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Research Article

Paramagnetic particles coupled with an
automated flow injection analysis as a tool
for influenza viral protein detection

Currently, the influenza virus infects millions of individuals every year. Since the influenza
virus represents one of the greatest threats, it is necessary to develop a diagnostic tech-
nique that can quickly, inexpensively, and accurately detect the virus to effectively treat
and control seasonal and pandemic strains. This study presents an alternative to current
detection methods. The flow-injection analysis-based biosensor, which can rapidly and eco-
nomically analyze a wide panel of influenza virus strains by using paramagnetic particles
modified with glycan, can selectively bind to specific viral A/H5N1/Vietnam/1203/2004
protein-labeled quantum dots. Optimized detection of cadmium sulfide quantum dots
(CdS QDs)-protein complexes connected to paramagnetic microbeads was performed us-
ing differential pulse voltammetry on the surface of a hanging mercury drop electrode
(HMDE) and/or glassy carbon electrode (GCE). Detection limit (3 S/N) estimations based
on cadmium(II) ions quantification were 0.1 �g/mL or 10 �g/mL viral protein at HMDE or
GCE, respectively. Viral protein detection was directly determined using differential pulse
voltammetry Brdicka reaction. The limit detection (3 S/N) of viral protein was estimated as
0.1 �g/mL. Streptavidin-modified paramagnetic particles were mixed with biotinylated se-
lective glycan to modify their surfaces. Under optimized conditions (250 �g/mL of glycan,
30-min long interaction with viral protein, 25�C and 400 rpm), the viral protein labeled
with quantum dots was selectively isolated and its cadmium(II) content was determined.
Cadmium was present in detectable amounts of 10 ng per mg of protein. Using this
method, submicrogram concentrations of viral proteins can be identified.
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1 Introduction

Influenza represents one of the greatest threats in soci-
ety today. It is not surprising that the World Health Or-
ganization (WHO) initiated the Global Influenza Program,
which provides member states with strategic guidance, tech-
nical support, and coordination of activities essential to bet-
ter prepare healthcare systems against seasonal, zoonotic,
and pandemic influenza threats to populations and individ-
uals (http://www.who.int/influenza/en/) [1, 2]. According to
WHO, seasonal influenza is responsible for several million
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cases of acute illnesses and between 250 000 and 500 000
deaths each year [3].

There are three genera of the influenza virus: Influenza
virus A, Influenza virus B, and Influenza virus C. They are
RNA viruses that make up three of the five genera of the Or-
thomyxoviridae family. Type A virus, the most virulent human
pathogens among the three influenza types, causes the most
severe disease. This virus can be further subdivided into dif-
ferent serotypes based on antibody responses. The influenza
virus contains two major surface proteins: hemagglutinin
(HA) and neuraminidase. HA mediates glycan receptor bind-
ing and membrane fusion for viral entry. Neuraminidase
conducts receptor-destroying enzyme activity important for
virus release [4]. Subtypes of influenza viruses are classified
according to these proteins [5, 6].

More than 500 cases of avian H5N1 influenza infections
in humans have been reported from 15 countries, of which
nearly 60% have resulted in death (Fig. 1). Recently published
meta-analysis in Science shows 12 677 participants in 20 stud-
ies that have been infected with the avian H5N1 have mild
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Figure 1. Affected areas with confirmed cases of H5N1 avian in-
fluenza since April 5, 2003, modified according to http://www.
who.int/influenza/human_animal_interface/avian_influenza/en/.

symptoms or subclinical infections that are not currently ac-
counted for; thus, the true fatality rate for H5N1 influenza
viruses is likely to be less than the frequently reported rate of
more than 50% [7]. It is possible that deaths caused by H5N1
infections, as documented by WHO, are also underestimated.
A portable and robust standardized approach for large-scale
studies is examined.

Nanoparticles have numerous possible applications in
biosensors and bioassays. Electrochemical biosensors and
bioassays have attracted considerable interest due to their
high performance, miniaturized construction, and low cost
[8]. Conventional enzyme and electroactive labels have in-
corporated nanoparticles, nanotubes, and nanowires due to
their improved sensitivity in small molecule and protein
detection. Gold nanoparticles electrodes used to build im-
munosensors were the first target materials studied in elec-
trochemical immunosensors and DNA biosensors [9–11].
Semiconductor nanoparticles, inorganic compounds, and
apoferritin or liposomes-labeled complexes can be applied
as electrochemical targets for bioassays. Semiconductor
nanoparticles also called quantum dots are of particular inter-
est because of their size and tuneable fluorescence emission.
Owing to their unique properties, semiconductor nanoparti-
cles have generated considerable interest for optical biode-
tection. The intrinsic redox properties and sensitive elec-
trochemical stripping analysis of the metal components of
semiconductor nanoparticles cause labels in the electrochem-
ical biosensors to be very sensitive; thus, low detection lim-
its can be achieved. Liu et al. introduced an electrochemical

immunoassay protocol for simultaneously measuring multi-
ple protein targets based on the use of CdS, ZnS, and PbS
quantum dots (QDs). Each protein gives a distinct voltam-
metric peak whose position and size reflects the identity and
amount of the corresponding antigen with fmol detection
limits [12, 13].

This study aimed to develop a low-cost isolation and
rapid CdS quantum dots-based biosensor to detect viruses.
Viral quantity was determined through cadmium(II) ion con-
centrations abstracted from quantum dots. The results were
confirmed by differential pulse voltammetry Brdicka reac-
tion. Particular attention was focused on the application of
streptavidin-coated paramagnetic particles modified with bio-
tinylated glycan and its selective binding properties to the in-
fluenza virus.

2 Materials and methods

2.1 Chemicals

Tris(2-carboxyethyl)phosphine was from Molecular Probes
(Eugene, OR, USA). Co(NH3)6Cl3 and other chemicals used
were purchased from Sigma Aldrich (St. Louis, MA, USA)
unless otherwise noted. Stock solutions were prepared from
ACS water. pH value and conductivity was measured using
inoLab Level 3 (Wissenschaftlich-Technische Werkstatten;
Weilheim, Germany). Deionized water underwent deminer-
alization by reverse osmosis using Aqua Osmotic 02 (Aqua
Osmotic, Tisnov, Czech Republic) and was subsequently pu-
rified using Millipore RG (MilliQ water, 18 M�, Millipore,
Billerica, MA, USA). Deionized water was used for rinsing,
washing, and buffer preparation.

2.2 Preparation of CdS QDs

CdS QDs were prepared using a slightly modified version
of a published method [14]. Cadmium nitrate tetrahydrate
Cd(NO3)2 · 4H2O (0.1 mM) was dissolved in ACS water
(25 mL). A 3-mercaptopropionic acid (35 �L, 0.4 mM) was
slowly added to the stirred solution. Afterward, the pH was
adjusted to 9.11 with 1 M NH3 (1.5 mL). Sodium sulfide
monohydrate Na2S·9H2O (0.1 mM) in ACS water was poured
into the solution while vigorously stirring. The acquired yel-
low solution was stirred for 1 h. Prepared CdS-quantum dots
were stored in the dark at 4�C.

2.3 Preparation of samples

A/H5N1/Vietnam/1203/2004 protein (accession no. ISDN
38687, Prospec-Tany TechoGene, Tel Aviv, Israel) (200 �L,
100 �g/mL) was mixed with a solution of CdS QDs (100 �L).
This mixture was shaken for 24 h at room temperature (Vor-
tex Genie2 [Scientific Industries, Bohemia, NY, USA]). The
volume of solution was reduced to 100 �L on an Amicon
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Ultra 3k centrifugal filter device (Millipore). Centrifuge 5417R
(Eppendorf, Hamburg, Germany) was performed under the
following parameters 15 min, 6000 rpm, 20�C. The obtained
concentrate was diluted with 400 �L of ACS water and re-
duced on centrifuge to 100 �L. The process was repeated five
times. The washed sample was diluted to 300 �L and used
for succeeding measurements.

2.4 Magnetic nanoparticle separation

Streptavidin Dynabeads M-270 was purchased from Life
Technologies (Carlsbad, CA, USA). Biotinylated multiva-
lent glycans (01–078 [Neu5Ac�2–3Gal�1–3GlcNAc�1-PAA-
biotin]) were obtained from GlycoTech (Gaithersburg, MD,
USA). Soluble forms of HA derived from newly emerging
influenza viruses expressed in baculovirus, were purchased
from Prospec-Tany TechnoGene. Streptavidin Dynabeads M-
270 (10 �L) was pipetted to microplates (PCR 96, Eppendorf),
then subsequently transferred to a magnet plate. Stored so-
lution was drained from the magnetic particles. Magnetic
particles were washed three times with 100 �L of phosphate
buffer (0.3 M, pH 7.4, made from NaH2PO4 and Na2HPO4).
Twenty microliters of biotinylated glycan were added to each
of the wells and incubated (30 min, 25�C, 400 rpm). After the
incubation, the sample was washed three times with phos-
phate buffer (0.3 M, pH 7.4). Subsequently 20 �L of H5N1-
Cd-labeled protein was added. It was further incubated (30
min, 25�C, 400 rpm) and washed with 100 �L of phosphate
buffer (0.3 M, pH 7.4). Thirty-five microliters of phosphate
buffer (0.3 M, pH 7.4) was added followed by the treatment
of ultrasound needle (2 min). The plate was transferred to the
magnet plate and the supernatant (product) was measured
using differential pulse voltammetry. The detected substance
was identified as cadmium (quantum dots).

2.5 Determination of proteins by Brdicka reaction

Differential pulse voltammetric measurements were per-
formed with a 747 VA Stand instrument connected to a
693 VA Processor and 695 Autosampler (Metrohm, Herisau,
Switzerland). It was equipped with a standard cell consist-
ing of three electrodes, a cooled sample holder, and a mea-
surement cell set at 4�C (Julabo F25, JulaboDE, Seelbach,
Germany). The three-electrode system consisted of a hang-
ing mercury drop electrode (HMDE) with a drop area of
0.4 mm2 as the working electrode, an Ag/AgCl/3M KCl ref-
erence electrode, and a platinum electrode acting as the aux-
iliary. VA Database 2.2 by Metrohm was used for data acqui-
sition and subsequent analysis. The analyzed samples were
deoxygenated prior to measurements by purging with argon
(99.999%) saturated with water for 120 s. Brdicka-supporting
electrolyte containing 1 mM Co(NH3)6Cl3 and 1M ammonia
buffer (NH3(aq) + NH4Cl, pH = 9.6) was used. The sup-
porting electrolyte was exchanged after each analysis. The
parameters of the measurement were as follows: initial po-

tential of −0.7 V, end potential of −1.75 V, modulation time
0.057 s, time interval 0.2 s, step potential 2 mV, modula-
tion amplitude −250 mV, Eads = 0 V. The volume of in-
jected sample was 5 �L with a total volume of 2 mL in
the measurement cell (5 �L of sample + 1995 �L Brdicka
solution).

2.6 Electrochemical determination of cadmium

Determination of cadmium by differential pulse voltamme-
try was performed using a 663 VA Stand (Metrohm) and
a standard cell with three electrodes. The three-electrode
system consisted of an HMDE with a drop area of 0.4 mm2

as the working electrode, an Ag/AgCl/3M KCl reference
electrode, and a glassy carbon acting as the auxiliary
electrode. GPES 4.9 software was employed for data pro-
cessing. The analyzed samples were deoxygenated prior to
measurements by purging with argon (99.999%). Acetate
buffer (0.2 M CH3COONa + CH3COOH, pH 5) was used
as a supporting electrolyte. The supporting electrolyte was
replaced after each analysis. The parameters of the mea-
surement were as follows: purging time 120 s, deposition
potential −0.9 V, accumulation time 240 s, equilibration
time 5 s, modulation time 0.057 s, interval time 0.2 s,
initial potential −0.9 V, end potential −0.3 V, step potential
0.00195 V, modulation amplitude 0.02505 V, volume of
injected sample: 10 �L, volume of measurement cell 1 mL
(10 �L of sample; 990 �L acetate buffer).

2.7 Flow injection analysis (FIA)

An automated FIA system with electrochemical detection
was proposed. The system consisted of a solvent delivery
automated analytical syringe operating in a working vol-
ume of 1–50 �L, with variable speeds ranging from 1.66 to
50 �L/s (Model eVol, SGE Analytical Science, Kiln Farm Mil-
ton Keynes, UK), a 3-way 2-position selector valve (made
from 6-way valve) (Valco Instruments, Schenkon, Switzer-
land), and a dosing capillary that directly entered the electro-
chemical flow cell (CH Instruments, Austin, TX, USA). To
prepare a fully automated system, a switching valve that en-
abled alternating between the off waste and sample flow was
placed in the system. The sample (10 �L) was injected by an
automated syringe (SGE Analytical Science) through a flow
cell at a speed of 1.66 �L/s. The flow cell was first rinsed clean
with 200 �L of ethanol in water (75% v/v), then with 200 �L of
100% ethanol, and stabilized with 200 �L of supporting elec-
trolyte. Cleaning procedures were applied after every 50 mea-
surements. The electrochemical flow cell includes a low vol-
ume (1.5 �L) flow-through analytical cell (CH Instruments,
Austin, TX, USA), which consisted of a doubled glassy carbon
working electrode, Ag/AgCl reference electrode, and an out-
put steel tubing as an auxiliary electrode. An electrochemical
flow cell was connected to a miniaturized control module, po-
tentiostat 910 PSTAT mini (Metrohm). The differential pulse

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



3198 L. Krejcova et al. Electrophoresis 2012, 33, 3195–3204

voltammetry was used as the measuring method with the
following parameters: initial potential −1.2 V, end potential
−0.2 V, modulation amplitude 0.05 V, step potential 0.001
V. Acetate buffer (0.2 M, pH 5) was used as the supporting
electrolyte. Each sample solution of 10 �L was diluted in ac-
etate buffer. The data obtained were processed by the PSTAT
software 1.0 (Metrohm). The experiments were carried out at
20�C.

2.8 Fluorescence measurement

Fluorescence spectra were acquired by a multifunctional
microplate reader called Tecan Infinite 200 PRO (TECAN,
Männedorf, Switzerland). The excitation wavelength was set
at 350 nm and the fluorescence scan was measured every 5 nm
within a 400 to 850 nm wavelength range. Each intensity value
was based on an average of five repeated measurements. The
detector gain was set at 100. The sample (50 �L) was placed
in a transparent 96-well microplate with a flat bottom (Nunc).
Fluorescence monitoring was performed using In vivo
Xtreme system by Carestream (Rochester, NY, USA). This
instrument was equipped with a 400 W xenon light source
and 28 excitation filters (410–760 nm). The emitted light is
captured by a 4MP CCD camera. The excitation wavelength
was set at 410 nm and the emission was measured at 700 nm.
The exposition time was 4.5 s. Sample volumes of 25 �L
were placed in microtitrate plates (Eppendorf).

2.9 Robotic pippeting station

Computer controlled automated pipetting station, Ep-Motion
5075 (Eppendorf) was used for automated sample han-
dling prior to electrochemical analysis. Positions C1 and C4
were thermostated (Epthermoadapter PCR96). At position
B1, module reservoir for washing solutions and waste were
placed. Tips were placed in positions A4 (ePtips 50), A3 (eP-
tips 300), and A2 (ePtips 1000). Transfer was ensured by a
robotic arm with pipetting adaptors (TS50, TS300, TS1000–
numeric labeling refers to maximal pipetting volume in �L)
and a gripper for platform transport (TG-T). The program se-
quence was edited and the station was controlled in pEditor
4.0. For sample preparation, two platforms were used. A ther-
morack for 24 × 1.5–2 mL microtubes (Position C3) was used
to store working solutions and a 96-well DPW (low binding
DNA) thermostated plate with a well volume of 200 �L (Po-
sition C1) was also available. After separation, the magnetic
particles were forced apart using a Promega magnetic pad
(Promega, Madison, WI, USA) (position B4). The solutions
were then transferred to a new DPW plate.

2.10 Descriptive statistics

Data were processed using MICROSOFT EXCEL (Microsoft,
Redmond, WA, USA) and STATISTICA.CZ Version 8.0 (Stat-

Soft CR, Prague, Czech Republic). The results are expressed
as mean ±SD unless otherwise noted. The detection limits
(3 S/N) were calculated according to Long and Winefordner
[15], whereas N was expressed as a standard deviation of noise
determined in the signal domain unless otherwise stated.

3 Results and discussion

At the beginning of 2009, the influenza A (H1N1) virus
emerged and spread to most parts of the world. WHO consid-
ered this virus a potentially dangerous strain that could lead
to a pandemic with high mortality. Transmission of swine
H1N1 virus into the human population probably occurred
due to changes in HA and their sialyl glycan-based recep-
tors. Other contributing factors include its distribution in
tissues of different species, host range, and tissue tropism
and its capacity to initiate a human pandemic. Based on pre-
vious studies, H5N1 consists of homology-based HA-glycan
structural complexes with human-type oligosaccharide recep-
tors (N-acetylneuraminic acid �2–6-linked to galactose) and
avian-type (N-acetylneuraminic acid �2–3-linked to galactose)
[16–21]. However, these receptors and interactions can also
be used as tools for successful isolation of various types of
influenza viruses [22]. Current studies attempted to design
a biosensor, which consists of paramagnetic particles-based
isolation of viral proteins modified with QDs and subsequent
electrochemical detection of both protein and QDs as a new
type of labeling.

3.1 Characterization of QD labeling

Aqueous CdS QDs displayed long lifetimes accompanied by
excellent stability [14]. The current study affirmed the stability
of synthesized CdS QDs longer than 1 month. The emission
spectrum of CdS QDs is shown (green line) in Fig. 2A with

Figure 2. (A) Fluorescence intensity of CdS QD (green line) and
complex H5N1-CdS (red line), excitation wavelength was 350 nm.
(B) Picture of CdS QDs fluorescence (orange rings) and complex
H5N1-CdS (yellow rings) measured on In vivo Xtreme system.
Presented position creates concentration line in half part dilution.
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an emission maximum at 710 nm. Moreover, it was found
that the interaction of CdS QDs with H5N1 (red line) caused
significant fluorescence quenching within the 560–850 nm
range. In vivo imaging was utilized to confirm increasing
concentrations of CdS QDs, which resulted in higher fluo-
rescence intensity (Fig. 2B). The increasing fluorescence in-
tensity of CdS QDs with corresponding increasing QDs con-
centrations (1.2–10 �M) are shown in Fig. 2B. The relative
intensity scale is added designating the white color as of high-
est intensity. Fluorescence quenching after QDs interaction
with H5N1 was observed. No fluorescence was detected after
the interaction (H5N1-CdS, Fig. 2B). The results of gradual
fluorescence quenching suggest there is a very strong interac-
tion between CdS QDs and viral proteins apparently through
disulfide bonds with free protein sulfhydryl groups (CdS-S-
viral protein) and/or via binding of cadmium(II) atoms with
cysteine, histidine, or lysine. Observed effects conclude the
CdS quantum dot–protein interaction is strong and signifi-
cant enough to be further used for other processes and appli-
cations.

3.2 Determination of cadmium(II) ions at mercury

and glassy carbon electrode (GCE)

For quantification purposes, the determination of the pres-
ence of formed CdS QDs and proteins complexes by electro-
chemical quantification of cadmium(II) ions is advantageous
in that electro-analysis of metal ions is a sensitive and robust
technique routinely used for various types of real sample
analysis [23, 24]. Differential pulse voltammetry was used in
cadmium(II) ion detection. Two types of working electrodes
were tested. HMDE was used for standard purposes. The ob-
tained dependence was linear within a 0.1–100 �M range as
follows: y = 1.6958x; R2 = 0.9911, n = 5, RSD = 4.8. An
automated FIA system in combination with electrochemical
detection and miniaturized micropotentiostat for detection
of cadmium(II) ions [25] was suggested. Cadmium(II) ions
within the same concentration interval as HMDE were de-
tected at a GCE in the presence of acetate buffer (pH 5.0).
When cadmium(II) ions were detected using FIA technique
coupled with GCE (FIA-GCE), well repeatable responses were
obtained with the following calibration equation y = 0.7710x
– 0.2621, R2 = 0.9982, n = 5, RSD = 6.3. Both working elec-
trodes were tested and cadmium(II) ions were quantified at
the synthesized QDs. The obtained signals of cadmium(II)
ions were recalculated to a concentration according to the
calibration dependences mentioned above. HMDE calibra-
tion dependence was strictly linear within the whole tested
concentration range up to 100 �M; however, GCE depen-
dence was of quadratic course. Thus, the correlation of both
dependences within the concentration interval 0.25 �M to
30 �M of cadmium(II) ions was tested. The correlation of
both methods was favorable with R2 exceeding 0.99; how-
ever, the sensitivity of GCE to cadmium(II) ions was 30%
lower than HMDE.

Based on our findings, both HMDE and GCE can be uti-
lized for QDs quantification. Therefore, interest in whether
these electrodes could be utilized for quantification of CdS
QDs-viral protein complexes was further examined. Viral
proteins (A/H5N1/Vietnam/1203/2004; 100 �g/mL) were
incubated in the presence of CdS (for other experimental
conditions, see Section 2). The modified protein was pu-
rified and the unbound CdS was removed. Based on fluo-
rimetric analysis, which confirmed QDs-viral protein com-
plexes (Fig. 2), studies were attempted to determine the
complexes through cadmium(II) ions content using differ-
ential pulse voltammetry at HMDE and GCE. The follow-
ing protein concentrations (from 0.5 to 45 �g/mL) were
applied to CdS QDs. Typical dependence of cadmium(II)
concentration on protein concentration incubated with CdS
QDs and measured at HMDE and/or GCE are shown in
Fig. 3A and B, respectively. Dependence measured at HMDE
had strictly linear characteristics (y = 0.2871x, R2 = 0.9973,
n = 5, RSD 2.1%). The observed voltammetric signals were

Figure 3. Dependences of cadmium ions concentration (related
to protein amount) on various concentrations of complex H5N1-
CdS (1: 100; 2: 50; 3: 25; 4: 12.5; 5: 6.2; 6: 3.1 7: 1.0 �M measured
at (A) HMDE and (B) and FIA-GCE.
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well developed and distinguishable at potential −0.6 V. More-
over, ratio of cadmium content in the formed complexes
was calculated. There were approximately 20 cadmium(II)
ions per complex. The ability to detect cadmium based on
an indirect approach of detecting QDs-protein complexes
shows great promise and pertinence. Based on obtained
results, the detection limit for viral protein (3 S/N) was
estimated as 0.1 �g/mL. The FIA-GCE exhibited nonlin-
ear dependence. A mathematical approach in the form of
a quadratic function (RSD 4.8%) determined protein con-
centration. In spite of the nonlinear dependence, the ra-
tio of cadmium content in QDs-protein complexes demon-
strated a repeated value of 20:1. The detection limit (3 S/N)
of viral protein was estimated as 1 �g/mL. Both estimated
detection limits pertain to real concentrations of cadmium
ions that could be detected when analyzing protein-modified
QDs.

3.3 Analysis of CdS QDs viral proteins complex

In addition to detecting cadmium(II) ions, this study investi-
gated the presence of complexes in relation to viral proteins.
Differential pulse voltammetry Brdicka reaction, a highly sen-
sitive technique, was utilized to detect Cd QDs-protein com-
plexes [26, 27]. The reaction’s mechanism is based on the
catalytic evolution of hydrogen on mercury electrodes from
protein solutions containing SH groups in ammonia buffer
and hexaamminecobalt chloride complexes (Co(NH3)6Cl3)
[28]. The mechanism of the reaction is annotated in detail,
but it is believed that the cobalt(II) protein, peptide, and basic
nitro compounds play important roles in the catalytic pro-
cess. This method is highly recommended for sensitive anal-
ysis of peptides and proteins [29]. Communication between
cobalt(II) ions and protein causes a decrease in cobalt peak
and the occurrence of two new voltammetric peaks between

Figure 4. (A) Typical differential pulse Brdicka voltammogram of H5N1-CdS (10 �g/mL protein). Dependences of heights of (B) RS2Co,
(C) signal X and (D) signal Y on concentration of H5N1-CdS QDs complex. (E) Dependences of Cat2 peak height on concentration of
H5N1-CdS QDs complex; in inset: typical catalytic signal Cat2. The parameters of the measurement were as follows: initial potential
of −0.7 V, end potential of −1.75 V, modulation time 0.057 s, time interval 0.2 s, step potential 2 mV, modulation amplitude −250 mV,
Eads = 0 V, volume of sample: 5 �L.
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−1.2 and −1.5 V. The reduction of complex R(SH)2 and Co(II)
at potential −1.35 V corresponds to the first catalytic signal
(RS2Co). Cat1 and Cat2 signals correspond to the reduction
of hydrogen at the mercury electrode. These two signals can
be used to quantify complexes because height is proportional
to the concentration of protein. In addition, the signal, Co1,
could occasionally result from the reduction of [Co(H2O)6]2+

[30]. Under current conditions, formation of catalytic signals
was present between −1.0 and −1.1 V for first catalytic sig-
nal (RS2Co) and −1.2 and −1.5 V for Cat1 and Cat2 signals,
respectively (Fig. 4A). Varied strength of signal Co1 was ob-
served at potential −0.8V. Dependence of the RS2Co peak
height on viral protein concentration is shown in Fig. 4B.
Results clearly show peak height decreased with the increas-
ing concentrations of viral protein. This phenomenon is the
best explained with the formation of a complex between an
SH group, Brdicka solution (cobalt ions), and CdS QD. Along
with standard Brdicka peaks, two new peaks labeled X and Y
were present owing to the complex formation between CdS
QDs and viral protein’s -SH groups. This was apparent from
the obtained dependences on the concentration of protein,
which are shown in Fig. 4C and D. From an analytical point
of view, Cat2 is the most important detected signal. The signal
increased with increasing concentrations of protein, which is
shown in Fig. 4E. The detection limit (3 S/N) of viral protein

was estimated as 100 ng/mL (more details will be published
elsewhere).

3.4 Magnetic particles for viral isolation

The isolation procedure utilized a microfluidic instrument to
perform paramagnetic particle detection. Similar approaches
have implemented microfluidic platforms that can detect
pathogenic avian influenza virus H5N1 in a throat swab sam-
ple. The technique coupled with polymerase chain reaction
uses magnetic forces to manipulate a free droplet contain-
ing superparamagnetic particles [31–33]. These approaches
are so sensitive, as Mizutani et al. showed, that they were
able to isolate five particles from the influenza virus [34].
Magnetic particles can also be used for viral infection charac-
terization. Virion immunosorting with magnetic nanobeads
is direct, efficient, and adaptable to viral characterization at
a nanometric resolution [35]. Another approach involved an
immunomagnetic bead-based microfluidic system. By per-
forming a simple two-step diagnostic process that includes a
magnetic bead-based fluorescent immunoassay and an end-
point optical analysis the technique allows rapid detection
of influenza A virus. Influenza A was targeted with mag-
netic particles and then labeled with a fluorescent signal

Figure 5. Scheme of a fully au-
tomated method of detection
H5N1 using paramagnetic-
based isolation and QD-based
detection. (A) Paramagnetic
streptavidin-modified parti-
cles are prepared by washing
in buffer. (B) Biotinylated
glycan binds to paramagnetic
streptavidin-modified parti-
cles due to biotin-streptavidin
affinity [45,46]. (C) Preparation
of complex of CdS QDs-viral
protein with the paramagnetic
particles. (D) Washing and
releasing of protein and
cadmium(II) ions from the
particles using ultrasonic
pulse. (E) Electrochemical
detection of HA protein and
Cd.
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using mAb with R-phycoerythrin [36]. Taking advantage of
the large surface area-to-volume ratio, antibody-conjugated
magnetic nanoparticles can act as an effective probe to ex-
tract influenza virus for gel electrophoresis and on-bead mass
spectrometric analysis [37]. An approach describing sandwich
design hybridization probes consisting of magnetic particles
and quantum dots with target DNA, and their application in
the detection of avian influenza virus (H5N1) sequences were
also published [38]. Based on the previously published results,
a combination of several approaches was integrated to sensi-
tively select and determine H5N1 viral protein. Streptavidin-
modified paramagnetic particles were mixed with biotiny-
lated selective glycan. Glycan-binding proteins are often ex-
pressed by viruses, bacteria, and protozoa on their surfaces
to facilitate their attachment to host cells and establish col-
onization and infection. The first key step in the process of
infection, transmission, and virulence of influenza viruses
involves HA, a trimeric glycoprotein expressed on the in-
fluenza virus membrane [5], which binds to a host cell’s sur-
face glycans via a terminal sialic acid (Sia) with �2–3 and �2–6
linkages [39, 40]. A fully automated setup was developed us-
ing a pipetting robot as described in Fig. 5. (PCR 96) 10 �L
of Dynabeads M-270 Streptavidin were pipetted (Fig. 5A) out
of each well of a plate. The plate was then transferred to a
magnet plate where the stored solution was extracted from
the beads. Beads were washed three times with 100 �L of
phosphate buffer (0.3 M; pH 7.4) followed by the addition
of 20 �L biotinylated glycan to each well. In the following
step, 20 �L of H5N1-Cd-labeled protein was added proceeded
by incubation (30 min, 25�C, 400 rpm) and washing with
100 �L of phosphate buffer (0.3 M; pH 7.4) (Fig. 5C). Sam-
ples were treated with ultrasound needle (2 min.) (Fig. 5D).
The plate was transferred to a magnet, and the product from
each well was analyzed using electrochemical analysis. Cad-
mium was detected by differential pulse voltammetry and
H5N1 protein was confirmed present using Brdicka reaction
(Fig. 5).

3.5 Optimization of biosensing system parameters

Selected components and their effect were tested to design
a biosensor. The influence of varying concentrations of gly-
can on the amount of isolated H5N1 CdS QDs-viral protein
complex was investigated. Changes in cadmium(II) ions peak
height showed increasing dependency on the concentration
of biotinylated glycan. Thirty-minute treatments with viral
protein (5 �g/mL) at 25�C and 400 rpm showed a maximum
response with 250 �g/mL of glycan (Fig. 6A). Maximum
capacity of particles was not achieved until concentrations
reached 1 mg/mL, but this in some biosensing applications
is economically disadvantageous. Increasing the surface cov-
erage of coated paramagnetic particles can also be achieved
by imposing longer interaction time. Thirty to sixty minutes
of incubation treatments (up to 60%), show a dramatic in-
crease in signal as shown in Fig. 6B. The cadmium peaks are
shown in Fig. 6B. Treatments lasting 120 min augment the

Figure 6. Isolation of complex H5N1-CdS (5 �g/mL) on param-
agnetic particles in connection with glycan binding. Influence of
(A) glycan concentration and (B) time of interaction on measured
cadmium signal; inset: cadmium peaks. For other experimental
conditions, see Section 2.

cadmium(II) ion signal by more than 30%. Protein concen-
trations were also determined using Brdicka reaction. The
obtained voltammograms are shown in inset of Fig. 7. Cat2
peak height increased with increasing viral protein concen-
tration (Fig. 7). The greater intercept value of the curve is
associated with streptavidin release from paramagnetic par-
ticles’ surface during ultrasound needle.

3.6 Calibration of the assay

The effects of viral protein concentrations on H5N1 fully auto-
mated isolation procedure were monitored. Under optimized
conditions (250 �g/mL of glycan, 30-min long interaction,
25�C and 400 rpm), the typical dependence of the cadmium
content per mg H5N1 viral protein is shown in Fig. 8. Indi-
vidual signals of applied varying concentrations (0.625, 1.25,
2.5, 3.75, and 5 �g/mL H5N1-CdS QDs) measured at HMDE
(blue rhombus) and GCE (red square) exhibited good linear-
ity, y = 0.0284x + 0.0054, with R2 = 0.9904 for HMDE and,
y = 0.024x + 0.0017, with R2 = 0.9923 for FIA GCE. De-
tectable amounts of cadmium in the protein were 10 ng per
mg, which meant submicrograms quantities of viral protein
could be identified.
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Figure 7. Dependence of Cat2 viral protein H5N1-CdS peak on
applied concentration of H5N1 protein; inset: typical voltammo-
grams of Cat2 peal measured at −1.55 V. Volume of measured
sample was 3 �L. For other experimental conditions, see Fig. 4.

4 Conclusions

Most cases of human infection due to avian influenza viruses
have involved close contact with infected poultry, particularly
ill or dying chickens. During the 1997 outbreak in Hong
Kong, one case-control study found exposure to live poultry
within a week before the onset of illness was associated with
human disease, but no significant risk was related to travel-
ing, eating, or preparing poultry products or being exposed
to people infected by the H5N1 virus [41]. Effective routine
surveillance may be impossible in countries lacking basic
public health resources. For a global containment strategy
to be successful, low-cost, easy-to-use handheld units that
permit decentralized testing are vital. Moreover, a protocol
that allows rapid detection of the virus is critical to prevent
pandemic spread [42]. A rapid detection method using an au-
tomated FIA and particle-based technology in micro-analysis
systems may provide laboratories with solutions that enhance
laboratory system productivity and test accuracy for the detec-
tion of a broad range of disease markers. Techniques using
micro- and nanotechnology are used to fabricate lab-on-a-chip
devices [43–47]. The paramagnetic particles are modified us-
ing biotechnology to make separation and electrochemical
detection of viral nucleic acids and proteins easier to measure.

Financial support from NANOSEMED GA AV
KAN208130801 and CEITEC CZ.1.05/1.1.00/02.0068 is
greatly acknowledged.

The authors have declared no conflict of interest.

Figure 8. Cadmium content in H5N1-CdS QDs proteins captured
on paramagnetic particles determined at (blue rhombus) HMDE
and (red square) and FIA-GCE.
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