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Fabrication of a Label-Free Electrochemical Immunosensor of Low-Density Lipoprotein
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The silver chloride@polyaniline (PANI) coteshell nanocomposites (AgCI@PANI) combined with Au
nanoparticles (AuNPs) were used to prepare the AuMRECI@PANI hybrid material. A novel sensitive
label-free low-density lipoprotein (LDL) electrochemical biosensor was fabricated by adsorption of antibody
to apolipoprotein B-100 (aopB-100) on an AuNPSgCI@PANI-modified glassy carbon (GC) electrode.

The hybrid material could provide surface for high antibody loading due to its large surface-to-volume ratio.
Since each LDL has an apoB-100 on its phospholipids coat, they could be bonded to the electrode surface
through the specific antibodyantigen reaction. Electrochemical impedance spectroscopy (EIS) was used to
characterize the recognition of LDL. The negative charges carried by LDL phospholipids coat would block
the electron transfer of the [Fe(Cfj*~ redox couple severely. In addition, the conductivity of LDL is very

poor, so small amounts of LDL on the electrode could result in great change in the electron-transfer resistance
(Rep. The biosensor exhibited a highly sensitive response to LDL with a detection limit of 0.34 pg/mL, and
some factors that would affect the performance of the biosensor were studied, such as incubation time and
temperature.

Introduction LDL was constructed on the basis of the Au nanoparticle
(AuNPs)-AgCl@polyaniline (PANI) hybrid material. The
AuNPs-AgCI@PANI hybrid material was prepared by incor-
poration of AUNPs on the surface of AQCI@PANI cerghell
nanocompostie¥. The inorganic@conducting PANI nanocom-
posites have attracted significant academic and technological
attention because of their unique properties as well as extensive
applications in diverse ared%.Generally, acidic conditions
(generally pH< 4) are required for the formation of the most
highly conductive form of PANE14and this greatly restricts

its applications in bioelectrochemistry, which normally needs
a neutral pH environment. However, AgCI@PANI nanocom-
posites had good redox activity at neutral aqueous soldtion,

Coronary heart disease (CHD) is one of the leading causes
of mortality in not only the developed world but also in some
developing countriesStudies indicate that cholesterol-enriched
low-density lipoprotein (LDL) in plasma can promote the
deposition of plasma lipids in the artery wall and thereby elicit
the formation of fatty streaks and/or atherosclerotic pladues.
CHD is the end result of the accumulation of atheromatous
plagues within the walls of the arteries that supply the
myocardium? The structure of LDL contains, as depicted in
Figure 1A, a hydrophobic core of about 1500 molecules of
cholesteryl surrounded by a polar coat composed primarily of
Bhfgg h(glpl)%llg?lggg A?)oSBl- eiOIBDIil f;r?:ﬁ:ensi;:(ljlegy ?ﬁgmﬁgﬁm and the incorporation of AUNPs has improved the electroactivity
serves as a ligand for the LDL receptors on the surface of liver of AgCI@PANI f““h‘?r-
cells, which means LDL can be taken into a cell by endocytosis ~ 1he hybrid material was cast on a glassy carbon (GC)
for degradatiorf. Mutations in either LDL receptor or apoB- electrode, and an electrochemical plosensor _for the detection
100 will decrease the efficient receptor-mediated uptake of LDL Of LDL was constructed by adsorption of antibody to apoB-
and result in high level of LDL in plasnf 100 (antl-apoB-l_OO) on the hybrld_materlal, as shown in Flgur_e

The concentration of LDL-C (low-density lipoprotein cho- 1B. The free active sites of the biosensor were saturated with
lesterol) has been used in clinic as one of the indicators for BSA and LDL could be bonded to the electrode surface through

hyperlipidemia. Currently, the LDL-C concentration is estimated the specific immunoreaction between the apoB-100 on their
in most clinical laboratories by an indirect method that calculates Phospholipids coats and anti-apoB-100 on the electrode surface.
the LDL cholesterol concentration according to Friedewald et After that, the study on electrochemical impedance spectroscopy
al® This approach derives the LDL-C from total cholesterol, (EIS) was performed. The advantage of EIS over other
HDL-C (high-density lipoprotein cholesterol), and VLDL-C eIe;trochemlcal techniques is that only small-ampllltude pertu.r-
(very low-density lipoprotein cholesterol) concentrations where bations from steady state are needed, and information concerning
the VLDL-C concentration is further estimated from the serum the interface can be providéd Several groups have utilized
triglyceride concentratioh? Recently, we have introduced a  EIS to fabricate label-free high-sensitivity immuosensérs?
electrochemiluminescent way for the direct determination of the Herein, the fabricated LDL immuosensor exhibited a highly
concentration of LDLL and here a novel label-free biosensor Sensitive response to LDL with a detection limit of 0.34 pg/
with high sensitivity for the direct detection of the concentration ML. The high sensitivity could be ascribed to the large surface-
to-volume ratio of AuNPs AgCI@PANI, the poor conductivity
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2. Experimental Section

2.1. Chemicals and BiochemicalsSilver nitrate, aniline,

polyvinylpyrrolidone (PVP), hydrochloride (HCI), ammonium
persulfate (NH)2S0s, APS), and HAuC}4H,O were pur-
chased from Shanghai Chemical Reagent Co. Aniline was
distilled under reduced pressure. Bovine serum albumin (BSA)
was obtained from Sigma Chemical Co. Anti-apoB-100 solution
and plasma containing LDL of 6.7 mg/mL were provided by
Nanjing Huibiao Biological Technology Co. and used as
received. The KFe(CN)k/Ks[Fe(CN)E mixture solution (1:1,
2 mM) used in EIS was prepared by 0.1 M phosphate buffer]:ag
solution (PBS) of pH 7.0. All other reagents were of analytical |
grade and used without further purification, and distilled water
was used throughout.

2.2. Preparation of AUNPs-AgCI@PANI Material and
Fabrication of LDL Electrochemical Biosensor.AgCI@PANI The Au colloid was prepared according to the reported
nanocomposites were synthesized according to ref 11. AQNO method with some modifications by using KBlds reductant
(0.012 M) and aniline (0.012 M) were added to 5% PVP and stabilized with sodium citrafé.5 mL of 1% HAuCl, and
aqueous solution. 5 mLfd M HCI aqueous solution of APS 10 mL of 0.03 M sodium citrate were added to 250 mL of
as oxidant was dropped into the above mixture under stirring. purified water and stirred. Then 5 mL of freshly prepared
The reaction was allowed to proceed for 24 h. 0.1 M KBH,4 was added, and the solution color changed from

Figure 2. TEM (a) and SEM (b) of AUNPSAgCI@PANI. The insets
in (a) show the enlarged view of the regions arrows A and B pointed.
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Figure 3. XRD patterns of AUNPsAgCI@PANI.

colorless to wine red. Stirring was stopped, and the solution  The morphology of AUNPsAgCI@PANI was observed by
was left undisturbed for 2 h. The average diameter of the transmission electron microscopy (TEM, JEM-1230) and scan-
obtained AuNPs was about 5 nm. ning electron microscopy (SEM, LEO1530VP). X-ray diffrac-
30 mL of AgCI@PANI nanocomposites solution was added tion patterns were taken on a Philip-X'Pert X-ray diffractometer
into 100 mL of Au colloid solution under stirring. The reaction with a Cu Ko X-ray source. All the attenuated total reflection
was allowed to proceed for 12 h, and the resultant product was Fourier transform infrared spectroscopic (ATR-FTIR) measure-
centrifuged and dispersed in water. AUNPs could be incorporatedments were performed on a Bruker model VECTOR22. X-ray
on the surface of AQCI@PANI nanocomposites, leading to the photoelectron spectroscopic (XPS) analysis was carried out on
formation of AUNPs-AgCI@PANI hybrid material. an ESCALAB MK Il X-ray photoelectron spectrometer. The
A GC electrode was polished to a mirror surface before each amount of Au within the composite was determined by
experiment with 0.0m a-Al ;03 slurry and then sonicated in  thermogravimetric analysis (TGA) on a Shimadzu TGA-50
distilled water and acetone successively. The cleaned electrodénstrument from room temperature to 1200 at a heating rate
was dried with a stream of nitrogen immediately before use. of 10 °C /min in an air atmosphere.
The pretreated GC electrode was cast withlL8of the brown
aqueous suspension of AUNPAGCI@PANI and then dried 3. Results and Discussion
in air.
The prepared AUNPsAgCI@PANI-modified GC electrode 3.1. Structure of AUNPs-AgCI@PANI Hybrid Material.
was incubated into the anti-apoB-100 solution overnight at The structure of AuNPsSAgCI@PANI can be confirmed
4 °C. After rinsing with PBS, the electrode was soaked in a directly by TEM and SEM images, as shown in Figure 2. The
3% BSA solution at room temperaturer fb h to block active thickness of the PANI shell is about 20 nm, and the inside spots
sites. Finally, the electrode was rinsed again with 10 mM PBS with about 25 nm diameter corresponding to the AgCI cores.
of pH 7.0 and stored at 4C when not in use. The outside particles like gingili are AUNPs, showing that they
The obtained LDL biosensor was incubated in 1400f 10 have been modified onto the PANI surface. Some hollow
mM PBS (pH 7.0) solutions containing different LDL concen- AUNPs-AgCI@PANI, however, can also be observed, as shown
tration at 37°C for 50 min. After the specific antibodyantigen in Figure 2a, and holes can be found on the PANI shell of these
binding process, the immunosensor was rinsed with PBS andhollow AuNPs-AgCI@PANI (insets). The observation indicates
ready for impedance measurements. Figure 1B shows thethatthe AgCI cores have penetrated the PANI shell, leading to
schematic illustration of the biosensor construction process andthe formation of hollow AuNPsAgCI@PANI.
the biosensing principle. Figure 3 illustrates the powder X-ray diffraction (XRD)
2.3. Apparatus. Electrochemical experiments were carried patterns of AUNPsAgCI@PANI material. As shown, the broad
out at room temperature on a CHI660B electrochemical band appearing at @&2/alue of 25 is ascribed to the periodicity
workstation (Chenhua, Shanghai, China) in a three-electrodeparallel to the polymer chains of PAR4. Another eight
configuration. A GC electrode (3 mm diameter) was used as a diffraction peaks (2 = 27.9, 32.3,46.3, 54.9, 57.6’, 67.5
working electrode. A saturated calomel electrode (SCE) and a74.6°, and 77.8) correspond to Bragg's reflections from (111),
platinum electrode served as reference and counter electrode(200), (220), (311), (222), (400), (331), and (420) planes of AgCI
respectively. All potentials given below were relative to the SCE. and are in good agreement with the reported data (JCPDS File
EIS was carried out in a buffered medium (0.1 M PBS, pH No. 06-0480), showing the existence of AgCl nanoparticles in
7.4) containing 2 mM K[Fe(CN))/K 3s[Fe(CN)] (1:1) mixture AuNPs-AgCI@PANI. Crystallite size of AgCl nanopatrticles
as the redox probe. The frequency was scanned from 100 kHzwere calculated from the AgCl (111) diffraction line using
to 0.1 Hz at an open-circuit voltage of 0.15 V, acquiring 5 Scherrer's equation,. = ki/f cos 6, whereL is the mean
points/decade. The amplitude of sine voltage of 5 mV was used. dimension of the crystalliteg, is the full width at half-maximum
The impedance is expressed in terms of a rea') and an of the diffraction peak,0 is the diffraction anglel is the
imaginary (-Z'") component (Nyquist plot). wavelength of the Cu & radiation (0.1540 nm), anid is equal
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Figure 5. XPS of AuNPs-AgCI@PANI hybrid material (a) and

Figure 4. TGA curves for AuUNPs-AgCI@PANI hybrid material. AgCI@PANI nanocomposite (b).

to 0.8923 The calculated average size of AgCl is about 25 nm,
which is consistent with the result from TEM and SEM (Figure 80
2). Four additional peaks at 38,344.2, 64.8, and 77.8
representing Bragg reflections from (111), (200), (220), and I
(311) planes of Au are observétiand the crystallite sizes of -40
Au nanoparticles could also be obtained using Scherrer's
equation from the Au (111) diffraction line. The calculated < '20_
average size of AUNPs in AUNPAgCI@PANI is about 5 nm, 0
consistent with the result from Figure 2. .
The AuNPs-AgCI@PANI material was also characterized 20
by the thermogravimetric studies. Figure 4 illustrates the result
of the thermogravimetric study on AUNPAgCI@PANI. Since
Au does not qualify as a loss under the experimental conditions, 80
the residual weight percentage (wt %) can be referenced to the o T T
content of Au in the hybrid material. The TGA curve shows a E/V vs.SEC I
three-step weight loss. The weight loss in the first step at around I

o : . Figure 6. Cyclic voltammogram of AUNPsSAgCI@PANI-modified
300°C is attributed to the polymer degradatirand the second G electrode in 0.1 M PBS (pH 7.0) (a) and cyclic voltammograms of

weight loss step is attributed to the decomposition of PANI and bare GC electrode (b) and AUNPAgCI@PANI-modified GC elec-
PVP chains and the departure of residual acid dopafihe trode (c) in 0.1 M PBS (pH 7.0) containing 2 mM [Fe(GN)"*~.
third step, starting at around 80G, is due to the decomposition
of AgCI. The total weight loss of AgCI@PANI is 65% under poly(acrylic acid¥® or DNA units yielded a redox-active
the experimental conditions. The residual weight percentage of polymer at neutral and even basic aqueous solution, and we
AuNPs-AgCI@PANI is about 35%. believe that negatively charged groups associated with the AgCl
XPS was used to characterize the AuNPRgCI@PANI cores have provided anionic doping. Moreover, AuNPs stabi-
hybrid material (curve a) and the AgCI@PANI nanocomposites  |ized with sodium citrate could offer additional negative charges,
(curve b) in a wide scan. A new peak at 83.35 eV can be resylting in the excellent electroactivity of AUNPAGCI@PANI
observed found for the AUNPAGCI@PANI material. The iy neutral aqueous solution. Cyclic voltammograms obtained
peak position corresponds to Au 4f, indicating the existence of 4t phare GC electrode (curve b) and AuNRPEICI@PANI-
Au NPs? ATR-FTIR spectra could also be applied to charac- qgified GC electrode (curve ¢) in 0.1 M PBS (pH 7.0)
terize the AgCI@PANI and the AuNEsAgCI@PANI materials. containing 2 mM [Fe(CNJ34~ are also shown in Figure 6.
The peak corresp(?rglgg t‘:.fN stretching molde n Agil@F.)ANl Because of the plenty negative charges carried by citrate-
appears at 1214 cm** while AuNPs-AgCI@PANI has it at stabilized AuNPs, the cathodic peak current of ferricyanide could

P
1243 e, |no!|cat|ng that AUNPS do nqt quorb on AGCI@PANI hardly be observed at the AUNPAgCI@PANI-modified GC
nanocomposites through electrostatic interaction because the .

PANI shell has been doped by large amounts of negative electrode, suggesting that the electron transfer between

charges. The quinoid nitrogen atoms have offered their lone- [Fe(CN)5]3_ " and GC eIeCtrOde_ has _been blocked _severely.
pair electrons to the empty orbits of AUNPs, and coordination 1he anodic peak current of ferricyanide, however, increased
bonds are formed between nitrogen atoms and AuNPs. greatly (curve c). It has been widely accepted that nanoscaled
The cyclic voltammogram obtained at AUNP&gCI@PANI- gold particles have some important size-dependent properties
modified GC electrode in 0.1 M PBS (pH 7.0) is shown in due to the quantum size effect. The surface of metallic
Figure 6 (curve a). AUNPSAgCI@PANI showed good elec-  Nanoparticles is always electron-deficient, and the affinity to
trochemical behavior at neutral pH environment. Generally, €lectrons will increase with the decrease of dimen3iaks the
PANI is redoxactive only in acid media (pH 4), which has diameter of the AUNPs in the hybrid material is about 5 nm,
restricted its applications in bioelectrochemistry. However, it the AuNPs can act as strong electron acceptors to adsorb
was reported that doping PANI with negatively charged electrons from [Fe(CNJ*; thus, oxidation of ferricyanide was
sulfonate unitg or the incorporation of negatively charged catalyzed, leading to the increase of anodic peak current.

-60

N



http://pubs.acs.org/action/showImage?doi=10.1021/jp0765594&iName=master.img-003.png&w=239&h=182
http://pubs.acs.org/action/showImage?doi=10.1021/jp0765594&iName=master.img-004.jpg&w=227&h=177
http://pubs.acs.org/action/showImage?doi=10.1021/jp0765594&iName=master.img-005.jpg&w=219&h=160

Electrochemical Immunosensor of Lipoprotein J. Phys. Chem. B, Vol. 112, No. 4, 2008279

3000 | 4.5 - - A
| /._al—l-.._“_ | —
40| /
2500 |- / .\.\\. | -
9— I 3.5 |
[T / \ i
l [ ¥ L] 3.0
| / " L
1500 ' ; o ...." bu-'. d % a5l
. - u u o’ I
1mo- ,F.a-b UC < L0k
el ] 15l
[ -
of 10 | ./
iI] l ZOIOO - 40I00 l GOIDO l mlm * 104;00 05 I 1 . 1 . 1 . 1 N 1
Zia 20 30 40 50 60
Figure 7. Nyquist diagram<{Z" vs Z') for Faradaic impedance spectra Time / min
in PBS (pH 7.0) containing 2 mM [Fe(CHy /4 for a bare GC -
electrode (a), after modified with AUNP@AgCI@PANI (b), after 45 |
adsorption of anti-apoB-100 (c), and after saturation with BSA (d). : B
40|
The LDL biosensor was fabricated by adsorbing anti-apoB-
100 on an AuNPsAgCI@PANI modified GC electrode. The 85 -
free active sites of the biosensor were blocked with BSA, and| [
EIS was performed in the presence of the redox probe|g 3or
[Fe(CN)]*~"4~ at the scanning frequency from 0.1 to 100 000 |~ ,. [
Hz to characterize each step of the construction process of LDY% [
biosensor (Figure 7). The impedance spectrum includes 4 ,,L
semicircle portion corresponding to the electron-transfer-limiting X
process and a linear part resulting from the diffusion-limiting 15
step of the electrochemical procé8sThe diameter of the - .
semicircle exhibits the electron-transfer resistariRg) of the 10
layer, which controls the electron-transfer kinetics of the redox P ™ ——
probe at the electrode interface. Thus, the diameter can be usgd .
to describe the interface properties of the electfddecan be Temperature / C

seen in Figure 7 thae of bare GC electrode increased greatly Figure 8. Relationships ofARe with the incubation time (A) and
after deposition of AUNPSAgCI@PANI (curves a and b), !ncubatlon temperature ('B). Faradaic |mped$rjce spectra were obtained
which is consistent with the result of Figure 6. Since the in PBS (pH 7.0) containing 2 mM [Fe(CHj .

insulating property of proteins, immobilization of antibody on
the electrode surface generated the insulating protein layer,
resulting in additional increase R (curve c). After saturation

of the free active sites of the electrode with BSA, the electron
transfer of [Fe(CNy®~/4~ was blocked further due to the
insulation of BSA (curve d). BSA had played a very important
role in the construction of LDL biosensor. In control experi-
ments, LDL was found to be able to be nonspecifically adsorbed
on the surface of AUNPsAgQCI@PANI, and BSA could prevent
LDL from nonspecific adsorption.

change anymore. For each measurement, because EIS was
performed when the diffusion layer had grown sufficiently, the
biosensor showed good reproducibility. The relative standard
deviation (RSD) of five successive measurements to 1.34 pg/
mL of LDL was 1.9%. Figure 9A shows the impedance spectra
obtained in 2.0 mM [Fe(CN)®~/4~ solution (pH 7.0) after
incubation with different concentration of LDL. It can be seen
thatRer increased with the increase of LDL concentration, and
Figure 9B illustrates a linear relationship a&fRe; with the

The prepared biosensor was rinsed with PBS and then logarithm of the concentration of LDL in a range from 0.34 to

incubated in solutions containing different concentration of LDL. 13-4 P9/mL ( = 0.994,n = 6).

The LDL in solution could be bonded to the electrode surface ~ The structure of LDL contains a hydrophobic core cholesteryl
through the specific antigerantibody reaction between apoB- ~ €ster surrounded by coat of phospholipids. The isoelectric point
100 and anti-apoB-100, which could be reflected by the Of LDL is 5.4, and LDL is negatively charged when pH value
differences inRe; values ARe) of the immunosensor between  is 7.03% The electron transfer of [Fe(CH} " redox couple

the before and after incubation with LDL. The effects of Will be blocked severely due to the plenty of negative charges
incubation temperature and incubation time on the immunore- carried by the phospholipids coat of LDL. In addition, the LDL
action were studied. Figure 8A depicts the relationship&f; conductivity was very poof;thus, small amounts of LDL on
with incubation time. It can be seen thaRy increased first  the electrode surface could result in great changé&irSince
with the increase of reaction time and then reached a plateauthe high surface-to-volume ratio of AUNPAgCI@PANI,
after 50 min. The relationship @fRe; with incubation temper- ~ Which could provide surface for high enzyme loading, the sensor

ature is shown in Figure 8B, and the maximumAd®e, could showed a extremely sensitive response to LDL with a detection
be observed when it was at 3. Thus, 50 min of incubation  limit of 0.34 pg/mL.

time and 37°C as incubation temperature were selected for the  Nonspecific interaction tests between the immunosensor and
immunoassay of LDL. other proteins (such as hlgG and CRP) were performed.

Before impedance measurements were performed, cyclic Nonspecific adsorption is the major problem in label-free
voltammetry (CV) was carried out until the currents did not immunosensing? Both the dectectedR.; caused by 100 pg/
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mL proteins were neglectable compared with the response of Sixth Framework Program through a STREP grant to the
the biosensor (2.3 ) to 0.34 pg/mL of LDL. SELECTNANO Consortium, Contract No. 516922, for financial
support.
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