
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
0:

37
:4

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Sensitive fluoresc
Shandong Provincial Key Laboratory of C

Technology, School of Chemistry and Chem

Liaocheng 252000, China. E-mail: yuanfu

com; Fax: +86 635 8239227

† Electronic supplementary informa
10.1039/c7ra02422c

Cite this: RSC Adv., 2017, 7, 23422

Received 27th February 2017
Accepted 19th April 2017

DOI: 10.1039/c7ra02422c

rsc.li/rsc-advances

23422 | RSC Adv., 2017, 7, 23422–2342
ent detection of fibrin based on
the inner filter effect of gold nanoparticles†
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and Shuhao Wang *

A simple, rapid and sensitive fluorescent assay for determination of fibrin has been developed based on the

inner filter effect (IFE) of gold nanoparticles (AuNPs). When fibrinogen (Fib), as the precursor of fibrin, was

added into the AuNPs solution, the fluorescence of fluorescein was very weak due to the intensive

absorption of AuNPs. In the presence of thrombin, Fib was transformed to fibrin which interacted with

AuNPs, thereby inducing the aggregation of AuNPs, which induced the recovery of fluorescence. As

a result, the present IFE-based approach can detect fibrin ranging from 0.125–2.5 nM with a correlation

of 0.9926. The limit of detection for fibrin was experimentally determined to be 40 pM, based on

a signal-to-noise ratio (S/N) of 3. Notably, the present IFE-based approach had advantages of being

simple, time-saving, and economical compared with conventional fluorescent assays. The method is

successfully applied to the quantification of fibrin in human plasma samples.
Introduction

Fibrinogen (Fib) is a glycoprotein of the blood coagulation
system. In the nal stages of the blood coagulation cascade, Fib
is transformed into brin clots by thrombin.1,2 Fibrin plays
a pivotal role in the clotting of blood, forming a haemostatic
plug or clot over a wound site together with platelets. Fibrin is
also an early and sensitive indicator of hypercoagulative states
with increased brinogen–brin turnover, which is associated
with the pathogenesis and diagnosis of pathogenesis of intra-
vascular coagulation (DIC) (1, 2, 3, 4, 5) and thrombosis.3–6 Up to
now, a number of methods to determine brin have been re-
ported, including the latex agglutination assay,7,8 enzyme linked
immunosorbent assay (ELISA),9–11 and radioimmunoassay
(RIA).12 The latex agglutination assay is the most used method
because it is very sensitive and precise. However, this method
requires highly trained examiners. The ELISA and RIA also have
high sensitivity and specicity, but the method need to use
enzyme-labeling reagents which are expensive and unstable.13

Therefore, a low-cost, effective and convenient detection
method for brin is needed.

Fluorescence detection, as a common and popular method,
is now used for a wide range of quantitative applications.14–16

The method has the advantages of high sensitivity, selectivity,
and real-time monitoring with a fast response time. However,
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the method usually needs to covalently link with a uorophore,
which is oen time-consuming and expensive, and alters the
affinity of a receptor towards the analytes.17–19 To overcome
these problems, the inner lter effect (IFE)-based uorescent
assays was exploited.20–22 The IFE is one of non-irradiation
energy conversion models in uorometry, which refers to the
absorption of the excitation and/or emission light of uo-
rophores by absorbers (quenchers). The IFE is usually consid-
ered as an annoying source of error in uorescent analysis and
should be avoided, but it was useful for the design and devel-
opment of novel probes for highly sensitive uorescent
assay.23–26 In contrast to other uorescence quenching mech-
anisms, the IFE-based assays have no covalent linking between
the absorber and uorophore, simplifying the synthesis of the
uorescent materials. Meanwhile, it has been reported that
IFE-based assays have more sensitivity and selectivity.
However, IFE would occur only if the absorption band of the
absorber possesses a complementary overlap with the excita-
tion and/or emission bands of the uorophore. In general,
metal ions were not suitable for quenchers in the IFE-based
uorescence assay because of narrow absorption spectrum.
Fortunately, gold nanoparticles (AuNPs) have extremely large
extinction coefficient and facilely tuned absorption spectrum.
AuNPs has been used as quencher in the IFE-based uorescent
assay.27–31

In this study, we reported a novel uorescent assay method
to detect the brin based on the inner lter effect (IFE) of
AuNPs. The principle of this method is illustrated in Fig. 1. Fib
is easily adsorbed onto the surface of AuNPs to form Fib–AuNPs.
AuNPs was stably dispersed in Fib solution. The uorescence of
uorescein sodium (FAM) was quenched due to the occurrence
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic representation of the IFE-based fluorescence assay
for detection of fibrin.
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of IFE, while the absorption band of AuNPs possesses
a complementary overlap with the emission bands of FAM. On
the other hand, the rigid structure of brin induced the aggre-
gation of AuNPs, which then lead to the decreased absorption of
AuNPs at 520 nm. As a result, the IFE of AuNPs decreased and
the uorescence increased. Compared to the conventional
uorescence resonance energy transfer (FRET)-based uores-
cent assays, AuNPs and uorophore didn't need to be labeled
which offers considerable exibility and simplicity. It was
provided a simple and sensitive approach to detect brin.
Experimental
Chemicals and materials

Fib was purchased from Sangon. Biotech Co, Ltd. (Shanghai,
China, http://www.sangon.com). Chloroauric acid (HAuCl4) was
purchased from Tianjin Jinbolan Fine Chemicals Co, Ltd.
(Tianjin, China, http://www.delanchem.com). Thrombin (1710 U
mg�1) was obtained from Sigma (St. Louis, MO, USA, http://
www.sigmaaldrich.com/china-mainland/promotions/new.html).
Sodium citrate and uorescein sodium (FAM) were purchased
from Aladdin (Shanghai, China, http://www.aladdin-e.com/
zh_cn). Millipore Milli-Q water (18 MU cm�1) was used in all
experiments. All other reagents were of analytical grade and used
as received, which were purchased from Sinopharm Chemical
Reagent Company (Beijing, China, http://www.crc-bj.com).
Apparatus

All uorescence measurements were made using Hitachi
model F-7000 uorescence spectrophotometer (Kyoto, Japan,
http://www.hitachi.com). Transmission electron microscopy
(TEM) measurements were made on a JEM-2100 (Japan
Electronics Co., Ltd, http://www.jeol.co.jp/en/products/
detail/JEM-2100F.html). UV-visible adsorption spectra were
recorded on a Shimadzu UV-2550 UV/vis spectrophotometer
(Kyoto, Japan, http://www.shimadzu.com).
This journal is © The Royal Society of Chemistry 2017
Preparation of AuNPs

The 13 nm AuNPs were prepared by citrate-mediated reduction
of HAuCl4.32 The 50 mL of 0.04% HAuCl4 solution was boiled
and stirred vigorously. Then 5.6 mL of 1% sodium citrate
solution was added into the boiling solution. Aer boiling for
8 min and followed stirring for 10 min, the solution was cooled
to room temperature. Finally it was ltered through a 0.22 mm
membrane lter and stored in a refrigerator at 4 �C being used.
The size and shape of AuNPs were characterized by a model
JEM-2100 transmission electron microscope (TEM, Hitachi).
The concentrations of AuNPs were calculated to be 17 nM.
Procedure for the detection of brin

The concentration of brin was calculated by the enzyme
activity of thrombin because pure brin hardly existed in the
nature. A typical uorescent analysis was realized by following
steps. First, 100 mL of 3 nM Fib solution and different concen-
trations of thrombin (5 mL, 50 mM phosphate, pH 7.4) were
incubated at 37 �C for 1 hour to obtain brin. Second, a 50 mL
above solution was added into 150 mL of 11.3 nM AuNPs solu-
tion, the mixture solution was stirred for 7 minutes. Third, a 50
mL above solution was added into 50 mL of 1 mM uorescein
sodium (FAM) solution, and then the mixed solution was
diluted with Tris–HCl buffer (20 mM, pH 7.4) to 200 mL. The
above prepared solution was incubated for 10 min at room
temperature. Finally, the uorescence intensity of the incubated
solution was measured at 520 nm with an excitation wavelength
of 485 nm.
Results and discussion
Design of the analytical process for brin

The important insight in our design comes from the interaction
of AuNPs and brin, which are based on the following: (1) Fib
can adsorbed onto the surface of AuNPs to enhance the stability
of AuNPs. On the other hand, the crosslinking of brin induce
the aggregation of AuNPs through the polymerization of the
unconjugated and conjugated brinogen, while Fib was trans-
formed to brin in the presence of thrombin;33–35 (2) AuNPs was
extraordinarily effective absorber in IFE-based uorescence
assays; (3) the IFE effectively occur while the absorption band of
the AuNPs possesses a complementary overlap with the emis-
sion bands of the uorophore (Fig. S1†). Fig. 1 depicts the
analytical process for brin. Fluorescein sodium (FAM) is
a manufactured organic dye. It has strong uorescence emis-
sion maximum of 520 nm. It is widely used as a uorescent
tracer for many applications. While Fib easily adsorbed onto the
surface of AuNPs to form Fib–AuNPs. The uorescence of
uorescein is very weak due to the intensive absorption of
AuNPs (Fig. 1). In the presence of brin, the brin made AuNPs
crosslinked and rapidly induced the aggregation of AuNPs,
which thereby leads to the decreased absorption of AuNPs. The
IFE-decreased emission of uorescein is recovered (Fig. 2). The
concentration of brin could be measured through the recovery
of uorescence at 520 nm.
RSC Adv., 2017, 7, 23422–23426 | 23423
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Fig. 2 Fluorescence emission spectra of FAM in the different system.
Experimental conditions: AuNPs 11.3 nM, FAM 1 mM, Fib 3 nM, fibrin
3 nM.

Fig. 3 UV/vis absorption spectra of AuNPs stabilized by Fib and fibrin.
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UV/vis spectroscopy (Fig. 3) was used to explore the change of
AuNPs state induced by Fib/brin in this system. The AuNPs
display a maximal absorption band at 520 nm. In the presence
of Fib, there still was an absorption band at 520 nm, and the
absorption band of the AuNPs overlapped the emission bands
of the uorophore. The IFE effectively occurred and the uo-
rescence of uorescein decreased. On the other hand, the UV-
visible spectrum displays the characteristic red shi and
broadening of the surface plasmon band in the presence of
brin, indicating that the AuNPs are crosslinked and aggre-
gated. Thereby, the IFE-decreased emission of uorescein is
recovered. In order to know the microstructure of the AuNPs
with brin, the TEM images were obtained. As shown in
Fig. S2,† AuNPs reveal uniform particles with an average size of
�13 nm in diameter. In the presence of Fib, the AuNPs are
mono-dispersed, whereas the AuNPs aggregate together in the
presence of brin. The results were consistent with the change
of the UV-visible absorption spectra.

Optimization of the variables of the measuring system

In order to study the effect of AuNPs particle size on analytical
performance of brin, four different nanometer-sized AuNPs
23424 | RSC Adv., 2017, 7, 23422–23426
(2.6 nm, 13 nm, 20 nm and 40 nm) were prepared. The experi-
mental results showed that 13 nm AuNPs were more sensitive to
the brin (Fig. S3†) than the other three AuNPs. The reason is
possibly that the size of AuNPs didn't only inuence the uo-
rescence quenching ability of AuNPs, but also affected the Fib–
AuNPs binding. In this paper, because the absorption band of
AuNPs need to overlap with the emission bands of the uores-
cein. From Fig. S4,† it was known that the AuNPs (13–20 nm)
displayed maximal absorption band at 520 nm which was
according with the design of sensing well. In addition, the
stoichiometry between brinogen and AuNPs was dependent on
particle size.36 While the size of AuNPs was larger than 13 nm,
AuNPs bound multiple brinogen molecules, which can reduce
the sensitivity of this method. While the size of AuNPs was
smaller than 13 nm, maximum binding of Fib–AuNPs occurred
at approximately 1 brinogen per 2 AuNPs, which easily
induced the aggregation of AuNPs. Only for the 13 nm AuNPs,
maximum binding occurred at 1 : 1 stoichiometry, which better
accorded with the design of sensing.36,37 We also investigated
the effect of AuNPs concentration on the uorescence response
(Fig. S5†). The experimental results showed that low concen-
tration of AuNPs could enhance the response for brin, but the
background uorescence was high and the uorescent resto-
ration was not obvious. Otherwise high concentration of AuNPs
could decrease the background uorescence, but AuNPs
concentration was so high that uorescent restoration was
quenched. While the concentration of AuNPs was 11.3 nM,
uorescent restoration (DF) reached biggest. So we used
11.3 nM of AuNPs (13 nm) for all experiments.

In this work, reaction time is a key factor for reaction, which is
characterized with quenching and aggregation kinetic. There
were two action times including the incubation time of AuNPs–
brin (Fig. S6†) and AuNPs–FAM (Fig. S7†). With the increasing
of the incubation time of AuNPs–brin, the DF rose quickly and
reached a maximum in the period of 7 minutes. Aer in addition
of FAM, the AuNPs–FAM mixture was incubated for 10 min, and
the DF reached a maximum. So, we chose 7 minutes and 10 min
as the incubation time of AuNPs–brin and AuNPs–FAM.
Sensitivity and selectivity

Under the optimized conditions, the quantitative behavior of
the uorescent assay was assessed with different concentrations
of brin. A good linear relationship between the increased
uorescence intensity (DF), DF ¼ F � F0, where F and F0 are the
uorescence intensity of the system at 520 nm in the presence
of brin or Fib, respectively. As shown in Fig. 4, the uorescence
intensity increased with the increasing brin concentration, to
reveal a linear relationship in the brin concentration range
0.125–2.5 nM. The regress equation is DF ¼ 360.7 + 92.7c (c is
the concentration of brin, nM) with a correlation coefficient of
0.9989. The relative standard deviation (R.S.D.) for 2 nM brin
measurement is 2.7% (n¼ 11). The detection limit is taken to be
three times of the standard derivation in the blank solution was
found to be 40 pM.

In our work, bovine serum albumin (BSA), thrombin, IgG,
glucose oxidase (GOD) and lysozyme were selected to study the
This journal is © The Royal Society of Chemistry 2017
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Table 1 Determination of fibrin in human plasma

Sample
Conventional
method (nM)

Proposed method
(nM)

Added
(nM)

Recovery
(%)

1 0.671 0.646 0.300 97
0.500 95

2 0.954 0.983 0.300 98
0.500 103

3 1.523 1.500 0.300 104
0.500 101

4 1.022 1.041 0.300 96
0.500 97

5 0.814 0.792 0.300 96
0.500 105

6 0.763 0.754 0.300 103
0.500 98Fig. 4 The difference value of fluorescence intensity (DF) profiles of

the assay for different concentration of fibrin. Inset shows a linear
relationship between DF and the fibrin concentration (C) from
0.125 nM to 2.5 nM. Experimental conditions: AuNPs 11.3 nM, FAM 1
mM.
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specicity of the method. As shown in Fig. 5, while the
concentration of interfering proteins was 400-fold higher than
that of brin, the experimental results showed that a signicant
uorescent increase was observed for brin and the uorescent
restoration (DF) is biggest. However, other proteins had little
inuence on theDF. The results revealed this facile uorescence
method for brin detection was sensitive and effective.
Detection of brin in human plasma with the proposed
method

The proposed method was used to detect brin in human
plasma. The samples from some volunteers were collected from
Liaocheng People's Hospital. Previously the fresh serum
samples were rst analyzed by the ELISA method (Uni-
celDXC800, Beckman Coulter auto-analyzer) in Liaocheng
People's Hospital. And then, the samples were re-assayed with
the proposed method. Fresh serum samples were centrifugated
at 5400 rcf for 10 min. The supernatant was saved. All the
Fig. 5 Selectivity of the IFE-based fibrin fluorescence assay over
several molecules: fibrin (2.5 nM), thrombin (1 mM), BSA (1 mM), lyso-
zyme (1 mM), GOD (1 mM) and IgG (1 mM). Experimental conditions:
AuNPs 11.3 nM, FAM 1 mM.

This journal is © The Royal Society of Chemistry 2017
samples were previously diluted in an appropriate extension
(1 : 50 000) to t the concentration of the analyte within the
linear range of the calibration curve. All experiments were per-
formed in compliance with the guideline “Biomedical research
ethics review method involving people” (China), and approved
by the medical ethics committee at Liaocheng People's
Hospital. Informed consents were obtained from human
participants of this study. The results (Table 1 in the ESI†)
showed good agreement with the expected and observed values
(Table 1).

Conclusion

In conclusion, we have demonstrated the design of a novel,
simple, and sensitive uorescent method for detecting brin
based on IFE of AuNPs. Because the absorption band of AuNPs
possesses a complementary overlap with the emission bands of
FAM, the uorescence of FAM was quenched due to the occur-
rence of IFE. In the presence of brin, brin interacted with the
AuNPs, which induced the aggregation of AuNPs and decreased
the absorption of AuNPs at 520 nm. Thereby, the IFE of AuNPs
decreased and the uorescence emission of FAM was restored
signicantly. Under optimized conditions, a high sensitivity
towards brin was achieved with a detection limit as low as 40
pM. Compared with conventional uorescent assays, the
present IFE-based strategy has several advantages including
simple, time-saving, and economical. Therefore, the proposed
uorescent assay has great potential for protein assay in the
elds of molecular biology and clinical diagnostics.
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