
E

X
a

b

c

a

A
R
R
1
A
A

K
C
E
I
I

1

(
a
m
e
i
d
e
r
s
(
2
n
i
a
c
c
n
b
s
e
a
2

0
d

Biosensors and Bioelectronics 25 (2010) 1130–1136

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journa l homepage: www.e lsev ier .com/ locate /b ios

lectrochemical immunosensor based on colloidal carbon sphere array

iaojun Chena,c, Kui Zhangb, Jinjun Zhoua, Jie Xuana, Wei Yana, Li-Ping Jianga,∗, Jun-Jie Zhua,∗

Key Lab of Analytical Chemistry for Life Science (MOE), School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, PR China
The Affiliated Drum Tower Hospital of Nanjing University Medical School, Nanjing 210008, PR China
College of Sciences, Nanjing University of Technology, Nanjing 210009, PR China

r t i c l e i n f o

rticle history:
eceived 13 July 2009
eceived in revised form
1 September 2009

a b s t r a c t

A novel type of colloidal carbon sphere array (CSA) was developed for the fabrication of disposable
electrochemical immunosensor. The CSA was successfully prepared on indium tin oxide (ITO) substrate
in a simple manner and the scanning electron micrograph confirmed that a single-layered arrangement of
the carbon spheres with its (1 1 1) plane paralleled the substrate’s surface. The CSA modified electrode has
ccepted 28 September 2009
vailable online 7 October 2009

eywords:
olloidal carbon spheres array
lectrochemical impedance spectroscopy

a higher surface area and exhibits a more sensitive electrochemical response than a normal carbon-based
electrode with the same geometric area. An Immunoglobin A (IgA) immunosensor was constructed by
the covalent bonding of IgA antibody molecules with the CSA aided by large numbers of carboxyl groups
on the surface of carbon spheres. The immunosensor exhibited a wide linear response to IgA ranging
from 0.1 to 200 ng mL−1 by electrochemical impedance spectroscopy (EIS) technique. The detection of

taine
mmunosensors
mmunoglobin A

IgA levels in three sera ob

. Introduction

Immunosensors that can transform specific antibody–antigen
Ab–Ag) interactions into measurable piezoelectric (Jin et al., 2009),
coustic (Krishnamoorthy et al., 2008), electrochemical (Fu, 2007),
agnetic (Mani et al., 2009) and optical signals (Sanchez-Martinez

t al., 2007; Fu et al., 2006), have been studied extensively for clin-
cal diagnosis (Watterson et al., 2007), environmental pollutant
etection (Gonzalez-Martinez et al., 1999) and food analysis (Zacco
t al., 2007). Among them, electrochemical immunosensors have
ecently attracted considerable interest because of their relative
implicity, high sensitivity, low cost and inherent miniaturization
Lin and Ju, 2005; Marquette and Blum, 2006; Bakker and Qin,
006). In recent years, great progress in nanoscience and nanotech-
ology has opened new opportunities for assembling electrochem-

cal immunosensors. A variety of nanomaterials has been utilized to
ssist the fabrication of electrochemical immunosensors, including
olloidal gold/silver, semiconductors, carbon or silica nanoparti-
les, and magnetic beads (Suni, 2008). Among these nanomaterials,
ovel carbon nanostructrues such as carbon nanotubes (CNT), car-
on nanofibers (CNF) and carbon nanorods (CNR) are popular as the

upport materials for electrochemical immunosensors due to their
lectrical conductivity, large surface area, good chemical stability
nd excellent biocompatibility (Viswanathan et al., 2009; He et al.,
009; Wu et al., 2007; Wang and Lin, 2008; Cui et al., 2008a; Jie

∗ Corresponding authors. Tel.: +86 25 83594976; fax: +86 25 83594976.
E-mail addresses: Jianglp@nju.edu.cn (L.-P. Jiang), jjzhu@nju.edu.cn (J.-J. Zhu).

956-5663/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2009.09.038
d from hospital samples showed acceptable accuracy.
© 2009 Elsevier B.V. All rights reserved.

et al., 2008). Electrochemical biosensors modified with the carbon
nanostructure onto the electrode surface are constructed mostly
by drop coating method, resulting in an unknown spatial relation-
ship between the immobilized biomolecule and the nanostructure.
Random planar meshes of carbon nanostructures will decrease the
density of functional groups on the electrode surface and hence the
sensitivity of the biosensors. Thus, a highly oriented carbon nanos-
tructure has been proposed as a possible ideal structure for the
application in bioelectrochemical field.

A highly ordered CNT array was reported to serve as a univer-
sally direct nanoelectrode interface for the fabrication of a glucose
oxidase biosensor (Withey et al., 2006). Another vertically aligned
CNF chip was demonstrated as a sensing element for application
of an electrochemical DNA sensor (Arumugam et al., 2009). Elec-
tron transfer has been enhanced markedly using these carbon array
modified electrodes. Some other CNT or CNR arrays have been fabri-
cated as promising platforms for biosensor development (Nguyen
et al., 2002; Orikasa et al., 2009; Yun et al., 2008). However, it is
not easy to control the array structures, such as orientation, length
and diameter. The most commonly used methods for growing high
ordered CNT or CNF arrays on substrate are the catalytically chem-
ical vapor deposition (CVD) process (Yun et al., 2007; Maldonado
and Stevenson, 2004) and the anodic aluminium oxide (AAO) tem-
plate technique (Li et al., 1999; Rahman and Yang, 2003). However,

these methods are tedious and time-consuming, and thus the fab-
rication of a carbon nanostructure array is appealing as a more
convenient technique.

Herein, we introduced a novel type of colloidal carbon sphere
array (CSA) as substrate to fabricate a sensitive IgA electrochem-

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:Jianglp@nju.edu.cn
mailto:jjzhu@nju.edu.cn
dx.doi.org/10.1016/j.bios.2009.09.038
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cal immunosensor. The monodisperse colloidal carbon spheres
ith narrow size distribution were prepared by a microwave-
ydrothermal route in aqueous glucose solution. The as-prepared
olloidal carbon spheres can not only maintain excellent character-
stics as normal carbon materials, but also disperse well in water
ue to abundant hydrophilic oxygen-containing functional groups
n their surfaces. The CSA modified indium tin oxides (ITO) elec-
rode was fabricated with a simple vertical deposition technique,
hich was promising for mass production of the immunosensor.

o the best of our knowledge, no reports were found about elec-
rochemical immunosensors based on CSA modified electrode. In
he fabrication of the sensor, Ab was bonded to the carbon spheres
hrough the covalent combination of amino groups in the Ab and
arboxyl on the carbon spheres. After residual unreacted active sites
ere blocked by bovine serum albumin (BSA), the IgA electrochem-

cal impedance spectroscopy (EIS) immunosensor was developed,
hich exhibited a sensitive response to IgA with the lowest con-

entration of 0.1 ng mL−1. The CSA can be further extended to
ther biological systems because it offers a cost-effective, versa-
ile, and highly specific protocol in clinical diagnoses. The detailed
ptimization and performance characteristics of the developed
mmunosensor are reported in the following sections.

. Experimental

.1. Chemicals and materials

Glucose (analytical purity) was purchased from Beijing
hemical Reagent Factory. 1-Ethyl-3-(3-dimethylaminopropyl)
arbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS)
nd lyophilized 99% bovine serum albumin were obtained from
igma/Aldrich. Human IgA and goat anti-human IgA (Ab) were pur-
hased from Shanghai Kehua Bio-engineering Co., Ltd. (Shanghai,
hina). Human serum samples were obtained from the Affiliated
rum Tower Hospital of Nanjing University Medical School and
sed as received. All other reagents were of analytical reagent grade
nd used without further purification. Phosphate-buffered saline
PBS buffer, 50 mM, pH 7.4, 6.0 and 4.0) was prepared by mixing
tock solutions of NaH2PO4 and Na2HPO4, and then adjusting the
H with 50 mM NaOH or H3PO4. The standard IgA solutions were
repared in the pH 6.0 PBS buffer solution, and the Ab and 3% BSA
olutions were prepared in pH 4.0 PBS buffer and stored at 4 ◦C.
ltrapure fresh water obtained from a Millipore water purification

ystem (MilliQ, specific resistivity > 18M� cm−1, S.A. Molsheim,
rance) was used in all experiments. Indium tin oxides glass was
urchased from Conduc Optics & Electronics Technology Co., Ltd.
Changzhou, China).

.2. Apparatus

The microwave-assisted hydrothermal reaction was conducted
n a microwave accelerated reaction system MARS-5 (CEM,
SA). The size of the prepared monodispersed carbon colloidal

pheres was determined by transmission electron microscopy
TEM, JEOLJEM-200CX) and a Brookhaven BI-9000AT laser dynamic
ight scattering (DLS) system (Brookhaven Instruments Corpora-
ion, USA). The morphology of CSA was verified by field-emission
canning electron microscopy (FESEM, HITACHI S4800). All Fourier-
ransform infrared (FTIR) spectroscopic measurements were
erformed on a Bruker model VECTOR22 Fourier-transform spec-

rometer using KBr pressed disks. Zeta potential analysis was
erformed with a PALS Zeta Potential Analyzer, Version 3.43
Brookhaven Instruments Corp.). The electrochemical impedance

easurements were carried out with an Autolab PGSTAT12 (Eco
hemie, BV, The Netherlands) and controlled by GPES 4.9 and
tronics 25 (2010) 1130–1136 1131

FRA 4.9 software. Cyclic voltammetry measurements were per-
formed on a CHI660B electrochemical workstation (Shanghai CH
Instruments Co.). A conventional three-electrode system was used,
comprising a platinum foil as the auxiliary electrode, a saturated
calomel electrode (SCE) as the reference and a CSA modified elec-
trode as the working electrode. All potentials herein are in reference
to the SCE.

2.3. Preparation of monodisperse carbon colloidal spheres

Monodisperse carbon colloidal spheres with the diameter of
∼300 nm (relative standard deviations 3.2%) were synthesized by a
microwave-hydrothermal route as described in the previous report
(Cui et al., 2008b). Briefly, 5 g of glucose was dissolved in 40 mL of
water to form a clear solution, which was treated at 170 ◦C and 180
pounds per square inch (psi) for 20 min in a 50 mL reaction ves-
sel lined with Teflon. The microwave-accelerated reaction system
was operated at a power of 200 W. The coffee-brown products were
washed with water and alcohol by six centrifugation/redispersion
cycles and oven-dried at 70 ◦C.

2.4. Preparation of CSA modified electrodes

Firstly, ITO substrates were cleaned with acetone and EtOH in
an ultrasonic bath for 10 min to remove any inorganic or organic
contaminants on the substrate surface. The substrates were then
rinsed thoroughly with ultrapure water and dried under nitrogen
flow. The cleaned ITO substrate was vertically immersed into a vial
containing 2 wt.% water suspension of carbon spheres and the appa-
ratus was placed in a vibration-free temperature-controlled oven
at 50 ◦C for about 48 h. After that, along with the evaporation of
water, a CSA modified ITO was obtained. The electrode geometric
area was controlled by an apertured insulating tape covering the
edge of carbon sphere layer and was determined to be 0.07 cm2.

2.5. Fabrication of the IgA immunosensor

The fabrication process of the sensor is shown in Scheme 1.
The CSA modified ITO electrode was first immersed in a solution
containing 20 mg mL−1 of EDC and 10 mg mL−1 of NHS at room
temperature for 1 h to activate the carboxyl groups on the sur-
face of the carbon spheres. After thoroughly rinsed with ultrapure
water, it was soaked in a PBS solution of Ab at 4 ◦C overnight. In
this way, the Ab was immobilized on the surface of the CSA modi-
fied ITO electrode to form Ab–CSA bioconjugates that can be used in
immunoassay. Unbound antibodies were washed away with water.
The unreacted covalent-active surface groups were subsequently
blocked by reaction with 3% (w/w) BSA at room temperature for
2 h. After the electrode was rinsed with water three times, an IgA
immunosensor was fabricated. When not in use, the sensor was
stored in air at 4 ◦C.

2.6. Electrochemical measurements

The prepared IgA immunosensor was incubated in 400 �L of
solution containing different concentrations of IgA at 37 ◦C for
30 min and washed carefully twice with water to obtain an immobi-
lized bioconjugate layer. The amount of produced immunocomplex
depended on IgA concentration in the standard sample solution.
The EIS was recorded in the frequency range between 0.01 Hz and

1.0 × 105 Hz, at the formal potential of the [Fe(CN)6]3−/4− redox
couple and with a perturbation potential of 5 mV. The electro-
chemical measurements including CV and EIS were performed
in a degassed pH 7.4 PBS solution with 0.1 M KCl and 2 mM
[Fe(CN)6]3−/4−.
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Scheme 1. Schematic illustration of t

The real serum samples were diluted to the appropriate concen-
rations from 10 to 50 ng mL−1 with pH 6.0 PBS buffer respectively.
he data presented for condition optimization, and calibration
urves was the average of 3 recorded measurements.

. Results and discussion

.1. Preparation of CSA

Carbon spheres were prepared from glucose under microwave-
ydrothermal conditions at 170 ◦C, this higher-than-normal
lycosidation temperature led to aromatization and carboniza-
ion (Luijkx et al., 1995; Wang et al., 2002). The FTIR spectrum
as used to identify the functional groups present on the car-

on spheres after microwave-hydrothermal treatment, as shown
n Fig. 1A, curve b. For comparison, the FTIR of glucose was also
resented in Fig. 1A, curve a. The decomposition of glucose caused
he elimination of many functional groups and led to the formation
f gaseous products and coffee-colored, char-like products (Sakaki
t al., 1996). The increase in the intensity of the band at 1633 cm−1

C C) and 1701 cm−1 (C O) for carbon spheres in comparison with
lucose supports the idea of aromatization of glucose during the
ecomposition process. The decrease in the intensity of the bands
t 1000–1300 cm−1, including the C–OH stretching and OH bend-
ng for carbon spheres, implies the decrease in the hydroxyl groups.
herefore, it seems that the aromatization progresses via a dehy-
ration process. Partially dehydrated residues in which reductive
ydroxyl groups (–OH) and aldehyde groups (–CHO) are covalently
onded to the carbon frameworks improve the hydrophilicity and
tability of the spheres in aqueous systems, and greatly widen their
otential applications in diagnostics and drug delivery (Hans and
owman, 2002). Furthermore, the original colloidal carbon spheres
n water had a negative �-potential of −30.5 mV, indicating the exis-
ence of many –COOH groups, which could be used to covalently
ombine with Ab molecules. The narrow size distributions of the
roducts were demonstrated by TEM observation. Fig. 1B shows
he TEM image of the colloidal carbon spheres with the diameter of
300 nm. Moreover, following the TEM image, some spheres were

ound to form hexagonal contacts with one another, and this sug-
ests their potential use in the construction of CSA. Fig. 1C shows
he SEM image of the resultant CSA modified ITO, indicating that
single-layered arrangement of carbon spheres with (1 1 1) plane
aralleled the substrate surface.

.2. Characterization of the CSA modified electrode

As the synthetic procedure of the carbon spheres does not

nvolve the use of organic solvents, initiators, or surfactants, the
ynthesized carbon spheres are ‘green’, and can be selected as a
trong candidate for application in bioassay. After the combination
f Ab molecules with the carbon spheres, the number of organic
unctional groups decreased, as revealed by the FTIR spectrum in
immunosensor fabrication process.

Fig. 1A, curve c. The O–H stretching band centered at 3450 cm−1

and OH bending vibrations of original carbon spheres were all
weakened because of the formation of amido link between Ab
and carbon spheres. The former C O vibration at 1701 cm−1 of
carbon spheres was now inconspicuous, indicating that carboxyl
groups on the spheres reacted almost entirely with amino groups
in Ab molecules. The CSA modified electrode was electrochemi-
cally characterized in PBS (50 mM, pH 7.4) solution containing 0.1 M
KCl and 2 mM Fe(CN)6

3−/Fe(CN)6
4− at a scan rate of 100 mV s−1

as shown in Fig. 1D, curve b. For comparison, curve a presented
the CV of a glassy carbon electrode (GCE) with the same geomet-
ric surface area. Prior to the CV sweep, polished GCE was oxidized
at +1.5 V in a mixture solution containing 10% HNO3 and 2.5%
K2Cr2O7 for 25 s to make the carbon surface with –COOH groups
(Millan and Mikkelsen, 1993). The carboxylation of GCE would
create a similar microenvironment of electrode surface as that of
CSA. The contrast between these two cyclic voltammograms indi-
cates that the CSA modified electrode has a larger active surface
area.

3.3. Electrochemical characteristics of the electrode surface

All electrochemical measurements were performed in a pH 7.4
PBS solution containing 0.1 M KCl and 2 mM Fe(CN)6

3−/Fe(CN)6
4−.

The CV of ferricyanide was chosen as a marker to investigate the
changes of the electrode behavior after each assembly step. Fig. 2A
shows the CVs of Fe(CN)6

3−/Fe(CN)6
4− at the CSA modified elec-

trode (curve a), Ab combined electrode (curve b), Ab combined
electrode blocked with BSA (curve c), and IgA conjugated electrode
(curve d), respectively. As shown in Fig. 2A, stepwise modifica-
tion at CSA was accompanied by a decrease in the amperometric
response and an increase in the peak-to-peak separation between
the cathodic and anodic waves of the redox probe, showing that the
electron transfer kinetics of Fe(CN)6

3−/Fe(CN)6
4− was obstructed.

After Ab, BSA and IgA molecules were immobilized onto the CSA
modified electrode in turn, the peak currents of the redox cou-
ple of Fe(CN)6

3−/Fe(CN)6
4− decreased successively (curves b–d),

because of the insulative properties of these biomolecules. In the
controlled experiment, carboxylated GCE was used to fabricate
another IgA immunosensor and the production process was sim-
ilar to that based on CSA. After Ab molecules were combined
covalently with –COOH and 3% BSA was used to block the resid-
ual active sites on the surface of GCE, the IgA electrochemical
immunosensor was obtained to detect the concentration of IgA
in the synthetic solutions. Surprisingly, the CV and EIS responses
almost overlapped with that of BSA obturated GCE in higher IgA
concentrations (Fig. 2C and 2D). This might be ascribed to the small

amount of Ab molecules combined on the surface of carboxylated
GCE and consequently, the quantity of conjugated IgA might be
small, too.

As most antibodies and antigens are electrochemically inert, the
label-free technique of EIS is developed to provide a direct detection
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ig. 1. (A) FTIR spectra of (a) glucose, (b) pure carbon spheres sample, (c) carbon
f CSA modified ITO. (D) Cyclic voltammograms of (a) carboxylated GCE, (b) CSA
e(CN)6

3−/Fe(CN)6
4− at 100 mV s−1.

or immunospecies by measuring the change of impedance. Anal-
sis of the system response provides information concerning the
lectrical behavior of the interface and the interaction occurring on
t (Navrátilová and Skládal, 2004). The impedance spectra include
semicircle portion and a linear portion. The semicircle diameter

t higher frequencies corresponds to the electron transfer resis-
ance (Ret), and the linear part at lower frequencies corresponds
o the diffusion process. Fig. 2B shows the EIS of the electrode at
ifferent stages. It was observed that the Ret of the CSA modified
lectrode was about 439 � (curve a), due to the negatively charged
roperty of the spheres that reduced the ability of the redox probe
o access that layer. Subsequently, Ab molecules were covalently
ombined with CSA and the Ret increased again to about 726 �
curve b) because of the poor conductivity of Ab molecules. The
-potential of Ab combined carbon spheres was also detected as
20.5 mV, illustrating that the surface of the Ab modified elec-

rode electrostatically repelled the redox probe. As the pI of BSA
as 4.7, BSA was positively charged when prepared in pH 4.0 PBS.

he electrostatic attraction between BSA and the Ab modified elec-
rode could promote the blocking of residual active sites on the
lectrode surface. After the electrode was blocked with BSA, the
et increased significantly to about 1250 � (curve c), then to about
840 � by the combination of IgA and Ab (curve d). The reason for
his is that the protein on the electrode acted as the inert electron
nd mass-transfer blocking layer, and they significantly hindered

he diffusion of ferricyanide toward the electrode surface. The EIS
esults were consistent with the CV curves shown in Fig. 2A. In
omparison with CV, the results of EIS presented more apparent dif-
erences to multilayers deposited on the CSA electrode, indicating
etter sensitivity.
es combined with Ab. (B) TEM image of colloidal carbon spheres. (C) SEM image
ified electrode recorded in pH 7.4 PBS solution containing 0.1 M KCl and 2 mM

3.4. Detection of IgA

To evaluate the reaction between Ab and IgA, we exposed the
BSA/Ab–CSA modified electrode to various concentrations of IgA,
CIgA. The corresponding Nyquist plots of impedance spectra are
shown in Fig. 3A, the diameter of the Nyquist circle increasing
with the addition of IgA. This may be because more IgA molecules
can bind to the immobilized Ab in higher concentrations, which
acts as a definite kinetic barrier for the electron transfer. The EIS
results can be simulated with an equivalent circuit as shown in
the inset of Fig. 3A. The modified Randle’s equivalent circuit and
the fitting of measured spectra to the equivalent circuit (solid line)
are both shown in Fig. 3A, indicating good agreement with the
circuit model and the measurement system over the entire mea-
surement frequency range. The equivalent circuit consists of the
ohmic resistance (Rs) of the electrolyte solution. The double-layer
capacitance (Cdl) between electrode and solution is related to the
electrode surface condition. Since the surface of the CSA modi-
fied electrode was very rough and the electron-transfer impedance
was measured in the presence of electroactive probe Fe(CN)6

3−/4−,
we used a constant phase element (CPE) instead of the classical
capacitance to fit the impedance data (Pajkossy, 1994). Electron-
transfer resistance (Ret) exists when a redox probe is present in
the electrolyte solution. Warburg impedance (Zw) results from the
diffusion of ions from the bulk of the electrolyte to the electrode

interface. Ideally, the two components Rs and Zw may represent
the bulk properties of the electrolyte solution and the diffu-
sion of the redox probe present in the solution. Thus, they are
not affected by chemical transformations at the electrode inter-
face. In the experiments, a negligible change in Rs and Zw was
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ig. 2. Upper (A) and (B) were the CV and Nyquist plots of the CSA modified electrod
ecorded in PBS (50 mM, pH 7.4) solution containing 0.1 M KCl and 2 mM Fe(CN)6

3−

locked electrode; (d) 10 ng mL−1 IgA conjugated electrode. In (C) and (D) (a) carbo
CE; (e) 150 ng mL−1 IgA conjugated GCE. The scan rate was 100 mV s−1 and the fre

bserved in the modification process. At the same time, as shown
n Fig. 3A, the changes in Ret were much larger than those in
ther impedance components. Thus, Ret was a suitable signal for
ensing the interfacial properties of the immunosensor. The fitted
alues for the stepwise formation of the multilayers are listed in
able 1.

The change in Ret (�Ret) is calculated by the following equa-

ion �Ret = Ret(Ag–Ab) − Ret(BSA), where Ret(Ag–Ab) is the value of
he electron-transfer resistance after IgA coupling to the immo-
ilized Ab on the CSA electrode. Ret(BSA) represents the value of
he impedance after blocking the remaining reactive sites by BSA.

ig. 3. (A) Fitted (solid line) and experimental (dotted line) Nyquist plots of Faradaic im
ncubating with different concentrations of IgA in PBS (50 mM, pH 7.4) solution contain
urves (d–h) represent 0.1, 0.5, 1.0, 10.0, and 200.0 ng mL−1 IgA, respectively. (Inset) Equiv
constant phase element (CPE) instead of capacitance. (B) Calibration curve for the IgA im
er (C) and (D) were the CV and Nyquist plots of the carboxylated GCE. They were all
)6

4− . In (A) and (B) (a) CSA modified electrode; (b) Ab combined electrode; (c) BSA
d GCE; (b) Ab combined GCE; (c) BSA blocked GCE; (d) 50 ng mL−1 IgA conjugated
y range of EIS was from 0.01 Hz to100 kHz with signal amplitude of 5 mV.

As can be seen, �Ret increased with increasing antigen concentra-
tions within the detection range. However, the increases in �Ret

were not obvious at higher antigen concentrations due to steric
hindrance or saturation of coupled antigen molecules. The electro-
chemical IgA immunosensor displayed well-defined concentration
dependence. As shown in Fig. 3B, a linear relation between the
�Ret responses and the logarithmic value of antigen concentra-

tions was observed in a range from 0.1 to 200.0 ng mL−1. According
to the linear relationship, IgA concentration was detected quantita-
tively. Higher serum IgA levels could be detected by an appropriate
dilution with pH 6.0 PBS.

pendence spectra corresponding to the CSA modified electrode before and after
ing 0.1 M KCl and 2 mM Fe(CN)6

3−/Fe(CN)6
4− . Curves (a–c) were same as Fig. 2B;

alent circuit for the impedance spectroscopy in the presence of redox probes using
munosensor.
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Table 1
Fitting values of the equivalent circuit elements for the IgA immunosensor based on the CSA modified electrode from Fig. 3A.

Rs (�)a CPE (�F)a Ret (�)a Zw (×10−2�)a �Ret (�)

CSA modified electrode 186.4 3.001 439 0.5239 –
Combined with Ab 205.9 3.786 726 0.4961 –
Blocked by BSA 211.9 3.991 1250 0.4343 –
0.1 ng/mL IgA 201.4 3.875 1480 0.5019 230
0.5 ng/mL IgA 211.3 4.106 1547 0.5215 297
1 ng/mL IgA 198.2 4.028 1639 0.5541 389
10 ng/mL IgA 189.5 3.873 1840 0.5259 590
50 ng/mL IgA 184.0 3.934 1868 0.5480 618

des, a

3

2
a
r
o
i
i
o
m
u
w
a
r
o
i
b
A

3

c
c
d
d
p
t
t
t
s

F
E

200 ng/mL IgA 184.9 3.845
500 ng/mL IgA 214.0 4.046

a n = 3. Measurements were carried out on the 3 independently fabricated electro

.5. Specificity, stability and precision of the immunosensor

To further characterize the specificity of the immunosensor,
0 ng mL−1 of goat IgA and 10 ng mL−1 of IgA were first mixed
nd then EIS response was detected. In comparison with the EIS
esponse obtained from the pure IgA, no significant difference was
bserved. The relative standard deviation (RSD) was 5.2%, indicat-
ng that the goat IgA could not cause observable interference, and
t is thus feasible to use the immunosensor for the determination
f IgA in serum. The inter-assay precision was estimated by deter-
ining the IgA level with three immunosensors of different batches

nder the same experimental conditions. The RSD of the inter-assay
as 4.8% at the IgA concentration of 10 ng mL−1, indicating accept-

ble precision and fabrication reproducibility. The immunosensor
etained its EIS and CV response after 60 days in air at 4 ◦C, with-
ut obvious decline. This indicates that the CSA modified electrode
s efficient to retain the bioactivity of antibodies. Simultaneously,
ecause of the covalent interaction between CSA and immobilized
b, it could also prevent the leakage of Ab molecules.

.6. Application of the immunosensor in human serum

The feasibility of the immunoassay system for clinical appli-
ations was investigated by analyzing several real samples, in
omparison with the ELISA method. These serum samples were
iluted to different concentrations with PBS of pH 6.0. Fig. 4
escribes the correlation between the results obtained by the pro-

osed IgA immunosensor and the ELISA method. This indicates that
here is no significant difference between our results and the ELISA
ests. Therefore, the developed immunosensor could be satisfac-
orily applied to the clinical determination of IgA levels in human
erum.

ig. 4. Comparison of serum IgA levels determined using IgA immunosensor and
LISA method.
2030 0.5336 780
1892 0.5467 642

nd the values were average of 3 measurements.

4. Conclusion

We have developed a novel method for the fabrication of dis-
posable EIS immunosensor based on the CSA modified electrode
that is both efficient and convenient. The as-prepared CSA modified
electrode may not only maintain the advantage of carbon spheres,
such as conductivity, stability, biocompatibility and reactivity, but
also facilitate the covalent immobilization of antibody molecules
directly. The immunodetection of IgA both in synthetic and real
samples indicated that the CSA might be useful as a biocompatible
platform for future sensitive biosensing.
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