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a b s t r a c t

A CdSe/ZnS quantum dot (QD) based electrochemical immunoassay of phosphorylated bovine serum
albumin (BSA-OP) as a protein biomarker is presented. The QDs were used as labels for amplifying
electrochemical signals and were conjugated with a secondary anti-phosphoserine antibody in a het-
erogeneous sandwich immunoassay. In this assay, the model phosphorylated protein BSA-OP was added
eywords:
lectrochemical immunoassay
uantum dots
iomarker

to the primary BSA antibody coated polystyrene microwells, and then the QD labeled anti-phosphoserine
antibody was added for completing immunorecognition. Finally, the bound QD was dissolved in an acid-
dissolution step and was detected by electrochemical stripping analysis. The measured current responses
were proportional to the concentration of BSA-OP. Under optimal conditions, the voltammetric response
was linear over the range of 0.5–500 ng mL−1 of BSA-OP, with a detection limit of 0.5 ng mL−1. It also

ity w
t prom
hosphorylated bovine serum albumin shows good reproducibil
immunoassay offers grea

. Introduction

Protein phosphorylation is one of the most important and most
horoughly investigated post-translational modifications in living
rganisms (D’Ambrosio et al., 2007; Hu et al., 2008; Paradela and
lbar, 2008). Because of its fundamental role in the regulation of
ellular functions, such as cell division, signal transduction, and
ell differentiation, much effort has concentrated on the devel-
pment of detection methodologies for the different substrates
D’Ambrosio et al., 2007). The phosphorylation process has been
emonstrated to involve some 518 protein kinases and 100 phos-
hoprotein phosphatases in the human genome (Kerman and
raatz, 2009; Mann et al., 2002). Approximately 30% of all pro-

eins in eukaryotic cells are supposed to be phosphorylated at

ny given time (Mann et al., 2002). Recently, many human dis-
ases have been recognized to be associated with the abnormal
hosphorylation of cellular protein and protein phosphorylation

s also associated with the pathways of cancer (Hu et al., 2008).
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ith a relative standard deviation of 8.6%. This QD-based electrochemical
ise for simple and cost-effective analysis of protein biomarkers.

© 2010 Elsevier B.V. All rights reserved.

Therefore, the analysis of protein phosphorylation has increas-
ingly become the focus of attention in the field of proteomics
due to its highly dynamic nature and low stoichiometry (Paradela
and Albar, 2008). In general, the detection method of protein
phosphorylation includes mass spectrometry (MS), radiolabeling,
high-performance liquid chromatography (HPLC), electrophoresis,
enzyme-linked immunosorbent assays (ELISA), and fluorescence-
based immunoassay (D’Ambrosio et al., 2007; Kerman et al., 2007;
Mann et al., 2002; McLachlin and Chait, 2001; Paradela and Albar,
2008; Yan et al., 1998). Unfortunately, the above-mentioned meth-
ods often involve radiation hazards, are time-consuming and
labor-intensive, or requiring highly qualified personnel and sophis-
ticated instrumentation.

Currently, electrochemical immunoassays combining the recog-
nition events of specific antibodies with electrochemical detection
techniques have been successfully developed (Pastor-Navarro et
al., 2007; Roucairol et al., 2007; Tramontina et al., 2007). Elec-
trochemical techniques have numerous advantages for use in
biosensor development: for example, they are relatively inexpen-
sive, inherently simple and applicable to optically opaque media,
and suitable for miniaturizable instrumentation with low power

requirements (Kuramitz et al., 2006; Tang et al., 2007, 2008). Thus,
the combination of the specificity of immunological recognition
and electrochemical detection can achieve the detection of analytes
with high sensitivity and specificity (Chen et al., 2007; Dungchai
et al., 2008; Preechaworapun et al., 2008). Furthermore, a larger
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umber of labels, such as various nanoparticles (gold and silica),
Ds (CdS, PbS, and ZnS), and apoferritin nanoparticles, have been

uccessfully developed for labeling (Kerman et al., 2007; Liu and
in, 2007; Song et al., 2008; Wang et al., 2008a,b; Wu et al., 2007).
n particular, to enhance the sensitivities, biosensors and bioassays
sing electrochemical stripping analysis based on QDs have shown
reat potential for the detection of trace biomolecules (Wang et
l., 2008b; Wu et al., 2007). Especially, QDs have been widely used
or the labeling and biosensing of electrochemical immunoassays
ecause of their unique advantages such as nanometer size simi-

ar to proteins and versatility in surface modification with various
iomolecules (peptides, oligonucleotides, and proteins) (Wang et
l., 2008b; Wu et al., 2007; Yang et al., 2009).

In this research, we report on an electrochemical immunoassay
pproach for the quantification of BSA-OP using QDs as electro-
hemical labels. The serine site of BSA was phosphorylated and
SA-OP was chosen as a model phosphoprotein in this work. The
esults demonstrated that this approach is simple and sensitive for
he detection of phosphorylated proteins.

. Materials and methods

.1. Reagents

Phosphoserine-bovine serum albumin (BSA-OP), bovine
erum albumin (BSA), phosphate buffer saline (PBS 0.01 M),
ween20, �-globulins, cadmium chloride (CdCl2), and hydrochlo-
ic acid (HCl) were purchased from Sigma–Aldrich (St. Louis,
O). Anti-phosphoserine antibody was purchased from Abcam,

nc. (Cambridge, MA). Monoclonal anti-bovine serum albumin
anti-BSA) was purchased from Rockland Immunochemicals,
nc. (Gilbertsville, PA). Polyethylene glycol-6000 (PEG) was
btained from Fluka. The Qdot®655 antibody conjugation
it was purchased from Molecular Probes, Inc. (Eugene, OR),
hich includes QD nanocrystals (CdSe/ZnS), succinimidyl-4-

N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) stock
olution, dithiothreitol (DTT) stock solution, dye-labeled markers
or antibody elution, �-mercaptoethanol, separation media, and
xchange buffer. All reagents were of analytical grade and were
repared using deionized or autoclaved water.

.2. Apparatus

A C24 Incubator Shaker was purchased from New Brunswick
cientific (Edison, NJ). A benchtop Eppendorf centrifuge 5415D
Eppendorf, Germany) was used in the conjugation purification
tep. Square-wave voltammetric (SWV) measurements were per-
ormed with a �Autolab type III Potentiostat with a GPES 4.9
oftware package (Eco Chemie, Netherlands) connected to a per-
onal computer. Disposable screen-printed electrodes (SPEs) were
urchased from Alderon Biosciences, Inc. (Durham, NC). The 96-
ell microplates for immunoassay were purchased from Costar

Corning, NY).

.3. Preparation of QD-anti-phosphoserine conjugates

The QD-anti-phosphoserine conjugates were prepared with
he Qdot®655 antibody conjugation kit following the manufac-
urer’s protocol. The QDs were coated with a layer of polymer
y the manufacturer. This process involved six steps: (A) QD
anocrystals in dimethylsulfoxide solution were activated with

etero-bifunctional crosslinker (10 mM of SMCC) at room tem-
erature for 1 h, and then excess SMCC was removed via a
AP-5 desalting column with the exchange buffer provided in

he kit as the elution solvent. Approximately 500 �L of the QDs
ith maleimide-nanocrystal surfaces were collected. (B) 300 �L
electronics 26 (2010) 1109–1113

of 0.5 mg mL−1 anti-phosphoserine antibody was reduced with
20 mM DTT at room temperature for 0.5 h to expose free sulfhydryl
groups and then (C) labeled with the dye-labeled marker and puri-
fied with the NAP-5 desalting column, collecting approximately
500–600 �L of the colored fraction. (D) The activated QD nanocrys-
tals and reduced antibodies were then mixed and allowed to
conjugate (sulfur–maleimide bond formation) at room tempera-
ture for 1 h. (E) The reaction was quenched by the addition of
�-mercaptoethanol and concentrated to a final volume of 20 �L via
ultrafiltration (7000 rpm for approximately 10–15 min on a bench-
top Eppendorf centrifuge) using the 0.5 mL concentrator supplied
in the kit. (F) Finally, the QD-anti-phosphoserine conjugates were
purified by Superdex 200 gel chromatography with PBS as the
eluent buffer and collecting the initial dark brown-colored eluent
in the dead space of the column (∼200 �L), which was stored at
4 ◦C before use. The QD-anti-phosphoserine conjugates were fur-
ther characterized with transmission electron microscopy (TEM).
The sample was prepared by dispersing 5 �L of 200-fold diluted
QD-anti-phosphoserine solution on the surface of the carbonate
support film of a TEM grid, and allowing it to dry at room temper-
ature.

2.4. Immunoassay procedure

This procedure is divided into six steps: (A) 50 �L of a 200-fold
dilution of the anti-BSA antibody stock solution was added into
a 96-well microplate and incubated at 4 ◦C overnight with gen-
tle shaking. (B) After the solution was removed, the wells were
washed four times with washing buffer (0.05% (v/v) Tween20 in
0.01 M PBS) followed by the addition of 250 �L of blocking buffer
(2% (w/v) PEG and 3% (w/v) globulin in 0.01 M PBS) and incubating
at 37 ◦C for 2 h with gentle shaking to block the remaining active
sites. (C) The plates were then washed, followed by the addition
of 50 �L of BSA-OP of the desired concentration into the wells and
incubation at 37 ◦C for 1 h with gentle shaking. (D) The wells were
then washed four times, as mentioned above, prior to the addi-
tion of 50 �L of a 200-fold dilution of the QD-anti-phosphoserine
conjugates and incubation at 37 ◦C for 1 h with gentle shaking in
order to obtain the sandwich immunoreactions. (E) The completed
microplate was washed four more times. Finally, to release cad-
mium ions from the captured QDs, 20 �L of 1 M HCl was added into
each well, and then the solution was mixed with 50 �L of acetate
buffer with 10 ppm Hg. (F) The resulting solution was quantified by
square wave voltammetry, as described in the following section.

2.5. Electrochemical measurements

SWV measurements were performed with a SPE consisting of
a carbon working electrode, a carbon counter electrode, and an
Ag/AgCl reference electrode. Each SPE was first pretreated electro-
chemically by cyclic voltammetric scanning 10 times at a potential
range of 0–1.5 V in 0.05 M PBS. After washing and drying with an
airstream, 50 �L of sample solution was dropped onto the sensing
area of the SPE. The cadmium solution was measured with SWV
using an in situ plated mercury film on the SPE. The SWV parame-
ters used were a conditioning potential of 0.6 V for 60 s, deposition
potential of −1.2 V for 120 s, equilibration time of 10 s, amplitude of
25 mV, step potential of 4 mV, and a frequency of 15 Hz. A baseline
correction of the resulting voltammogram was performed using the
GPES 4.9 software.
3. Results and discussion

In this study, the synthesis of QD-anti-phosphoserine con-
jugates was schematically summarized in Fig. 1A. To facilitate
the conjugation with biological molecules, the QD coated with a
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ig. 1. (A) Schematic illustration of the synthetic procedure for the preparation of th
f the QD-anti-phosphoserine conjugates.
olymer shell. The QD-anti-phosphoserine conjugates were char-
cterized by measuring the protein concentration (bicinchoninic
cid assay (BCA) method) and QD concentration (using a molar
xtinction coefficient of 650,000 M−1 cm−1 and a measurement
anti-phosphoserine conjugates. (B) Transmission electron microscopy (TEM) image
wavelength of 638 nm). The average number of anti-phosphoserine
antibodies per QD was estimated to be four. As shown in Fig. 1B,
TEM image shows that the QD-anti-phosphoserine conjugates are
uniform in size, without aggregation, and have an average diameter
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Fig. 2. A schematic illustration of the determination of BSA-OP based on a sandwich electrochemical immunoassay using quantum dots as labels. (A) The anti-BSA antibody
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as immobilized onto the microplate wells; (B) spare sites were blocked with b
hosphoserine conjugates recognized the OP moiety of BSA-OP; (E) QD labels wer
disposable SPE. B: The electrochemical response of the assays in different protein
ifferent proteins is 100 ng mL−1.

f approximately 10 nm which was similar to other reports (Wang
t al., 2008b; Wu et al., 2007).

Fig. 2A displays the schematic illustration for the determina-
ion of BSA-OP based on the QD labels and the electrochemical
mmunoassay. Firstly, BSA-OP was captured with the primary
nti-BSA on the well of the microplate, and then the QD-
nti-phosphoserine conjugates were added to form a sandwich
mmunoassay. By adding HCl, the QDs from the complex were dis-
olved and cadmium ions were released. These cadmium ions were
easured with SWV using an in situ plated mercury film on the SPE.

he concentration of cadmium ions was directly proportional to the
mount of BSA-OP. It was found that both the stripping peak poten-
ial both of standard cadmium ions and of those obtained from the
issolved QDs were −0.75 V.

It was found that there is non-specific binding of the QD-
nti-phosphoserine conjugates for this assay. Optimization of
xperiments conditions to minimize the non-specific binding was
urther performed. The QD-anti-phosphoserine conjugates were
iluted with 3% (w/v) globulin in 0.01 M PBS to make a series of
oncentrations from the stock solution for testing. A 200-fold dilu-
ion was found to provide the lowest background, so this ratio was
hosen for the assay (data not shown). To further reduce the non-
pecific adsorption of the conjugates, the effect of blocking buffers
n signal to noise ratio between the electrochemical responses of

0 ng mL−1 BSA-OP and 0 ng mL−1 BSA-OP was investigated (see
upporting information Fig. S1). It was found that the blocking
uffer containing 3% (w/v) globulin and 1% PEG could mostly lower
ackground and achieve higher signal to noise ratio. Changing the
oncentration of PEG from 0.5% to 3% (w/v) (all in the co-presence
g buffer; (C) BSA-OP was captured by the immobilized antibodies; (D) QD-anti-
lved by acid solution; (F) released cadmium ions were determined by SWV using

ions including BSA-OP, BSA, AChE-OP, and BChE-OP. The concentration of the four

of 3% (w/v) globulin in PBS) was studied, and it was found that
2% (w/v) PEG works best in term of the blocking efficiency of the
blocking buffer for this assay. In addition, the high concentration
of the primary anti-BSA antibody used for immobilization in the
microplate well was found to generate a high background signal.
We found that 200-fold dilution of the primary anti-BSA antibody
stock solution was optimal for the assay.

The selectivity of the assay to BSA-OP is examined in the pres-
ence and absence of BSA-OP (Fig. 2B). The results showed that the
SWV response from BSA-OP is highest than that from BSA, AChE-
OP, and BChE-OP, indicating the assay is specific to BSA-OP. The
results demonstrated the good selectivity of this immunoassay.

Under these optimal conditions, the proposed method was used
to detect BSA-OP based on the QD labels. As shown in Fig. 3, the
SWV response increased with the increase of the BSA-OP concen-
tration from 0 to 500 ng mL−1. It can be seen that the SWV response
in the absence of BSA-OP (curve a) was lower than that in the
presence of 0.5 ng mL−1 BSA-OP (curve b), attributing to excellent
blocking and washing of the assay. As shown in the inset of Fig. 3,
the SWV responses linearly increase with the increase of the log-
arithm of BSA-OP concentration in the range of 0.5–500 ng mL−1,
with a correlation coefficient of 0.9961 (n = 3). The detection limit
of this method was estimated to be 0.5 ng mL−1 (about 7.8 pM). To
test the reproducibility of the method, a series of six wells repetitive

measurements of 25 ng mL−1 BSA-OP was investigated and yielded
reproducible electrochemical signals with a relative standard devi-
ation of 8.6%.

We further compared this method with the conventional
enzyme-linked immunosorbent assay (ELISA) using horseradish
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Fig. 3. Square wave voltammograms acquired in 0 ng mL−1, 0.5 ng mL−1, 1 ng mL−1,
2.5 ng mL−1, 5 ng mL−1, 10 ng mL−1, 25 ng mL−1, 50 ng mL−1, 100 ng mL−1,
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50 ng mL−1, and 500 ng mL−1 of BSA-OP (a–k, respectively) using the assay
ethod under the optimal conditions. The inset: a plot of the peak current

ersus the logarithm of 0.5 ng mL−1, 1 ng mL−1, 2.5 ng mL−1, 5 ng mL−1, 10 ng mL−1,
5 ng mL−1, 50 ng mL−1, 100 ng mL−1, 250 ng mL−1, and 500 ng mL−1 BSA-OP.

eroxidase (HRP)-anti-phosphoserine conjugates for analysis of
SA-OP (Supporting information, Fig. S2). The results demonstrated
hat the electrochemical immunoassay showed a lower detection
imit compared with ELISA.

. Conclusions

This work demonstrated good performance of QD labels-based
lectrochemical immunoassay for the detection of BSA-OP, as a
odel analyte (serine phosphoprotein). To increase the analytical

ensitivity of the assay, QD labels were conjugated to the sec-
ndary anti-phosphoserine antibody in a sandwich immunoassay
ormat. Under optimal conditions, the obtained detection limit of
he assay was 7.8 pM using a 60-min immunoreaction time. The
roposed method provides a simple, sensitive, and reproducible
ssay for phosphorylated proteins. This work may be extended to
he simultaneous detection of multiple biological phosphorylated
rotein biomarkers using different QD labels, such as CdS, ZnS, and
bS.
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