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ABSTRACT: An ultrasensitive electrochemical microelectrode set
(μ-ES), where all three electrodes are made of highly densified
carbon nanotube fiber (HD-CNTf) cross sections (length ∼40
μm), embedded in an inert polymer matrix, and exposed open-
ended CNTs at the interface, is presented here. Bare open ends of
HD-CNTf rods were used as the working (∼40 μm diameter) and
counter (∼94 μm diameter) electrodes, while the cross section of a
∼94 μm diameter was electroplated with Ag/AgCl and coated with
Nafion to employ as a quasi-reference electrode. The Ag/AgCl/
Nafion-coated HD-CNTf rod quasi-reference electrode provided a
very stable potential comparable to the commercial porous-
junction Ag/AgCl reference electrode. The HD-CNTf rod μ-ES
has been evaluated by electrochemical determination of bio-
logically important analytes, i.e., dopamine (DA), β-nicotinamide adenine dinucleotide (NADH), a diuretic drug, i.e., furosemide,
and a heavy metal, i.e., lead ions (Pb2+). Different voltammetric techniques were employed during the study, i.e., cyclic voltammetry
(CV), square wave voltammetry (SWV), amperometry, and square wave anodic stripping voltammetry (SWASV). The direct
metallic connection to CNTs gives access to the exceptional properties of highly ordered open-ended CNTs as electrochemical
sensors. The distinct structural and electronic properties of aligned HD-CNTf rods in the μ-ES demonstrate fast electron transfer
kinetics and offer excellent detection performance during testing for different analytes with wide linear ranges, excellent sensitivity,
and very low limits of detection.

■ INTRODUCTION
The scientific work on CNTs was greatly boosted after the
Iijima reports,1,2 which projected CNTs onto the global
scientific platform. Carbon nanotubes (CNTs) have attracted
enormous interest due to their unique electronic and
mechanical properties, and identified as an excellent electrode
material because of their high aspect ratio, nanometer
dimensions, fast electron transfer rate, ample electroactive
sites, biocompatibility, and corrosion resistance.3−9 The
conductivity of CNTs, along with their small size, ideally
makes them the smallest possible electrode material with a
diameter of less than nanometer.9,10 The first report of CNTs-
based electrode was used to study the oxidation of dopamine
by voltammetric techniques.11 Dopamine showed an ideal
reversible two-electron redox process which had not been
observed previously on graphite or carbon electrodes. The
observed results opened up a new world for CNTs use as an
electrode material in a wide range of sensing applica-
tions.6,9,12,13 Indeed, a significant growth has been seen over
the past two decades in CNT technology, where several papers
reported the use of CNTs as randomly dispersed or drop
coating on macro carbon (glassy carbon, graphite), Au, Pt
surfaces,8,14,15 dispersions with the assistance of binders,16−18

pastes,19−22 screen printed inks,23−25 CNT papers,26−28

composites,29,30 and simple adhesion on electrode surfaces31,32

for the electrochemical detection of a wide range of redox-
active molecules. The reported studies claimed that CNTs-
based electrodes were able to reduce overpotential with fast
electron transfer kinetics, increased peak current response, high
sensitivity, and selectivity to analytes compared to bare
electrode surfaces.
Further efforts have also been made to gain better control

over distribution, orientation, and alignment of nanotubes by
direct growth and self-assembly to exploit the electrochemistry
of CNTs.33−38 Highly ordered CNT fibers and array
assemblies take advantage of the bulk properties of CNTs
while avoiding dispersion of individual CNTs in the solution.
In comparison to randomly arranged CNT-based electrodes,
highly ordered or aligned CNT electrodes show high mass
sensitivity, faster mass transport, lower solution resistance, and
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high signal-to-noise ratio, resulting in much lower background
current and improved detection limits.39,40 The alignment of
CNTs within the fiber inherits the advantage of large specific
surface area and electrocatalytic activity of CNTs and helps to
exploit the anisotropic propert ies of individual
CNTs.34−36,41−47 The diameter of dry spun CNT fiber can
be customized by changing the width of the chemical vapor
deposition (CVD)-grown CNT forests and through the
mechanical spinning process, i.e., twisting voltage and angle,
and thereby CNT fiber can be tailored for use as electrodes to
a range of applications.48−50 The electrochemical sensor based
on CNT fibers was first reported by Wang et al.41 and was
spun from wet CNTs for the electrochemical sensing of
NADH, peroxide, and dopamine. Later, CNT fiber micro-
electrodes made using the dry spun process have been reported
by Zhu et al.51 for glucose biosensing, and Heineman et al.52,53

for heavy metal detection. CNT fiber microelectrodes have
also been an ideal material for neural stimulation and long-
term selective recording compared to the traditional electrode
material.54,55 CNT fibers are clearly gaining ground as new-
generation sensors and an alternative for the conventional
carbon fiber microelectrode for more sensitive and selective in
vitro and in vivo electrochemical studies of neuronal cells. Also,
CNT fibers are superior for real-time monitoring of neuro-
transmitters and their metabolites in live brain tissues with
improved spatiotemporal resolution.7,47,56−58 The high surface
roughness and presence of oxygen functionalities on dangling
sp3-hybridized carbon edge planes of the CNT fiber provide
resistance to fouling. Thus, it allows increased sensitivity and
reproducibility over a long period of time.36,46,59−61

Here, we report the first use of a microelectrode set (μ-ES),
where all three electrodes are made of well-aligned highly
densified multiwalled carbon nanotube fibers (HD-CNTf)
sectioned into rods embedded in an inert polymer film with
exposed open ends of CNTs at the electrode−electrolyte
interface. Our goal was to fabricate a microstructured and
compact sensing device in which all three electrodes are based
on CNTs, which is advantageous during fabrication. The
sidewalls of the CNTs are encapsulated to take advantage of
the unparalleled sensitivity of their open ends. The micro size
length and diameter of all three CNT fiber electrodes allow the
miniaturization of the entire sensor onto a single platform,
where even a single drop of desired analyte solution will be
enough for electrochemical characterization. Herein, we have
quantitatively characterized the performance of the proposed
HD-CNTf rod μ-ES sensor by different voltammetric
techniques, i.e., cyclic voltammetry (CV), square wave
voltammetry (SWV), amperometry, and square wave anodic
stripping voltammetry (SWASV) for the sensitive detection of
important biomolecules (dopamine, β-nicotinamide adenine
dinucleotide; NADH), diuretic drug (furosemide) in phos-
phate buffer solution, and heavy metal, i.e., lead (Pb2+) in tap
water. The HD-CNTf rod μ-ES showed an excellent range of
quantification toward biomolecules and heavy metal determi-
nation. The excellent sensitivity of the HD-CNTf rod electrode
can be attributed to the presence of a higher number of edge
plane sites on the cross section of HD-CNTf per square
micrometer.35,40,62 CNT-coated and CNT fiber electrodes
used for the detection of dopamine,63−65 NADH,66 furo-
semide,67−69 and Pb2+.53,70,71 The novelty of the technology
rests on the μ-ES design, where all three electrodes, based on
the CNT rods, were assembled on the same platform and
directly connected to a metallic contact for electronic circuits

at one side and exposed highly densified open ends on other
side being used for testing analytes. Thus, the reported design
allows us to exploit the exceptional properties of pure CNTs in
the electrochemical sensing of different important biomole-
cules and an environmentally toxic heavy metal in different
electrolyte mediums.

■ EXPERIMENTAL SECTION
Reagents and Materials. Lead, dopamine (DA), uric acid,

ascorbic acid, furosemide, NADH (β-nicotinamide adenine
dinucleotide, reduced form), 5% Nafion solution, [Ru(NH3)6]-
Cl3, and KCl were purchased from Sigma-Aldrich. Phosphate
buffer of 0.1 M ionic strength was prepared using trace metal
salts H3PO4, Na2HPO4, and NaH2PO4 according to the
reported method.72 For the preparation of a CNT fiber cross-
section-embedded polymer film, an EMBed-812 embedding kit
was purchased from Electron Microscopy Sciences (Pennsyl-
vania) and monomer mixed according to given instructions.
Acetone solvent was used for fiber densification. All solutions
were prepared in Milli-Q ultrapure deionized water (18 MΩ
cm). CNT arrays were synthesized using CVD as reported by
our group before,49,50 where ethylene (Wright Brothers) was
used as the carbon source and Fe/Co as the catalyst
(Goodfellow).

Instrumentation. An Epsilon EClipse electrochemical
analyzer from BASi and a CHI 760E electrochemical
workstation from CH instruments were used to record
voltammetric experiments. The μ-ES consists of three HD-
CNTf rods in which a ∼40 μm diameter HD-CNTf rod is used
as the working electrode, while two others ∼94 μm diameter
HD-CNTf rods are used as counter and reference electrodes.
The reference electrode is coated with Ag/AgCl/Nafion to
perform as the quasi-reference electrode. For comparison of
the HD-CNTf rod quasi-reference electrode, a Ag/AgCl (3 M
NaCl) (ALS Co., Ltd, model 012167 RE-1B) was used as a
standard reference electrode. CVs, SWVs, and SWASVs were
recorded with an Epsilon EClipse, while amperometry was
recorded using the CHI 760E instruments. The surface
morphology of HD-CNTf rods was performed using field
emission-scanning electron microscopy (FE-SEM) FEI XL30
operated at 10 kV acceleration voltage.

Experimental Procedure. The stock solutions of [Ru-
(NH3)6]Cl3 (5 mM), DA (1 mM), NADH (10 mM), and
Pb2+ (10 000 ppb) were prepared in deionized water, while
furosemide (1 mM) was prepared in ethanol. For the
electrochemical characterization of the working electrode,
CVs were recorded in 1:1 ratio of 5 mM [Ru(NH3)6]Cl3 and
50 mM KCl solution. To record the voltammograms of
biomolecules, 2 mL of phosphate buffer and the required
amount of the desired analyte were added to the electrolytic
cell and the total volume was made to 4 mL using DI water.
Voltammograms were then recorded under optimized
parameters. Optimized square wave voltammetry (SWV)
parameters were square wave amplitude: 25 mV, potential
step: 4 mV, and square wave frequency ( f): 15 Hz. Between
the measurement of biomolecules, a 60 s clean step (controlled
potential electrolysis; CPE) at 500 mV for DA and NADH and
at 1000 mV for furosemide was running. Pb2+ was deposited at
−1200 mV for 120 s and square wave stripping voltammetry
(SWSV) was performed using step potential of 4 mV,
frequency ( f) of 15 Hz, and amplitude of 25 mV. Between
the SWSV measurements, a 120 s CPE at 800 mV was
performed to remove any residual heavy metal ions from the
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electrode surface. During lead electrodeposition, a magnetic
stirrer was used to stir the test solutions. The HD-CNTf rods
microsensor was performed in triplicate (n = 3) for each
electrochemical determination. All of the potentials are
reported with respect to the Ag/AgCl/Nafion electrode at an
ambient temperature of 25 ± 2 °C, unless otherwise stated.
CNTf Synthesis and Fabrication of μ-ES. Vertically

aligned forests of CNTs were grown by the CVD technique,
and different widths of CNT forest were used to produce
different diameter CNT fibers by the dry spinning process as
reported earlier.49,50 The produced CNT fiber has poor
packing of CNTs as millions of nanotubes present within the
fiber are held together by van der Waals attraction forces, and
to increase the packing density and alignment among CNTs,
the as-produced ∼40 and ∼94 μm diameter CNT fibers were
soaked in acetone solvent for 96 h at 30 °C in an oven.39 The
microscopic images of HD-CNTf are shown in Figure 1A,B.
The schematic of the μ-ES fabrication of three HD-CNTf rods
has been summarized in Figure S1 (Supporting Information).
The fabrication of μ-ES using HD-CNTf was carried out
following the mechanical process reported in our earlier
study.39 Briefly, herein one 40 μm and two 94 μm diameter
CNT fibers of 1.5 cm length were placed parallel to each other,
with a distance of 2 mm, on tape. Then, the HD-CNTf
attached tape was dipped vertically in Embed-812 monomer
mixtures in a capsule-shaped 2 mL plastic vial and cured at
80−90 °C in an oven for 24 h. The cured fiber-embedded
polymer capsule was microtomed orthogonally to the
embedded CNT fiber into 40 μm thick slices with exposed
open ends at both sides of the film. The HD-CNTf rods at the
reverse side of the film were connected separately to
conductive metal wires using silver paste and encapsulated
with epoxy resin for electrical insulation, while the exposed
open ends of three HD-CNTf rods on the front side of the film
were used as the working electrode (∼40 μm diameter),
reference, and counter electrode (∼94 μm diameter) for the
electrochemical determination of the analyte. Bare HD-CNTf
rod cross sections were used as working and counter
electrodes, while the Ag/AgCl/Nafion-coated HD-CNTf rod
cross section was used as the quasi-reference electrode. The
micrographs of polymer-embedded three HD-CNTf rod μ-ES,
in red circles, are shown in Figure 1C. Figure 1D displays the
higher magnification image of HD-CNTf rod working

electrode surface, confirming the high-density packing of
CNTs within the fiber. The optical image of μ-ES and size
comparison with scale parameters is shown in Figure 1E.

Fabrication of the HD-CNTf Rod Quasi-Reference
Electrode. The exposed open ends of one ∼94 μm HD-CNTf
rod was first electrochemically coated with Ag nanoparticles
(NPs) using optimized 30 mM AgNO3 in 1 M NH3 solution
with the help of a platinum wire and porous-junction Ag/AgCl
as counter and reference electrode, respectively. The coatings
of AgNPs were carried out by applying an optimized reduction
potential at −300 mV for 30 s and then rinsed with DI water
and dried under ambient room temperature. The FE-SEM
images of AgNPs-electroplated HD-CNTf rod are shown in
Figure 2A,B. Higher magnification images reveal the micron

size of AgNPs coated on the HD-CNTf rod. Then, AgNPs-
coated cross section of the HD-CNTf rod was treated with 50
mM FeCl3 for 90 s to form a thin layer of AgCl on the surface
and further rinsed with DI water and dried at room
temperature (Figure 2C). The formation of the layer of
AgCl was also confirmed by energy-dispersive X-ray analysis
(EDAX), as shown in the Supporting Information, Figure S2A.

Figure 1. FE-SEM images of (A) ∼40 μm and (B) ∼94 μm HD-CNTf; (C) polymer-embedded cross section of three HD-CNTf rods in red circles
used as working, quasi-reference, and counter electrodes, and (D) high magnification image of HD-CNTf rod cross section and (E) optical image
of developed HD-CNTf rods as μ-ES for size assessment compare with the US 1 cent coin.

Figure 2. FE-SEM images of (A) AgNPs-coated ∼94 μm HD-CNTf
rod embedded in an inert polymer, (B) high magnification of image A,
(C) after the formation of the Ag/AgCl layer by drop casting FeCl3
and (D) after the Nafion coating on the Ag/AgCl-plated HD-CNTf
reference electrode.
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To protect their integrity and avoid degradation of the Ag/
AgCl layer formed on the reference electrode during
electrochemical calibration studies, 0.5 μL of 5% Nafion
solution was drop casted onto the Ag/AgCl-coated HD-CNTf
rod surface (Figure 2D). The Nafion-coated surface was dried
at room temperature for 12 h and then cured in an oven at 90
°C for 1 h. The Nafion coating helps to maintain the integrity
of the Ag/AgCl surface and provide the stable potential for
extensive electrochemical testing for several days.73 The EDAX
data of the Ag/AgCl/Nafion quasi-reference electrode is
shown in the Supporting Information, Figure S2B. During
the electroplating of Ag nanoparticles, it is important to note
that the CNT cross section should be fully covered with Ag
nanoparticles to get stable and reproducible results. An
incomplete or partial coating of the Ag/AgCl film over the
CNT cross section gave irreproducible voltammograms, where
shifting in peak potential was observed frequently. Therefore,
the optimization of AgNO3 concentration and deposition time
is important to prepare a thick and fully covered Ag/AgCl film
over the CNT cross section to get potential stability in test
conditions.

■ RESULTS AND DISCUSSION
An important factor for CNT-based sensor fabrication is its
purity and metal−catalyst free nature that have been reported
in our recent study39 confirming the absence of detectable
metal catalyst and showed a significant increment in the D/G
ratio at the cross section compared to the sidewall of HD-
CNTf. The EDAX characterization of the HD-CNTf cross
section showed 17 atomic % of oxygen groups confirming the
presence of oxygen functionalities bound to the open-ended or
defective sites (sp3 carbon) of the CNTs after reaction with
atmospheric O2 or H2O. The EDAX details are shown in the
Supporting Information, Figure S3.
Ag/AgCl/Nafion-Coated HD-CNTf Rod Electrode. The

reference electrode based on Ag/AgCl is widely used for
electroanalytical studies due to its easy fabrication and minimal
toxicity. The conventional porous-junction Ag/AgCl reference
electrode shows excellent stability and reliability, but has
drawbacks, i.e., leakage of liquid electrolyte, damage of porous
junction (frit), and mechanically fragile glass body. The use of
the solid-state quasi-reference electrode based on Ag/AgCl is
free from internal filling solution, therefore offers an advantage
over the conventional porous-junction Ag/AgCl reference
electrode. The commercially available Ag/AgCl-based solid-
state quasi-reference electrodes provide excellent resistance to

most commonly used organic solvents, heat resistant up to 140
°C, 16 bar overpressure, and can be stored dry.74−76 Its
fabrication can be miniaturized and has been reported with in
vivo studies,77 disposable sensors, biosensor,78,79 pH sen-
sors,74,78 and glucose biosensors for self-testing.80,81 In this
study, CNT rod-based reference electrode allows the micro-
fabrication of the μ-ES sensor and does not require an internal
filling solution.
The Ag/AgCl/Nafion-coated HD-CNTf rod electrode was

evaluated as a quasi-reference electrode compared to the
standard porous-junction Ag/AgCl commercial reference
electrode by recording CVs in redox analyte, i.e., 5 mM
[Ru(NH3)6]

3+ and 50 mM KCl (1:1 ratio) at a scan rate of 100
mV s−1. The HD-CNTf rods embedded in the polymer matrix
were used as the working (∼40 μm diameter) and counter
electrodes (∼94 μm diameter). The redox potential of the
voltammogram recorded at the HD-CNTf rod μ-ES shifted
negatively by around ∼110 mV in comparison to the
commercial porous-junction Ag/AgCl reference electrode, as
shown in Figure 3A. The difference in redox peak potential can
be attributed to the internal filling solution of the commercial
porous-junction reference electrode (3 M NaCl). The
recorded three repetitive CVs showed overlap voltammograms
for respective reference electrodes without any fluctuation in
peak potential and peak current, as shown in Figure 3A.
The commercial solid-state quasi-reference electrode based

on Ag/AgCl was also tested by recording the CVs in 1:1 ratio
of 5 mM [Ru(NH3)6]3+ and 50 mM KCl using the HD-CNTf
rod working and counter electrodes in μ-ES. The observed
voltammograms were similar in terms of potential and peak
height to the CVs observed for the Ag/AgCl/Nafion-coated
HD-CNTf rod reference electrode. We attribute this similarity
to the absence of internal filling solution in both cases. The
optical images of the commercial porous-junction Ag/AgCl (3
M NaCl), solid-state Ag/AgCl, and μ-ES used in the current
study are presented in Figure S4 (Supporting Information).

HD-CNTf Rod Working Electrode. To evaluate the
electrochemical properties of the HD-CNTf rod working
electrode, CVs were recorded in a 1:1 ratio solution of 5 mM
Ru(NH3)6Cl3 and 50 mM KCl at various scan rates ranging
from 5 to 500 mV s−1. Figure S5 (Supporting Information)
shows the CVs at the HD-CNTf rod μ-ES for the reduction of
[Ru(NH3)63+/2+] for the scan rates of 5−500 mV s−1. For the
scan rate range of 5−20 mV s−1, the forward and reverse scans
were essentially sigmoidal-shaped curves, which are character-
istic of hemispherical diffusion (Figure S5A). Further incre-

Figure 3. Cyclic voltammograms of 5 mM [Ru(NH3)6]3+ in 50 mM KCl (A) for a comparative evaluation of the Ag/AgCl/Nafion-coated HD-
CNTf rod quasi-reference electrode on the right and the commercial porous-junction Ag/AgCl reference electrode on the left with HD-CNTf rod
cross sections as the working and counter electrodes and (B) at HD-CNTf rod μ-ES recorded for 1−100 cycles at 100 mV s−1.
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ment in the scan rate from 20 to 500 mV s−1 reveals small
gentle peaks rather than steady-state currents for both the
forward and reverse scans. With increasing the scan rate, the
mass transport is likely to have an increased contribution from
planar diffusion.39,82,83 Even so, the observed signals cannot be
considered in any way transient; therefore, the half-peak
potential is convenient to calculate the rate of electron transfer.
The observed responses were following Nernstian behavior
over the entire scan rate range from 5 to 500 mV s−1, with the
differences in the 1/4- and 3/4-wave potential, E1/4 − E3/4, in
the range 59−60 mV, confirming the reversible and fast
electron kinetics for the redox electrochemical investigation. At
a lower scan rate (inset Figure S5A), the HD-CNTf rod
working electrode shows a truly sigmoidal steady state-state
limiting current with a magnitude of several nanoamperes. The
limiting current, Ilim, at the cross section of HD-CNTf rod is
given by eq 1.

I nFDaC4lim = (1)

where n refers to the number of electrons transferred per
redox event, diffusion coefficient (D) of 8.2 × 10−6 cm2

s−1,84,85 F is the Faraday constant 96485 C mol−1, C is the
concentration 2.5 mM for [Ru(NH3)6]Cl3, and radius (a) for
the cross section of 20 μm. From eq 1, the calculated limiting
current is ∼16 nA, which is the same magnitude observed in
the voltammogram.
To test the stability of the complete μ-ES, HD-CNTf rod

working electrode, Ag/AgCl/Nafion-coated HD-CNTf rod
quasi-reference electrode, and HD-CNTf rod counter elec-
trode, continuous CVs in 1:1 ratio solution of 5 mM
Ru(NH3)6Cl3 and 50 mM KCl were recorded for 100 cycles
at 100 mV s−1 scan rate, as shown in Figure 3B. The observed
data showed constant peak potential and current without any
deviation as all recorded voltammograms overlapped each
other confirming that, using the presented μ-ES, the Ag/AgCl/
Nafion-coated HD-CNTf rod as the quasi-reference electrode
and bare HD-CNTf rod cross section as the working and
counter electrodes are stable and suitable for multiple
electroanalytical applications.
Detection of Biomolecules and Heavy Metal. The

presented HD-CNTf rod μ-ES consisting of bare ∼40 and ∼94
μm diameter HD-CNTf rods as the working and counter
electrodes, respectively, and a 100 μm diameter HD-CNTf rod
coated with Ag/AgCl/Nafion as the quasi-reference electrode
was applied to the determination of dopamine, NADH, and

furosemide in 0.1 M phosphate buffer and lead ion (Pb2+) in
tap water.

Dopamine (DA). Cyclic voltammetry provides useful
insights over electron transfer kinetics, qualitative analysis of
redox processes, and reversibility of reactions. To understand
the nature of the electrochemical reactions at the electrode
surface, CVs were recorded for 20 μM DA in 0.1 M phosphate
buffer solution of pH 7.2 at various scan rate ranges from 5 to
200 mV s−1, as shown in Figure S6 (Supporting Information).
The observed CVs at the μ-ES show well-defined oxidation
and reduction peaks for DA at −65 and −94 mV vs Ag/AgCl/
Nafion-coated HD-CNTf rod, respectively. The peak-to-peak
separation values (ΔEp) near to ∼30 mV confirm the two-
electron oxidation process of DA with fast electron transfer
kinetics at the HD-CNTf rod μ-ES. The anodic peak current of
DA was found to increase linearly with increasing scan rates
(inset of Figure S6, Supporting Information). The plots of
peak current (ip) vs scan rate (ν) and log ip vs log ν were found
to be a straight line and are represented by the following eqs 2
and 3

i

R

(nA) (0.0116 0.0003)( (mV s ))

(0.0109 0.0115) 0.994

p
1

2

ν= ±
− ± =

−

(2)

i

R

(nA) (0.8702 0.048)(log (mV s ))

(1.6888 0.090) 0.982

p
1

2

ν= ±
− ± =

−

(3)

The linearity of ip vs ν (shown in the inset of Figure S5) and
the slop value of ∼0.870 (> 0.5) for log ip vs log ν confirm that
the oxidation of DA proceeds via an adsorption-controlled
process at the HD-CNTf rod μ-ES. The open-end CNT sites
at the HD-CNTf rod μ-ES have more oxygen-containing
functional groups, which work as active adsorption sites and
lead the adsorption-controlled redox process of dopamine.47,57

The calibration study of DA was performed using square
wave voltammetry at the HD-CNTf rod μ-ES in 0.1 M
phosphate buffer of pH 7.2. The observed SWVs show that the
dopamine oxidation peak current increases linearly with the
concentration over the entire range from 1 nM to 50 μM, as
shown in Figure 4A, and can be expressed by the following
linear eq 4

i C

R

(nA) 0.0995 (0.001 50 M) 0.0854

( 0.998)

p dopamine

2

= [ − μ ] +
= (4)

Figure 4. (A) SWVs recorded for increasing concentration of DA at (a) 0.001 μM, (b) 0.01 μM, (c) 0.1 μM, (d) 0.5 μM, (e) 1 μM, (f) 3 μM, (g) 5
μM, (h) 10 μM, (i) 20 μM, (j) 30 μM, and (k) 50 μM in pH 7.2 phosphate buffer using HD-CNTf rod μ-ES. The upper inset graph is the SWVs of
lower concentration dopamine, and the lower inset graph is the observed calibration plot between [concentration] and ip. (B) SWVs showing
interference of both AA (a) 50 μM, (b) 250 μM, and (c) 500 μM (peak not observed) and UA (a) 100 μM, (b) 250 μM, and (c) 500 μM at fixed 5
μM concentration of DA. Blank is shown by a dotted line.
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where ip is the peak current (nA) and C is the concentration of
DA (μM). The limit of detection (LOD) was calculated using
3σ/b, where σ is the standard deviation of the blank solution
and b is the slope of the calibration plot and was found to be
0.5 nM. The proposed μ-ES allows highly sensitive and lower
potential detection of DA, which can be attributed to the
oxygen functional groups at the open-end sites of the HD-
CNTf rod. The complete calibration study of DA was
performed on a single HD-CNTf rod μ-ES, and the
measurements were made three times for all individual
concentrations showing the stability and robustness of the
proposed sensor for multiple analysis.
Selective detection of analytes is an important factor for the

practical applicability of the sensor in biological and chemical
research. The HD-CNTf rod μ-ES was tested for selective
determination of DA in the presence of potential interference
analytes, i.e., ascorbic acid (AA) and uric acid (UA) in Figure
4B. Both AA and UA are common metabolite molecules
present in human biological fluids, i.e., blood and urine at
higher concentrations than DA and oxidize at similar potentials
to DA which can alter the voltammetric response of the sensor
and affect the true quantitative estimation of DA. The SWVs in
a mixture of 5 μM DA were recorded with increasing
concentrations of AA and UA up to 500 μM, as shown in
Figure 4B. The observed results clearly demonstrate the
selective detection of DA, where the electrochemical oxidation
of DA was not affected in the presence of 100 times higher
concentrations of AA and UA. In the observed voltammo-
grams, DA and UA showed significant peaks while AA
oxidation was completely diminished at the HD-CNTf cross
section surface, which can be explained by the electrostatic
barrier at the CNT cross-sectional surface. The negatively
charged oxygen and carboxylic functional groups present at the
open ends or defective sites of CNTs repel negatively charged
anionic AA.60 The electrostatic repulsion of anionic AA
inhibits the adsorption and charge transfer process to the CNT
cross-sectional surface, and thereby AA oxidation peak was
effectively suppressed. The observed data reveals the safe
application of the proposed μ-ES for the sensitive detection of
DA in pharmaceutical preparations and biological fluids.
β-Nicotinamide Adenine Dinucleotide (NADH). Over

300 dehydrogenases are known which are dependent on the
coenzyme, NADH, and its oxidized form NAD+. The
electrochemical oxidation of NADH is of great interest due
to its significance in a wide diversity of dehydrogenase-based
biosensors. Direct oxidation of NADH at unmodified conven-
tional carbon-based surfaces takes place at high overpotentials
(>+500 mV) owing to the slow electron transfer
kinetics.32,86−89 The oxidation of NADH at high overpotentials
also leads to fouling of electrode surface associated with the
accumulation of the reaction product, which affects the NADH
current response stability.32,87,89 To overcome this problem,
initially much effort had been devoted toward modifying the
electrode surface with redox mediators, which reduces the
overpotential of NADH oxidation and prevents the possibility
of electrode surface fouling.87,90 However, the use of mediators
exhibited intrinsic problems related to limited stability and
their leaching from the electrodes. Later approaches of using
different forms of carbon, i.e., CNTs and pyrolytic graphite,
greatly reduce the overpotential of NADH oxidation, which
was ascribed to the electrocatalytic effects of edge sites of
CNTs and pyrolytic graphite electrodes.32,86,91 In this work,
the μ-ES sensor exposed highly densified open ends of CNTs

at the electrode−electrolyte interface, which may lead to more
facile electron transfer, were investigated for NADH oxidation.
To understand the nature of NADH oxidation on the

electrode surface, a cyclic voltammogram of 5 mM NADH was
recorded in 0.1 M phosphate buffer of pH 7.2 at 100 mV s−1

scan rate, as shown in Figure 5A. The oxidation of NADH at

the HD-CNTf rod occurs at ∼250 mV vs Ag/AgCl/Nafion-
coated HD-CNTf rod, and in reverse scan, no peak for NADH
is observed showing the irreversible oxidation behavior of
NADH. The potential of the standard porous-junction Ag/
AgCl reference electrode is 110 mV more positive relative to
the Ag/AgCl/Nafion-coated HD-CNTf rod (Figure 3A), and if

Figure 5. (A) CV recorded for 5 mM NADH at 100 mV s−1 (solid
line); (B) SWVs for different concentrations of NADH: (a) 1 μM, (b)
10 μM, (c) 30 μM, (d) 50 μM, (e) 100 μM, (f) 200 μM, (g) 300 μM,
(h) 500 μM, and (i) 1000 μM; and (C) amperometric response
observed for different concentrations of NADH. All data was recorded
in 0.1 M phosphate buffer of pH 7.2 at the HD-CNTf rod μ-ES.
Observed calibration plots are between [C] and ip (inset). Blanks are
shown by a dotted line.
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we correct our observed peak potential (250 mV vs Ag/AgCl/
Nafion-coated HD-CNTf rod, 100 mV s−1) for NADH
oxidation corresponding to the standard Ag/AgCl reference
electrode, the oxidation of NADH in this study occurs at ∼360
mV. The observed peak potential is in excellent agreement
range with that observed by researchers at the CNT-modified
glassy carbon electrode (GCE),86,91 boron-doped CNTs,88

edge plane, and CNT-modified basal plane pyrolytic graphite
electrodes.32 The high proportion of edge site defects or open
ends of CNTs with oxygen-rich functional groups showed high
electrocatalytic activity toward the oxidation of NADH and
therefore were attributed responsibility for the significant
reduction in the oxidation potential of NADH.32,86,91

Further, the effect of the scan rate on oxidation peak current
of NADH was examined in the range 10−200 mV s−1 using
HD-CNTf rod μ-ES. The oxidation peak current was found to
increase linearly with the increasing scan rate (inset Figure 5A)
and the dependence of peak current (ip) on the scan rate (ν)
can be expressed by the following eq 5

i

R

(nA) (0.0594 0.0013)( (mV s ))

(0.6768 0.1466) 0.997

p
1

2

ν= ±
+ ± =

−

(5)

The linear relation between ip versus ν indicates that electrode
reaction is adsorption controlled. To further confirm the
adsorption-controlled nature of electrode reaction, a graph was
plotted between log ip vs log ν, which can be expressed by eq 6

i

R

(nA) (0.8407 0.0067)(log (mV s ))

(0.8492 0.012) 0.999

p
1

2

ν= ±
− ± =

−

(6)

The plot was linear and the observed slop value ∼0.840 (>0.5)
confirms that the oxidation of NADH at HD-CNTf rod μ-ES
follows an adsorption-controlled pathway.
SWV was used to investigate the μ-ES properties during

NADH oxidation under optimum conditions. Figure 5B
displays SWVs of NADH with different concentrations, and
the oxidation peak current was found to increase as the
concentration of NADH was increased and a linear relation-
ship with NADH concentration was observed in a wide range
of 1−1000 μM (Figure 5B inset). The linear relationship of
NADH concentration versus peak current can be expressed by
the following eq 7

i C

R

(nA) 0.0027 (1 1000 M 0.06

0.994

p NADH

2

= [ − μ ] +
= (7)

where ip is the peak current (nA) and C is the concentration of
NADH (μM). The LOD was calculated using 3σ/b and found
to be 18 nM. The observed wide linear range can be useful in
developing further applications based on dehydrogenase.
The reported μ-ES offers lower oxidation potential;

therefore, further low-potential amperometric measurement
of NADH at HD-CNTf rod was also explored. Figure 5C
displays the current−time response from additions of NADH
to a 0.1 M phosphate buffer of pH 7.2 solution under
conditions where the potential was kept at +300 mV vs Ag/
AgCl/Nafion-coated HD-CNTf rod. Figure 5C presents the
amperometric response of the HD-CNTf rod at +300 mV to
the successive addition of NADH into a stirred buffer solution.
It was observed that the HD-CNTf rod responds very rapidly,
immediately after the addition of NADH, and the anodic
current increased and produced a steady state within 5−6 s.

From the observed data, the HD-CNTf rod μ-ES was found to
exhibit a linear range up to 250 μM concentration of NADH
with a correlation coefficient of 0.980 and a slope of 6 pA
μM−1. The faster amperometric response time can be
attributed to the open-end sites of the HD-CNTf rod, which
facilitate the faster charge transport. The amperometric
response of the proposed μ-ES leveled off at a high
concentration of NADH, which can be implied to the
reduction of active surface area of the electrode by the
adsorption of oxidation product NAD+ with time.88,91,92 In the
case of SWVs, the observed calibration graph is linear (inset
Figure 5B) which might be due to cleaning of the working
electrode using CPE at 500 mV for 60 s after recording each
SWV, which gives a fresh CNT surface to record the new SWV
for NADH calibration study. The high abundance of oxygen-
containing functional groups at the cross section of the HD-
CNTf rod provides electroactive sites with negative charges,
which are good for adsorption of NAD+. The amperometric
response of NADH oxidation at the cross section of HD-CNTf
rod is similar to the reported behavior of CNTs-based
electrodes.88,91,92

Furosemide. Furosemide, a diuretic drug, that increases
the urine flow and sodium excretion used in the treatment of
several diseases and syndromes. Like other diuretic drugs,
furosemide is abused by athletes for rapid weight loss and is
also used to mask the presence of other doping agents by
reducing their concentration in the urine. Therefore diuretics
are included in the list of prohibited substances by the World
Anti-Doping Agency (WADA).93 Furosemide is the most
common drug detected in athlete samples and its occurrence
has increased over the years.93 Only a few studies on the
electrochemical determination of furosemide have been
reported, where most of them are lacking a quantification
range67,94−96 and are using complex electrode modifica-
tions.97,98 This motivated us to study this diuretic drug on
the proposed μ-ES. The sensitive detection of furosemide was
performed using the SWV technique in 0.1 M phosphate buffer
of pH 2.2. The effect of supporting electrolyte was examined
over the pH range of 2.2−7.2 and observed data showed two
well-defined peaks that shifted toward less positive potentials
together with a decrease in peak current with increasing pH of
the supporting electrolyte. The largest and well-defined peaks
were observed at pH 2.2. Therefore, a phosphate buffer of pH
2.2 was selected as the supporting electrolyte for the
quantification.
The SWVs recorded with increasing concentration of

furosemide in 0.1 M phosphate buffer of pH 2.2 at HD-
CNTf rod μ-ES showed the linear increment in both oxidation
currents, i.e., peak (i) at ∼720 mV and peak (ii) at ∼940 mV,
as shown in Figure 6. Based on the voltammetry results
reported earlier, furosemide is electro-oxidized via two, one-
electron steps and, therefore, two rate-limiting steps are
involved in the electrochemical oxidation of furosemide. There
were observed two oxidation peaks at the HD-CNTf rod μ-ES
for furosemide, each associated with the transfer of one
electron.67,68,99 The second peak (ii) is relatively more intense
and showed a larger increment with an increase in
concentration than peak (i). Therefore, the peak currents of
peak (ii) were used for quantification. The proposed HD-
CNTf rod μ-ES shows two clear oxidation peaks for 100 nM
concentration of furosemide, which is well below the minimum
required performance level (MRPL; ∼200 ng mL−1 or 600
nM) of diuretics set by WADA.100 Concentration inves-
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tigations were carried out in the range of 100 nM to 100 μM,
and the peak current (peak ii) dependence on concentration
can be expressed as eq 8

i C

R

(nA) 0.032 (0.1 100 M 0.1681

0.986

p furosemide

2

= [ − μ ] +
= (8)

where ip is the peak current (nA) and C is the concentration of
furosemide (μM). The LOD using 3σ/b was observed to be 2
nM. The observed results indicate the strong electrocatalytic
effect of the HD-CNT rod cross section toward the furosemide
electro-oxidation. Thus, with the wide linear range and
detection of lower concentrations than the MRPL limit set
by WADA,100 the proposed HD-CNTf rod μ-ES can be used
for the determination of furosemide in human biological fluids
and pharmaceutical formulations.
The stability and reproducibility study results of the

proposed HD-CNTf rod μ-ES for the biomolecules and
heavy metal are given in Section 7 of the Supporting
Information. The observed results indicated the good accuracy
and reproducibility of the proposed HD-CNTf rod μ-ES.
Heavy Metal Detection. Lead contamination in drinking

water is a major global issue. In the United States, lead service
pipelines and lead-containing plumbing materials are the
largest contributors of lead contamination in the residential
drinking water supply. The sensitive detection of Pb2+ was
performed using SWASV in tap water without adding any
supporting electrolyte and reagent. The tap water sample was
collected from a faucet in Crosley Tower, University of
Cincinnati having pH value and conductivity of 8.3 and 285 μS
cm−1, respectively. The applied deposition potential −1200
mV is sufficiently negative to reduce Pb2+ along with other
heavy metal ions if present in tap water, and the optimized 120
s deposition time was selected to balance calibration range
along with the lower detection limit. The well-defined stripping
peaks were obtained in tap water at HD-CNTf rod μ-ES for
spiked lead ions over the concentration range of 1−30 ppb, as
shown in Figure 7. The stripping peak current was found to
increase linearly versus metal ion concentration, and the
correlation equation can be expressed as eq 9

i C

R

(nA) 0.118 (1 30 ppb) 0.2808

0.996

p Pb

2

2= [ − ] +
=

+

(9)

where ip is the stripping peak current (nA) and C is the
concentration of Pb2+ metal ions in ppb (parts per billion) in
tap water. The LOD was calculated to be 400 ppt for Pb2+in
tap water. The proposed HD-CNTf rod μ-ES successfully
quantified 1 ppb concentration of lead ions in tap water
without adding any supporting electrolyte, which is well below
the allowable limits of the World Health Organization (WHO;
10 ppb) and United States-Environment Protection Agency
(US-EPA; 15 ppb), showing the high sensitivity and robustness
of the μ-ES for onsite application of heavy metal detection. In
our most recent study, we reported a microsensor that
consisted of six CNT fiber cross sections, where each cross
section had a diameter of 70 μm and was employed along with
the commercial Ag/AgCl reference electrode and platinum
wire as the counter electrode, to detect Pb2+. This working
electrode had a linear range response of 0.1−50 ppb.101 On the
other hand, in the current study, the working electrode is made
up of a single 40 μm fiber cross section, thus limiting the linear
range of Pb2+ detection in tap water to 1−30 ppb.
Accommodating multiple microelectrodes as working electro-
des within the μ-ES resulted is challenging; as a result, a single
working electrode is employed, but still the reported μ-ES
showed excellent sensitivity.

■ CONCLUSIONS
The first μ-ES where all three microelectrodes were made of
highly densified carbon nanotubes fiber (HD-CNTf) cross
sections called rods (∼40 μm length) with exposed open ends
at electrolyte interface has been developed. The cross section
of HD-CNTf rods have microsized diameter, where the
working electrode (∼40 μm diameter) and counter electrode
(∼94 μm diameter) were used as a bare open-end CNT
surface, while the quasi-reference electrode (∼94 μm
diameter) cross section was electroplated with Ag/AgCl
nanoparticles followed by the Nafion coating. The CV
measurements in the redox analyte showed the fast electron
transfer kinetics at the HD-CNTf rod cross section working
electrode, and it was found that the Nafion/Ag/AgCl-coated
quasi-reference electrode showed sufficiently stable potential.

Figure 6. SWVs for various concentrations of furosemide: (a) 0.1 μM,
(b) 1 μM, (c) 5 μM, (d) 10 μM, (e) 30 μM, (f) 50 μM, and (g) 100
μM on the HD-CNTf rod in 0.1 M phosphate buffer of pH 2.2.
Observed calibration plots are between [C] and ip (inset). Blank is
shown by the dotted line.

Figure 7. SWASVs for Pb2+ in tap water at the HD-CNTf rod μ-ES:
(a) 1 ppb, (b) 5 ppb, (c) 10 ppb, (d) 15 ppb, (e) 20 ppb, and (f) 30
ppb of Pb2+. Accumulation time: 120 s; deposition potential: −1.2 V.
Observed calibration plots are between [C] and ip (inset). Blank is
shown by the dotted line.
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The proposed μ-ES was evaluated for the electrochemical
determination of biologically important biomolecules, a
diuretic drug, and an environmentally toxic heavy metal. The
electrochemical determination of DA, NADH, furosemide in
phosphate buffer and lead ion detection in tap water was
performed using different voltammetric techniques, i.e., CV,
SWV, amperometry, and SWASV. From the results, it can be
concluded that the developed HD-CNTf rod μ-ES offers a
wide linear range, excellent sensitivity, and very low limits of
detection for the electrochemical sensing of DA, NADH,
furosemide, and lead ions. The low quantification range of
biomolecules and the 1 ppb quantification of Pb2+ in tap water
without adding any supporting electrolyte show the promising
applicability and robustness of the proposed μ-ES for on-site
applications. The validation characteristics of the presented
microsensor are shown in Table S1 (Supporting Information).
This novel μ-ES configuration can be extremely useful for the
generic electrochemical and biosensing of various biologically
important analytes with potentially single drop sample volume
and therefore can be used in widespread clinical applications
for delivering the diagnostic information in rapid, simple, and
low cost, early point-of-care screenings.
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