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a  b  s  t  r  a  c  t

A  novel  piezoelectric  (PZ)  immunosensor  for  the  direct  detection  of  malarial  Plasmodium  falciparum  his-
tidine  rich  protein-2  (PfHRP-2)  antigen  was  developed.  The  mixed  self-assembled  monolayers  (SAMs)
of  thioctic  acid  and  1-dodecanethiol  were  formed  on  gold  surface  of  quartz  crystal.  Cyclic  voltammetry,
electrochemical  impedance  spectroscopy  and  surface  Raman  spectroscopy  techniques  were  used  to char-
acterize  the  mixed  SAMs.  The  rabbit  anti-PfHRP-2  antibodies  were  coupled  on  mixed  SAM modified  gold
eywords:
fHRP-2 antigen
alaria

iezoelectric quartz crystal
AMs

surface  of  quartz  crystal  via  NHS/EDC  activation  method.  The  PZ  immunosensor  was  applied  to detect
PfHRP-2  in  the  linear  range  of  15–60  ng/ml  with  a detection  limit  of  12 ng/ml.  It was  also  found  that  even
after  14  days  of  storage,  50%  of  the  activity  still  remained.  Clinical  human  serum  samples  were  tested
with  this  method,  and  the  results  were  in  agreement  with  those  obtained  from  commercially  available
ICT  kit  (NOW® Malaria).
mmunosensor

. Introduction

The development of a rapid, simple, label-free method for the
etection of proteins has been a long-standing goal for researchers.
iezoelectric (PZ) immunosensing methods, being a label-free
ssay can offer an alternative to existing methods. Methods based
n the use of PZ crystals have been developed for the detection
f bacteria [1,2], virus [3] and toxins [4,5]. The piezoelectric (PZ)
mmunosensor is an application of Sauerbray’s equation, which
escribes the relationship between the resonant frequency of a
rystal and mass deposited on its electrodes:

F = −2.3 × 106 F2�M

A

where �F is the measure frequency shift (Hz), F is the resonant
requency of the PZ crystal (MHz), A is the area of the coated crystal
nd �M is mass change (g/cm2) due to surface deposition. The sys-
em functions as quartz crystal microbalance (QCM). The amount
f molecules bound on the sensitive area of the electrodes can be
uantitatively measured as a decrease in resonant frequency.

Antibody immobilization is a crucial step in the successful devel-
pment of a PZ immunosensor. The immobilization process must

reserve the biological activity of the antibody and an efficient
inding. The self-assembled monolayer (SAM) technique is the sim-
lest way to provide a well ordered layer for the modification of

∗ Corresponding author.
E-mail  address: vepakrao@yahoo.com (V.K. Rao).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.07.008
© 2011 Elsevier B.V. All rights reserved.

electrode surface with antibodies to improve the detection sensi-
tivity, speed and reproducibility [6,7]. Sulfur containing molecules
such as dialkane disulfides (R–SS–R), sulfides (R–S–R) and alkyl thi-
ols form highly ordered SAMs on the metal surfaces. Among all
these, alkylthiols spontaneously chemisorb on gold surfaces and
form densely packed thiolate films in a very reproducible man-
ner [8,9]. Mercaptoacetic acid (MAA) and mercaptopropionic acid
(MPA) have been reported to create carboxylic acid functionalized
monolayers after activation with EDC and NHS for the attach-
ment of proteins [10–13]. 11-Mercaptoundecanoic acid (MUA) has
also been explored to prepare SAMs on a quartz surface due to
its high dielectric property [14,15]. The �-functionalized thiols,
such as thioctic acid (TA), with bulky group (COOH, ferrocene)
decrease the density of packing and ordering of monolayer [16–18].
The TA is molecule containing disulfide base, which helps for its
strong adsorption on the gold surface. On the other hand, TA alone
forms poor SAMs due to hydrogen bonding between neighboring
molecules with the tilt angle of 38◦ that corresponds to the loose
packing of SAMs.

Therefore, mixed SAMs have been explored to improve the sen-
sitivity via proper orientation of antibodies immobilized on such
layers [19,20]. Mixed SAMs generally consists of one thiolate with
a functional head group like carboxylic acid and another long chain
alkyl thiolate as a diluent [21–24]. Mixed SAMs consisting of alkyl
thiols with over 10 carbons in the alkyl chain form a densely packed

crystalline-like monolayer assembly with extended all-trans alkyl
chain tilted 20–30◦ the surface normal [25]. No phase segregation
occurs when active thiol is adsorbed together with the long chain
thiol due to strong hydrophobic interactions between the alkyl
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hains [26]. Mixed SAMs show more heterogeneous layers with
hase segregation, when the chain lengths of adsorbed thiols differ
y more than four carbons [27,28].

The P. falciparum parasite is a major cause of malaria in humans.
t synthesizes several proteins known as P. falciparum histidine
ich proteins (PfHRPs). One of these, PfHRP-2 is found in high
ensity in infected blood of patients. In recent years, various
ethods for the detection of malaria have been reported, such

s immunochromatographic tests (ICT) [29,30], immunofluores-
ent antibody test (IFAT) [31], enzyme linked immunosorbent
ssay (ELISA) [32], polymerase chain reaction (PCR) [33], laser
ight-scattering immunoassay [34] and chemodetection [35]. All
hese reported methods are time consuming, labour intensive and
equire significant materials.

Recently, our group has reported amperometric immunosen-
ors as alternative to conventional methods for malarial PfHRP-2
etection using alkaline phosphatase (AP) enzyme as label [36,37].
lthough, these amperometric immunosensors are highly sensitive
ut require labels, several incubation and washing steps. Till date,
o report is available for the label-free detection of malarial PfHRP-

 based on PZ immunosensing. In the present study, for the first
ime we are reporting on the development of PZ immunosensor for
he detection of malarial PfHRP-2 antigen based on mixed SAMs
f thioctic acid (TA) and 1-dodecanethiol (DDT). The rabbit anti-
fHRP-2 antibodies (capturing antibody) were coupled on mixed
AM modified crystal via NHS/EDC activation method. The devel-
ped immunosensor is sensitive and retains stability for longer
ime.

. Material and methods

.1.  Reagents

Coupling agents, 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
mide hydro-chloride (EDC), N-hydroxysuccinimide (NHS), DL-
hioctic acid (TA) and 1-dodecanethiol (DDT) were obtained from
cros organics, USA. Piranha solution was prepared by mixing 3:1
oncentrated sulfuric acid to 30% hydrogen peroxide solution. 0.5 M
OH was prepared by dissolving 2.8 g KOH in 100 ml  double dis-

illed water. Activation solution was prepared by dissolving 10 mM
DC and 20 mM NHS in 25 ml  double distilled water. 3 mM TA and

 mM DDT were prepared in absolute ethanol. All other chemi-
als used were of analytical grade. Human clinical samples were
ollected from patients with fever (malaria-like symptoms) local
ospital in Gwalior (India). After it, samples were processed for
erum separation and stored at 4 ◦C. NOW Malaria® test was  con-
ucted at the sample collection site. Thick and thin smears of the
uspected patients were prepared for microscopic examination.
or amperometric immunosensing serum samples were brought
o laboratory.

.2. Apparatus

The electrochemical measurements were carried out on a
GSTAT-302 Potentiostat obtained from Autolab with GPES
oftware (Eco Chemie). A conventional three-electrode system
omprising electrode (diameter = 2 mm)  as working electrode after
odification with mixed SAMs (TA + DDT), platinum wire as aux-

liary electrode and Ag/AgCl electrode as a reference electrode
ere used. All experiments were performed at room temperature

25 ± 1 ◦C). Raman system (Renishaw, United Kingdom) was  uti-

ized in this study. Frequency monitor (model PM 701) and 5 MHz
T-cut, gold coated quartz crystals were procured from Maxtek,
SA. Commercially available NOW® Malaria, ICT kit (Binax, Inc. US)
as also utilized.
85 (2011) 1812– 1817 1813

2.3. Preparation of HRP-2 of P. falciparum by recombinant DNA
technology

The  procedure for the preparation of the antigen is described
here briefly. DNA was  extracted from cultured P. falciparum by pro-
cessing the infected RBC’s with QIAamp DNA blood mini kit as
per the manufacturer’s instructions. PfHRP-2 gene sequence was
amplified by polymerase chain reaction (PCR) and purified. The
purified PCR product was  cloned in pQE-30 UA cloning vector.
Escherichia coli strains M15  was used for the transformation and
expression of Histidine fusion protein. Purification of expressed
PfHRP-2 protein was carried out by Ni-NTA affinity chromatog-
raphy in native conditions using commercially available Ni-NTA
columns (Qiagen, Germany) as per the manufacturer’s instruc-
tions. Briefly, the harvested cells were lysed in a sonicator and the
soluble recombinant protein with the histidine tag was captured
onto the Ni2+ ions in Ni-NTA resin (The amino acid histidine in
the histidine tag of the recombinant protein have affinity towards
Ni2+ ions in Ni-NTA resin). After, a brief washing the protein
was eluted using 350 mM  imidazole. The purity of the PfHRP-2
was examined for any contaminating proteins by sodium dodecyl
disulphate-poly acrylamide gel electrophoresis (SDS-PAGE) anal-
ysis. The protein content was determined by Lowery method and
found to be 758 �g/ml.

2.4. Preparation of polyclonal antiserum

The New Zealand white rabbits were used for raising hyper
immune sera against recombinant PfHRP-2 antigen. The rabbits
were initially immunized by subcutaneous route with 100 �g of
recombinant antigen and freund’s complete adjuvant (FCA) at four
different sites. They were subsequently boosted with 100 �g of
antigen along with freund’s incomplete adjuvant (FIA) intramus-
cularly at 15 days interval for 45 days. The rabbits were bled from
the heart, sera was separated and stored at −20 ◦C.

2.5. Immunoglobulins (IgGs) purification

Five ml  of saturated ammonium sulphate was  added drop wise
and slowly to 5 ml  of 1:1 diluted hyper immune serum and stirred
for 30 min. The precipitated proteins (IgGs) were removed by cen-
trifugation at 5000 rpm for 10 min  at 4 ◦C. The precipitated IgGs
were washed with 1:1 v/v saturated ammonium sulphate twice to
remove remaining soluble proteins. The precipitate was dissolved
in 1 ml  of 0.1 M PBS, pH 7.2 and desalted by dialysis.

2.6. Formation of the mixed self-assembled monolayer

Prior to formation of mixed SAM, gold coated quartz crystals
(5 MHz) were cleaned by dipping in to a hot piranha solution for 45 s
and washed with distilled water. In the next step, it was immersed
in a binary mixture of 3 mM  of TA and 9 mM DDT in absolute ethanol
for 4 h and thoroughly rinsed in ethanol and air-dried.

2.7.  Immobilization of antibodies on gold coated quartz crystal

The  mixed SAM modified electrodes were activated by immers-
ing in a solution containing 10 mM EDC and 20 mM NHS  in double
distilled water for 2 h at room temperature. After it, the electrodes
were washed with double distilled water and then dipped in a solu-
tion containing of 300 �g/ml rabbit anti-PfHRP-2 antibody for 1 h to

achieve the complete binding. The crystal was then rinsed with tris
buffer (pH 7.2) and air-dried. Further, 50 �l of 3% BSA was  added on
to the antibody modified electrode surface to prevent non-specific
binding and incubated for 30 min  at 37 ◦C. After rinsing with tris
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Fig. 1. Schematic diagram for pie

uffer, pH 7.2 and distilled water, the modified crystals were stored
t 4 ◦C in tris buffer pH 7.2.

.8.  Measurement with QCM

The antibody immobilized crystal was air-dried and then fixed
nto the crystal holder. Then, it was immersed in a glass cell con-
aining 50 ml  of tris buffer, pH 7.2. It was kept in glass cell for a
ime period and measured the stable frequency of ±1 Hz. Different
oncentrations of PfHRP-2 antigen were then added to this solution
nd the change in frequency was monitored.

. Results and discussions

.1.  Formation of SAM and the biosensing layer

The successive steps of SAM and biosensing layer formation are
epicted in Fig. 1. Step 1 is the co-adsorption of two thiols, DDT
nd TA to form mixed SAM; step 2 is the activation of the crys-
al surface by NHS and EDC to provide high sensitivity and good
eproducibility; step 3 is the covalent immobilization of rabbit anti-
fHRP-2 antibodies followed by blocking with 3% BSA to prevent the
on-specific binding; step 4 is the formation of immuno-complex
y adding 10 �l of PfHRP-2 antigen onto the coated and blocked
rystal.

.2. Electrochemical characterization of the self-assembled
onolayers

Cyclicvoltammetry (CV) and electrochemical impedance spec-

roscopy (EIS) techniques were employed to study the interface
roperties of the modified crystal surface. CV and EIS experi-
ents were performed on pure gold electrode (diameter 2 mm).

ig. 2 shows the relative CV responses for modified and unmodi-
tric immunosensor preparation.

fied  gold electrodes, i.e. Bare Au, TA/Au, DDT/Au and Mixed SAM
(TA + DDT)/Au in 5 mM Fe(CN)6

3−/4− containing 0.1 M KCl solution.
In the case of bare Au a well-defined oxidation and reduction peaks
with peak-to-peak separation of �Ep of 97 mV was  observed (Fig. 2,
curve a). After depositing SAM on Au electrode with TA, i.e. TA/Au,
significant decrement in redox peak was observed (Fig. 2, curve b).
It appeared that the TA SAM layer blocked the electrode surface
for diffusion of ferricyanide. However, DDT/Au electrode showed
drastic decrement in redox peak than that of TA SAM (Fig. 2, curve
c). SAMs with long alkanethiols (n > 10) cause a dramatic decrease
in electrode/electrolyte capacitance compared with bare gold [38].
In the case of mixed SAM (TA + DDT)/Au, the electrode surface is
almost covered (Fig. 2, curve d). This high insulating behaviour of
the thin layer of mixed SAM was  due to the combined effect of TA
and DDT. This insulating layer prevented the oxidation–reduction
reaction on the gold electrode surface.

EIS was also employed to characterize the interface properties
of the modified Au electrodes. In a typical Nyquist plot, the semicir-
cle portion corresponds to the electron-transfer resistance (Ret) at
higher frequency range while at lower frequency range represents
the diffusion limited process. In the present work, EIS study of the
modified electrodes was carried out in 1.0 mM Fe(CN)6

3−/4− con-
taining 0.1 M KCl solution with a frequency range of 10 mHz–1 MHz.
As shown in Fig. 3A, the Ret value ∼600 � corresponds to the
bare Au electrode (Fig. 3A, curve b). After deposition of TA SAM,
the EIS of the resulting layer shows semicircle domain with Ret
∼17 k� (Fig. 3A, curve a) suggesting that TA SAM layer blocked
the redox probe to diffuse towards the gold electrode surface.
On the other hand, higher Ret values (∼1.5 M�) were observed
in the case of DDT/Au electrode (Fig. 3B, curve b). As expected,

charge transfer and diffusion of the redox probe through the DDT
SAM is more inhibited than through the TA SAM. This involves
a reduction in noise and a relative enhancement of the faradaic
current (provided that this current is not significantly attenuated
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Fig. 2. Cyclic voltammograms measured with bare Au (a); TA/Au (b); DDT/Au (c);
a
0

b
S
T
F

F
(
r

nd mixed SAM (TA + DDT)/Au (d) in a solution containing 5 mM Fe(CN)6
3−/4− with

.1 M KCl; scan rate 10 mV s−1.

y the monolayer). It can be seen that (Fig. 3B, curve a) mixed

AM (TA + DDT)/Au has shown very high Ret value (∼5.5 M�).
hese results were in agreement with to CV data as shown in
ig. 2.
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ig. 3. Nyquist plots: [A] TA/Au (a) and clean Au electrode (b); [B] mixed SAM
TA  + DDT)/Au electrode (a) and DDT/Au electrode. Measured in 1.0 mM Fe (II/III)
edox couple, f = 1 MHz–10 mHz, Edc = +0.2 V, Eo = 10 mV.
Fig. 4. Surface Raman spectrum of mixed SAM (TA + DDT)/Au electrode; laser source
784 nm;  exposure time 10 s.

3.3. Raman spectrum of mixed SAMs

Fig. 4 displays the Raman spectrum of the gold surface after
immersion in a mixture of TA and DDT. The formation of a cova-
lent gold–sulfur bond has been proven by the presence of the large
band in the range of 500–700 cm−1. This large band is assigned to
stretch the mode of C–S groups. Vibration bands in the lower wave
number range were also observed at 1400 and 1650 cm−1 showing
the presence of acidic groups, mainly in the deprotonated form. The
peak observed at 1320 cm−1 is assigned to the C–H vibration mode.
Finally, a small main band at 2900–2950 cm−1 is clearly observed
in the high frequency region. This is assigned to the vibration mode
of alkyl thiol chains. These findings provide good evidence that
adsorption of the mixed SAM of TA and DDT did occur.

3.4.  Rabbit anti-PfHRP-2 (capturing antibody) amount
optimization

The amount of antibody to be immobilized plays an important
role on frequency change. More the amount of capturing antibody
bound to the crystal greater would be the response/frequency shift
but on the other hand over loading leads to the lowering of the
response. In the present study, the immobilization time was fixed
at 1 h. The frequency shift (�F) values increases with increase in
concentration of capturing antibody. In this case, the �F value
increases with the increase of antibody concentration from 0.1 to

300 �g/ml and begin to decrease thereafter (Table 1). This demon-
strated that 300 �g/ml of antibody concentration is required for the
complete coverage of electrode surface in 1 h. Therefore, optimized

Table 1
Change in frequency with the rabbit anti-PfHRP-2 antibody (capturing antibody)
concentration.

Concentration of antibody (�g/ml) Antibody immobilization �F (Hz)

10 62 ± 3
50 89 ± 3

100 101 ± 5
200 123 ± 6
250 139 ± 8
300 146 ± 9
350 141 ± 8
400 138 ± 6
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Table 2
The  comparison of results given by PZ immunosensor and ICT (NOW® Malaria) method.

Human clinical serum samples Sample no. 1 Sample no. 2 Sample no. 3 Sample no. 4 Sample no. 5 Sample no. 6 Negative sample

PZ immunosensor (ng/ml)a 25 55 40 55 30 15 Nil
Frequency  change (Hz) 98 156  149 156 116 58 19
NOW® Malaria weak +ve +ve +ve +ve +ve weak +ve −ve

a The average value of three successive determinations, these values are very higher (more than detection limit of immunosensor, i.e. 12 ng/ml). These are real samples
a tion plot as described in Fig. 5.
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ve: the sample is positive for malarial infection.
ve: the sample is negative for malarial infection.

mount of capturing antibody, i.e. 300 �g/ml was utilized in further
tudies.

.5. Calibration curve for PfHRP-2

The calibration curve for PfHRP-2 was obtained by applying
fHRP-2 solution of various concentrations to the antibody-
oated crystals for 1 h at 37 ◦C (Fig. 5). The experimental
esults  were approximated by sigmoid function and non-linear
tting was used for mathematical equation expression. The
eneralized mathematical equation for this sigmoid curve was

 = −15.09 + 176.6/(1 + exp(−(x − 19.5)/88.37)) with a correlation
oefficient of r2 = 0.996. From this sigmoid curve, the linear range
f the PZ immunosensor was found to be 15–60 ng/ml. The detec-
ion limit was found to be 12 ng/ml with a frequency response of
7 Hz (n = 3), which is larger than three-time standard deviation of
ontrol experiment (±7.0 Hz).

.6. Evaluation of immunosensor against human clinical samples

The  feasibility of applying the developed sensor in clinical sys-
ems was investigated via analyzing human clinical samples, and
omparing with the commercially available ICT kit (NOW® Malaria,
inax, Inc. US). These samples were diluted (1:100) prior to apply

nto developed immunosensor and ICT kit to minimize the effect of
erum on the response. The comparison between the results of the
roposed immunosensor and the NOW® Malaria ICT kit was shown

n Table 2. From the results, it is suggested that that there was  no
ifference between the results given by the two methods. There-
ore, the proposed immunosensor could be reasonably applied in

he clinical determination of PfHRP-2 antigen. It may  be noted that
t concentration less than 25 ng/ml, the NOW® Malaria ICT kit gives

 weak signal (or color indication) while immunosensor provides
ound response.
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ig. 5. Calibration plot (log concentration of PfHRP-2 vs. change in frequency) for
he PZ immunosensor for malarial PfHRP-2 antigen.
Fig. 6. Stability study of PfHRP-2 piezoimmunosensor, responses were measured
for  40 ng/ml of PfHRP-2 antigen.

3.7. Reproducibility and stability of PfHRP-2 piezoimmunosensor

Reproducibility performances of the rabbit anti-PfHRP-2 modi-
fied crystal were studied. For this purpose, 5 mM glycine–HCl buffer
solution (pH 2.8) was used to break the affinity binding between
PfHRP-2 antigen and anti-PfHRP-2 antibody. The PfHRP-2 antigen
(40 ng/ml, �F = 162 Hz at first experiment) was  detected by the
regenerated crystal surface by monitoring the change of frequency
signal. After, 32 times of regeneration the binding activity of anti-
PfHRP-2 retained more than 91% (�F = 149 Hz) of original frequency
change (frequency shift 162 Hz) with the relative standard devia-
tion (R.S.D.) of 3.6%.

The  developed PZ immunosensor was also evaluated in terms
of stability. For this purpose crystal were coated with optimized
amount of rabbit anti-PfHRP-2 antibody. The quartz crystals were
kept in a dry condition at 4 ◦C and tested at regular intervals up to 14
days. The frequency change observed upon the addition of PfHRP-2
solution (40 ng/ml) and was used as a measure of the stability of
the crystals. The relative frequency shift data are shown in Fig. 6.
There was no significant change in the resonant frequencies in the
first 2 days but after it, a gradual decline was  resulted. The activity
was still retained at the level of 50% even after 14 days storage of
antibody-coated crystal kept at 4 ◦C.

4. Conclusions

In this work, a PZ immunosensor was developed for the direct
detection of malarial PfHRP-2 antigen. Covalent coupling of anti-
PfHRP-2 antibodies on mixed SAM (TA + DDT) modified gold surface

was carried out with NHS/EDC. The properties of TA (strong adsorp-
tion on gold surface due to disulfides) and DDT (dense packing
of monolayers due to long carbon chain length) were explored as
mixed SAMs for malarial PfHRP-2 detection. The detection limit was
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ound to be 12 ng/ml. It was also found that even after 14 days of
torage 50% of the activity still remained. The binding activity of
nti-PfHRP-2 retained more than 91% of original frequency change
fter the 32 times of regeneration. Finally, this study demonstrated
hat it is feasible to detect of malarial PfHRP-2 antigen with the
roposed PZ immunosensor. However, it is slightly less sensitive
han our earlier report on amperometric immunosensing of malar-
al antigen [37]. Since, it is label less and reusable, the sensitivity
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