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A novel label-free highly sensitive electrochemical impedance spectroscopy (EIS) immunosensor was

fabricated based on the highly ordered macroporous gold film (HOMGF) in the presence of room-

temperature ionic liquid (IL) for the detection of human Apolipoprotein B-100 (ApoB-100). The

antibody of ApoB-100 (Ab) was adsorbed directly onto the HOMGF electrode surface and maintained

its bioactivity. After the residual active sites at the electrode were passivated by BSA, the mixture of

BMIm+BF4
� and silica sol was dropped onto the electrode to entrap the adsorbed Ab and BSA

molecules firmly. The addition of IL could prevent the inactivation of Ab by releasing alcohol during

the sol–gel process, and the conductivity of the IL-gel membrane was increased. Of particular interest is

the fact that the fabricated immunosensor could be used at 60 �C. This could be attributed to the

interconnected porosity of the IL-gel membrane, which can prevent Ab from unfolding and losing its

bioactivities. The immunosensor also exhibited a highly sensitive response to ApoB-100 with the lowest

concentration of 5 fg mL�1. The detection of ApoB-100 levels in five sera samples obtained from

hospital showed acceptable accuracy with that using commercial immunonephelometry method.
1. Introduction

The development of the methodology for probing disease

markers at a low detection limit is a great challenge. Coronary

artery disease (CAD) is one of the leading causes of mortality all

of the world.1 Studies indicated that cholesterol-enriched low

density lipoproteins (LDL) in plasma could promote the depo-

sition of plasma lipids in the artery wall and thereby elicit the

formation of fatty streaks and/or atherosclerotic plaques.2 The

structure of LDL contains a hydrophobic core of cholesteryl

surrounded by a polar coat composed primarily of phospholipids

and a 513 kDa protein called apolipoprotein B-100 (ApoB-100).

ApoB-100, the only protein on LDL, has become a good disease

marker of CAD,3 and it is very important to develop a sensitive

method for the detection of ApoB-100. Although immunone-

phelometry has now been widely used in clinic for the detection

of ApoB-100, the sensitivity is relatively poor.4 Some other

sensitive methods, involving radioimmunoassay (RIA)5 and

enzyme linked immunosorbent assay (ELISA),6 may be incon-

venient because of sophisticated instrumentation and time-

consuming steps. Therefore, searching for simple, sensitive,

reliable, and inexpensive diagnostic methods for ApoB-100 is of

considerable interest. Electrochemical immunoassay with the

features of low cost as well as high sensitivity are now used

frequently in the clinical determinations of disease markers7–9

and two kinds of sensitive electrochemical immunosensors for

the direct determination of LDL was developed.10,11 Among

electrochemical immunoassays, electrochemical impedance
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spectroscopy (EIS) has been paid a lot of attention because it is

a sensitive label-free technique with quite simple operation. The

antigen-antibody (Ag-Ab) recognition can be reflected directly

by the change of electrical impedance signals.12

The most important thing in developing immunosensors is to

effectively immobilize biomolecules on the electrode surface in

their native status,13 and a variety of strategies have been intro-

duced. Biomolecules can be immobilized through physical

adsorption,14,15 covalent bond,16,17 self-assembly,18–20 Langmuir–

Blodgett deposition21,22 and entrapment within a membrane of

polymer23–25 or sol–gel.26,27 Among these immobilization

methods, the sol–gel immobilization process is widely used due to

its convenient preparation, tunable porosity, transparency,

chemical stability and high loading of biomolecules. Biomole-

cules entrapped in sol–gel membranes usually exhibit better

activity and stability than free ones.28–30 However, there are some

drawbacks in the sol–gel immobilization process. One is the

shrinkage of gel membrane in the condensation and drying

process which may cause the leakage of biomolecules. The

released alcohols during the hydrolysis of silicon alkoxide can

inactivate the entrapped biomolecules. The slow rate of substrate

diffusion or electron transfer in silica matrices can decrease the

biosensor sensitivity. To overcome these drawbacks, some

additives such as sugars, amino acids, polyols and surfactants are

used to stabilize biomolecules in sol–gel matrices. The additives

can increase activity and stability of immobilized biomolecules

by altering hydration of biomolecules. They can also improve gel

properties by participating in condensation reactions with free

alcohol precursors and reducing shrinkage via a ‘‘pore filling’’

effect.31–33

Room temperature ionic liquids (ILs) are composed entirely of

ions at ambient temperature. They have been widely used as

green solvents because of their unique physicochemical proper-

ties, such as high thermal stability, negligible vapor pressure,
Analyst, 2010, 135, 2629–2636 | 2629
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good electrochemical stability and conductivity.34 Recently, ILs

were used as a new kind of additive in silica gel matrix since the

biomolecules encapsulated in the IL-gel matrix showed enhanced

activity and stability.35 Lee et al. reported the hydrolysis and

esterification activities of lipase co-immobilized in IL-gel were

10-fold and 14-fold greater than in pure silica gel.36 Zhao et al.

studied the direct electrochemistry of hemoglobin (Hb) adsorbed

on the surface of sol/IL/Nafion modified electrode, and the Hb

exhibited an obvious electrocatalytic activity for the reduction of

oxygen with the detection limit of 3.2 nM.37 Recently, ionic liquid

doped polyaniline inverse opals were used to fabricate an

electrochemical immunoassay for the determination of hepatitis

B surface antigen.38

Herein, a novel label-free EIS immunosensor for the detection

of human ApoB-100 was fabricated by combining IL-gel

complex membrane with HOMGF modified electrode. The

concentration of ApoB-100 was measured with EIS by the cor-

responding specific interaction between ApoB-100 and Ab. The

increased electron-transfer resistance (Ret) values were propor-

tional to the logarithmic value of ApoB-100 concentrations in the

linear range of 5 fg mL�1 to 50.0 pg mL�1. The high sensitivity

could be ascribed to the large active surface of HOMGF, the

good conductivity of IL-gel matrix and the poor conductivity of

ApoB-100. The immunosensor also presented excellent thermo-

stability at 60 �C, which was due to the reduced deactivation of

the immobilized Ab molecules in the confined space of IL-gel

host matrix during the thermal treatment process.
2. Experimental

2.1 Chemicals and materials

Human ApoB-100 standards (0.5, 1.0, 1.5, 2.0 mg mL�1) with

the isoelectric point of 6.58 and 12.0 mg mL�1 polyclonal Ab

were purchased from Zhejiang Elikan Biological technology Co.

Ltd. Human prealbumin (PAB) was obtained from Xiamen

Yutaikang Imports and Exports Biological Co. The

monodispersed silica spheres with the diameters of 0.25, 0.5 and

1.0 mm were obtained from Alfa Asear. Human serum samples

were obtained from Affiliated Drum Tower Hospital of

Nanjing University Medical School and used as received.

BMIm+BF4
� (1-butyl-3-methylimidazolium tetrafluoroborate)

and BMIm+PF6
� (1-butyl-3-methylimidazolium hexafluoro-

phosphate) (purity > 99%) were purchased from Lanzhou

Institute of Chemical Physics, Chinese Academy of Sciences and

were dried in vacuum at 60 �C for 24 h before use, stored in

a desiccator as well. Tetraethyl orthosilicate (TEOS) was

obtained from Shanghai Sinopharm Chemical Reagent Co. Ltd.

(SCRC) ($99%). Bovine serum albumin (BSA, 96–99%) was

obtained from Sigma (St. Louis, MO). Phosphate-buffered

saline (PBS, 50 mM, pH 7.0) were prepared by varying the ratio

of NaH2PO4 and Na2HPO4. The standard ApoB-100 solutions

were prepared daily in the PBS, and the Ab was stored at 4 �C.

All other chemicals, such as anhydrous ethanol (EtOH),

acetone, H2SO4, H2O2, NaOH, and HAuCl4$4H2O were of

analytical grade and were used without further purification.

Ultrapure fresh water obtained from a Millipore water purifi-

cation system (MilliQ, specific resistivity > 18MU cm�1, S. A.

Molsheim, France) was used in all runs.
2630 | Analyst, 2010, 135, 2629–2636
2.2 Apparatus

The electrochemical impedance measurements were carried out

with an Autolab PGSTAT12 (Eco chemie, BV, The Netherlands)

and controlled by GPES 4.9 and FRA 4.9 softwares. Cyclic

voltammetric measurements were performed on a CHI660B

electrochemical workstation (Shanghai CH Instruments Co.). A

conventional three-electrode system was used comprising a plat-

inum foil as the auxiliary electrode, a saturated calomel electrode

(SCE) as the reference and a HOMGF modified electrode as the

working electrode. All potentials herein are reference to the SCE.

The geometric area of the working electrode was controlled by

insulating tape covering the edges of SiO2 layers and determined

to be 0.07 cm2. The IL-gel matrix was calcinated by

a programmed temperature muffle furnace (Switzland, NEY6-

1350A). The morphology of the matrix after the removal of the

IL was characterized by transmission electron microscopy

(TEM, JEOLJEM-2100). The sample for TEM was prepared by

dropping a diluted suspension of silica powder onto a standard

carbon-coated (20–30 nm) formvar film on a copper grid (230

mesh). Nitrogen adsorption and desorption isotherms were

measured at �196 �C with a Micromeritics ASAP 2020 analyzer.

The specific surface area was determined using the standard

Brunauer–Emmett–Teller (BET) method, while the pore size

distribution was calculated by the Barrett–Joyner–Halenda

(BJH) method. The morphology of the HOMGF modified

electrode was verified by field-emission scanning electron

microscopy (FESEM, HITACHI S4800).
2.3 Fabrication of the ApoB-100 immunosensor

The fabrication process of the immunosensor is shown in Scheme

1. Preparation of the HOMGF modified gold electrode was

described in our previous paper.39 A clean gold substrate was

immersed vertically into a diluted SiO2 suspension (Scheme 1a),

which was prepared by ultrasonic dispersing 0.35 g SiO2 spheres

into a 60 mL water–ethanol mixture (10/90 v/v). A temperature-

controlled vibration-free furnace chamber was used to keep the

temperature at 35 �C. Two days later, a three-dimensional silica

close-packed colloidal crystal formed through solvent evapora-

tion (Scheme 1b). After that, the silica crystal template was sin-

tered at 250 �C to ensure its mechanical strength. The electrode

area was controlled by an apertured insulating tape covering the

edge of SiO2 layers and was determined to be 0.07 cm2

(Scheme 1c). Gold nanoparticles were electrochemically

deposited into the template interspaces at a potential of 0.55 V

(Scheme 1d). The SiO2 spheres could be removed by 5% HF, As

a result, a HOMGF modified gold electrode was obtained

(Scheme 1e).

The IL-sol was synthesized by mixing ethanol (6 mL), TEOS

(6 mL) and IL (0.5 mL) with a magnetic stirrer. 200 mL of 5 mM

NaOH and 1.2 mL of H2O were added drop by drop during

stirring. Finally, the total system was refluxed at 60 �C for 30 min

until a clear, homogeneous sol formed.

The obtained HOMGF modified gold electrode was immersed

into a 500 mg mL�1 Ab solution overnight at 4 �C (Scheme 1f),

and 3% (w/w) BSA solution was used to block the active sites of

the electrode. Then, 6 mL prepared IL-sol was dropped onto the

electrode and dried for 12 h at 4 �C, immobilizing the adsorbed
This journal is ª The Royal Society of Chemistry 2010
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Scheme 1 Schematic Illustration of the Stepwise Immunosensor Fabrication
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Ab and BSA molecules firmly in IL-gel membrane (Scheme 1h).

The formed ApoB-100 immunosensor was stored at 4 �C when

not in use.
2.4 Electrochemical measurements

The prepared ApoB-100 immunosensor was incubated in 400 mL

of incubation solution containing different concentrations of

ApoB-100 at 60 �C for 40 min and washed carefully with PBS. The

EIS measurement was recorded in the frequency range between

0.01 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 CV

and EIS measurements were performed in a degassed PBS solu-

tion with 0.1M KCl and 2 mM [Fe(CN)6]3�/4�.

The real serum samples were diluted with PBS to the appro-

priate concentrations from 1 to 10 pg mL�1, respectively. The
Fig. 1 (A) SEM image of the immunosensor. (B) A representative TEM imag

image of pure gel sample after calcination at 550 �C. (D) N2 adsorption-desorp

The BJH desorption pore size distribution of the IL-gel matrix after removal

This journal is ª The Royal Society of Chemistry 2010
data of condition optimization and calibration curve were the

average of 3 measurements.

3. Results and discussion

3.1 Optimization and characterization of IL-gel membranes

Fig. 1A shows the SEM image of the immunosensor. A wrinkling

but uniform IL-gel membrane on the immunosensor was

observed, which could effectively prevent protein desorbing from

the electrode. On the other hand, the Ab molecules were actually

enwrapped by IL in the sol–gel process because of its significant

polarity and biocompatibility, which could protect the Ab

molecules from being destroyed by ethanol. Moreover, the

doping of IL could improve the conductivity of the gel

membrane greatly, resulting in the increase of sensitivity. The

amount of IL in the IL-gel influences the stability and quality of
e of IL-gel sample after calcination at 550 �C. (C) A representative TEM

tion isotherms of the IL-gel matrix after removal of IL by calcination. (E)

of IL by calcination.
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the complex membrane. Excessive amounts of IL could cause the

IL-gel modification unstable because BMIm+BF4
� can dissolve

in aqueous solution, while deficient amounts of IL can make the

membrane crackled because lacking of adhesion of viscous IL. In

our experiments, the ratio 2 : 1 (v/v) of TEOS to IL was chosen as

the optimization.

Fig. 1B shows a typical TEM image of the porous IL-gel

matrix, it exhibited numerous interconnected piled pores around

5 nm, while the pore size of pure gel matrix was less than 1 nm as

shown in Fig. 1C. BMIm+BF4
� is regarded as a good template

for the fabrication of mesoporous silica because of the formation

of hydrogen bonds between BF4
� and silanol group. Obviously,

the large pore size of the IL-gel matrix is beneficial to the internal

diffusion of probe molecules. The specific surface area and pore

volume of the calcined IL-gel matrix were 376.5 m2 g�1 and

0.75 cm3 g�1 respectively.

Fig. 1D shows the nitrogen adsorption-desorption isotherms

for the calcined IL-gel matrix, it exhibited a hysteresis loop of

type H2 in the IUPAC classification, indicating the presence of

inter-connection pore network and ink-bottle-like porous struc-

ture of the matrix.40 The pore size distribution was calculated by

BJH method as shown in Fig. 1E, and the average diameter of

pores was about 5.8 nm. Thus, the bottleneck of the matrix is

small enough to prevent the entrapped Ab molecules from

leaking out. Moreover, Ab molecules were effectively encapsu-

lated in the host cages of IL-gel matrix, which also prevent

protein molecules from unfolding and losing their bioactivities.41

So the immunosensor exhibited high activity and good thermo-

stability at 60 �C.

In the control experiment, another kind of IL-sol was prepared

with BMIm+PF6
� and silica sol. However, the conductivity of the
Fig. 2 CVs (A) and EIS (B) of the HOMGF modified electrode with pore siz

KCl and 2 mM [Fe(CN)6]3�/4�. (a) the HOMGF modified electrode; (b) th

electrode; (d) the IL-gel/BSA/Ab/HOMGF modified electrode; (e) the ApoB-1

and EIS was 100 mV s�1. The frequency range of EIS is from 0.01 Hz to 100 kH

measured data, while solid lines were the theoretical spectra of equivalent circu

of redox probes using a constant phase element (CPE) instead of capacitance

2632 | Analyst, 2010, 135, 2629–2636
IL-gel membrane was greatly decreased for the hydrophobic

property of BMIm+PF6
�. Additionally, once there was no IL

doped in the silica sol, a cracked gel membrane could be observed

by the naked eye, as a result the immobilized biomolecules were

easy to leak out.
3.2 Electrochemical characteristics

Fig. 2A was the CV of ferricyanide which was chosen as a marker

to investigate the changes of the electrode behavior after each

assembly step. The CV of [Fe(CN)6]3�/4� at the HOMGF modi-

fied electrode is shown as curve a. Adsorption of Ab caused an

increase in the peak-to-peak separation of the anodic and

cathodic waves and a decrease in the amperometric response

(curve b). When BSA was immobilized on the electrode surface,

the peak currents decreased greatly (curve c). The reversibility

was improved after the covering of IL-gel (curve d), resulting

from good conductivity and hydrophilicity of BMIm+BF4
�.

After ApoB-100 was bound with Ab, both of the anodic and

cathodic peaks disappeared obviously (curve e) due to the insu-

lation of ApoB-100 molecules. This phenomenon was further

confirmed by the results of EIS measurements.

EIS can give more detailed information on the impedance

changes in the modification process. The impedance spectrum

includes a semicircle portion corresponding to the electron-

transfer-limiting process and a linear part resulting from the

diffusion-limiting step of the electrochemical process.42 The

diameter of the semicircle exhibits the electron-transfer resistance

(Ret) of the layer, which controls the electron-transfer kinetics of

the redox probe at the electrode interface. Thus, the diameter can

be used to describe the interface properties of the electrode.43 In
e of 250 nm recorded in PBS (50 mM, pH 7.0) solution containing 0.1 M

e Ab/HOMGF modified electrode; (c) the BSA/Ab/HOMGF modified

00/IL-gel/BSA/Ab/HOMGF modified electrode. The scan rate of both CV

z with signal amplitude of 5 mV. In the Figure B, symbols represented the

its. (C) Equivalent circuit for the impedance spectroscopy in the presence

owing to the rough surface.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 2B, the HOMGF modified electrode reveals a straight line

(curve a), implying that the electron-transfer process is not

a limiting step of the electrochemical process. Adsorption of the

Ab resulted in a small semicircle lying on the Zre axis (curve b),

indicating a slight electron-transfer resistance at the electrode

interface. The protein layer at the electrode generated a barrier

for electron transfer. After saturation of the free active sites of

the electrode with BSA, the electron transfer of [Fe(CN)6]3�/4�

was blocked further because of the insulation of BSA (curve c).

After the IL-gel membrane was covered on the electrode surface,

the impedance value decreased obviously (curve d), and this

might be due to the good conductivity of IL which could facili-

tate the electron transfer between electrode and the probe

molecules. Then, Ret increased greatly when the sensor was used

to detect 5 fg mL�1 ApoB-100 (curve e). The isoelectric point of

ApoB-100 is 6.58, so it is negatively charged when pH value is

7.0. The electron transfer of [Fe(CN)6]3�/4� redox couple can be

blocked due to the negative charges carried by ApoB-100.

Moreover, the ApoB-100 at the electrode also acted as an inert

electron and mass-transfer blocking layer. The large active

surface area of HOMGF could greatly enhance the amount of

adsorbed Ab molecules, which could bind much more ApoB-100

molecules on the electrode surface. Thus, much more obvious

differences in EIS could be obtained than in CV responses,

showing better sensitivity.

The EIS data can be simulated with an equivalent circuit as

shown in Fig. 2C. This equivalent circuit consists of the ohmic

resistance of the electrolyte solution (Rs) between the gold

working electrode and the SCE reference electrode. The double-

layer capacitance (Cdl), relating to the surface condition of the

electrode. Since the surface of the HOMGF modified electrode

was very rough, we use a constant phase element (CPE) instead

of the classical capacitance to fit the impedance data.44–46 Elec-

tron-transfer resistance (Ret), which exists if a redox probe is

present in the electrolyte solution. Warburg impedance (Zw)

resulting from the diffusion of ions from the bulk of the elec-

trolyte to the interface.47 The two components Rs and Zw

represent the bulk properties of the electrolyte solution and the

diffusion of the redox probe in the solution, respectively. Thus,

they cannot be affected by chemical transformations at the

electrode interface. In our experiments, Rs and Zw remained

nearly unchanged after the modification of the HOMGF. The

other two components Cdl and Ret, depend on the dielectric and

insulating features at the electrode/electrolyte interface.
Fig. 3 Relationship of DRet with the incubation temperatu

This journal is ª The Royal Society of Chemistry 2010
Additionally, as can be seen from Fig. 2B, the changes in Ret were

much larger than other impedance components. Thus, Ret was

a suitable signal for sensing the interfacial properties of the

prepared immunosensor during these assembly procedures.
3.3 Optimization of experimental conditions

The prepared immunosensor was rinsed with PBS and then

incubated in an ApoB-100 solution. The ApoB-100 in this

solution could be bound to the electrode surface through the

specific antigen-antibody reaction between ApoB-100 and Ab,

resulting in a change of Ret. The change of Ret values (DRet)

after combination with ApoB-100 was calculated by formula

DRet ¼ Ret(Ab-Ag) � Ret(immunosensor). The effects of incubation

temperature and incubation time on the immunoreaction were

studied.

The relationship of DRet with incubation temperature was

studied in a temperature range of 10–80 �C. The fabricated

sensor was immersed in a 5 fg mL�1 ApoB-100 solution at

different temperatures for 60 min. As shown in Fig. 3A, the

maximum of DRet could be observed amazingly at 60 �C, while

white floc was found in a pure Ab aqueous solution at 50 �C

which might be due to the inactivation of dissociative Ab

molecules. The improved thermal stability of encapsulated Ab

could be attributed to reducing the deactivation of the protein

molecules in the confined space of the IL-gel host matrix during

the thermal treatment process.45,46,48 It was thought that the

hydrogen bond and the electrostatic interaction between IL and

protein resulted in a high kinetic barrier for the unfolding of the

protein, thus the rigid structure of the protein was protected from

being destroyed.49,50

Fig. 3B depicts the relationship of DRet with incubation time.

The immunosensor was immersed in a 5 fg/mL ApoB-100

solution at 60 �C for different time periods. It can be seen that

DRet increased with the increase of reaction time and then

reached a plateau after 40 min. Thus, 40 min of incubation time

and 60 �C of incubation temperature were selected for the

immunoassay of ApoB-100 combining with the immobilized Ab

in the IL-gel membrane.
3.4 Detection of ApoB-100

The pore size of the HOMGF modified electrode plays an

important role on the sensitivity of immunoreaction. In the case
re (A) and incubation time (B) on the response of EIS.

Analyst, 2010, 135, 2629–2636 | 2633
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Fig. 4 (A) CVs of the HOMGF modified electrodes with different diameters of template SiO2 particles in 0.5 M H2SO4 at a scan rate of 100 mV s�1

(curves b–d). For comparison, the CV of a flat gold disk electrode is also shown (curve a). (B) Impedance responses to the same concentration of ApoB-

100 PBS solution on the HOMGF modified electrodes with different diameter of the template SiO2 particles of 1 mm (curve a), 500 nm (curve b) and

250 nm (curve c). Faradaic impedance spectra were recorded in PBS (50mM, pH 7.0) solution containing 0.1 M KCl and 2mM [Fe(CN)6]3�/4�. In this

Figure, symbols represented the measured data, while solid lines were the theoretical spectra of equivalent circuits.
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of the CV characterization of HOMGF modified electrodes

depicted in Fig. 4A, the active surface area of HOMGF modified

electrode with template SiO2 particles of 250 nm was the largest.

Fig. 4B shows the impedance responses of the ApoB-100

immunosensors with different HOMGFs in a PBS solution

containing 0.5 pg/mL of ApoB-100. The diameter of the template

SiO2 particles of these HOMGFs are 1mm (curve a); 500 nm

(curve b) and 250 nm (curve c) respectively. The impedance value

of curve c was bigger than that of curve b or curve a. The larger

was the electrode surface area, the more amount of Ab can be

immobilized, and thus the bigger DRet may be observed by

combination of ApoB-100 molecules.

To evaluate the inter-reaction between Ab and ApoB-100, the

immunosensor was exposed into various concentrations of

ApoB-100 solutions, CAg. Before EIS measurements were per-

formed, CV was carried out until the currents did not change

anymore. The corresponding Nyquist plots of impedance spectra

are shown in Fig. 5A. The interfacial electron-transfer resistances

increased proportionally with the concentrations of ApoB-100 in

PBS solution, implying that when a higher concentration of

ApoB-100 bound to the immobilized Ab molecules, it would

generate a denser blocking layer to the electron transfer of the

redox probe. The linear relationship between the DRet and the
Fig. 5 (A) Faradaic impedance spectra that corresponded to the fabricat

concentrations of ApoB-100 in PBS (20 mM, pH 7.0) solution containing 0.1

0.005, 0.05, 0.5, 5.0 and 50.0 pg/mL ApoB-100, respectively. (B) Calibration cu

the measured data, while solid lines were the theoretical spectra of equivalen

2634 | Analyst, 2010, 135, 2629–2636
logarithm of the ApoB-100 concentrations was obtained from

5 fg mL�1 to 50 pg/mL with a correlation coefficient of 0.98

(Fig. 5B). As can be seen, DRet increased with increasing ApoB-

100 concentrations within the detection range. However, the

increases in DRet were not obvious at higher ApoB-100 concen-

trations due to steric hindrance or saturation of coupled antigen

molecules. According to the linear equation, we could detect

ApoB-100 concentrations quantitatively.

In the control experiment, BMIm+PF6
�was used as additive in

the IL-gel membrane to immobilize Ab and BSA. Then, the

sensor was used to detect various concentrations of ApoB-100,

the Nyquist plots of impedance spectra are shown in Fig. 6. The

impedance value of BMIm+PF6
�-gel modified electrode is

extraordinary large, up to about 13 000 U (curve a), while that of

BMIm+BF4
�-gel modified electrode is only 682 U. The poor

conductivity of BMIm+PF6
�-gel membrane is probably the

hydrophobic nature of BMIm+PF6
�, thus the electron transfer

between redox probe of [Fe(CN)6]3�/4� and electrode surface

could be inhibited.51 The interfacial Ret of the immunosensor is

so high that the response nearly does not change with the increase

of ApoB-100 concentration (curve b to f).

To verify the hydrophilicity or hydrophobicity for IL, the

wetting properties of the materials were investigated by
ed immunosensor at 60 �C, before and after incubating with different

M KCl and 5 mM Fe(CN)6
3�/4�: (a) blank solution; curves b–f represent

rve for the ApoB-100 immunosensor. In the Fig. 6A, symbols represented

t circuits.
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Fig. 6 Faradaic impedance spectra corresponding to the control

experiment with BMIm+PF6
� used as additive in IL-gel membrane,

before and after incubating with different concentrations of ApoB-100 in

PBS (20 mM, pH 7.0) solution containing 0.1 M KCl and 5 mM

Fe(CN)6
3�/4�: (a) blank solution; curves b–f represent 0.005, 0.05, 0.5, 5.0

and 50.0 pg/mL ApoB-100, respectively.

Fig. 7 Contact angels of water on: (a) HOMGF/Ab-BSA/BMIm +

BF4
�-gel membrane and (b) HOMGF/Ab-BSA/BMIm + PF6

�-gel

membrane.
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measuring the water contact angles (q) on the surface of

HOMGF/Ab-BSA/IL-gel modified electrodes. The result could

be observed in Fig. 7, the contact angles of water on HOMGF/

Ab-BSA/BMIm+BF4
�-gel membrane (a) and HOMGF/Ab-BSA/

BMIm+PF6
�-gel membrane (b) were detected as 28� and 45�

respectively, showing that BMIm+PF6
� is much more hydro-

phobic than BMIm+BF4
�.
3.5 Nonspecific interactions

Usually, nonspecific adsorption is a major problem in label-free

immunosensing, since it cannot be distinguished from specific
Fig. 8 The concentrations of (a) ApoB-100 and (b) PAB via DRet for the

immunosensor.

This journal is ª The Royal Society of Chemistry 2010
adsorption in unlabeled electrochemical sensing antigens.

Nonspecific interaction test between the fabricated ApoB-100

sensor and other protein with different concentrations was per-

formed. Fig. 8 shows calibration plots that correspond to the

DRet caused by different concentrations of target analyte (ApoB-

100) and contrast analyte (PAB). PAB is a reliable index of liver

function. As can be seen in Fig. 8, there is only a slight variation

on the impedance with the increase of PAB. Such small DRet of

the nonspecific Ab molecules adsorption are acceptable. Thus,

the immunosensor is feasible for the determination of ApoB-100

in serum.
3.6 Stability, reproducibility, and regeneration of the

immunosensor

When the sensor was stored at 4 �C over 40 days, no apparent

change in the same ApoB-100 concentration was found, indi-

cating that the immunosensor had good stability. The repro-

ducibility of the sensor was estimated with intra- and inter-assay

precision. The intra-assay precision was evaluated by assaying

one ApoB-100 level for three replicate measurements. The inter-

assay precision was estimated by determining one ApoB-100

level with three immunosensors made at the same experimental

conditions. The intra- and inter-assay variation coefficients

(CVs) obtained from 10 pg/mL ApoB-100 were 5.3% and 6.7%,

respectively. Obviously, the inter-assay CV showed a good

electrode-to-electrode reproducibility of the fabrication

protocol, while the low value of intra-assay CV indicated that the

immunosensor could be regenerated and used repeatedly.

Regeneration of the immunosensor is of interest to

immunoassay. In the experiment, 0.2 M glycine-hydrocholric

acid (Gly-HCl) buffer solution (pH 2.8) was chosen to break the

antibody-antigen linkage. After detecting ApoB-100, the sensor

was dipped into Gly-HCl buffer solution for 10 min to remove

ApoB-100 from Ab. The as-renewed immunosensor could

restore 95% of the initial signal after three assay runs, showing

good reusability and stability. In addition, after three assay

cycles, if the immunosensor was treated first with 20% (w/w)

NaOH to remove rigid IL-gel membrane and then with piranha

solution to violently peel all adsorbed biomolecules from the

HOMGF surface, complete renewal of the modified electrode

could be achieved, with the reuse lifetime of more than 10 times.
3.7 Application of the immunosensor in human ApoB-100 levels

The ApoB-100 levels in five serum samples were obtained using

the proposed immunosensor as shown in Table 1, and were

compared with the immunonephelometry technology performed

in Affiliated Drum Tower Hospital of Nanjing University

Medical School for clinical diagnosis. There is no significant

difference between the results and the traditional clinical method.
Table 1 Comparison of ApoB-100 Determinations on Human Serum
Samples by the proposed immunosensor and immunonephelometry

Serum samples 1 2 3 4 5
Our method/pg mL�1 5.6 1.8 7.8 1.3 4.6
immunonephelometry/pg mL�1 5.9 1.7 8.0 1.2 4.8
Relative deviation (%) �5.1 +5.9 �2.5 +8.3 �4.2

Analyst, 2010, 135, 2629–2636 | 2635
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Thus, the developed versatile immunoassay may provide

a satisfactory alternative tool for the clinical determination of

ApoB-100 levels in human serum.

4. Conclusion

The EIS response of the fabricated ApoB-100 immunosensor

could be greatly enhanced by immobilizing Ab molecules in

IL-gel composite membrane on a HOMGF modified electrode.

The high sensitivity of the immunosensor was mainly contributed

to the excellent biocompatibility, stability and conductivity of IL,

as well as the large active surface area of HOMGF. The

developed immunosensor has also been successfully applied to

the detection of ApoB-100 in real human serum samples, and this

might open new avenues to apply ILs in immunoassays.
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