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A simple label-free amperometric immunosensor for protein detection is developed based on TiO2–graphene
(TiO2–Gr), chitosan and gold nanoparticles (AuNPs) composite film modified glassy carbon electrode (GCE).
The negatively charged AuNPs can be adsorbed on the positively charged chitosan/TiO2–Gr composite film by
electrostatic adsorption, and then is used to immobilize α-fetoprotein antibody for the assay of α-fetoprotein
(AFP). The interaction of antigen and antibody on the electrode interface makes a barrier for electrons and
inhibits the electro-transfer, resulting in the decreased DPV signals of probe Fe(CN)63−/4−. Using this strategy,
a wide detection range (0.1–300 ng mL−1) with the correlation coefficients of 0.992–0.994 for model target
AFP is obtained. The limit of detection is 0.03 ng mL−1 at a signal-to-noise ratio of 3. The results prove that
the sensing strategy possesses sensitivity, selectivity, stability and generality, and it may be used to immobi-
lize other biomoleculars to develop biosensor for the detection of other antigens or biocompounds.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Cancer biomarkers are molecules occurring in blood or tissue, which
are associated with cancer and whose measurement or identification
play an important role in patient diagnosis and clinical research [1,2].
α-Fetoprotein (AFP) is an oncofetal glycoproteinwith amoleculeweight
of approximately 70 kDa. It is one of the most extensively used clinical
cancer biomarkers [3]. The average concentration of AFP in healthy
human serum is about 25 ng mL−1 [4]. Elevated AFP concentration in
serummay be an early indication of some cancerous diseases such as he-
patocellular cancer, livermetastasis fromgastric cancer, testicular cancer,
and nasopharyngeal cancer [5]. Thus, the detection of AFP is absolutely
necessary in clinical assay.

Recently, immunoassays have gained increasing attention in the
quantitative detection of AFP because of their high selectivity, such as
surface plasmon resonance [6], fluorescence measurement [7], mass
spectrometry [8], chemiluminescence assay [9], micellar electrokinetic
capillary chromatography [10] and electrochemical assay [11]. Among
these methods, electrochemical immunosensor has been a promising
alternative to conventional immunoassay due to its cost efficiency,
excellent sensitivity and inexpensive instrumentation [12,13]. One key
research area of electrochemical immunosensors is development of bio-
sensors with various materials with nanoparticle-like physical and
chemical properties because they can provide a large surface area and
improve the biocompatibility and stability of the biosensors [14,15].
g), liuym9518@sina.com
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Graphene (Gr)-basednanocomposites have attracted considerable at-
tention due to their remarkable electrocatalytic, electrochemical sensing
and electrochemical energy conversion properties [16–18]. They exhibit
unique structure of one-atom-thick and two-dimensional layers of
sp2-bonded carbon, which has high surface areas (theoretical value of
2630 m2 g−1) and mobility of charge carriers (200,000 cm2 V−1 s−1).
These properties make Gr an ideal two-dimensional catalyst support to
anchormetal and semiconductor catalyst nanoparticles, offering versatile
selective catalytic or sensing performances [19,20]. The Gr-based
nanocomposite hybrid materials have shown greater versatility as ad-
vanced electrode materials for the fabrication of electrochemical sensors
and biosensors [21,22]. Due to its good biocompatibility and high
conductivity, TiO2 has been widely used in the fabrication of electro-
chemical biosensors [23–26]. In these biosensors, TiO2 was employed as
support matrix for immobilizing enzymes. The results showed that the
TiO2-based composites can facilitate the direct electron transfer and en-
hance the catalytic activity of enzymes. Most recently, we reported the
TiO2–graphene (TiO2–Gr) nanocomposite prepared by hydrothermal
method using Gr as template to immobilized TiO2 nanoparticles [27].
The as-prepared TiO2–Gr exhibited remarkable electrocatalytic activity
towards dopamine oxidation. Using this TiO2–Gr biosensor, excellent an-
alytical performance, such as high selectivity, broad dynamic range and
low detection limit, has been achieved for the determination of dopa-
mine. These characteristics and advantages of TiO2–Gr nanocomposites
opened a new platform for electrochemical sensors and biosensors
design.

Gold nanoparticles (AuNPs) are well-known bio-nanomaterials be-
cause of their large specific surface area, strong adsorption ability,
well suitability and good conductivity [28,29]; it can strongly interact
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with biomaterials and has been utilized as an intermediator to immobi-
lize antibody to efficiently retain its activity and to enhance current
response in the construction of immunosensor. Chitosan (Chit) is a
polysaccharide derived by deacetylation of chitin. It possessesmany ad-
vantages such as excellent membrane-forming ability, high permeabil-
ity towards water, good adhesion and biocompatibility. Also, it has
abundant reactive amino and hydroxyl functional groups. So it has
been widely used as an immobilization matrix for biofabrication.
Herein, Chit is used in the immunosensor preparation. It makes the
Chit–TiO2–Gr composite film more uniform and it also can adsorb
AuNPs to the electrode surface by electrostatic interaction.

In this work, an electrochemical immunosensor was designed
based on TiO2–Gr, Chit and AuNPs composite modified glassy carbon
electrode (GCE). The preparation, characterization, optimal condi-
tions, and preliminary analysis of real samples for the detection
of AFP were investigated. It showed that AuNPs/Chit/TiO2–Gr
nanocomposite film could effectively facilitate the direct electron
transfer of probe Fe(CN)63−/4− to the electrode, and thus greatly im-
prove the sensitivity of the immunosensor. This developed biosensor
showed good performances, such as high sensitivity, good stability
and good selectivity, and wide linear range owing to the synergistic
effects of TiO2–Gr, Chit and AuNPs. This strategy can be further devel-
oped for practical clinical detection of AFP and other important tumor
markers.
2. Experimental

2.1. Materials

Chloroauric acid, sodium citrate, iron chloride hexahydrate, potas-
sium ferricyanide, graphite powder, hydrazine solution (50 wt.%) and
ammonia solution (28 wt.%) was obtained from Shanghai Chemical
Reagent Corporation (Shanghai, China). Bovine serum albumin
(BSA), carcinoembryonic antigen (CEA), low density lipoprotein
(LDL), prostate-specific antigen (PSA) and human immunoglobulin
(HIgG) were obtained from Sigma (Saint Louis, MO, USA). AFP,
alpha-fetoprotein antibody (anti-AFP, polyclonal), and AFP ELISA
kits were purchased from Biocell (Zhengzhou, China). Phosphate-
buffered saline (PBS, 0.01 M) at various pH values was prepared by
mixing a stock standard solution of KH2PO4 and K2HPO4, which was
used as the measuring buffer, and then adjusting the pH with 0.1 M
KOH and H3PO4. Gold nanoparticles were produced by reducing
gold chloride tetrahydrate with citric acid at 100 °C for half an hour
[30]. The mean size of the prepared Au colloids was about 20 nm. A
0.50 wt.% chitosan stock solution was prepared by dissolving chitosan
flakes in hot (80–90 °C) water with 0.05 M HCl. After the solution
was cooled to room temperature, the pH was adjusted to 3.5–5.0
with NaOH solution. Chitosan solution was filtered using a 0.45 μm
Millex-HA syringe filter unit (Millipore) and stored at 4 °C when
not in use. Serum samples provided by Xinyang Central Hospital
(Xinyang, China) were stored at 4 °C. All other chemicals were of an-
alytical grade and used without further purification. Ultrapure water
(18.2 MΩ) was obtained from a Milli-Q water purification system
and used throughout.
2.2. Instruments

CHI660D electrochemical workstation (CH Instruments, Shanghai,
China) and a standard three-electrode cell containing a platinum wire
auxiliary electrode, a saturated calomel reference electrode (SCE) and
themodified electrode asworking electrodewere employed for electro-
chemical studies. All of the potentials in this article werewith respect to
SCE. The pH measurements were made with a pH meter (MP 230,
Mettler–Toledo, Greiffensee, Switzerland).
2.3. Preparation of TiO2–GR nanocomposite

Graphene oxide (GO) was prepared from graphite powder by the
modified Hummers method [31,32]. Graphite was put into a mixture of
12 mL concentrated H2SO4, 2.5 g K2S2O8 and 2.5 g P2O5. The solution
was heated to 80 °C and kept stirring for 5 h using oil-bath. Next, the
mixture was diluted with deionized water (500 mL). The product was
obtained by filtering using 0.2 μm Nylon film and dried naturally. The
product was re-oxidized by Hummers and Offeman method to produce
the graphite oxide. Exfoliation was carried out by sonicating
0.1 mg mL−1 graphite oxide dispersion for 1 h. TiO2–Gr nanocomposite
was prepared according to the previously work [27]. In short, 20 mg of
GO was dispersed in a mixed solution of H2O (10 mL) and ethanol
(5 mL) under ultrasonication for 1 h to get a homogenous colloidal sus-
pension of exfoliated GO. Then, 0.2 mL of Ti(OiPr)4 was added to the GO
suspension and ultrasonicated for another 1 h. The resultant mixture
was transferred to a 25-mL Teflon-sealed autoclave and kept at 130 °C
for 12 h. Thefinal productwas isolated byfiltration and rinsed thorough-
ly with water and ethanol, respectively. Then the product was dried in
vacuum. The TiO2–Gr nanocomposite was obtained in the form of black
powder.

2.4. Fabrication of the immunosensor

1.0 mg of the as-prepared TiO2–Gr nanocomposite was dispersed
into 1.0-mL Chit solution (1 mg mL−1). The mixture was sonicated
for 3 h to obtain a homogeneous suspension. The suspension was soni-
cated for 15 min immediately before preparing the Chit–TiO2–Gr films.

Prior to the modification, the bare GCE (3 mm diameter) was care-
fully polished to obtain a mirror-like surface with 1.0, 0.3 and 0.05 μm
alumina aqueous slurry chamois leather, and then was subjected to
ultrasonic vibration in absolute ethanol to remove residual alumina
particles and rinsed with doubly distilled water followed by ethanol.

After carefully washed with water, the GCE was treated by
dropping 6 μL of Chit–TiO2–Gr suspension and then dried in air. The
prepared Chit–TiO2–Gr/GCE was immersed in AuNPs solution and
left for 10 h to adsorb a layer of AuNPs on GCE surface. After rinsed
with water, the resultant electrode was immersed in anti-AFP solu-
tion and was kept at 4 °C for 12 h for immobilization of anti-AFP.
The antibody-modified electrode was then thoroughly washed with
PBS and subsequently was incubated in BSA solution (w/w, 0.25%)
for 2 h in order to block possible remaining active sites and avoid
the non-specific adsorption. After washed carefully with PBS, the
immunosensor was fabricated and stored at 4 °C when not in use.
The preparation process of immunosensor was shown in Scheme 1.

2.5. Electrochemical measurements

The electrochemical characteristics of the modified electrode were
characterized by cyclic voltammetry (CV). Electrochemical measure-
ments were done in a conventional electrochemical cell. CV scans
were taken in 5-mL PBS with a scan rate of 100 mV s−1. The measure-
ment was based on the changes in amperometric response before and
after the antigen–antibody reaction. After incubation in antigen, the
peak current response of the immunosensor was expected to decrease,
because the antigen–antibody immunocomplex hindered the access of
the electron to the electrode. The amount of immunocomplex increased
when the concentration of antigen increased, and this resulted in a de-
crease in the current response.

3. Results and discussion

3.1. Characterizations

The surface morphologies of TiO2–Gr and AuNPs/TiO2–Gr–Chit
composite were examined by SEM observation (Fig. 1). In Fig. 1A, it
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Scheme 1. The stepwise fabrication process of the immunosensor.
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can be seen that TiO2 was formed in a highly faceted morphology on
the substrates of Gr. Fig. 1B presented the SEM image of AuNPs/TiO2–
Gr–Chit composite. It was shown that AuNPs was formed on the
TiO2–Gr–Chit surface.

The CV of ferricyanide was chosen as a marker to investigate the
changes of the electrode behavior before and after each assembly
step. All electrochemical measurements were performed in PBS (pH
7.0) containing 0.1 M KCl and 5 mM Fe(CN)63−/4−. Fig. 2(A) showed
the CVs of Fe(CN)63−/4− at the bare GCE, Chit/GCE, AuNPs–Chit/GCE,
TiO2–Gr–Chit/GCE and AuNPs/TiO2–Gr–Chit/GCE, respectively. A de-
creased current respond was observed after Chit was modified on
the GCE. In comparison with Chit/GCE and GCE, the peak currents in-
crease after AuNPs modification (curve c). The reason is that AuNPs
could act as an electron shuttle, which makes it easier for the elec-
trons transfer to take place [33]. It was observed that the peak current
of TiO2–Gr–Chit/GCE greatly increased compared to that of above
electrodes (curve d). Obviously, the TiO2–Gr film increased the con-
ductivity and stability of TiO2–Gr–Chit/GCE because TiO2–Gr
Fig. 1. SEM images of TiO2–Gr (A) and AuNPs/TiO2–Gr–Chit nanocomposite (B).
nanocomposites could increase surface area and active sites for elec-
tron transfer. When the GCE was simultaneously modified with
TiO2–Gr and AuNPs, the current respond greatly increased (curve e).
The synergistic effect of TiO2–Gr and AuNPs significantly improved
the electron-transfer efficiency of the modified electrode.

As shown in Fig. 2(B), a decreased current response was observed on
anti-AFP/AuNPs/TiO2–Ge–Chit/GCE (curve b) compared to that on
AuNPs/TiO2–Ge–Chit/GCE (curve a), because the immobilized anti-AFP
acted as insulator blocking the electron transfer. This also indicated
that anti-AFP had been immobilized on the electrode surface. Subse-
quently, the immunosensor was blocked with BSA solution and then in-
cubated in an incubation solution containing AFP. It could be found that
the peak currents of the curves c and d were decreased comparing with
curve b. This may originate from the insulating BSA and AFP protein
Fig. 2. Cyclic voltammograms of different modified electrodes in pH 7.0 PBS containing
0.1 M KCl and 5.0 mM Fe(CN)63−/4−. (A): a, bare GCE; b, Chit/GCE; c, AuNPs–Chit/GCE;
d, TiO2–Gr–Chit/GCE; e, AuNPs/TiO2–Gr–Chit/GCE. (B): a, AuNPs/TiO2–Gr–Chit/GCE; b,
anti-AFP/AuNPs/TiO2–Gr–Chit/GCE; c, BSA/anti-AFP/AuNPs/TiO2–Gr–Chit/GCE; d, AFP/
BSA/anti-AFP/AuNPs/TiO2–Gr–Chit/GCE. C(AFP)=150 ng mL−1. Scan rate: 100 mVs−1.

image of Fig.�2


Fig. 4. Effects of pH of PBS in the presence of 30 ng mL−1 of AFP on the response signals.
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layers, which can hinder the transmission of electrons toward the elec-
trode surface.

Typical CV curves of the proposed anti-AFP/AuNPs/TiO2–Gr–Chit/GCE
in 0.1 M PBS at different scan rates were shown in Fig. 3. It could be seen
that a pair of roughly symmetric anodic and cathodic peaks appeared
with almost equal peak currents in the scan rate range from 0.01 to
0.250 Vs−1. The peak-to-peak separation also increased with the scan
rate. According to Randles–Sevcik equation,

Ip ¼ 0:4463 F3=RT
� �1=2

n3=2A0D0
1=2C0Av

1=2 ð1Þ

where A0 is the electrode area (cm2), D0 is the diffusion coefficient
(cm s−1), C0 is the concentration of the electro-active species
(mol L−1), ν is the scan rate, and n, Ip, F, R, and T have their usualmean-
ings, good linear relationship was found for the peak current and the
square root of scan rate, with the results shown in Fig. 3 (upper right
inset). The reduction and oxidation peak currents rose linearly with
the linear egression equations as Ipa (μA)=(1.791±0.021)ν1/2

(mV s−1)1/2+(12.855±0.091) (R=0.997) and Ipc (μA)=(−1.915±
0.031)ν1/2 (mV s−1)1/2−(8.296±0.018) (R=0.995), respectively,
suggesting a diffusion-confined redox process.

3.2. Optimization of experimental parameters

The pH of the measuring solution may affect the immunosensor re-
sponse signals. Unsuitable pH not only cause protein denaturalization,
but affected the affinity between the protein and the electrode surface.
The effect of pH on the immunosensor was evaluated in the range of
4.0–8.0. As shown in Fig. 4, the current response reached themaximum
at pH 7.0, and then decreased when the pH was higher or lower than
this value. The higher or lower pHmay damage the protein and affected
the lifetime of the immunosensor. So, the pH 7.0 was used for further
experiments.

Temperature is important on the activity of the antigen and anti-
body. The effect of temperature was studied in the range of 20–45 °C.
The results showed that the peak current gradually decreased as tem-
perature increased from 20 to 35 °C, and then increased as temperature
increased above 35 °C. This may be attributed to the fact that more and
more immunocomplex formed and inhibited the current response
Fig. 3. CVs of the anti-AFP/AuNPs/TiO2–Gr–Chit/GCE in pH 7.0 PBS containing 0.1 M
KCl and 5.0 mM Fe(CN)63−/4− at the different scan rate of (from a to j): 10, 25, 50,
75, 100, 125, 150, 175, 200, 250 mVs−1. The inset shows the linear relationship
between the peak currents and the square root of scan rate. C(AFP)=250 ng mL−1.
Regression equation: Ipa (μA)=(1.791±0.021)ν1/2 (mV s−1)1/2+(12.855±0.091);
Ipc (μA)=(−1.915±0.031)ν1/2 (mV s−1) 1/2−(8.296±0.018).
during the temperature increase from 20 to 35 °C. However, tempera-
ture above 40 °C might cause irreversible denaturation of AFP and
anti-AFP. As is well known, 37 °C could be an optimal temperature of
immunoreaction; however, long-time use in high temperature may
damage the modifier and affect the lifetime of the immunosensor. Tak-
ing into account the activity, lifetime, and response characteristics of
biomolecules, room temperature (25±2 °C) was recommended as
the optimal incubation temperature for practical application.

The incubation time was another influence condition of the
immunosensor. When antigens reached the antibodies that were mod-
ified on the surface of the immunosensor, it would take some time for
the contracting species to form immunocomplexes. The effect of incu-
bation time on the response signals was investigated in the range of
2–30 min.With incubation time increased, the peak current rapidly de-
creased. The current respond reached a steady state after 20 min, indi-
cating the antigen molecules in the solution were almost completely
captured by the immobilized antibody molecules. Therefore, 20 min
of incubation time was used in the subsequent work.

3.3. Analytical performance of immunosensor

The electrochemical detection of AFP was based on the variation of
current response before and after immunoreaction. As expected, the cur-
rent response signal decreased with increase of AFP concentration. It
could be understood that more AFP could bind to the immobilized anti-
bodies at higher concentrations of antigens, and the antigen–antibody
complex acted as an inert kinetic barrier for the electron-transfer of the
mediator of ferricyanide. As a result, the amperometric response de-
creased. Fig. 5 showed that the peak currents of the sensor decreased
Fig. 5. Calibration curve of the immunosensor for AFP determination. The amperomet-
ric measurement was carried out by CVs in 0.1 M PBS (pH 7.0). Regression equation: I
(μA)=(−3.298±0.042) C (ng mL−1)+(152.73±5.23) (0.1–10.0 ng mL−1); I (μA)=
(−0.321±0.004) C (ng mL−1)+(121.63±3.42) (10.0–300.0 ng mL−1). Scan rate:
100 mVs−1.
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Table 1
Comparison of different electrochemical immunosensors for the determination of AFP.

Modified electrode Linear range (ng mL−1) Detection limit (ng mL−1) Reference

anti-AFP/AuNPs/Thi/DNA/MWCNTs-PDDA/AuNPs/GCE 0.1–10 and 10–200 0.04 [35]
Ab-HRP/AFP/anti-AFP/PA/AuNPs/GCE 5–80 3.7 [36]
anti-AFP/AuNPs/Thi/Nafion-MWCNT/GCE 0.8–20 and 20–200 0.26 [37]
anti-AFP/SV-AuNPs/GCE 1.25–200 0.23 [38]
anti-AFP/AuNPs/CNTs/Chit/GCE 1–55 0.6 [34]
anti-AFP/AuNPs/PB/AuNPs/ITO 0.25–300 0.04 [39]
anti-AFP/AuNPs/Thi/Chit–GNPs/GCE 0.4–200 0.24 [40]
anti-AFP/AuNPs/TiO2–Gr–Chit/GCE 0.1–10 and 10–300 0.03 This work
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with an increase of AFP concentration in two ranges: (i) from 0.1 to
10.0 ng mL−1 with a regression equation of I (μA)=(−3.298±0.042)
C (ng mL−1)+(152.73±5.23) and a correlation coefficient of 0.992,
and (ii) from 10.0 to 300.0 ng mL−1 with a regression equation of
I (μA)=(−0.321±0.004)C (ng mL−1)+(121.63±3.42) and cor-
relation coefficient of 0.994. The detection limit was 0.03 ng mL−1

(S/N=3). Why do the calibration curves present two linear segments?
The reason may be: the amount of antibody immobilized on the
immunosensor is limited. Antigen binds with the active sites of antibody
which is immobilized on the immunosensor when the immunosensor is
used to detect antigen. With increase of antigen concentration, active
sites of antibody on the immunosensor become fewer and fewer. As a re-
sult, the sensitivity declines when the immunosensor is used to deter-
mine higher concentration of antigen. The analytical performance of
the proposed immunoassay has been compared with those of other
AFP immunoassays reported (Table 1). The comparative data suggested
superiority of the present sensor over some earlier reportedmethods, es-
pecially the detection limit.
3.4. Precision, selectivity, stability and regeneration

The precision of the immunosensors was investigated by using the
variation coefficients (CVs) of intra- and inter-assays. The intra-assay pre-
cision of the analytical method was evaluated by analyzing 5 concentra-
tion levels of analyte for five times per run. The CVs of intra-assay were
4.2%, 4.0%, 3.9%, 4.9% and 4.8% at 0.1, 1, 10, 100, and 300 ng mL−1 of
AFP, respectively. Similarly, the CVs of the inter-assay were 5.8%, 6.4%,
5.2%, 6.9%, and 5.6% at 0.1, 1, 10, 100, and 300 ng mL−1 of AFP, respec-
tively. Thus, the precision and reproducibility of the immunosensors
was acceptable.

Selectivity is one of the potential advantages of using biological mol-
ecules as recognition elements in immunosensors. To monitor the dif-
ferences in response of the immunosensor to interference degree or
crossing recognition level, some proteins including 200 ng mL−1 CEA,
200 ng mL−1 LDL, 200 ng mL−1 PSA, 200 ng mL−1 HIgG and
200 ng mL−1 BSA were used to evaluate the selectivity of the
immunosensors, respectively. The immunosensors were separately ex-
posed to two types of 100 ng mL−1 AFP incubating solution: one with
interference and the other without. The results were shown in
Table 2, which indicated that the selectivity of the as-prepared
immunosensor was acceptable within experimental error.
Table 2
Interference studies with the immunosensor.

Interferent CEA LDL PSA HIgG BSA

Current (μA)a 94.56 92.87 95.72 96.23 92.20
Current (μA)b 94.90 93.54 94.50 95.12 93.50
Difference of current ratioc (%) 0.35 0.72 −1.27 −1.15 1.41

a Anodal peak current responses after immunosensors incubated with 100 ng mL−1

AFP without the interference.
b Anodal peak current responses after immunosensors incubated with 100 ng mL−1

AFP with the interference.
c Difference of current ratio=(Ib− Ia)/Ia.
The stability of the developed immunosensor was examined. When
the proposed immunosensor was stored at 4 °C and measured every
5 days, the peak current of the conserved immunosensor increased
only 3.48% and 5.16% of its initial response after storing for 20 and
30 days, respectively. Obviously, the resulting immunosensor achieved
sufficient stability. This indicated TiO2–GR/Chit had better electrochem-
ical stability and the anti-AFP biomolecules were stably immobilized on
the AuNPs monolayer, which provided a good biocompatible microen-
vironment for biomolecules to retain their bioactivity.

Regeneration is an important characteristic of a practical
immunosensor. In this experiment, immunosensor was immersed in
4 mol L−1 urea solution for 5 min and then washed with water to
dissociate the antigen–antibody complex. A response error of 2.6%
was obtained over 5 regeneration and measurement cycles.

3.5. Sample analysis

To monitor the analytical reliability and possible application of the
developed immunosensor, recovery experiments were performed by
standard addition methods in human serum. Five freeze-drying stan-
dard samples were dissolved in the negative (normal) human serum
samples at different AFP concentrations and analyzed by using the de-
veloped immunosensor. The results were summarized in Table 3. The
results showed that the recoveries were in the range of 92.6–108.1%.
The relative standard deviations (RSD) were 2.4–4.2%. Furthermore,
some serum specimens were divided into two aliquots and evaluated
by using the electrochemical immunoassay and the referenced ELISA
method, respectively. As shown in Fig. 6, both resultswere in acceptable
agreement. Thus, the developed immunosensor provided a possible ap-
plication for the detection of AFP in clinical diagnostics.

4. Conclusions

In the present work, a novel strategy of an amperometric
immunosensor for AFP was developed based on the antibody adsorbed
in AuNPs/Chit/TiO2–Gr/GCE. The combination of the good conductivity
and a large surface area of TiO2–Gr, and the advantages of the AuNPs,
including biocompatibility and amplification, enhanced the sensitivity
of the immunosensor significantly. The biosensor possesses good bioac-
tivity, comparable detection limit and linear range, and acceptable stor-
age stability. The results showed that the method was simple and
sensitive enough for determination of AFP in real samples with good
Table 3
Recoveries experiment in serum samples with the immunosensor (n=3).

Samples Standard value of AFP
(ng mL−1)

Determined value of AFP
(ng mL−1)

Recovery
(%)

RSD
(%)

1 0.3 0.32 106.7 3.4
2 3.0 3.15 105.0 4.2
3 30.0 29.46 98.2 3.6
4 100.0 92.6 92.6 2.4
5 150.0 162.15 108.1 3.8



Fig. 6. Correlation between AFP levels measured in real serum samples using the devel-
oped immunosensor and ELISA results. Regression equation: y(value detected by
immunosensor)=(0.978±0.012)x(value detected by ELISA)+(0.201±0.010).
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precision and accuracy. Immunosensor fabrication was versatile, and
could be easily extended to other biomolecule detection.
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