
S

Z
J
P

a

A
R
R
A
A

K
S
N
N
H

1

s
T
a
d
t
e
[
i
b
d
s
t
n
c
l
s
n
f

0
d

Talanta 81 (2010) 1662–1669

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

ensitive immunoassays of nitrated fibrinogen in human biofluids

hiwen Tang, Hong Wu, Dan Du, Jun Wang, Hua Wang, Wei-jun Qian, Diana J. Bigelow,
oel G. Pounds, Richard D. Smith, Yuehe Lin ∗

acific Northwest National Laboratory, Richland, WA 99352, United States

r t i c l e i n f o

rticle history:
eceived 12 January 2010
eceived in revised form 6 March 2010
ccepted 9 March 2010
vailable online 19 March 2010

eywords:
andwich immunoassay
itrated biomarker
itrated fibrinogen

a b s t r a c t

Three new sandwich immunoassays for detection of nitrated biomarker have been established with
potential applications in biomedical studies and clinical practice. In this study, nitrated human fibrinogen,
a potential oxidative stress biomarker for several pathologies, was chosen as the target. To improve the
sensitivity and overcome the interference caused by the complexity of human biofluids, we developed
three sandwich strategies using various combinations of primary antibody and secondary antibody. All
three strategies demonstrated high sensitivity and selectivity towards nitrated forms of fibrinogen in
buffer, but their performances were dramatically reduced when tested with human plasma and serum
samples. Systematically optimizations were carried out to investigate the effects of numerous factors,
including sampling, coating, blocking, and immunoreactions. Our final optimization results indicate that
uman biofluids two of these strategies retain sufficient sensitivity and selectivity for use as assays in human physiological
samples. Specifically, detection limits reached the pM level and the linear response ranges were up to
nM level with a correlation coefficient > 0.99. To our best knowledge, this is the first example of using
an electrochemical immunoassay for a nitrated biomarker in a physiological fluid. This novel approach
provides a rapid, sensitive, selective, cost efficient and robust bioassay for detection of oxidative stress

cal ap
sh eff
in pathology and for clini
be readily used to establi

. Introduction

Nitration of tyrosine residues in proteins is recognized as a
ignature of enhanced oxidative stress and inflammation [1–4].
his post-translational modification usually results in the alter-
tion of protein spatial conformation and functions, thus inducing
isorders and diseases [4–6]. Recent research has revealed that
here are a variety of pathologies, such as cardiovascular dis-
ase [1,2,7], diabetes [8,9], hypertension [4,10], atherosclerosis
11,12], smoking [13] and aging [6,14], that are associated with
ncreased oxidative stress. In particular, nitrated fibrinogen has
een demonstrated as a potential biomarker for coronary artery
isease [15–17], aging [14], lung cancer and stress response to
moking [13]. Accordingly, the nitrated proteins can serve as poten-
ial novel biomarkers for clinical diagnosis. However, the assay of
itrated protein is traditionally accomplished with immunohisto-
hemical staining and western blotting, which are time consuming,

aborious, and lacking precise quantitation [1,6,13,14]. The intrin-
ic limited selectivity also hinders them from monitoring specific
itrated biomarkers, which could provide valuable information

or pathology research and disease diagnosis. To achieve better
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plications. Moreover, the sandwich strategies developed in this paper can
ective methods targeting other nitration biomarkers.

© 2010 Elsevier B.V. All rights reserved.

specificity and quantitation, several methods utilizing effective
separation technologies, such as high-performance liquid chro-
matography (HPLC) and gas chromatography (GC), in combining
with various detection systems, including absorbance [18,19],
fluorescence [20], electrochemical assay [21,22] and mass spec-
trometry [14,23,24], have also been established to characterize the
nitrated proteins in complex sample after pre-concentration [25].
However, these approaches require expensive instruments, labor-
intensive pre-treatment and sophisticated data processing, thus
cannot meet the requirements for clinical applications. Recently,
some efforts have been devoted to establish an immunoassay
based spectroscopic assay by using nitrated BSA as the model.
One assay showed a detection limit in nM range and excel-
lent selectivity, providing a fast colorimetric mean to evaluate
the nitrated protein content [26]. However, this study did not
analyze a real nitrated protein biomarker especially when they
are presented in complex human biofluids such as serum or
plasma. Another assay utilized a competitive ELISA (Enzyme-
Linked ImmunoSorbent Assay) method to detect 3′-nitrotyrosine
in several human plasma proteins but suffered from semi-

quantitation and intrinsic non-selectivity [27]. All together, the
development of a robust, rapid, and sensitive assay for nitrated
proteins with high selectivity is greatly desired for monitoring
nitrated protein biomarkers in biological and clinical samples such
as human biofluids.
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In this work, electrochemical immunoassays of nitrated human
brinogen in human serum and plasma using disposable screen-
rinted electrode (SPE) have been established employing three
andwich ELISA strategies. The sandwich ELISA has been widely
sed in immunology research, bioassay and clinical diagnosis
28,29]. However, to establish an effective sandwich ELISA for

given target biomarker, one of the key steps is to select the
uitable pair of first-antibody and secondary antibody, which can
pecifically recognize the biomarker with high affinity but no cross-
eaction. Especially in this work, there is no available antibody
air for a sandwich immunoassay of nitrated human fibrinogen.
ence, the pairing of antibodies and the optimization of immunore-
ctions are of central importance for developing the sandwich
LISA method to effectively detect the nitrated human fibrinogen.
oreover, a simple, economic, robust and sensitive signal readout

echnology should be employed to facilitate the future applica-
ion and generalization of sandwich ELISA approaches developed
n this paper. In this regard, the electrochemical assay was chosen
o transfer and deliver the immunoreaction signal by using dispos-
ble screen-printed electrode [30–36]. Here we developed three
andwich strategies for electrochemical immunoassays of nitrated
uman fibrinogen and investigated their analysis capability in
uman serum and plasma samples. After careful optimization, two
LISA sandwich strategies can selectively and sensitively detect
M levels of nitrated fibrinogen spiked in diluted human plasma
r serum. The success of developing nitrated human fibrinogen
lectrochemical immunoassay also provides meaningful and valu-
ble knowledge for establishing convenient and practical bioassay
pproaches for other nitrated biomarkers, thus contributing to the
tudy of oxidative stress induced pathological studies and clinical
pplications.

. Experimental

.1. Reagents and materials

Human fibrinogen was purchased from Sigma (F4883). Poly-
lonal human fibrinogen antibody was obtained from Millipore
orporation (AB7144F) while horseradish peroxidase (HRP) labeled
oat anti-human fibrinogen was ordered from Rockland Immuno-
hemicals, Inc. (200-103-240). Several nitrotyrosine antibodies
ere tested in this paper. Goat anti-nitrotyrosine antiserum
as purchased from Academy Biomedical Company. Goat anti-
itrotyrosine was ordered from Mederidian Life Science Inc. Two
onoclonal mouse anti-nitrotyrosine was obtained from Abcam

nc. (ab7048) and Cayman Chemical Company (189542). Two HRP
onjugated anti-nitrotyrosine antibodies were used, in which one
as provided by Abcam Inc. (ab27648) and another was obtained

rom Millipore Corporation (16-227). Human serum and plasmas
ere purchased from Golden West Biologicals Inc. Three human
lasmas were treated with different coagulants including EDTA,
eparin, sodium citrate. The 1% casein in PBS buffer was provided by
io-Rad. All other chemicals were purchased from Sigma–Aldrich.
ll buffers and reagent solutions were prepared with purified
ater, which was produced from a high purity water system

NANOPure UV, Barnstead).

.2. Apparatus and electrodes
The square wave voltammetry (SWV) measurement was
erformed by a �AutoLab Type III (Metrohm Autolab B.V., Nether-

ands). The disposable screen-printed carbon electrode (SPE) was
urchased from DropSens (Oviedo, Spain). The current peak height
as then calculated using software General Purpose Electrochem-

cal System (Ver. 4.9).
(2010) 1662–1669 1663

2.3. Preparation of nitrated human fibrinogen

Human fibrinogen (1 mg/mL) in phosphate buffered saline (pH
7.4) was nitrated by bolus addition of 1 mM authentic peroxynitrite
(R&S Systems, Minneapolis, MN) according to recommendations
of the manufacturers. The volume of added peroxynitrite was
<1% of the total volume of the incubation mixture. The nitroty-
rosine content of nitrated fibrinogen was measured from its
absorbance at 420 nm as compared with that at 280 nm using
extinction coefficients of 4300 M−1 cm−1 and 5.14 × 105 M−1 cm−1,
respectively. In detail, 100 �L of reaction solution was mixed
with 10 �L of 0.5 M pH 10 Na2CO3–NaHCO3 buffer in 100 �L of
quartz cuvette to measure absorbance using an Ultrospec 2100
Pro spectrophotometer (Biochrom Ltd., Cambridge, UK). Nitrated
fibrinogen was stored as a stock solution of 1 mg/mL in PBS at
−80 ◦C.

2.4. Analysis of native and in vitro-nitrated human fibrinogen
using liquid chromatography coupled with tandem mass
spectrometry (LC–MS/MS)

Human fibrinogen protein samples were denatured with 50%
trifluoroethanol (TFE) in 50 mM NH4HCO3 buffer (pH 8.0) for 2 h
at 60 ◦C followed by reduction with 5 mM dithiothreitol (DTT)
for 0.5 h at 37 ◦C. Then proteins were digested into peptides by
sequencing grade modified porcine trypsin (Promega, Madison, WI)
at a trypsin:protein ratio of 1:50 (w/w) for 3 h at 37 ◦C. Digests
were lyophilized and redissolved in 100 �L 50 mM NH4HCO3 for
LC–MS/MS analysis.

LC–MS/MS analysis was performed using a high pressure
capillary LC system coupled on line to a linear ion trap mass
spectrometer (LTQ; ThermoElectron) via an electrospray ioniza-
tion interface. The obtained MS/MS spectra were identified by
database searching using the SEQUEST algorithm against a fasta
file containing the sequences of all subunits of fibrinogen. Nitroty-
rosine peptides were identified by allowing dynamic nitration
modification (+44.9851 Da) on tyrosine residues. The details of
LC–MS/MS analysis and peptide identifications are similar as pre-
viously reported [37].

2.5. Sandwich ELISA strategies

Three sandwich ELISA strategies have been designed and tested
using anti-fibrinogen and anti-nitrotyrosine antibodies as first or
secondary antibody. The constructions of three sandwich strategies
were listed in Table 1.

For each strategy, the primary antibody was coated overnight
at 4 ◦C with 50 �L solution (20 �g/mL in PBS buffer) in each well
of 96-well plate. The primary antibody solution was then removed
before adding 250 �L PBS buffer in each well, shaking the solution
at 250 rpm for 5 min to wash away uncoated antibody. After this
washing step, the plate was blocked by adding 250 �L 1% casein
in PBS buffer in each well shaking at 100 rpm under 32 ◦C for 1 h.
Then each well was washed three times with 250 �L PBS buffer
before addition of 50 �L of the analyte prepared with 0.5% BSA
in PBS buffer, after which the plate was incubated at 32 ◦C for 1 h
with shaking at 100 rpm. The unbound analyte was then discarded
and the plate was washed three times followed by 1 h incuba-
tion with 50 �L of horseradish peroxidase (HRP) labeled secondary

antibodies, which were prepared in 0.2% casein in PBS buffer at a
final concentration of 2–4 �g/mL. The solution was discarded and
the plate was washed again with PBS buffer for three times to
remove the unbound secondary antibody. After the final washes,
the micro-well plate was ready for electrochemical or spectroscopic
analysis.
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Table 1
Three sandwich strategies using various antibodies combinations.

Strategy A Strategy B Strategy C

Anti-nitrotyrosine

Anti-fibrinogen

Nitrated fibrinogen
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HRP
Primary antibody Anti-nitrotyrosine
Secondary antibody

(HRP labeled)
Anti-human fibrinogen

.6. Electrochemical detection and spectroscopic analysis

Electrochemical detection was used to detect the nitrated fib-
inogen for the high sensitivity and convenience of electrochemical
nalysis. To perform the electrochemical detection, 50 �L of O-
henylenediamine (OPD) solution (0.2 mM in PBS buffer with
0 �M hydrogen peroxide) was added into each well and allowed
o react for 10 min before the square wave voltammetry (SWV)

easurement was performed. Here, HRP catalyzed the oxidization
f OPD in the presence of hydrogen peroxide and the enzymatic
roduct is 2,3-diaminophenazine (DAP), which can be detected by
lectrode [38]. After 10 min of the HRP catalysis reaction, 50 �L of
PD solution was transferred to a disposable screen-printed carbon
lectrode (SPE) (DropSens, Oviedo, Spain) and a �AutoLab (Type III)
as used to perform SWV measurement. Typical SWV curves were

canned from 0.1 to −0.3 V with 4 mV step, 25 mV pulse, and 15 Hz
requency.

Spectroscopic analysis was employed in the optimization of
xperimental conditions for its speed and high throughout. The
late was developed with the addition of 100 �L TMB solution

n each well and incubated at 32 ◦C with shaking at 100 rpm for
0–20 min to allow development of sufficient color intensity. Sam-
les under optimal experimental conditions present a deeper blue
olor.

.7. Optimization of physiological sample assay

To analyze the physiological samples, the experimental condi-
ions were further optimized to reduce or eliminate the effects from
omplex components in samples. The optimization of several key
actors, such as blocking, sampling, antibody coating, anticoagulant,
ilution, etc., have been investigated to improve the selectivity and
ensitivity of the physiological sample assay.

To prepare spiked samples, the human plasma or serum samples
ere diluted with buffer to decrease interferences from complex
hysiological fluids. Two factors, the dilution ratio and dilution
uffer have been optimized. The human plasma or serum was
iluted for 4, 10 and 20 times with dilution buffer, respectively. The
ilution buffers used for sampling optimization were PBS buffer,
.5% BSA and 1% casein.

The effects of anticoagulants on the immunoassay were also
nvestigated. Human serum and three human plasmas with dif-
erent anticoagulation treatment with EDTA, heparin and sodium
itrate were used to prepare spiked samples for determining those

ffects.

To reduce nonspecific absorbance, the blocking is enhanced in
straight forward way. After overnight coating, 250 �L of blocking
gents (3% BSA or 1% casein) were added into each well to block the
ncoated plate well surface. The plate was then shaken at 100 rpm
Anti-nitrotyrosine Anti-human fibrinogen
Anti-nitrotyrosine Anti-nitrotyrosine

and 32 ◦C for 1–3 h. Other steps were completed as described in
the previous section. The effects of blocking agents and incubation
time on immunoassay were investigated in these experiments.

The effects of antibody coating conditions on nitrated fibrinogen
assay were also studied. The antibody concentration and coating
duration were optimized to obtain higher efficiency of immunore-
action. 20 and 100 �g/mL antibody in PBS buffer were added into
each well with volume of 50 �L. The coating step was processed at
4 ◦C for 15, 40 and 64 h.

The effect of immunoreaction duration was also investigated.
After coating of the primary antibody, 50 �L of human plasma or
serum samples were introduced into each well to perform the
immunoreaction. The plate was then shaked at 100 rpm 32 ◦C for
30, 45 and 60 min before secondary antibody staining. The rest
procedures were the same as described before.

2.8. The assays of nitrated fibrinogen in biofluid samples

Nitrated fibrinogen at desired concentrations was spiked into
human plasma or serum samples which were diluted 20 times
with 0.5% BSA. The final concentration of fibrinogen or nitrated
fibrinogen was ranging from 3.0 pM to 30 nM.

The optimized strategies B and C were used to determine
the amount of nitrated fibrinogen spiked in physiological sam-
ples. The coating solution for the strategy B was prepared with
anti-nitrotyrosine antibody in PBS buffer at the concentration of
20 �g/mL. For strategy C, the coating solution was prepared with
anti-human fibrinogen antibody in PBS buffer at the concentra-
tion of 100 �g/mL. 50 �L coating solution was added into each well
and coated for 40 h at 4 ◦C. The coating solution was then removed
before washing the plate. After a washing step the plate was blocked
by adding 250 �L 1% casein in PBS buffer in each well and shaken
at 100 rpm at 32 ◦C for 2 h. After three times additional washing,
50 �L of physiological sample was added and incubated at 32 ◦C
for 30 min with shaking at 100 rpm. The unbound analyte was then
discarded and the plate was washed three times before 1 h incu-
bation with 50 �L of HRP labeled anti-nitrotyrosine, which were
prepared in 0.2% casein PBS buffer at the final concentration of
2 �g/mL. The solution was discarded and the plate was washed
again with 250 �L/well PBS buffer for three times to remove the
unbound antibody. The micro-well plate was then subject to elec-
trochemical analysis.

3. Results and discussion
3.1. Nitration of fibrinogen

The extent of nitration in fibrinogen was evaluated by spectro-
scopic measurements of absorbance at 280 and 420 nm. According
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Table 2
LC–MS/MS identified tyrosine sites (in both nitrated and native peptide forms) in an in vitro-nitrated fibrinogen. Count data represent the number of MS/MS spectra identified
either the nitrated or native peptides.

Fibrinogen subunits SWISS-PROT ID Tyrosine site Count of nitro-Tyr Count of Tyr Identified peptide sequence

Alpha chain P02671-1

Y-95 2 3 K.NSLFEY*QK.N
Y-127 1 R.GDFSSANNRDNTYNR.V
Y-197 1 6 R.EVDLKDY*EDQQK.Q
Y-277 11 3 R.GGSTSY*GTGSETESPR.N
Y-579 2 R.GKSSSY*SK.Q
Y-589 6 K.SSSY*SKQFTSSTSY*NR.G
Y-713 6 R.GFGSLNDEGEGEFWLGNDY*LHLLTQR.G
Y-737 2 R.VELEDWAGNEAYAEYHFR.V
Y-740 2 R.VELEDWAGNEAYAEYHFR.V
Y-835 2 2 R.NNSPY*EIENGVVWVSFR.G

Beta chain P02675

Y-71 15 7 R.EEAPSLRPAPPPISGGGY*R.A
Y-147 2 2 R.NSVDELNNNVEAVSQTSSSSFQY*MY*LLK.D
Y-149 2 2 R.NSVDELNNNVEAVSQTSSSSFQY*MY*LLK.D
Y-172 12 19 K.QVKDNENVVNEY*SSELEK.H
Y-182 9 13 K.HQLY*IDETVNSNIPTNLR.V
Y-255 16 R.KGGETSEMYLIQPDSSVKPYR.V
Y-266 13 R.KGGETSEMYLIQPDSSVKPYR.V
Y-299 4 R.KWDPYKQGFGNVATNTDGK.N
Y-356 6 20 K.AHY*GGFTVQNEANK.Y
Y-368 3 9 K.Y*QISVNK.Y
Y-408 1 R.TMTIHNGMFFSTYDR.D
Y-434 2 10 K.EDGGGWWY*NR.C
Y-446 13 R.YYWGGQYTWDMAK.H
Y-447 13 R.YYWGGQYTWDMAK.H
Y-452 2 13 R.YYWGGQY*TWDMAK.H
Y-475 2 K.GSWY*SMR.K

Gamma chain P02679-1

Y-44 2 1 R.FGSY*CPTTCGIADFLSTYQTK.V
Y-58 1 R.FGSYCPTTCGIADFLSTYQTK.V
Y-94 1 K.AIQLTY*NPDESSKPN.M
Y-122 3 K.YEASILTHDSSIR.Y
Y-135 9 4 R.Y*LQEIYNSNNQK.I
Y-140 5 4 R.YLQEIY*NSNNQK.I
Y-193 3 K.QSGLYFIKPLK.A
Y-237 5 K.NWIQYK.E
Y-270 1 13 K.IHLISTQSAIPY*ALR.V
Y-300 2 4 K.VGPEADKY*R.L
Y-304 2 18 R.LTY*AY*FAGGDAGDAFDGFDFGDDPSDK.F
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o the absorbance at 280 and 420 nm, the average nitration con-
ent per fibrinogen molecule can be determined by calculating the

olar ratio of nitrotyrosine to fibrinogen, determined here to be
4.9. Fibrinogen is composed of dimers of three different polypep-
ide chains (�2�2�2) with 25, 21, and 24 tyrosines, respectively;
hus, the observed stoichiometry of ∼15 nitrotyrosines per mol of
brinogen suggests an average of 11% of the tyrosines are nitrated.

The sites and extents of fibrinogen nitration were also character-
zed with LC–MS/MS. As shown in Table 2, 26 different nitrotyrosine
ites were identified as nitrated within the three fibrinogen sub-
nits among a total of 39 observed tyrosine residues.

.2. Sandwich immunoassays of nitrated fibrinogen

Three sandwich electrochemical immunoassays have been
eveloped according to the properties of nitrated fibrinogen and
he potential challenges from analyzing physiological samples. In
etail, the strategy A used anti-nitrotyrosine as the primary anti-
ody to capture all nitrated protein and then used anti-human
brinogen to stain the captured nitrated fibrinogen. This strat-
gy is straightforward, but may suffer from nonspecific absorption

f native fibrinogen, which will bind to anti-human fibrinogen
roducing a high nonspecific signal. Therefore we also designed
trategy C using anti-human fibrinogen as the primary anti-
ody to capture both nitrated and intact fibrinogen before using
nti-nitrotyrosine to selectively stain the nitrated fibrinogen. In
19 R.LTY*AY*FAGGDAGDAFDGFDFGDDPSDK.F
11 K.ASTPNGY*DNGIIWATWK.T

addition, strategy C may have higher sensitivity for multiple second
antibodies may bind to one nitrated fibrinogen since it may have
multiple nitration sites. Moreover, strategy B constructed using
anti-nitrotyrosine as both the primary antibody and secondary
antibody also based on the fact that one nitrated fibrinogen might
have multiple nitration sites. Strategy B can be used as a general
approach to detect nitrated proteins.

Three best antibody pairs were selected for three sandwich
strategies respectively according to their sensitivity, excellent
selectivity and cross-reactivity. Strategy A used Abcam produced
monoclonal mouse anti-nitrotyrosine (ab7048) and Rockland HRP
labeled goat anti-human fibrinogen (200-103-240). Strategy B used
Abcam produced monoclonal mouse anti-nitrotyrosine (ab7048)
and HRP conjugated goat polyclonal anti-nitrotyrosine (ab27648).
Strategy C selected Chemicon’s polyclonal human fibrinogen anti-
body (AB7144F) and Abcam’s HsRP conjugated goat polyclonal
anti-nitrotyrosine (ab27648).

All three approaches demonstrated high sensitivity and excel-
lent selectivity. OPD was employed as the substrate of HRP and
electroimmunoassay. In PBS buffer (pH 7.4), the OPD produces a
measurable current peak in voltammetric scan, which provides a

sensitive signal and effectively avoids the interferences from other
substrates in analyte solution. This is very important for the assay
performed with complex samples including physiological fluids
such as human serum and plasma, which will be studied in this
work.
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ig. 1. Results of the three sandwich strategies based electrochemical immunoassa
s a function of the concentration of nitrated fibrinogen from strategy A, strategy B
oncentration from bottom to top (strategy B).

Fig. 1(A–C) shows the calibration curves of the three approaches.
ig. 1D shows the typical voltammograms of the strategy B with
ncreasing concentration of nitrated fibrinogen.

Strategy A, as shown in Fig. 1A, has a linear detection range up
o 0.3 nM and a detection limit of 13.5 pM (S/N = 3).

Strategy B, has a linear detection range up to 0.3 nM and a
etection limit of 2.4 pM (S/N = 3) (Fig. 1B). Compared with the
rst strategy, this approach provides better sensitivity. This lower
etection limit is a benefit based on the fact that one nitrated fib-
inogen protein molecule has multiple nitrotyrosine residues. In
trategy A, each captured nitrated fibrinogen would only bind one
econdary antibody to produce limited signal. In comparison to the

rst strategy, each captured nitrated fibrinogen in the second strat-
gy can bind with multiple HRP labeled secondary antibodies, thus
iving a stronger signal for the electrochemical immunoassay.

For the strategy C, it has a linear detection range up to 0.3 nM and
detection limit of 0.9 pM (S/N = 3) (Fig. 1C), which is the highest

ig. 2. Selectivity of three strategies. The response of each strategy was normal-
zed according to nitrated human fibrinogen samples, respectively. The bars labeled

ith nF represent the response to nitrated fibrinogen while A, B and C indicate the
esponses towards unmodified fibrinogen in three strategies.
itrated fibrinogen. (A), (B) and (C) are the calibration curves of current peak height
trategy C, respectively. (D) Voltammograms of nitrated fibrinogen with increasing

sensitivity among three sandwiches. This high sensitivity is ben-
efitted from the fact that each arrested fibrinogen only occupies
one binding site of the primary antibody, which results in a higher
capture efficiency of analyte comparing with the first and second
strategies. In addition, the captured nitrated fibrinogen can also
bind with multiple HRP labeled secondary antibodies, thus pro-
ducing high electrochemical signal.

The selectivity of these three strategies have also been investi-
gated and compared and the results are presented in Fig. 2. When
tested with 3.0 nM fibrinogen samples, no obvious signals were
observed in SWV scanning. All three approaches presented excel-
lent selectivity to distinguish the intact fibrinogen and nitrated
fibrinogen. The exceptional selectivity is due to the excellent speci-
ficity of anti-nitrotyrosine antibody and the optimized blocking and
sampling processes.

3.3. Optimizations for detection in biofluid samples

When tested with human biofluid samples, i.e. plasma and
serum, using the same experimental conditions for buffer assays,
each strategy encountered significant challenges. The sensitivity of
all three approaches was dramatically decreased due to significant
disturbance of immunoreactions. In addition, the large amount of
fibrinogen in human plasma and serum nonspecifically adhered on
96-well plate during incubation, resulting in notable interference
to the strategies A and C. As a result, the specificity of the strat-
egy A was sacrificed since its secondary antibody, i.e. HRP linked
anti-human fibrinogen, could be captured by nonspecific absorbed
fibrinogen. Meanwhile, the sensitivity of the strategy C was sig-
nificantly reduced because of the extremely high ratio of native
fibrinogen to nitrated fibrinogen in the samples. Therefore, most

binding sites of the primary antibody, anti-human fibrinogen, were
occupied by native fibrinogen, directly competing with nitrated
fibrinogen and reducing the sensitivity. At the same time, other
abundant proteins in the samples also showed considerable neg-
ative effects on the sensitivity of all three sandwich strategies. As



Z. Tang et al. / Talanta 81 

F
p
a

a
w

s
a
a
r
o
e
c
d
a
h
i
p
1
4

n
i
w
s
k
b
p

spiked in the human serum and human plasma samples. Two assays

F
n
i

ig. 3. Results of strategy C sandwich immunoassay testing with nitrated fibrinogen
repared in different samples. The concentrations of nitrated fibrinogen in samples
re 0, 0.3, 3.0 and 30 nM from left to right, respectively.

n example, the result of sandwich C based immunoassay testing
ith different samples was shown in Fig. 3.

To overcome these challenges and improve the sensitivity and
electivity of immunoassays, many factors have been investigated
nd optimized. Strategy A showed the worst performance even
fter all the optimization attempts, mainly due to the inability to
educe the nonspecific absorption of fibrinogen. The optimizations
f strategies B and C explored effects of many factors involved in
ach step of these sandwich immunoassays. For primary antibody
oating on 96-well plate, the antibody concentration and coating
uration were investigated. The results showed that the higher
ntibody concentration and longer coating time would lead to
igher density of coated antibody, thus higher efficiency of captur-

ng nitrated fibrinogen and better sensitivity. Finally, the optimized
rimary antibody concentration was 20 �g/mL for strategy B and
00 �g/mL for strategy C, while the coating time was optimized to
0 h.

The blocking step is one of the key procedures to decrease the
onspecific absorption from biofluids. Several blocking reagents

ncluding 1% casein, 1% BSA, 3% BSA and 3% BSA with 1% PEG 6000
ere used in optimizing the blocking step. The experiment results
howed that 1% casein produced the best blocking effect and also
ept the reactivity of sequential immunoreactions. However, the
locking time was extended to 2 h instead of regular 1 h for assay
erformed in buffer.

ig. 4. The image of developed plate using optimized conditions. The blank samples m
itrated fibrinogen was labeled in nM. The samples were prepared in 0.5% BSA (top), 20 tim

n 0.5% BSA (bottom).
(2010) 1662–1669 1667

To improve the nitrated fibrinogen capture efficiency in
immunoreaction, the dilution buffer, dilution ratio, incubation
duration were optimized. To prepare the samples, 0.5% BSA, 3% BSA
and 1% casein were used to dilute human plasma and serum. The
results suggested that 0.5% BSA dilution buffer provided acceptable
capture efficiency and also decreased the nonspecific absorption.
Compared with 4 and 10 times dilution, 20 times dilution samples
gave higher sensitivity and selectivity. Proper incubation duration,
i.e. 30 min, resulted in lower nonspecific absorption and satisfied
efficiency of capturing nitrated fibrinogen comparing with 45 min
and 1 h incubation. Regarding anticoagulants, the EDTA treated
human plasma prepared samples gave the lowest signal compar-
ing with sodium citrate and heparin treated human plasmas. The
samples prepared with diluted human serum delivered the highest
sensitivity, which was based on the fact that most fibrinogen was
subtracted during human serum production.

The optimization of immunoreactions between captured
nitrated fibrinogen and HRP conjugated anti-nitrotyrosine was
focusing on the selection of buffer and antibody concentration. Two
buffers, 0.5% BSA and 0.2% casein, were employed to prepare anti-
body solution and 1% casein buffer presented satisfied sensitivity
as well as minimize the nonspecific absorption of antibody on 96-
well plate. The 2 �g/mL antibody prepared in 0.2% casein gave high
signal and, at the same time, kept low background, which were
important for improving the sensitivity of assay.

After systematic optimization of each step in sandwich
immunoassay of nitrated fibrinogen, the spiked biofluid samples
and PBS buffer samples were tested and developed with 100 �L
TMB color solution in each well. The plate image is shown as Fig. 4.

According to Fig. 4, the immunoassay with both strategies in
human serum samples gave about one order lower signal compared
with buffer samples. The strategy C assay of human plasma sam-
ples presented about one order lower signal than in human serum
sample, while the strategy B assay delivered similar signal with
both physiological fluids samples. Compared to the results shown
in Fig. 3, the buffer samples presented similar results, whereas the
signal from human serum and plasma samples has been increased
more than one to two orders of magnitude after optimization,
which is a significant improvement for nitrated fibrinogen assay
in authentic biological samples.

3.4. Fibrinogen assays for biofluid samples

Using optimized reaction conditions, three electrochemical
immunoassays were performed to analyze the nitrated fibrinogen
employed strategy C to test human serum and plasma samples and
the results are shown in Fig. 5A and B. Since strategy B presented
similar performance for human serum and plasma samples, only
the results of human plasma samples were presented in Fig. 5C.

eans there were no immunoreactions in these wells. The concentration of spiked
es diluted human serum in 0.5% BSA (middle) and 20 times diluted human plasma
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ig. 5. Strategies B and C based electrochemical immunoassay of nitrated fibrinogen
piked in human plasma and serum. (A) and (B) are calibration curves of strategy
assay of human serum samples and plasma samples, respectively. (C) Calibration

urve of strategy B assay of human plasma.

Compared with assays for buffer samples, the linear detection
anges were significantly expanded up to 1.5–3.0 nM, which was 5
r 10 times higher than the buffer samples, and the regression coef-
cients of all three assays were > 0.99. On the other hand, the slope
f the calibration curve in low concentration range was smaller
han in buffer samples, resulting in a higher detection limit. Strat-
gy C can detect 6.9 pM nitrated fibrinogen spiked in human serum
amples and 20.7 pM in human plasma samples, while strategy B
ssay can detect 3.9 pM nitrated fibrinogen spiked in human serum.
hese results corresponded to the spectroscopic results shown in
ig. 4. Considering the high concentration (0.3%, i.e. 9.0 �M) of fib-
inogen in human plasma [39], the sensitivity of these assays is
ufficient to detect as low as 0.1% of nitration of fibrinogen in human

lasma samples even if only one nitration site is present in the
rotein. Moreover, the exceptional selectivity of these assays also
an be confirmed by the fact that the extreme high concentration
f fibrinogen in plasma did not introduce high background. The
mproved electrochemical immunoassay provides a rapid nitrated

[

[
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fibrinogen assay for biofluids and other biological samples with
excellent selectivity and high sensitivity. In particular, strategy B
provides a more general assay suitable for measuring total nitration
in biological samples.

4. Conclusion

Electrochemical immunoassays, based on three sandwich
strategies for detection of nitrated human fibrinogen, as well as
total nitration, have been established. To our best knowledge, this
is the first example of an electrochemical immunoassay analyzing
nitrated proteins in biofluids. In this study, nitrated human fibrino-
gen, a potential oxidative stress biomarker for several pathologies,
was chosen as the analyte. All three sandwich strategies immunoas-
says demonstrated high sensitivity and excellent specificity for
nitrated fibrinogen analysis in the buffer sample. A series of opti-
mizations were carried out to improve the analysis performance of
these immunoassays in biofluids. After careful optimizations, the
sensitivity of these assays for human serum and plasma samples
has been improved more than two orders without sacrificing selec-
tivity. The detect limits reached pM level and the linear response
ranges were up to 1.5 or 3.0 nM. All together, the performance
of these sandwich electrochemical immunoassays is sufficient for
nitrated fibrinogen detection in human serum and plasma sam-
ples. The success of sandwich electrochemical immunoassay of
nitrated fibrinogen found a novel approach to establish rapid, sensi-
tive, selective, cost efficient and robust bioassay for oxidative stress
pathology study and clinical applications. Moreover, the sandwich
strategies developed in this paper can be readily used to establish
effective bioassay targeting other nitration biomarkers and total
protein nitration.
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