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A Multiwalled-Carbon-Nanotube-Based Biosensor for
Monitoring Microcystin-LR in Sources of Drinking Water

Supplies

Changseok Han, Amos Doepke, Wondong Cho, Vlassis Likodimos, Armah A. de la Cruz,
Tyson Back, William R. Heineman, H. Brian Halsall, Vesselin N. Shanov, Mark J. Schulz,

Polycarpos Falaras, and Dionysios D. Dionysiou*

A multiwalled carbon nanotube (MWCNT)-based electrochemical biosensor is
developed for monitoring microcystin-LR (MC-LR), a toxic cyanobacterial toxin,
in sources of drinking water supplies. The biosensor electrodes are fabricated
using vertically well-aligned, dense, millimeter-long MWCNT arrays with a
narrow size distribution, grown on patterned Si substrates by water-assisted
chemical vapor deposition. High temperature thermal treatment (2500 °C) in
an Ar atmosphere is used to enhance the crystallinity of the pristine mate-
rials, followed by electrochemical functionalization in alkaline solution to
produce oxygen-containing functional groups on the MWCNT surface, thus
providing the anchoring sites for linking molecules that allow the immobiliza-
tion of MC-LR onto the MWCNT array electrodes. Addition of the monoclonal
antibodies specific to MC-LR in the incubation solutions offers the required
sensor specificity for toxin detection. The performance of the MWCNT array
biosensor is evaluated using micro-Raman spectroscopy, including polarized
Raman measurements, X-ray photoelectron spectroscopy, cyclic voltammetry,
optical microscopy, and Faradaic electrochemical impedance spectroscopy. A
linear dependence of the electron-transfer resistance on the MC-LR concentra-
tion is observed in the range of 0.05 to 20 ug L', which enables cyanotoxin
monitoring well below the World Health Organization (WHO) provisional
concentration limit of 1 ug L~ for MC-LR in drinking water.

1. Introduction

Harmful algal blooms (HAB) of cyanobac-
teria, known as blue-green algae, occur
frequently in bodies of water worldwide
as a consequence of eutrophication and
global warming. Cyanobacterial HAB
often produce undesirable color, odor,
and tastes but most importantly, harmful
toxins (cyanotoxins), such as hepatotoxins
(microcystins (MCs), cylindrospermopsin,
and nodularin), neurotoxins (anatoxins
and saxitoxins), and dermatoxins (lyng-
byatoxins, lipopolysaccharides).l'%1 Cyano-
bacteria and their highly potent toxins are
a significant hazard for human health and
the ecosystem in drinking water, recrea-
tional water, and aquaculture. Among the
hepatotoxins, MCs are the most commonly
reported group of cyanotoxins. Recently
Graham et al.l"! reported the presence of
MCs in samples of cyanobacterial blooms
(Aphanizomenon, Cylindrospermopsis, and
Microcystis) from 23 eutrophic lakes in the
midwestern United States.
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Among MCs, microcystin-LR (MC-LR) is the most fre-
quently occurring variant in the United States and throughout
the world.”'% The LDs, and LCs, value of MC-LR for mouse
bioassay and brine shrimp assay are 25-150 pg kg™! and
5-10 mg L, respectively.!!! The provisional guideline concen-
tration limit of 1 ug L™ MC-LR in drinking water was assigned
by the World Health Organization (WHO).['"”) The development
of reliable methods for monitoring MC-LR in water resources
is of great interest to determine the occurrence and to prevent
exposure to the toxin. Several methods have been developed
to detect MC-LR, such as high-performance liquid chroma-
tography/mass spectrometry (LC/MS),>!3 bioassays,'* bio-
chemical assays,!’ and immunoassays,!'l which require long
processing times, sophisticated instruments, complex proce-
dures, or high processing cost!*?l and are in general used in
the laboratory, not in situ. A sensitive, specific, simple, and rapid
method for monitoring MC-LR could help to prevent exposure
to the toxin. The unique physical and electrochemical proper-
ties (e.g., high electrical conductivity, ease of functionalization,
high electrochemically active surface area, and broad range of
working potentials in aqueous solutions) of carbon nanotubes
(CNTs) make them a candidate material for developing elec-
trochemical biosensors/immunosensors.?°l A recent review
from Singh et al.l?% reported the advanced biosensors using
single-walled CNTs and single-walled nanohorns showed good
performance with high sensitivity, excellent stability, and fabri-
cation reproducibility for the detection of MC-LR. Electrochem-
ical biosensors using antibodies are also very promising for in
situ monitoring of MC-LR due to the high selectivity, low cost,
and simplicity of the detection method.['%27:28]

In this work we have developed a multiwalled CNT
(MWCNT)-based biosensor for determination of MC-LR in
water. The investigation was performed following three innova-
tive approaches. First, dense arrays of millimeter-long, vertically
aligned MWCNTs were synthesized from a patterned catalyst
using water-assisted chemical vapor deposition (CVD). The
MWCNT-based array electrodes were functionalized by electro-
chemical oxidation in an alkaline solution to produce oxygen-
containing functional groups on the MWCNTs that were then
coupled with linking agents followed by the subsequent immo-
bilization of biomolecules. Second, MWCNT-based biosensors
were prepared by conjugating MC-LR to the functionalized
MWCNT array electrodes. Monoclonal antibodies specific to
MC-LR in the incubation solutions had the required specifi-
city to detect the toxin. The electron-transfer resistance of the
functionalized MWCNT electrodes changed significantly after
the MC-LR was conjugated and after exposure to antibodies in
the incubation solutions, validating the biosensor performance.
Finally, a calibration curve of the electron-transfer resistance
versus the MC-LR concentration in the range of 0.05-20 ug L
was established, permitting toxin detection well below the pro-
visional MC-LR concentration limit in drinking water.

2. Results and Discussion

Figure 1 shows the cyclic voltammetric behavior of an
MWCNT array electrode before and after functionalization,
after potentiostatic treatment in 1.0 v NaOH solution. Before
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Figure 1. Cyclic voltammetry for MWCNT electrodes in 2 mm
K3[Fe(CN)g]/0.5 m KNO;: a) before functionalization and b) after
functionalization.

functionalization, well defined reversible reduction/oxida-
tion waves corresponding to the Fe''!/Fe!! redox couple were
observed, which indicated efficient charge transfer between
the MWCNTs and the electroactive species in solution (2 mwm
K;3[Fe(CN)g]/0.5 M KNO;) (see Figure 1la). After functionaliza-
tion, an increase of the MWCNT electrode capacity controlled
behavior was clearly observed due to the hydrolysis of the sur-
face oxygen functional groups created on the MWCNTSs by elec-
trochemical oxidation in NaOH. The shape of the CV in the
absence of Fe(CN)g>~ redox-active species was rectangular and
indicated a high specific capacitance of MWCNT5.29-33 The
functionalized MWCNT electrodes exchanged electrons effec-
tively in the presence of Fe(CN)¢*", which indicated that they
could be used as sensing materials.

Figure S1 (Supporting Information) summarizes the micro-
Raman spectra of the pristine (control) and electrochemically
functionalized MWCNT electrodes at 785 nm. The most char-
acteristic feature commonly used as a probe of the successful
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Figure 2. Micro-Raman spectra of the MWCNT electrodes before and
after high temperature treatment at 514.5 nm (a) and 785 nm (b).

functionalization of the MWCNTs is the relative intensity
of the defect-activated D band with respect to the tangential
G band.B*3¢ As seen in Figure S1 (Supporting Information),
both the D (1310 cm™) and G (1595 cm™!) Raman bands of the
MWCNTs were very broad and, most importantly, there was no
appreciable or systematic variation of the relative intensity of
the D-band to that of the G-band either between the functional-
ized tip and the interior of each electrode or between the func-
tionalized tip and the control samples. This behavior can be
rationalized by the inherently defective structure of MWCNTs
produced by the catalytic CVD due to the relatively low growth
temperature and the presence of soot-like amorphous carbon
emerging as a pyrolysis by-product.37-*l These structural char-
acteristics give rise to the broad Raman bands and the initially
high Ip/I; intensity ratio (=2.5) that can effectively mask the
effect of the functionalization treatment.

In order to improve the MWCNTS' crystallinity and struc-
tural order as well as their electrical conductivity,?”384% high
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temperature annealing was done in an Ar atmosphere (an
inert environment) at 2500 °C for 1 h. Figure 2 compares the
micro-Raman spectra of the control CNT electrodes after high
temperature treatment (HTT) with the corresponding spectra
of the pristine electrodes at both 785 and 514.5 nm excitation
wavelengths. The HTT leads to a marked narrowing of the
tangential G-band that downshifts to 1582 cm™ together with
the narrowing and strong attenuation of the defect-activated D
band and the clear identification of the D’ band appearing as a
shoulder to the G band at =1620 cm™! at both excitation wave-
lengths.}4 This variation stems directly from the annealing of
inherent structural defects that enhances the crystallinity of
pristine MWNTS upon graphitization. Accordingly, the intensity
ratio Ip/Ig derived from the peak height of the D and G-bands
is significantly reduced (an approximate six-fold decrease) at
both excitations. In that case, application of the Tuinstra-Koenig
relation Ip/Ig = C(A)/L, where L is the in-plane crystallite size
and C(A) = 4.4 nm at 514.5 nm,*** indicates an increase of
L from 4.5 nm for the pristine MWCNTSs to 28 nm for the HTT
ones. The high crystallinity of the HTT samples is further evi-
denced by the pronounced enhancement of the second order G’
mode that stems from the first overtone of the D-band (2D) and
the reduction of the relative intensity of the D + D’ combination
mode.?® In addition, the broad 2G band of the pristine samples
evolved to two distinct peaks at 3178 and 3246 cm™' after HTT,
which correspond closely to those reported for single-walled
CNTs and graphite, respectively, confirming that MWCNTs
form an intermediate structure. It is also worth noting that
spectral analysis of the G’-band revealed the presence of two
peaks for the HTT samples, especially at 785 nm. This is a char-
acteristic feature of the 3D stacking order of highly oriented
pyrolytic graphite (AB stacking of the hexagonal graphene ab
planes along the c-axis of graphite), indicative of the structural
transformation of MWCNTs upon HTT (i.e., a decrease of the
interlayer spacing between the graphene shells of the MWCNTs
approaching that of 3D graphite).l37:38:40:43]

Figure 3a,b show the evolution of the Raman spectra for the
electrochemically treated MWCNT electrodes at different NaOH
concentrations at 514.5 and 785 nm excitations, respectively.
The intensity (height) of the G-band has been normalized to
unity for all samples. The relative intensity of the D-band to that
of the G increases markedly with the NaOH concentration, ver-
ifying that the functionalization process is highly effective. The
relative intensity of the D" and D + D’ defect-activated modes
increases accordingly, though to a lesser extent compared to
the D band.?%* The corresponding Ip/I¢ intensity ratio, cal-
culated from the relative peak heights of the D and G-bands,
increases systematically as a function of the NaOH concentra-
tion, as shown in Figure 3c reaching the highest value at 1.0 m
NaOH, in contrast to the pristine samples. Further evidence for
the effectiveness of the functionalization process was obtained
from polarized Raman measurements on the vertically aligned
MWCNT electrodes. For this, polarization measurements were
taken at 785 nm using a set of linear polarizers, a half-wave
plate and a circular polarizer on the functionalized MWCNT
electrodes. The corresponding backscattering geometry is sche-
matically shown in Figure 4a, where k; and k, represent the
propagating vectors of the incident and scattered laser beam
along the Z-axis, and ¢; and e, are the incident and scattered
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Figure 3. Micro-Raman spectra of the functionalized MWCNT electrodes
in NaOH at a) 514.5 nm and b) 785 nm. c) Variation of the Ip/I¢ intensity
ratio as a function of the NaOH concentration at 514.5 and 785 nm.

polarization vectors, respectively, which can be mutually
rotated in the horizontal (XY) microscope plane. Figure 4b—d
are representative micro-Raman spectra of the control and two
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functionalized electrodes with the Y axis being parallel to the
nanotube axis. Both the defect-induced D and D’-bands have
considerable polarization dependence, though different from
that of the tangential G mode. This behavior was independ-
ently confirmed by rotating the direction of MWCNT arrays by
90° so that the long tube axis lies along X on the microscope
stage. In that case, the inverse relation between the (XX) and
(YY) Raman spectra was recovered, verifying that the observed
polarization dependence of the Raman bands is not due to any
instrumental artifact. These results show that the origin of the
D and D’-bands is intrinsic to the functionalized MWCNTs and
not due to the formation of amorphous carbon or even carbona-
ceous carbon fragments, created by the NaOH potential treat-
ment that are not expected to yield appreciably polarized Raman
bands. Moreover, the polarization dependence of the D and
D’-bands is quite different than that of the tangential G mode,
resulting in significant variations of the Ip/I; intensity ratio for
the different polarizations. However, if the relative intensity of
each band (G, D and D’) is normalized to its maximum value,
i.e., to the corresponding intensity of the (YY) spectra that was
acquired with parallel (incident and scattered) polarizations
along the MWCNT axis, then it is evidence that all intensities
scale to approximately the same values for each polarization,
independent of the Ip/I; intensity ratio, i.e., independent of the
amount of disorder introduced on the functionalized MWCNTs
at different NaOH concentrations (Figure 5). This variation is
in principle related to the different symmetry of each Raman
mode, without excluding the presence of an antenna Raman
effect.”] The average polarization dependence of the G-band,
Figure 5d, resembles that reported for aligned MWCNTs of
diameter =25 nm.*%l On the other hand, the average polariza-
tion dependence of the D-band is less pronounced, and that of
the D’-band seems to lie between those of the G and D-bands,
reflecting the difference in the symmetry of the defect activated
modes.*]

The formation of oxygen-containing functional groups on
the surface of the MWCNT electrode after functionalization
was investigated by X-ray photoelectron spectroscopy (XPS).
Figure 6¢c shows wide-scan survey spectra of the MWCNT
before and after functionalization. The dominant O and C ele-
ments can be identified through the corresponding Ols and
Cls peaks. The binding energies of C-C, C-O, C=0, and
COO- were detected at 284.4, 285.6, 287.2, and 289.0 €V in the
C1s spectra, respectively. In the O1s binding region, the peaks
of 0=C, O-C, and H-O-H were observed at 531.7, 533.1, and
536.0 eV, respectively.*’>1] The peaks of O1s and Cls increased
due to the formation of oxygen-containing functional groups of
the MWCNTs. Figure 6a,b show the chemical state of oxygen
species on the surface of MWCNT before and after function-
alization. The three peaks of O=C, O-C, and H-O-H in the
O1s binding region clearly increased after functionalization. As
shown in Figure 6d, the total concentration of oxygen increased
from 9% to 25% atomic concentration after functionalization in
1.0 M NaOH solution, while the ratio of O—C to O=C in the O1 s
increased accordingly (from 1.13 to 1.56). These results were in
good agreement with the results of Raman analysis, verifying
the formation of functional groups on MWCNT upon electro-
chemical functionalization. Furthermore, a significant change
of the wetting properties of the MWCNT array electrodes was

Adv. Funct. Mater. 2013, 23, 1807-1816
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Figure 4. a) Raman backscattering polarization geometry on the aligned MWCNT arrays. b—d) Polarized micro-Raman spectra (using the 785 nm laser line)
in parallel (YY), (XX), and cross-polarization (XY)-(YX) configurations for the control and two functionalized MWCNT electrodes at 0.25 and 1.0 m NaOH.

observed after functionalization. To visualize the variation of
the hydrophilic character of the functionalized MWCNTSs, the
electrodes were dipped into MilliQ grade water. The cone-
shaped depression was observed around the pristine MWCNT
electrode due to the repulsion between the hydrophobic surface
of the MWCNT array and the water. However, after NaOH elec-
trochemical treatment, a bulging effect was observed, instead
of the depression, due to the interaction between the func-
tional groups and the water, indicating that MWCNTs became
hydrophilic due to the formation of oxygen-containing func-
tional groups on the surface of the functionalized MWCNT
electrodes.’

Figure S2 (Supporting Information) shows the Nyquist
plots (Zimag VS. Zyea) of the Faradaic electrochemical imped-
ance spectra for the pristine and electrochemically functional-
ized MWCNT array electrodes in 1.0 M NaOH solution. After
functionalization, the Faradaic electrochemical impedance
decreased drastically due to the formation of oxygen-containing
functional groups on the MWCNT electrodes that improved
their surface hydrophilicity and wettability by the electrolyte
(see Figure S3 in the Supporting Information).”® Figure 7A
shows the Nyquist plots for the functionalized MWCNT elec-
trode incubated in 5.0 ug L™ MC-LR and antibody solution
after conjugation with MC-LR. The observed Zj,y VS. Zreal
spectra upon antibody/MC-LR anchoring are characteristic for
Faradaic electrochemical impedance biosensors in the presence

Adv. Funct. Mater. 2013, 23, 1807-1816
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of a redox couple, comprising a semicircle at higher frequen-
cies that corresponds to the electron-transfer-limited process
followed by a linear part at lower frequencies due to the dif-
fusion-limited processes.’*¢l In that case, attachment of the
target biomolecules on the electrode surface is expected to
reduce the available electrode area and hence retard interfacial
electron-transfer. In addition, MC-LR on the electrode might be
a retardant for the redox reaction as the presence of negative
charges on both immobilized molecules and redox active spe-
cies can increase the electron-transfer resistance due to electro-
static repulsion during approach of the redox active species to
the electrode. This increase of the electron-transfer resistance is
readily probed by the variation of the Nyquist plots. An increase
of the semicircle diameter was indeed observed in the Nyquist
plots (see Figure 7A: a—c) verifying the gradual increase of the
electron-transfer resistance of the MWCNT array electrodes
with the conjugation process using MC-LR and antibodies.
Ramanavicius et al.’”) also reported a significant increase in the
real impedance due to the formation of the relatively larger pro-
tein complexes (Ppy/gp51/anti-gp51-antibody/secondary anti-
body) on the Ppy/gp51/anti-gp51 modified electrodes when the
secondary antibodies were utilized to investigate the influence
of lager protein complexes on electrochemical impedance spec-
troscopy (EIS). These results indicate that this technique using
MWCNT array based biosensor is very effective for detecting
MC-LR.
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Figure 7. Nyquist Plots A) for Faradaic electrochemical impedance
measurements in 5 mm Ks[Fe(CN)g]/K4[Fe(CN)g] with phosphate buff-
ered saline (PBS): MWCNT array electrode after a) functionalization
(1.0 M NaOH), b) MC-LR, and c) antibody conjugation; and the calibra-
tion curve B) for MWCNT-based biosensor based on the variation of the
electron-transfer resistance with the MC-LR concentration in the range of
0.05-20 ug L in PBS.

Quantitation of the MWCNT array biosensor response for
MC-LR detection was subsequently carried out by measuring
the change of the electron-transfer resistance before and after
conjugation of antibodies with different concentrations of
MC-LR in the incubation solutions. A Randles model equiva-
lent circuit, consisting of the solution resistance (R;) in series
with a parallel arrangement of the double layer capacitance
(Ca) and the electron-transfer resistance (R) in series with
Warbur impedance (Z,), was used to interpret the behavior of
the biosensors. The determined values of the R are plotted
using a logarithmic scale in Figure 7B as a function of the
MC-LR concentration. Since the amount of antibodies was fixed
and MC-LR concentration was varied, different amounts of
unbound antibodies remained after the conjugation of MC-LR
with antibodies. The remaining amount of unbound antibodies

Adv. Funct. Mater. 2013, 23, 1807-1816
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in the solution after conjugation is thus inversely proportional
to the concentration of MC-LR. Therefore, after the conjugation
of remaining unbound antibodies with the MWCNT biosensor,
the difference of electron-transfer resistance decreased (from
190 to 10 Q) with the increase of the MC-LR concentration. The
MWCNT biosensor had a linear response (R? = 0.88) between
MC-LR concentrations from 0.05 to 20 pug L! and the detection
limit (s/n, s: standard deviation and n: the slope of calibration
curve) was 0.04 pg L7, which is much lower than the WHO
provisional guideline of 1 ug L™ for MC-LR.I'?l The inter- and
intra-assay coefficients of variability were 13.1% and 7.8%,
respectively, showing the acceptable fabrication reproducibility
and the good repeatability of the method.

3. Summary and Conclusions

An extremely sensitive Faradaic electrochemical impedance bio-
sensor for monitoring microcystin-LR in sources of drinking
water supplies was developed using millimeter-long MWCNT
arrays grown by water-assisted chemical vapor deposition
with vertical alignment on catalytically patterned Si substrates.
Scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM) analyses showed
vertically well-oriented MWCNTs and well-defined, MWCNTs
in the array. High temperature thermal treatment (2500 °C) in
an inert environment (Ar atmosphere) was exploited to anneal
inherent structural defects and enhance the crystallinity of
the pristine MWCNTs arrays. The MWCNT electrodes were
functionalized by electrochemical oxidation in NaOH solution
in order to produce oxygenated surface groups. A high degree
of oxygen functionalization was achieved according to system-
atic cyclic voltammetry, micro-Raman spectroscopy, XPS, optical
microscopy, and Faradaic EIS measurements. Specifically, cyclic
voltammetry revealed well-defined redox peaks in the presence
of redox species, while Faradaic EIS measurements showed a
marked decrease of the Faradaic electrochemical impedance
for the functionalized MWCNT arrays due to their improved
wettability, directly evidenced by optical microscopy. Analysis of
the Raman spectra showed the presence of oxygen-containing
functional groups on the functionalized MWCNT electrodes
after high temperature treatment by enhancing distinct defect-
activated Raman bands as a function of the NaOH concentra-
tion. A significant increase of oxygen up to 25 at% concentration
was determined by XPS analysis after the MWCNT electrodes
were functionalized. The oxygenated surface groups provided the
sites for linking agents and subsequent attachment of specific
antibodies and toxin molecules. A two-step linking procedure
enabled the immobilization of MC-LR onto the functionalized
MWCNT array electrodes, and conjugation of monoclonal anti-
bodies specific to MC-LR in the incubation solutions that pro-
vided the required specificity for detecting toxin. Validation and
performance evaluation of the MWCNT array biosensor used
Faradaic electrochemical impedance spectroscopy, which showed
a clear increase of the electron-transfer resistance after MC-LR
and antibody conjugation. A linear sensing response was thereby
established over a wide MC-LR concentration range (0.05 to
20 pg L) that allowed toxin detection well below the WHO pro-
visional guideline limit of 1 ug L™! for MC-LR in drinking water.
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Figure 8. a) SEM image of the MWCNT electrode. The insets show indi-
vidual MWCNTs in the array at high magnification. b) HRTEM image of
as-grown MWCNTs.

4. Experimental Section

Reagents: NaOH, NaCl, KH,PO,, Na,HPO4,7H,0, KNO;, EDC
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) and
sulfo-NHS  (N-hydroxysulfosuccinimide) were obtained from Thermo
Fisher Scientific Inc. (Fair Lawn, NJ). K3[Fe(CN)¢] and K,[Fe(CN)¢] were
obtained from ).T. Baker Company (Phillipsburg, NJ). MES hydrate
(4-morpholinoethanesulfonic acid) was purchased from Acros Organics.
Monoclonal antibodies specific to microcystins (ADDA specific,
AD4G2, mouse IgG1) were obtained from ALEXIS Biochemicals. All
solutions were prepared using MilliQ grade water having a resistivity of
18.2 megohm cm. All reagents were used as received.

Synthesis of MWCNT Arrays: MWCNT arrays 3-4 mm long were
synthesized by a thermal CVD technique. An Easy Tube 3000 furnace,
manufactured by CVD Equipment Corporation, was used for the CNT
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synthesis. A 15 nm thick film of Al,O; was deposited on a Si wafer with
a 500 nm thick oxide layer. A 1 nm thick Fe film was deposited on the
Al,O; layer; the Fe layer serves as a catalyst for the CNT nucleation and
growth. All thin films were deposited by electron beam evaporation.
Synthesis was performed at 750 °C, using C,H, as a carbon source
mixed with Hy, Ar and a ppm amount of water vapor.

An MKS Quadrupole Mass Spectrometer, VISION 1000 P was used to
monitor the gas composition of the growth zone. For the characterization
of the MWCNTs, HRTEM (JEM-2010F (JEOL)) and SEM (Philips XL 30
ESEM-FEG) were employed (see Figure 8). The SEM image (Figure 8a)
shows that the arrays consisted of dense vertically well-aligned MWCNTs.
In addition, well defined multiwalled carbon nanotubes with diameters
ranging from 5 to 9 nm are shown in an HRTEM image (Figure 8b). As
displayed in this figure, the number of walls of the MWCNTs in the array
was between 2 and 5.

Preparation of MWCNT Electrodes: The preparation of MMCNT
electrodes consisted of six steps. In step one, the MWCNT arrays
were connected to copper wire using conductive silver epoxy (M. G.
Chemicals, Ontario, Canada) and dried for 24 h at room temperature.
In step two, the tips of the MWCNT electrodes were electrochemically
functionalized by applying a potential of 1.16 V vs. Ag/AgCl for 1 min,
in NaOH (concentration range from 0.25 to 1.0 m)/0.5 m NaCl aqueous
solutions. The functionalization potential was determined by comparing
linear sweep voltammetry of MWCNT electrodes in 0.5 M KNO;3 and 1.0 m
NaOH solutions. A potential of 1.16 V produced a significant current in
1.0 v NaOH but on the contrary, a very low current was observed in the
case of 0.5 v KNO; supporting electrolyte.’2

In step three, zero-length cross-linkers were conjugated to the oxygen-
containing functional groups on the surface of the MWCNT electrode.
After electrochemically functionalizing the MWCNT arrays, a two-step
zero-length cross-linking procedure using N-substituted carbodiimides
and active esters was applied to enable further chemical derivatization
of the electrodes with MC-LR.P® The electrodes were first incubated
in a solution of 5 mm NHS in 0.1 m MES buffer, followed by a second
incubation with 2 mm EDC in 0.1 m MES buffer. After the step three
incubations, the electrodes were washed with 0.1 m MES buffer. In step
four, MC-LR was conjugated to the MWCNT electrodes by 4 h incubation
in 500 g L of MC-LR in PBS buffer. In step five, the incubation solutions
were prepared. A range of MC-LR concentrations were added to a fixed
concentration of antibodies. The MC-LR concentration was from 0.05 to
20 pg L7 and the concentration of antibodies was 2.2 ug mL™. This
solution was incubated for 30 min before determining the concentration
of MC-LR. The remaining unbound antibodies in solution were inversely
proportional to the amount of MC-LR. In step six, the biosensor was
placed in the incubation solution. Any antibodies in solution that did
not bind to the MC-LR in solution would now bind to the MC-LR on
the electrode. Scheme 1 shows the six sequential steps followed during
the experimental procedure. The completed biosensors were then rinsed
with H,O and dipped into a potassium ferricyanide solution where the
charge transfer resistance was determined using EIS. The change in R
is inversely proportional to the concentration of MC-LR in the incubation
solutions in step 5.

Characterization of the MWCNT Electrode and Biosensor: The
electrochemical properties of the MWCNT array electrodes were
evaluated using cyclic voltammetry (BAS 100B electrochemical analyzer
with BAS Epsilon EC and CV-27 potentiostats, Bioanalytical Systems
Inc., USA) and electrochemical impedance spectroscopy (Gamry
Potentiostat (Model: PCI4/750) with Gamry software (EIS3000)). The
MWCNT electrodes were characterized by cyclic voltammetry (CV) in
2 mm potassium ferricyanide (K;[Fe(CN)g]) solution using 0.5 m KNOs
as the supporting electrolyte, with a Pt wire as auxiliary electrode and
a Ag/AgCl electrode as the reference. Faradaic EIS measurements were
with an open-circuit potential from 0.1 to 1 x 10° Hz, in a solution of
5.0 mm Ky[Fe(CN)g]/5.0 mm Ks[Fe(CN)g] prepared in PBS, pH 7.0.
A Hitachi HV-C20 camera was used to visualize the variation of the
wetting properties of the MWCNT array electrodes before and after
functionalization. The physicochemical properties of the functionalized
MWCNT electrodes were investigated by micro-Raman spectroscopy
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Scheme 1. Preparation and detection procedure of MWCNT array biosensor for MC-LR.

using a Renishaw inVia Reflex microscope with a near infrared (NIR)
diode laser (A = 785 nm) and an Ar+ laser at 514.5 nm as excitation
sources. The laser beam was focused on the aligned MWCNTs by a 50x
objective producing a laser spot size of =1 um diameter, while the laser
power was kept at low levels (=0.2 mW/um?) to avoid local heating. For
each sample, the laser beam was focused on two different points: the
first at the edge of the array with a few tens of micrometers from the
edge of the electrode (tip), and the second, at the interior of the electrode
(closer to the junction), corresponding to the sample area exposed (or
not) to the NaOH solution (functionalized and non-functionalized),
respectively. XPS (an SSI M-Probe XPS system) was used to investigate
the formation of oxygenated surface groups after functionalization.
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Supporting Information is available from the Wiley Online Library or
from the author.
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