCT), the hydrophobic LCNFs/PI nanofibers were
treated with oxygen plasma (Scheme 1-v) prior to trans-
ferring the printed wax barrier (Scheme 1-vi and 1b).
Such treatment dramatically changes the wettability of
LCNFs and PI nanofibers (Fig. S5b-i) and can be opti-
mized with respect to plasma power and exposure time
depending on fiber mat density and thickness (Fig. S5b-
ii). Accommodating f-LCNFs within the device further
promotes the flow of aqueous solutions due to their inher-
ent hydrophilicity (Fig. 3a).

Further imaging the cross-section of the assembled
device revealed that the proposed fabrication strategy is
highly robust, resulting in intact freestanding LCNFs and
PI nanofibers (Fig. 3b-left and Fig. S6a to S6¢) with a tightly
sealing hydrophobic barrier (Fig. 3b-right and Fig. S6d).

Adhesive tape/
plastic sheet

Fig.3 Integration of f-LCNFs in miniaturized devices. a Picture of
one closed device with a sulforhodamine B dye in water. b Confocal
microscope images of the side view of the device corresponded to the

The available porous structures of LCNFs and PI nanofib-
ers therefore should be ready to promote efficient mixing and
overcome diffusion limitations and ultimately enhance the
electroanalytical performance of the devices.

The proposed integration strategy is by far superior to
other traditional sealing methods such as bonding of chan-
nels engraved in plastic sheets or using double-sided adhe-
sive tape to create a channel barrier and later closing the
channel. The irregular structure as well as the high thickness
of 3D porous carbon electrodes, including LIG, make the
traditional sealing methods challenging. For example, the
high thickness leads to incomplete sealing between chan-
nel and electrode pieces. Moreover, pressing the channel
piece over the delicate and brittle graphene flakes increases
the chance of breaking the connection of working area and
electrical contact pad.

Electrochemical characterization

Three sensor configurations were generated to investigate
the analytical performance of the electrochemical devices
(Fig. 4a). Open devices enabled electrochemical reactions
taking place at their surface. Here, the exposed active sur-
face area of the f-LCNF electrodes was different for (i)
untreated- and (ii and iii) plasma-treated devices. Further-
more, closing the channel with a plastic sheet diffusion of
analytes within the plasma treated porous LCNFs electrode
could be achieved (iii). Outer-sphere (ruthenium hexamine
(RuHex)) and inner-sphere redox systems (ferri/ferrocya-
nide and dopamine) [27] were investigated towards their
electrochemical behaviors using cyclic voltammetry (CV)
in all three setups (Fig. 4b). It was found that plasma treat-
ment promoted proper flow inside the device and signifi-
cantly increased the ESA for all investigated redox markers
in comparison to the pristine LCNFs (Fig. 4b and 4c). It
should be noted that the Randles—Sevcik equation cannot
accurately determine the actual ESA as it is established for
electrodes with non-nanomaterials or flat surfaces [28].
Since no electrochemical strategies are currently available

Nanofibers

Adhesive tape/
plastic sheet

iii-iv

cross-sections shown in a where the left and right pictures depict the
cross-sections located in the channel and at the wax barrier, respec-
tively
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Fig.4 Comparison of electrochemical performance. a Schematic
illustration of the top view and side view of an open device without
oxygen plasma treatment (i), an open device with oxygen plasma
treatment (ii), and a closed device with oxygen plasma treatment (iii).
b CV’s curves of the three different configurations in presence of
1 mM RuHex (i), | mM ferric/ferrocyanide (ii), and 1 mM dopamine

that would allow such determination, we used the equation
to merely compare active surface area resulted from different
electrode treatments and device configurations. Hence, the
data of ESA in this work only reflect the changing of wet-
tability of LCNFs which subsequently affects the obtained
current intensity. We do not intend to report the actual ESA
gained from the as-scribed LCNFs in the present work.
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(DA) (iii) in PBS (pH 7). Scan rate: 250 mV/s. ¢ Evaluation of elec-
troanalytical performance by determining the peak-to-peak separation
of CVs from 1 mM redox markers at a scan rate of 250 mV/s (i) and
calculating ESA (ii) of the three configurations. All measurements
were repeated using N >3 devices

RuHex as an outer-sphere redox marker is insensi-
tive to functional groups present at carbon electrode
surfaces [29]. Consequently, plasma activation did not
dramatically affect the generated peak potentials and
peak-to-peak separation (AE)) (Fig. 4b-i and 4c-i) when
compared to pristine f-LCNFs. Nevertheless, the signifi-
cant increase in current intensities (Fig. 4b-i) and ESA
(Fig. 4c-1) of RuHex for both open and closed devices
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suggests that the plasma treatment only enhances the
electrode’s hydrophilicity but not the electron transfer
capability between RuHex and the LCNF surface. The
closed channel devices do not result in a change of an
electrochemical behavior of RuHex when compared to
the open device configuration, emphasizing the charac-
teristic of an outer-sphere redox marker.

Since the inner-sphere ferri/ferrocyanide is not
affected by oxide and adsorption [29] treating the devices
with oxygen plasma only elevated ESA but did not facili-
tate greater electron transfer kinetic as indicated by the
comparable peak potentials and AE, related to the pris-
tine devices (Fig. 4b-ii and 4c). Interestingly, closing
the channel resulted in a remarkable signal enhance-
ment. We assume this is due to more efficient collisions
at the interface compared to the open system, since the
solution within the closed channel is confined inside the
pores of the electrodes and thus the analyte is forced to
interact with the electrode interface. The high capaci-
tive current of the closed devices’ CV (Fig. 4b-ii) sup-
ports this assumption. As a side note, the anodic shifts
of the reduction and oxidation peaks observed are likely
caused by the change of LCNF pseudo-RE affected by
the inner-sphere redox marker, even though it is insen-
sitive to oxide and adsorption, which requires further
investigations for elaborating such characteristic.

In the case of the inner-sphere redox marker dopa-
mine, it can be seen that the required adsorption prior
to undergoing redox reactions [29] is notably enhanced
through available oxygenated groups from plasma treat-
ment. Here, protonated dopamine (at pH 7.0) can be elec-
trostatically adsorbed onto the LCNFs’ surface (Fig. 4b-
iii and 4c-i). As the adsorption mainly contributes to
the electron transfer kinetics of dopamine, no obvious
change in peak potentials was observed in the closed
system.

Investigation of the reliability and stability of LCNFs
as a pseudo-reference electrode

To assess the reliability of the LCNFs as an internal
pseudo-RE, their cyclic voltammetric responses obtained
for common redox markers were compared to that of an
external RE (standard Ag/AgCl electrode). As shown in
Fig. S7a, to use LCNFs as a RE results in a cathodic shift
for ferro/ferricyanide, approx. 200 mV, in comparison
to the CV obtained from Ag/AgCl RE which is simi-
lar to using microband carbon strip as a RE reported by
Escarpa’s group [30]. However, when measuring dopa-
mine solution, the peak potentials obtained from LCNF
RE exhibited only a slight deviation in comparison to
using Ag/AgCl RE (Fig. S7b). It is therefore suggested
that analyte characteristics can influence the potential

controlled at the working electrode which is a com-
mon behavior of pseudo-reference electrode [31]. How-
ever, considering the insignificant difference in current
intensities and AE,, in comparison to the standard Ag/
AgCl RE, LCNFs can be used as a sufficiently reliable
pseudo-RE.

Further studies regarding the reliability and stability of
LCNF REs over a long measuring period were conducted by
determining the open-circuit potential (OCP) using stand-
ard Ag/AgCl as RE of the system, and comparing to other,
commonly used REs, e.g., Ag/AgCl film of Dropsens and
laser-induced graphene (LIG). As can be seen in Fig. S8,
the potential controlled at the LCNFs was quite stable over
the period of 3000 s similar to that of LIG and highly com-
parable to the pseudo Ag/AgCl on screen-printed electrode
from Dropsens.

Furthermore, the stability of the three-electrode sys-
tem made of LCNFs was evaluated with closed devices
(N =3 devices), which were cycled 30 times in 1 mM of
ferri/ferrocyanide or dopamine, respectively (Fig. S9).
The systems remain stable after 30 cycles for both ana-
lytes, confirming the robustness of the device. For ferri/
ferrocyanide with continuous cycling, the intensity of
the current is enhancing slightly due to an increase in the
wettability of the electrode material. The peak couple at
ca.—250 mV and —300 mV (vs f-LCNFs RE) is probably
due to the redox reaction of dopamine derivative, which
is commonly formed when dopamine is electrochemically
measured in neutral pH [32]. Oxidation of dopamine is
in this case a quasi-reversible process. Interestingly, the
LCNF systems behave similarly to the gold electrodes
used in [32] regarding dopamine oxidation pathways.

It can be concluded that the stability of the potential
over the investigated time period is sufficient for meas-
urements in single use point-of-care devices. Further-
more, such carbon-based, binder-free pseudo-REs open
up the possibility to measure analytes dissolved in strong
acidic medium such as HNOj; in which Ag/AgCl may
encounter instability problem, i.e., the acid could dis-
solve the pseudo Ag/AgCl film.

Analytical performance for dopamine sensing

Dopamine (DA) is an important neurotransmitter
involved in several neurological disorders, which requires
a highly sensitive transducer to detect the alteration from
normal levels (10 to 480 pM in blood) [33]. Considering
the significant difference in the mechanisms supported
by open and closed devices of f-LCNFs, studies were
performed in both setups. No difference in electrochemi-
cal behavior for dopamine sensing was observed with
open and closed devices at high dopamine concentra-
tions (1 mM) (Fig. 4b-iii); however, the closed system

@ Springer
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Fig.5 Electrochemical detection of dopamine (DA). a Effect of
device configuration on the sensitivity of DA detection. Both devices
were treated with oxygen plasma and H,SO,. b Sensitivity enhance-
ment by treating the closed devices with H,SO,. ¢ Calibration curve
of dopamine generated from closed devices treated with H,SO,. d

was by far superior at low concentrations, i.e., | nM. We
suggest that interactions between the analyte and inter-
face are forced within the channel of the closed system
as opposed to the open system (Fig. 5a). After modi-
fication of the electrodes with sulfuric acid (Fig. 5b),
dose-response curves with high linearity over a low nM
range were obtained (Fig. 5c). It should be noted that the
maximum current that we could obtain from the close
devices is approx. 80 pA (see also the CV of 1 mM DA
in Fig. 4b-iii). This implies the maximum availability
of LCNFs is reached and higher DA concentrations of
1 mM and 500 uM DA do not result in a greater current
magnitude. This might be the reason why the current
intensities of DA in Fig. 5a and Fig. 5b were similar even
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performed by LSV with a scan rate of 100 mV/s (N> 3 devices)

their concentrations are significantly different. The limit
of detection (LOD) down to 55 pM was achieved (LOD
was calculated based on 3 X STDV,../slope), which ren-
ders this simple electrochemical transducer highly potent
for on-site POCT dopamine detection. The calculated
LOD compares favorably to similarly developed detec-
tion strategies (Table 2).

A strong non-specific signal by uric (UA) and ascorbic
acid (AA), common interferences for dopamine detection
[34] (Fig. S10a and S10b), could be avoided by applying
Nafion as a well-known cation exchanger that possesses
permeability to cations [35]. Specifically, its inherent
negative charge from sulfonate groups in the structure
can suppress anion interferences, e.g., UA and AA, as
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Table 2 Comparison of the analytical performance of most recent reports on dopamine sensing, especially focusing on using 3D-carbon nano-

material

Materials

Linear range

Sensitivity LOD (nM) Ref

CVD 3D graphene foam

025,000 nM 619.6 pA mM~' cm™

25 (S/N=5.6) [36]

Carbon-black modified GCE 0.140uM  0.61 pA pM™! 13 [37]
Gold nanobipyramid/multiwalled carbon nanotube hybrids 50 nM-2.7mM - 15 (S/N=3) [38]
SU-8 photoresist based pyrolytic carbon (PyC)/PyC-O, 50nM-1pM  12AM'em™?2.7 AM ecm™  40/20 [39]
Molybdenum (IV) disulfide nanosheets deposited on carbon 0-60 uM  6.24 uA pM~! cm™> 36 (S/N=3) [40]

nanofibers (CNFs)

3,4,9,10-perylene tetracarboxylic acid functionalized graphene—
multiwalled carbon nanotube—gold nanoparticle nanocompos-
ite modified glassy carbon electrode (PTCA-RGO-MWCNTs-
Au NPs/GCE)

1-100 uM  0.124 uA mM~!

70 (SIN=3)  [41]

3D GF/ITO 0-60 uM  1.88 pA uM~! cm? (0-5 uM) 100 [42]
and 1.44 pA pM~
Lem™ (5-60 pM)
ZnO nanosheet balls (ZnO NSBs) on three-dimensional gra- 1-80 uM  0.99 pA pM~! 10 (S/N=3) [43]
phene foam
Au nanoparticles-ZnO nanocone arrays/graphene foam 0-80uM  4.36 pA pM™! 40 (S/N=3) [44]
Freestanding graphene foam-carbon nanotube composite cou- 0.1048 M~ 12.72 pA pM~! cm™2 1.36 (S/IN=3) [45]
pled with gold nanoparticles
LCNF electrodes (miniaturized systems) 0-10nM 139 pA nM™! 0.055 (S/N=3) This work

successfully demonstrated previously [34]. At the same
time, its hydrophobic molecular backbone limits its useful
concentration range, i.e., Nafion coating of an f-LCNF
WE with high concentration solution, e.g., 5 wt%, leads
to poor wettability of the device. In the end, we found that
1.25 wt% Nafion and plasma treatment at 200 W (instead
of 100 W) was optimal to facilitate proper device assem-
bling and solution flow (Fig. S8c and d). The finally
established fabrication process of f-LCNFs for dopamine
detection entails (i) Nafion application (only at WE), (ii)
plasma treatment, and (iii) H,SO, incubation, the latter
being performed after device assembly. As expected, the
LCNFs modified with Nafion were able to suppress any
signal interferences from UA and AA even at concen-
trations several times higher than dopamine (more than
10,000-fold the dopamine concentration) (Fig. 5d).

Conclusion

Herein, we present laser-induced carbon nanofibers as
freestanding electrodes that can be easily integrated into
miniaturized devices. Ultralow detection limits for silver
ions via stripping voltammetry suggest their applicability
towards the detection of AgNPs use as signal generating
label in (bio)sensors [46, 47], especially as analyses do
not require stirring conditions due to the immense poros-
ity of the f-LCNFs. Also, the results indicate that further
modification with electrodeposited metal nanocatalysts
may be of great interest in future studies especially at low

metal salt concentrations. Overall, the presented strat-
egy is robust, easy to perform, and generates electrodes
at < 0.02 € per electrode. The comparison between open
and closed devices supports well the beneficial feature
realized by integrating 3D porous electrodes in micro-
fluidic analytical systems. The tremendous enhancement
offered by the 3D structure of the electrode has been
proven in the detection of dopamine down to the pM
range. Furthermore, the proposed assembling method
is highly attractive for producing POC devices as it
requires < 10 min (without the electrospinning) for each
device and costs < 1 €/device (Table S2). This will enable
flow-through applications, where the reaction takes place
inside the pores of the electrodes in contrast to other
microfluidic systems, where the reaction is limited to
the 2D interface between the electrodes and the channel.
In the end, we suggest that devices based on f-LCNF
integrated into a flow system are highly advantageous
for point-of-care devices as their fabrication suits the
ASSURED criteria well including mass-production pos-
sibilities. Furthermore, we predict that f-LCNFs can rev-
olutionize paper-based and wearable devices in which not
only surface-bound signals (such as in optical systems
and current electrochemical strategies), but also 3D sig-
nals can be generated. Through the integration of selec-
tivity agents such as aptamers, antibodies, or chemical
recognition molecules, the high specificity needed for
real sample analysis will be enabled just like with other
electrochemical systems.

@ Springer



424 Page 12 of 13

Microchim Acta (2022) 189:424

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05492-2.

Acknowledgements The presented research was funded in part through
the Central Innovation Program for small- and medium-sized enter-
prises (SMEs) by the Federal Ministry of Economic Affairs and Energy
according to a decision of the German Federal Parliament. The authors
would like to thank the research grant from Deutsche Forschungsge-
meinschaft (project no. 457100614). Finally, we want to thank Dr. Bir-
git Striegl and the Regensburg Center of Biomedical Engineering for
her helps on the confocal laser scanning microscopy.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Baig N, Saleh TA (2018) Electrodes modified with 3D graphene
composites: a review on methods for preparation, properties and
sensing applications. Microchim Acta 185:.https://doi.org/10.
1007/s00604-018-2809-3

2. Jiang C, Zhao B, Cheng J et al (2015) Hydrothermal synthesis of
Ni(OH)2 nanoflakes on 3D graphene foam for high-performance
supercapacitors. Electrochim Acta 173:399-407. https://doi.org/
10.1016/j.electacta.2015.05.081

3. Thomas T, Agarwal A (2021) A facile and scalable approach in
the fabrication of tailored 3d graphene foam via freeze drying.
Materials (Basel) 14:1-18. https://doi.org/10.3390/ma14040864

4. Zhang Z, Xiao F, Qian L, et al (2014) Facile synthesis of 3D
MnO2-graphene and carbon nanotube-graphene composite net-
works for high-performance, flexible, all-solid-state asymmetric
supercapacitors. Adv Energy Mater 4:.https://doi.org/10.1002/
aenm.201400064

5. Browne MP, Novotny F, Sofer Z, Pumera M (2018) 3D printed graphene
electrodes’ electrochemical activation. ACS Appl Mater Interfaces
10:40294-40301. https://doi.org/10.1021/acsami.8b14701

6. Ali MA, Mondal K, Jiao Y et al (2016) Microfluidic immuno-
biochip for detection of breast cancer biomarkers using hierarchi-
cal composite of porous graphene and titanium dioxide nanofibers.
ACS Appl Mater Interfaces 8:20570-20582. https://doi.org/10.
1021/acsami.6b05648

7. Ali MA, Mondal K, Wang Y et al (2017) In situ integration of gra-
phene foam-titanium nitride based bio-scaffolds and microfluidic
structures for soil nutrient sensors. Lab Chip 17:274-285. https://
doi.org/10.1039/C6LC01266C

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Chen Z, Cheng SB, Cao P et al (2018) Detection of exosomes by ZnO
nanowires coated three-dimensional scaffold chip device. Biosens
Bioelectron 122:211-216. https://doi.org/10.1016/j.bios.2018.09.033
Huang J, Liu Y, You T (2010) Carbon nanofiber based electro-
chemical biosensors: a review. Anal Methods Anal Methods
2:202-211. https://doi.org/10.1039/69ay00312f

Simsek M, Hoecherl K, Schlosser M et al (2020) Printable 3D
carbon nanofiber networks with embedded metal nanocatalysts.
ACS Appl Mater Interfaces 12:39533-39540. https://doi.org/10.
1021/acsami.0c08926

Ferrari AGM, Foster CW, Kelly PJ et al (2018) Determination of the
electrochemical area of screen-printed electrochemical sensing plat-
forms. Biosensors 8:1-10. https://doi.org/10.3390/bios8020053
Wongkaew N, Simsek M, Arumugam P et al (2019) A robust
strategy enabling addressable porous 3D carbon-based functional
nanomaterials in miniaturized systems. Nanoscale 11:3674-3680.
https://doi.org/10.1039/c8nr09232j

Calvimontes A, Mauersberger P, Nitschke M et al (2011) Effects
of oxygen plasma on cellulose surface. Cellulose 18:803-809.
https://doi.org/10.1007/s10570-011-9511-5

Inagaki M, Yang Y, Kang F (2012) Carbon nanofibers prepared
via electrospinning. Adv Mater 24:2547-2566. https://doi.org/10.
1002/adma.201104940

Zhao H, Su R, Teng L et al (2022) Recent advances in flexible and
wearable sensors for monitoring chemical molecules. Nanoscale
14:1653-1669. https://doi.org/10.1039/d1nr06244a

Maldonado VY, Espinoza-Montero PJ, Rusinek CA, Swain GM
(2018) Analysis of Ag(I) biocide in water samples using anodic
stripping voltammetry with a boron-doped diamond disk elec-
trode. Anal Chem 90:6477-6485. https://doi.org/10.1021/acs.
analchem.7b04983

Wongkaew N, Kirschbaum SEK, Surareungchai W et al (2012)
A novel three-electrode system fabricated on polymethyl meth-
acrylate for on-chip electrochemical detection. Electroanalysis
24:1903-1908. https://doi.org/10.1002/elan.201200336

Hinds G, Coey JMD, Lyons MEG (2001) Influence of magnetic
forces on electrochemical mass transport. Electrochem commun
3:215-218. https://doi.org/10.1016/S1388-2481(01)00136-9
Matlock-Colangelo L, Colangelo NW, Fenzl C et al (2016) Pas-
sive mixing capabilities of micro-and nanofibres when used in
microfluidic systems. Sensors (Switzerland) 16:1-18. https://
doi.org/10.3390/s16081238

Chu X, Fu X, Chen K et al (2005) An electrochemical stripping
metalloimmunoassay based on silver-enhanced gold nanopar-
ticle label. Biosens Bioelectron 20:1805—1812. https://doi.org/
10.1016/j.bi0s.2004.07.012

Cai H, Xu Y, Zhu N et al (2002) An electrochemical DNA
hybridization detection assay based on a silver nanoparticle
label. Analyst 127:803-808. https://doi.org/10.1039/b200555¢g
Davies TJ (2016) Anodic stripping voltammetry with graphite
felt electrodes for the trace analysis of silver. Analyst 141:4742—
4748. https://doi.org/10.1039/c6an00590j

Gholivand MB, Parvin MH (2010) Differential pulse anodic stripping
voltammetric simultaneous determination of copper(Il) and silver(I)
with bis(2-hydroxyacetophenone) butane-2,3-dihydrazone modified
carbon paste electrodes. Electroanalysis 22:2291-2296. https://doi.
org/10.1002/elan.201000190

Jahandari S, Taher MA, Fazelirad H, Sheikhshoai I (2013) Anodic
stripping voltammetry of silver(I) using a carbon paste electrode
modified with multi-walled carbon nanotubes. Microchim Acta
180:347-354. https://doi.org/10.1007/s00604-012-0935-x

Fu Y, Yang Y, Tuersun T et al (2018) Simple preparation and
highly selective detection of silver ions using an electrochemical
sensor based on sulfur-doped graphene and a 3,3',5,5'-tetrameth-
ylbenzidine composite modified electrode. Analyst 143:2076—
2082. https://doi.org/10.1039/c7an02084h


https://doi.org/10.1007/s00604-022-05492-2
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00604-018-2809-3
https://doi.org/10.1007/s00604-018-2809-3
https://doi.org/10.1016/j.electacta.2015.05.081
https://doi.org/10.1016/j.electacta.2015.05.081
https://doi.org/10.3390/ma14040864
https://doi.org/10.1002/aenm.201400064
https://doi.org/10.1002/aenm.201400064
https://doi.org/10.1021/acsami.8b14701
https://doi.org/10.1021/acsami.6b05648
https://doi.org/10.1021/acsami.6b05648
https://doi.org/10.1039/C6LC01266C
https://doi.org/10.1039/C6LC01266C
https://doi.org/10.1016/j.bios.2018.09.033
https://doi.org/10.1039/b9ay00312f
https://doi.org/10.1021/acsami.0c08926
https://doi.org/10.1021/acsami.0c08926
https://doi.org/10.3390/bios8020053
https://doi.org/10.1039/c8nr09232j
https://doi.org/10.1007/s10570-011-9511-5
https://doi.org/10.1002/adma.201104940
https://doi.org/10.1002/adma.201104940
https://doi.org/10.1039/d1nr06244a
https://doi.org/10.1021/acs.analchem.7b04983
https://doi.org/10.1021/acs.analchem.7b04983
https://doi.org/10.1002/elan.201200336
https://doi.org/10.1016/S1388-2481(01)00136-9
https://doi.org/10.3390/s16081238
https://doi.org/10.3390/s16081238
https://doi.org/10.1016/j.bios.2004.07.012
https://doi.org/10.1016/j.bios.2004.07.012
https://doi.org/10.1039/b200555g
https://doi.org/10.1039/c6an00590j
https://doi.org/10.1002/elan.201000190
https://doi.org/10.1002/elan.201000190
https://doi.org/10.1007/s00604-012-0935-x
https://doi.org/10.1039/c7an02084h

Microchim Acta

(2022) 189:424

Page130f 13 424

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Martinez AW, Phillips ST, Whitesides GM, Carrilho E (2010)
Diagnostics for the developing world: microfluidic paper-based
analytical devices. Anal Chem 82(1):3-10. https://doi.org/10.
1021/ac9013989

Mao X, Simeon F, Rutledge GC, Hatton TA (2013) Electrospun
carbon nanofiber webs with controlled density of states for sensor
applications. Adv Mater 25:1309-1314. https://doi.org/10.1002/
adma.201203045

Paixdo TRLC (2020) Measuring electrochemical surface area of
nanomaterials versus the Randles—Sevéik equation. ChemElec-
troChem 7:3414-3415. https://doi.org/10.1002/celc.202000633
McCreery RL (2008) Advanced carbon electrode materials for
molecular electrochemistry. Chem Rev 108(7):2646-2687. https://
doi.org/10.1021/cr068076m

Hernandez-Rodriguez JF, Rojas D, Escarpa A (2020) Rapid and
cost-effective benchtop microfabrication of disposable carbon-
based electrochemical microfluidic devices. Sensors Actuators B
Chem 324:.https://doi.org/10.1016/j.snb.2020.128679

Waleed Shinwari M, Zhitomirsky D, Deen IA et al (2010) Micro-
fabricated reference electrodes and their biosensing applications.
Sensors 10:1679-1715. https://doi.org/10.3390/s100301679
Bacil RP, Chen L, Serrano SHP, Compton RG (2020) Dopamine
oxidation at gold electrodes: mechanism and kinetics near neutral
pH. Phys Chem Chem Phys 22:607-614. https://doi.org/10.1039/
c9cp05527d

Labib M, Sargent EH, Kelley SO (2016) Electrochemical methods
for the analysis of clinically relevant biomolecules. Chem Rev
116:9001-9090. https://doi.org/10.1021/acs.chemrev.6b00220
Jeong H, Jeon S (2008) Determination of dopamine in the pres-
ence of ascorbic acid by nafion and single-walled carbon nanotube
film modified on carbon fiber microelectrode. Sensors 8:6924—
6935. https://doi.org/10.3390/s8116924

Atta NF, Galal A, El-Said DM (2019) Novel design of a layered
electrochemical dopamine sensor in real samples based on gold
nanoparticles/p-cyclodextrin/Nafion-modified gold electrode.
ACS Omega 4:17947-17955. https://doi.org/10.1021/acsomega.
9b01222

Dong X, Wang X, Wang L et al (2012) 3D graphene foam as a
monolithic and macroporous carbon electrode for electrochemical
sensing. ACS Appl Mater Interfaces 4(6):3129-3133. https://doi.
org/10.1021/am300459m

Jiang L, Nelson GW, Abda J, Foord JS (2016) Novel modifications
to carbon-based electrodes to improve the electrochemical detec-
tion of dopamine. ACS Appl Mater Interfaces 8:28338-28348.
https://doi.org/10.1021/acsami.6b03879

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Cheng J, Wang X, Nie T et al (2020) A novel electrochemical sens-
ing platform for detection of dopamine based on gold nanobipyra-
mid/multi-walled carbon nanotube hybrids. Anal Bioanal Chem
412:2433-2441. https://doi.org/10.1007/s00216-020-02455-5
Peltola E, Heikkinen JJ, Sovanto K et al (2017) SU-8 based pyro-
lytic carbon for the electrochemical detection of dopamine. J
Mater Chem B 5:9033-9044. https://doi.org/10.1039/c7tb02469j
Yue HY, Wu PF, Huang S, et al (2019) Golf ball-like MoS2
nanosheet arrays anchored onto carbon nanofibers for electro-
chemical detection of dopamine. MicrochimActa 186:.https://
doi.org/10.1007/s00604-019-3495-5

Zhang C, Ren J, Zhou J et al (2018) Facile fabrication of a
3,4,9,10-perylene tetracarboxylic acid functionalized graphene-mul-
tiwalled carbon nanotube-gold nanoparticle nanocomposite for highly
sensitive and selective electrochemical detection of dopamine. Analyst
143:3075-3084. https://doi.org/10.1039/c8an00559a

Wang Z, Yue HY, Yu ZM et al (2019) Synthesis of the 3D gra-
phene foam by chemical vapor deposition using nickel powders
and application for simultaneous electrochemical detection of
dopamine and uric acid. Ionics (Kiel) 25:1813-1823. https://doi.
org/10.1007/s11581-018-2708-y

Huang S, Song S, Yue H et al (2018) ZnO nanosheet balls
anchored onto graphene foam for electrochemical determination
of dopamine in the presence of uric acid. Sensors Actuators, B
Chem 277:381-387. https://doi.org/10.1016/j.snb.2018.09.040
Yue HY, Zhang HJ, Huang S et al (2020) Highly sensitive and
selective dopamine biosensor using Au nanoparticles-ZnO
nanocone arrays/graphene foam electrode. Mater Sci Eng C
108:110490. https://doi.org/10.1016/j.msec.2019.110490

Huang B, Liu J, Lai L et al (2017) A free-standing electrochemical
sensor based on graphene foam-carbon nanotube composite coupled
with gold nanoparticles and its sensing application for electrochem-
ical determination of dopamine and uric acid. J Electroanal Chem
801:129-134. https://doi.org/10.1016/j.jelechem.2017.07.029
Beck F, Horn C, Bacumner AJ (2022) Ag nanoparticles outper-
form Au nanoparticles for the use as label in electrochemical
point-of-care sensors. Anal Bioanal Chem 414:475-483. https://
doi.org/10.1007/s00216-021-03288-6

Beck F, Horn C, Bacumner AJ (2022) Dry-reagent microfluidic
biosensor for simple detection of NT-proBNP via Ag nanoparti-
cles. Anal Chim Acta 1191:339375. https://doi.org/10.1016/j.aca.
2021.339375

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1021/ac9013989
https://doi.org/10.1021/ac9013989
https://doi.org/10.1002/adma.201203045
https://doi.org/10.1002/adma.201203045
https://doi.org/10.1002/celc.202000633
https://doi.org/10.1021/cr068076m
https://doi.org/10.1021/cr068076m
https://doi.org/10.1016/j.snb.2020.128679
https://doi.org/10.3390/s100301679
https://doi.org/10.1039/c9cp05527d
https://doi.org/10.1039/c9cp05527d
https://doi.org/10.1021/acs.chemrev.6b00220
https://doi.org/10.3390/s8116924
https://doi.org/10.1021/acsomega.9b01222
https://doi.org/10.1021/acsomega.9b01222
https://doi.org/10.1021/am300459m
https://doi.org/10.1021/am300459m
https://doi.org/10.1021/acsami.6b03879
https://doi.org/10.1007/s00216-020-02455-5
https://doi.org/10.1039/c7tb02469j
https://doi.org/10.1007/s00604-019-3495-5
https://doi.org/10.1007/s00604-019-3495-5
https://doi.org/10.1039/c8an00559a
https://doi.org/10.1007/s11581-018-2708-y
https://doi.org/10.1007/s11581-018-2708-y
https://doi.org/10.1016/j.snb.2018.09.040
https://doi.org/10.1016/j.msec.2019.110490
https://doi.org/10.1016/j.jelechem.2017.07.029
https://doi.org/10.1007/s00216-021-03288-6
https://doi.org/10.1007/s00216-021-03288-6
https://doi.org/10.1016/j.aca.2021.339375
https://doi.org/10.1016/j.aca.2021.339375

	Freestanding 3D-interconnected carbon nanofibers as high-performance transducers in miniaturized electrochemical sensors
	Abstract
	Introduction
	Experimental
	Chemicals and reagents
	Fabrication of PI nanofibers via electrospinning
	Laser-induced carbonization of electrospun PI nanofibers
	Electrochemical characterization
	Morphological and mechanical stability characterization

	Results and discussion
	Fabrications of freestanding LCNFs and their characterizations
	Anodic stripping analysis of silver ions using a three-electrode system
	Assembly of freestanding LCNF electrodes into microfluidic systems
	Electrochemical characterization
	Investigation of the reliability and stability of LCNFs as a pseudo-reference electrode
	Analytical performance for dopamine sensing

	Conclusion
	Acknowledgements 
	References


