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A simple and green method was developed for in situ assembly of
gold nanoparticles on nitrogen-doped carbon nanotubes, and the
resulting Au/nitrogen-doped carbon nanotubes nanocomposite
was used as an immobilization scaffold of antibody for sensitive
immunosensing of microcystin-LR.

Nitrogen-doped carbon nanotubes (CNx-MWNTs), as a
defective bamboo-like structure with distinctive compartment
layers, have attracted considerable attention due to their
unique properties and wide applications.! Compared with
carbon nanotubes (CNTs), CNx-MWNTs have a larger
surface-active groups-to-volume ratio, superb thermal stability,
and good electrical and mechanical properties.’*® The lower
cytotoxicity and better biocompatibility of CNx-MWNTs
than un-doped CNTs make them suitable to construct
biosensors.>*? Moreover, the incorporation of nitrogen
atoms efficiently introduces chemically active sites into the
CNx-MWNTs nanotubes for catalytic reactions® and the
anchoring of metal nanoparticles.* Typically, Pt** and
Ni* nanoparticles have been successfully immobilized on
CNx-MWNTs by the ethylene glycol method.

By functionalization of CNx-MWNTs with polyelectrolyte,
gold nanoparticles (AuNPs) have also been selectively
anchored on their surface via electrostatic interactions.” To
simplify the functionalization process, this work developed a
convenient and green chemical route to directly attach AuNPs
onto CNx-MWNTs, and the resulting Au/CNx-MWNTs
nanocomposite was used as an immobilization scaffold of
antibodies for preparation of a sensitive immunosensor for
microcystin-LR (Scheme 1).

Microcystin-LR (MC-LR), containing five nonproteinogens
and two substitutions of leucine (L) and arginine (R) at
positions 2 and 4, is the most toxic species of the cyanotoxins.®
In 1998, the World Health Organization (WHO) set up a
provisional guideline limit of 1 pg L™! for MC-LR in drinking
water.” Thus, the recognition and quantification of MC-LR
are of great importance in the analysis of environmental
samples. Several methods such as thin-layer chromatography,®
high-performance liquid chromatography,’ liquid chromato-
graphy-mass spectrometry'® and protein phosphatase
inhibition assays'' have been developed for determination of
MC-LR. Although these methods are widely accepted, they
require relatively expensive equipment, advanced technical
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expertise, high cost and are time consuming. Particularly, it
is difficult to use these methods for in situ or online monitoring.
This work provided a low-cost method for convenient detection
of MC-LR. Compared with those based on immunosensors,
this method showed a wider concentration range and
lower limit.

Fig. 1 shows the typical transmission electron micrograph
(TEM) images of Au/CNx-MWNTs and Au/multi-walled
carbon nanotubes (Au/MWNTs) prepared by the same
method in parallel experiments. AuNPs with sizes of 3—7 nm
were homogeneously dispersed on the surface of the CNx-
MWNTs, forming a hybrid structure of Au/CNx-MWNTs
(Fig. 1A). In contrast, AuNPs could not be efficiently
dispersed on MWNTs (Fig. 1B). The aggregation phenomenon
of AulNPs resulted from the chemical inertness of the regular
MWNTs. The result suggested a strong interaction between
AuNPs and CNx-MWNTs, which is caused by the
N-participation in their connection, similar to the cases of
immobilizing Ag, Ni and Pt nanoparticles on CNx-MWNTs.*

The X-ray diffraction (XRD) studies of CNx-MWNTs
showed two peaks at 26.0° and 46.7° assigned to (002) and
(100) planes of graphite, respectively (curve a, Fig. S1 in ESI¥).
The additional peaks of Au/CNx-MWNTs at 38.4°, 44.5°,
64.8° and 77.3° were assigned to the (111), (200), (220) and
(311) planes of AuNPs, respectively (curve b, Fig. S1 in ESI¥),
indicating a face-centered cubic structure.'> After in situ
assembly of AuNPs, the weak graphite (100) peak became
invisible due to the overlapping with the strong Au (111) and
(200) peaks. Therefore, the XRD results suggested that the
reduction process by NaBH,; produced metallic state Au
species with good crystallinity on CNx-MWNTs.

X-Ray photoelectron spectra (XPS) were recorded to
further analyze the chemical composition and status of the
CNx-MWNTs and Au/CNx-MWNTs (Fig. S2A in ESIY).

M- k. &
J NaBH, Jg

CNx-MWNTs
0-PD+H,0,

- 35

2
iy AN

&AUNPS = anti-MC-LR @ MC-LR @ 4 HRP-MC-LR

Current (uA)

Scheme 1 Schematic representation of the preparation and detection
procedure of MC-LR immunosensor.
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Fig. 1 TEM images of (A) Au/CNx-MWNTs and (B) Au/MWNTs.

The XPS survey spectrum of CNx-MWNTs displayed C 1s
and N 1s with an N content of about 3.7%. In contrast, the
XPS survey spectrum of Au/CNx-MWNTs exhibited
distinct Au 4f peaks at binding energy of 84.2 eV and 87.9 eV
(Fig. S2B in ESI¥), which corresponded to Au 4f;, and
4fsp, respectively.13 This result further confirmed the
formation of metallic Au on the Au/CNx-MWNTs surface.
AuNPs as an immobilized matrix can firmly bind antibodies
through ionic interactions and other interactions between
AuNPs and mercapto or primary amine groups of anti-
bodies.'* Considering the advantages of AuNPs and
CNx-MWNTs, and the homogeneous dispersion of AuNPs
on CNx-MWNTs, an immunosensor of MC-LR was designed
by immobilizing the MC-LR antibody (anti-MC-LR) on the
Au/CNx-MWNTs composite modified glassy carbon electrode
(GCE). The immunoassay could be carried out by a
competitive immunoreaction of the immobilized MC-LR antibody
with MC-LR and horseradish peroxidase labeled MC-LR
(HRP-MC-LR) (Scheme 1). In 0.2 M phosphate buffer saline
(PBS), HRP-MC-LR/anti-MC-LR/(Au/CNx-MWNTs)/GCE
did not show any detectable signal in the working potential
range (curve a, Fig. 2), though it showed a slightly larger
background current than HRP-MC-LR/anti-MC-LR/
(Au/MWNTs)/GCE (curve b, Fig. 2) and HRP-MC-LR/
anti-MC-LR/CNx-MWNTs/GCE (curve ¢, Fig. 2). When
o-phenylenediamine (0-PD) and H,O, were added into PBS,
the cyclic voltammogram of HRP-MC-LR/anti-MC-LR/
(Au/CNx-MWNTs)/GCE exhibited a pair of stable and well-
defined redox peaks at —0.554 and —0.618 V (curve d, Fig. 2),
which corresponded to the redox of 2,2’-diaminoazobenzene,
the enzymatic product.'”” Although these peaks also
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Fig. 2 Cyclic voltammograms of HRP-MC-LR/anti-MC-LR/(Au/
CNx-MWNTs)/GCE (a, d), HRP-MC-LR/anti-MC-LR/(Au/MWNTs)/
GCE (b, e) and HRP-MC-LR/anti-MC-LR/CNx-MWNTs/GCE (c, f) in
0.2 M pH 7.0 PBS in the absence (a, b, ¢) and presence (d, ¢, f) of 8.0 mM
H,0, and 10 mM o-PD. Scan rate: 60 mV s~ ..

occurred for HRP-MC-LR/anti-MC-LR/(Au/MWNTs)/GCE
(curve e, Fig. 2) and HRP-MC-LR/anti-MC-LR/
CNx-MWNTs/GCE (curve f, Fig. 2), the peak currents were
2 and 7 times lower than those of HRP-MC-LR/anti-MC-LR/
(Au/CNx-MWNTs)/GCE, respectively, indicating the
significant sensitizing effect of Au/CNx-MWNTs. The
sensitizing effect could benefit from the homogeneous dispersion
of AuNPs on CNx-MWNTs for binding of anti-MC-LR and
easy recognition of bound anti-MC-LR to HPR-MC-LR,
which would lead to enhanced sensitivity for the proposed
MC-LR immunosensor.

The electrochemical response depends on the formation of
an immunocomplex on the electrode surface. The latter is
decided by the concentration of HRP-MC-LR in the incubation
solution and incubation time. In order to obtain the optimal
concentration of HRP-MC-LR, the anti-MC-LR/(Au/
CNx-MWNTs)/GCEs were incubated in HRP-MC-LR
solutions with different concentrations. The peak current
increased with increasing HRP-MC-LR concentration and
tended to a plateau at 10 pg mL™', indicating that all the
available recognition sites of immobilized anti-MC-LR were
matched with the enzyme conjugate (Fig. S3A in ESIT). Thus,
10 pg mL~! of HRP-MC-LR was used for the incubation step.

At the optimized HRP-MC-LR concentration, with the
incubation time increasing from 5 to 60 min the immunosensor
showed an increasing response until an incubation time of
20 min (Fig. S3B in ESI¥). Longer incubation time did not
obviously improve the response. Therefore, an incubation time
of 20 min was chosen as the optimal incubation condition for
the immunoassay of MC-LR.

For the measurement of MC-LR, a competitive assay
configuration was applied under optimized conditions. A
standard solution of MC-LR at a known concentration was
added into the incubation solution containing a certain
concentration of HRP-MC-LR. The MC-LR and HRP-MC-LR
in the incubation solution competed with the limited binding
sites of the immobilized anti-MC-LR on the immunosensor
surface to form an immunocomplex. The captured HRP-MC-LR
on the immunosensor surface then catalyzed the oxidation of
0-PD by H,0; to produce 2,2’-diaminoazobenzene. The optimal
concentrations of 0-PD and H,O, were selected to be 10 mM
(Fig. S4A in ESI¥) and 8 mM (Fig. S4B in ESIY), respectively.
The differential pulse voltammetric (DPV) peak current of
2,2'-diaminoazobenzene decreased with the increasing
MC-LR concentration in the incubation solution (Fig. 3A).
As shown in Fig. 3B, the decrease of the DPV peak current
was proportional to the MC-LR concentration in the range of
0.005-1.00 pg L' with a correlation coefficient of 0.9997. This
result was much wider than those of 0.03-3.16 pg L™! for a
competitive binding electrochemical enzyme immunoassay,'®
0.06-0.65 pg L™! for a chemiluminescence enzyme immuno-
assay,'® and 0.1-10.1 pg L™! for a portable optical immuno-
sensor.' The detection limit was calculated to be 0.002 pg L~
at a signal-to-noise ratio of 3, which was much lower than
0.03 ug L' for a carbon nanohorns-based immunosensor!'®?
and the WHO provisional guideline limit of 1 pg L™' for
MC-LR in drinking water.” According to the analytical process,
the detectable linear range in the sample with a dilution factor
of 2 by adding 10 uL HRP-MC-LR was 0.01-2 pg L~! with a
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Fig. 3 (A) DPV response of the immunosensor in 0.2 M pH 7.0 PBS
containing 10 mM o0-PD and 8 mM H,O, after incubation with
0.005, 0.01, 0.05, 0.10, 0.25, 0.5, 0.75 and 1 pg L™" MC-LR (from
highest to lowest peak currents) and (B) calibration curve for MC-LR
immunoassay.

detection limit of 0.004 pg L~'. Thus the proposed method
was enough for practical application.

The coefficients of variation for five repeated measurements
with this method were 2.8% and 4.8% at MC-LR concentrations
of 0.025 and 0.75 pg L7', respectively, showing good
reproducibility. The MC-LR immunosensor also showed good
fabrication reproducibility with relative standard deviations of
3.2% and 5.1% at MC-LR concentrations of 0.025 and
0.75 ng L' on five independently made immunosensors.
When the immunosensor was not in use, it was stored at
4 °C. 96.1% of the initial response of the immunosensor for
MC-LR remained after one week and 82.3% of the initial
response remained after four weeks. These results indicated
the immunosensor had acceptable stability. The immuno-
sensor could be renewed by rinsing with stripping buffer of
pH 2.8 glycine-HCI solution to dissociate the antigen—
antibody complex. The as-renewed immunosensor could
restore 92.4% of the initial value after five assay runs, showing
good reusability.

To evaluate the analytical reliability and application
potential of the proposed method, 10 pL of water samples,
without any need of sample pretreatment except appropriate
dilution with PBS, was mixed with 10 pL HRP-MC-LR, and
the mixture was dropped on the MC-LR immunosensor.
The MC-LR concentrations determined with this method were
1.25 4+ 0.05and 5.3 + 0.2 pug L™ '. Recovery testing was carried
out to demonstrate the validity of the proposed method, after
02 pg L™' of MC-LR was added to two samples, and
the obtained recoveries of MC-LR were 95.1 + 1.2% and
96.2 + 2.0%, respectively (after five measurements), which
indicated acceptable accuracy. Thus, the present method could
satisfy the need for immunoassay of MC-LR in water samples.

In summary, this work presented a convenient and green
method to directly attach AuNPs on CNx-MWNTs without
the need for surface modification due to the inherent chemical
activity of CNx-MWNTs. AuNPs were well dispersed and
strongly anchored on the surface of CNx-MWNTs through

the N-participation in their connection. By immobilizing anti-
MC-LR on the surface of the Au/CNx-MWNTSs composite
modified GCE, an immunosensor was constructed for
detection of MC-LR. The immunosensor showed wide linear
range, low detection limit, good reproducibility and acceptable
long-term stability, and could successfully detect MC-LR in
polluted water samples. The Au/CNx-MWNTs nanocomposite
provided a biocompatible platform for biosensing and
biocatalysis.
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Experimental

Materials and Reagents. Nitrogen-doped carbon nanotubes (CNx-MWNTs) were synthesized according
to the previously reported method,' and were further refluxed in 6 M NaOH at 110 °C for 4 h to remove
the Al,Os support, followed by refluxing in 1 M H,SO, for 8 h to remove residual Fe catalysts.” The
purified CNx-MWNTs was thoroughly washed with double-distilled water until the pH value of the
filtrate reached 7, and then dried at 70 °C overnight for further study. Multi-walled carbon nanotubes
(MWNTs) were obtained from Shenzhen Nanotech Port Company. Microcystin-LR (MC-LR), MC-LR
antibody (anti-MC-LR) and horseradish peroxidase (HRP) labeled MC-LR (HRP-MC-LR) were
purchased from Express Technology Co., Ltd (China). Bovine serum albumin (BSA) was obtained from
Sigma (St. Louis, MO). All other reagents, including H,O, and o-phenylenediamine (o-PD), were of
analytical grade. Blocking buffer was 0.01 M pH 7.4 phosphate buffer saline (PBS) containing 2% BSA.
To minimize unspecific adsorption, 0.05% Tween-20 was spiked into PBS as wash buffer (PBST). The
detection buffer was 0.2 M pH 7.4 PBS. Ultrapure water obtained from a Millipore water purification
system (> 18 MQ, Milli-Q, Millipore) was used in all runs. The polluted water samples were from Tai

lake in Wuxi, China.
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Preparation of Au/CNx-MWNTs Nanocomposite. 7 mg CNx-MWNTs was dispersed in 40 mL
aqueous solution containing 2.5x10™* M trisodium citrate and then sonicated for 30 min. 0.4 mL 1%
HAuCl,3H,0 was added to the solution and stirred for 10 min. 1.2 mL of 0.1 M ice cold NaBH4 solution
was added to the mixture solution under stirring at 0 °C. After stirring for an additional 2 h, the black
solid was separated by centrifuging at a speed of 10000 rpm, washed with water for several cycles, and
then dried overnight at 80 °C.

Preparation of MC-LR Immunosensor. The glassy carbon electrode (GCE, 3 mm diameter) was
polished successively with 0.3- and 0.05-pm alumina slurry (Beuhler) followed by rinsing thoroughly
with doubly distilled water. After successive sonication in 1:1 nitric acid, acetone and deionized water,
the electrode was rinsed with deionized water and allowed to dry at room temperature. 6 uL of 2 mg mL"
Au/CNx-MWNTs suspension was dropped on the pretreated GCE and dried in a desiccator. 10 pL of 1
pg mL” anti-MC-LR was dropped on its surface and then incubated for 12 h to form anti-MC-LR/
(Au/CNx-MWNTs)/GCE. Following a rinse with 0.01 M pH 7.4 PBST, the formed immunosensor was
blocked with 0.01 M pH 7.4 PBS containing 2% BSA for 30 min. After thorough washing with 0.01 M
pH 7.4 PBST, the obtained immunosensor was stored at 4 °C prior to use. As control, anti-MC-LR/
(Au/MWNTs)/GCE and anti-MC-LR/MWNTs/GCE were prepared with the same procedure.

Analytical Procedure. 10 uL MC-LR solutions with different concentrations or water samples with
appropriate dilutions were mixed with 10 uL HRP-MC-LR to obtain the incubation solution. The
incubation solution was dropped on the MC-LR immunosensor and incubated for 20 min at 25 °C, and
then washed carefully with 0.01 M pH 7.4 PBST to obtain HRP-MC-LR/anti-MC-LR/(Au/CNx-
MWNTs)/GCE. During the incubation process the immunosensor was placed in container for avoiding
the evaporation of incubation solution. The electrochemical measurement was recorded in 0.2 M PBS
solution containing 8.0 mM H,0O; and 10 mM 0-PD. The detection solution was bubbled thoroughly with
high purity nitrogen for 10 min and maintained in nitrogen atmosphere. The differential pulse

voltammetric (DPV) measurements were from -300 to -850 mV with pulse amplitude of 50 mV and width
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of 50 ms. The data for condition optimization and the calibration curve were the average of three

measurements.

Characterization of AU/CNx-MWNTSs
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Fig. S1 XRD profiles of (a) CNx-MWNTs and (b) Au/CNx-MWNTs.
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Fig. S2 (A) Survey XPS spectra of CNx-MWNTs (a) and Au/CNx-MWNTs (b), and (B) Au 4f XPS

spectrum of Au/CNx-MWNTs.
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Optimal Conditions for Immunoreaction
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Fig. S3 Effects of (A) HRP-labeled MC-LR concentration and (B) incubation time on amperometric

response of HRP-MC-LR/MC-LR/(Au/CNx-MWNTs)/GCE under other optimal conditions.
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Fig. S4 Effects of (A) 0-PD and (B) H,O, concentrations on amperometric response of HRP-MC-
LR/anti-MC-LR/(Au/CNx-MWNTs)/GCE under other optimal conditions.
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