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nce determination of human
serum albumin based on Co2+-catalyzed 2-(4-tert-
butylphenyl)-4,5-di(2-furyl) imidazole/H2O2

system

Jing Kang,ab Jimin Shen,*a Zhonglin Chen,a Jun Nan,a Xiao Huang,a Lu Hanb

and Weiping Haoc

In this paper, the chemiluminescence (CL) reaction of 2-(4-tert-butylphenyl)-4,5-di(2-furyl) imidazole (t-

BDFI) and H2O2 was investigated in alkaline medium. The H2O2 could directly oxidize t-BDFI to produce

CL emission. The effects of some metal ions on CL of the t-BDFI/H2O2 system were examined. The

results indicated that the addition of Co2+ into the t-BDFI/H2O2 CL system could induce significant

enhancement of the CL signal. A CL system of t-BDFI/H2O2/Co
2+ was developed. The experiment on

the effect of human serum albumin (HSA) on the t-BDFI/H2O2/Co
2+ CL system was carried out, and the

result indicated that HSA could effectively inhibit the CL signal of this reaction. The inhibited CL intensity

is linearly related to the logarithm of concentration of HSA. The linear range of the calibration curve is

5.0 � 10�8 to 1.0 � 10�6 mol L�1, and the corresponding detection limit (3s) is 2.1 � 10�8 mol L�1.

Based on this study, a novel CL method has been developed for the determination of HSA with high

sensitivity and good selectivity. The proposed method has been successfully applied to the

determination of HSA in human serum samples. This may intrigue researchers into gaining a new interest

in investigating the CL property of heterocyclic imidazole derivatives.
Introduction

Human serum albumin (HSA) synthesized in the liver is the
most abundant protein constituent of human blood plasma.1,2

The amount of this protein in the blood is approximately 35–58
mg mL�1, representing 55–65% of the total protein content.3 It
is made up of 585 amino acids, and its polypeptide chain folds
into a heart-shapedmolecule.4–6 It plays an important role in the
transportation and distribution of various exogenous and
endogenous ligands, such as bilirubin, amino acids, nutrients,
metal ions, fatty acids, and drugs etc.7–10 The distributions and
metabolisms of small molecules in the body depend on the
binding degree to HSA. The main physiology effect of HSA is to
maintain the blood pH and colloid osmotic blood pressure.
Moreover, HSA performs other functions, such as sequestering
oxygen free radicals and inactivating various toxic lipophilic
metabolites.11 The content of HSA can provide information for
the diagnosis of diseases, and is oen used as a reference for
the determination of other components in biological samples.
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Therefore, the quantitative analysis of HSA is greatly important
in biochemistry and clinical diagnosis.

The most widely used chemical methods to determine HSA
are those based on binding of protein with the dyes such as
bromcresol green (BCG),12 coomassie brilliant blue (CBB),13 and
bromophenol blue.14 Many of these methods have high reagent
blank absorption, some of which could be reduced by addition
of some detergent or heating, but it is laborious. Several
analytical techniques, such as spectrophotometric,15,16 spectro-
uorimetric,17 resonance light scattering,18 and electrochemical
methods,19 have been reported for the determination of HSA.
However, these methods have some limitations for determina-
tion of HSA, such as a narrow linear range, few interferents and
slow reaction, which inuenced the analysis of practical
sample. It has been reported that chemiluminescence (CL)
method was used to determine HSA.20,21 Owing to its low
detection limit, wide dynamic range, rapid response, simple
instrumentation and no background scattering light interfer-
ence, the CL detection method is growing important in analyt-
ical chemistry,22,23 particularly in pharmaceutical and
biomedical analysis.24,25

Heterocyclic imidazole derivatives have attracted increasing
attention because of their potential applications in chemistry
and materials science.26,27 These compounds play a very
important role as mediators for synthetic reactions, primarily as
RSC Adv., 2015, 5, 89569–89576 | 89569
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a means for preparing functionalized materials.28 An important
imidazole derivative is lophine (2,4,5-triphenylimidazole). It is
a well-known potential CL compound since 1877, and has been
used for analysis of some metal ions,29,30 and chlorinated
compounds.31 Phenylimidazoles have been studied because of
their important laser properties.32 Further substitution by
phenyl groups has been studied for other signicant optical
properties. Recently, a number of lophine derivatives were
synthesized based on lophine skeleton substituted at the ortho- ,
meta- and para-substituted in the 2-phenyl ring and para-
substituted in the 4- and 5-aryl rings according to slightly
modied procedure of the Debus method.33,34 A variety of
lophine analogues having 2-pyridyl or 2-furyl group at both 4-
and 5-positions of heterocyclic imidazole derivatives have been
reported.35,36 Heterocyclic imidazole derivatives are a new type
of luminescent material with unique optical properties, and
have been studied with regard to their ultraviolet (UV), photo-
luminescence (PL) and CL properties.36,37

Recently, we have synthesized a variety of imidazole deriva-
tives, and evaluated their CL properties with the aim of devel-
oping new CL reagents and reactions.38–40 In the present work, 2-
(4-tert-butylphenyl)-4,5-di(2-furyl) imidazole (t-BDFI) was
synthesized according to the reported method.40 The H2O2

could directly oxidize t-BDFI to produce CL emission in alkaline
medium. The addition of Co2+ into the t-BDFI/H2O2 CL system
could induce signicant enhancement of CL signal. The
possible enhancement mechanism of the CL reaction was also
further investigated. The effects of experimental conditions
were investigated. Under the optimal conditions, HSA could
induce inhibition of CL signal of the t-BDFI/H2O2/Co

2+ system.
Based on the inhibition of CL for the t-BDFI/H2O2/Co

2+ system
by HSA, a sensitive CL method has been developed for the
determination of HSA. The proposed method was applied to the
determination of HSA in human serum samples. The human
serum samples were prepared by the salting-out method with
saturated ammonium sulfate solution as precipitating
agent,20,41 and the obtained results were satisfactory.

Experimental
Reagents and materials

All the reagents were of analytical reagent grade and all solu-
tions were prepared with ultra-pure water. CoCl2$6H2O was
purchased from Shanghai Chemical Reagent Co. Ammonium
acetate, acetic acid, ammonium sulfate, NaOH, KCl, NaCl,
CaCl2, Ni(NO3)2$6H2O, BaCl2$2H2O, CdCl2, MnSO4$H2O,
Cr(NO3)3$9H2O, Pb(NO3)2, FeCl2, FeCl3, ethanol and H2O2

(30%) were purchased from Beijing Chemical Plant in China.
HSA was purchased from Sigma. L-Asparagine, L-tryptophan, DL-
b-phenylalanine and L-tyrosine were purchased from Beijing
Dingguo Biotechnology Co., Ltd. Furfural and 4-tert-butylben-
zaldehyde were purchased from Tianjin Guangfu Fine Chemical
Research Institute.

The 1.0 � 10�3 mol L�1 stock solution of t-BDFI was
prepared by dissolving 8.5 mg of t-BDFI in 25 mL ethanol, and
the working solution (2.5 � 10�4 mol L�1) was prepared by
diluting the stock solution with ultra-pure water.
89570 | RSC Adv., 2015, 5, 89569–89576
The 1.0 � 10�3 mol L�1 stock solution of Co2+, Cr3+, Pb2+ etc.
were prepared by dissolving 11.9 mg of CoCl2$6H2O, 20.0 mg of
Cr(NO3)3$9H2O and 16.6 mg of Pb(NO3)2 etc. in 50 mL ultra-pure
water, respectively. And the working solution (1.0� 10�7 mol L�1)
were prepared by diluting the stock solution with ultra-pure water.

Human serum samples were obtained from 4 patients in
Qianwei Hospital of Jilin University. All experiments were per-
formed in compliance with the relevant laws and institutional
guidelines, and the institutional committees have approved the
experiments. The informed consent was obtained for any
experimentation with human subjects.

Synthesis and characterization of t-BDFI

The t-BDFI was synthesized according to the literature.40 The
synthesis route is shown in Fig. 1. First, furil was synthesized
from furfural by benzoic condensation and oxidation, and then
the t-BDFI was prepared by the condensation reaction of furil
with 4-tert-butylbenzaldehyde, ammonium acetate and acetic
acid. The absorption and uorescence spectra of the t-BDFI
were investigated, and the results are shown in Fig. 2. The rst
excitonic absorption peak of the t-BDFI is at around 316 nm,
corresponding with the uorescence peak of 427 nm.

The t-BDFI was characterized by melting point, IR, MS and
NMR. The obtained results by elemental analysis were in
conformity with the theoretical results. The results are described
as follows: mp 189–191 �C. IR (KBr), n (cm�1): 3122, 3068, 2962,
2860, 1602, 1528, 1491, 1436, 1364, 1268, 1201, 1080, 971, 886,
839, 732, 593. 1H NMR (300 MHz, CDCl3), d (ppm): 7.85 (d, J ¼
8.5 Hz, 2H), 7.49 (dd, J¼ 1.8, 0.7 Hz, 2H), 7.46 (d, J¼ 8.6 Hz, 2H),
7.00 (d, J¼ 3.3 Hz, 2H), 6.52 (dd, J¼ 3.4, 1.8 Hz, 2H), 1.34 (s, 9H)
ppm. 13C NMR (126 MHz, CDCl3), d (ppm): 152.89, 146.69,
126.81, 126.22, 125.67, 112.16, 107.91, 35.19, 31.62. MS (m/z): (M
+ H)+ 334.2 (calcd. 332.40). Calcd for C21H20N2O2: C, 75.88; H,
6.06; N, 8.43. The elemental analysis gave the molecular formula
of C21H20N2O2 (found: C, 75.91; H, 6.24; N, 8.67).

Apparatus

The CL analysis was conducted on a laboratory-built steady
injection CL system. The schematic diagram of the system is
shown in Fig. 3. The steady injection Analysis Processor FIA-
3100 (Beijing Wantuo Instruments Co., Ltd.) consists of two
peristaltic pumps, a sixteen-hole eight-way valve and a digital-
system to control the time and pump pressure. The polytetra-
uoroethylene (PTFE) tube (0.8 mm i.d.) was used as the
connection pipe in the steady system. The CL emission was
detected by an ultra-weak luminescence analyzer (type BPCL
manufactured at the Institute of Biophysics, Chinese Academy
of Sciences, Beijing, China).

The PL spectra were recorded on a RF-5301 spectrouorim-
eter (Shimadzu, Japan). The absorption spectra were recorded
on an Australian GBC Cintra 10e UV-vis spectrometer within the
wavelength range from 200 to 800 nm. The CL spectrum was
obtained with a series of interference lters. The interference
lters were inserted between the sample cell and the photo-
multiplier tube (PMT). The spectral range detected with the
PMT is from 400 to 640 nm.
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Scheme for the synthesis of t-BDFI.

Fig. 2 Absorption and fluorescence spectra of t-BDFI. Concentration:
t-BDFI, 1 � 10�6 mol L�1.

Fig. 3 Schematic diagram of the CL system. (a) Loading position. (b)
Injection position. A: H2O2; B: NaOH solution; P1, P2: peristaltic pump;
SL: sample loop; V: eight-way valve; R: chemifold; S: sample cell; PMT:
photomultiplier tube; PC: computer; W: waste.
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General procedure for CL analysis

The experimental results were obtained by using the following
operation parameters: sample loop volume, 200 mL; sampling
This journal is © The Royal Society of Chemistry 2015
time, 13 s; sample injection time, 13 s; the PMT negative
voltage, �1000 V; the integral time of the CL signal, 60 s. 200 mL
of t-BDFI, 100 mL of Co2+ and 100 mL of HSA sample solutions
were rst added into the sample cell S (optical glass tube 1 cm
i.d.), and then H2O2 and NaOH solutions were simultaneously
injected into the S with the steady injection system.

The operation mode is as follows: in sequence 1 (Fig. 3a),
pumps P1 and P2 were activated, and valve V was in the loading
position. P1 was used to deliver H2O2 solution into the sample
loop1 (SL1) and P2 was used to deliver NaOH solution into the
sample loop2 (SL2). In sequence 2 (Fig. 3b), P1 and P2 were
activated, and V was in the injection position. P1 and P2 were
used to deliver the air current. The H2O2 and NaOH solutions
were simultaneously pumped into chemifold R where they were
mixed. The mixed solution was carried into S and reacted with
the mixture of t-BDFI, Co2+ and HSA sample solutions. The CL
signal was measured and recorded. Aer determination, the
mixed solution was emptied and S was washed and dried. All
the experiment procedures were performed in triplicate.

The concentration of analyte was quantied by measuring
the inhibited CL intensity, DI ¼ I0 � Is, where I0 and Is are CL
signals in the absence and presence of HSA, respectively.
Preparation of sample

10 mL of human blood was at rest for 10 minutes, and then
centrifugalized for 20 minutes at 1000 rpm. The upper human
serum solution was added into a ask, and the lower hemocyte
sediment was removed. 300 mL of human serum sample and an
equal volume of normal saline (NS) were mixed, and added into
a 2 mL centrifuge tube. 600 mL of saturated ammonium sulfate
solution was added drop-wise into the centrifuge tube when the
solution was stirred continuously. The solution was at rest for 1
hour, and then centrifugalized for 30 minutes at 4000 rpm. The
upper HSA solution was added into a ask, and the lower
sediment was dissolved in 600 mL of NS. 300 mL of saturated
ammonium sulfate solution was added drop-wise into the
resulted solution when the solution was stirred continuously.
The solution was centrifugalized for 30 minutes at 4000 rpm.
Then the upper HSA solution obtained was also added into the
ask, and the lower globulin and brin sediment was removed.
To purify the solution in the ask, the free ions were removed
via dialysis for 24 hours in water (4 �C). The resulting solution
RSC Adv., 2015, 5, 89569–89576 | 89571
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was diluted to 25 mL volumetric ask with ultra-pure water, and
diluted 25-fold for analysis.
Fig. 5 Dynamic CL intensity–time profiles of t-BDFI/H2O2 (a), t-BDFI/
H2O2/Co

2+ (b) and t-BDFI/H2O2/Co
2+/HSA (c) CL reactions.

Concentration: t-BDFI, 2.5� 10�4 mol L�1; H2O2, 0.05mol L�1; NaOH,
0.25 mol L�1; Co2+, 1 � 10�6 mol L�1; HSA, 1 � 10�6 mol L�1.
Results and discussion
Effects of metal ions on CL of t-BDFI/H2O2 system

The CL reaction between t-BDFI and H2O2 was further investi-
gated. The H2O2 could directly oxidize t-BDFI to produce CL
emission in an alkaline solution. The effects of somemetal ions,
Co2+, Cr2+, Pb2+, Fe3+, Fe2+, Mn2+, Cd2+, et al., on the CL of t-
BDFI/H2O2 system were examined. The results are shown in
Fig. 4. It can be seen from Fig. 4 that the addition of Co2+ into
the t-BDFI/H2O2 system could induce signicant enhancement
of CL signal. Co2+ that causes the most intense light emission
are fairly strong oxidants.42 The result might be related to outer
electron structure of metal ion. So Co2+ was chosen to enhance
the CL intensity of the t-BDFI/H2O2 system in the further
experiment.
Effect of HSA on the CL of t-BDFI/H2O2/Co
2+ system

Fig. 5 shows the dynamic CL intensity–time proles of the t-
BDFI/H2O2, t-BDFI/H2O2/Co

2+, and t-BDFI/H2O2/Co
2+/HSA

systems. It was found that the addition of HSA into the t-BDFI/
H2O2/Co

2+ system could induce inhibition of CL signal. Based
on the inhibition effect, a sensitive CL method has been
developed for the determination of the HSA.
Optimization of the reaction conditions

The proposed CL reaction in alkaline medium can produce
strong CL signal. The NaOH solution was employed as the
reaction medium, and the effect of the concentration of NaOH
on the CL intensity was further examined in the range of 0.01–
1.0 mol L�1. The experimental results are shown in Fig. 6a. It
can be seen from Fig. 6a that the CL intensity increases when
the NaOH concentration increases from 0.01 to 0.25 mol L�1,
and the intensity decreases when the NaOH concentration is
higher than 0.25mol L�1. Hence, the NaOH solution of 0.25 mol
L�1 was chosen as the reaction medium.
Fig. 4 Effects of metal ions on CL of the t-BDFI/H2O2 system.
Concentration: t-BDFI, 2.5� 10�4 mol L�1; H2O2, 0.05mol L�1; NaOH,
0.25 mol L�1; metal ion, 1 � 10�7 mol L�1. The error bars denote the
standard deviation of the values with the three same determinations.

89572 | RSC Adv., 2015, 5, 89569–89576
The inuence of H2O2 concentration on the CL intensity was
studied in the range of 0.001–1.0 mol L�1, and the results are
shown in Fig. 6b. The CL intensity increases with increasing
H2O2 concentration up to 0.05 mol L�1. When the H2O2

concentration is higher than 0.05 mol L�1, the CL intensity of
the system decreases with the increasing concentration of H2O2.
The H2O2 concentration of 0.05 mol L�1 was chosen for the
further research.

The effect of t-BDFI concentration on the CL intensity of the
studied system was tested, as shown in Fig. 6c. The CL intensity
increases with the increasing concentration of t-BDFI from 1.0
� 10�6 to 2.5 � 10�4 mol L�1. When the t-BDFI concentration is
higher than 2.5 � 10�4 mol L�1, the CL intensity is slowly
increased. Therefore, the t-BDFI solution of 2.5 � 10�4 mol L�1

was chosen for subsequent studies.
The effect of Co2+ concentration on the CL intensity was

tested, and the experimental results are shown in Fig. 6d. The
concentration of the Co2+ has great inuence on the CL inten-
sity. When the concentration of Co2+ is lower than 1.0 � 10�6

mol L�1, the CL intensity increases with the increase of Co2+

concentration, and the intensity slowly decreases when the Co2+

concentration is higher than 1.0 � 10�6 mol L�1. Therefore, the
optimum concentration of Co2+ was chosen to be 1.0 � 10�6

mol L�1.
There is a good linear relationship between the enhanced CL

intensity and the logarithm of Co2+ concentration in the range
of low concentration. The results are shown in Fig. 6d inset. The
linear range is 5.0 � 10�9 to 2.5 � 10�7 mol L�1, linear regres-
sion equation is DI ¼ 208 450 lg C � 126 250 (C, nmol L�1; r ¼
0.9995), and the detection limit is 1.1 � 10�9 mol L�1. The
results demonstrate that the proposed CL system may be used
to detect Co2+.
Analytical applications

Under the optimized conditions, the linear relationship
between the inhibited CL intensity and the logarithm of HSA
concentration was obtained. The experimental results are
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Optimization of the reaction conditions. Concentration: (a) t-BDFI, 2.5 � 10�4 mol L�1; H2O2, 0.05 mol L�1; Co2+, 1 � 10�6 mol L�1. (b) t-
BDFI, 2.5� 10�4 mol L�1; NaOH, 0.25 mol L�1; Co2+, 1� 10�6 mol L�1. (c) H2O2, 0.05 mol L�1; NaOH, 0.25 mol L�1; Co2+, 1� 10�6 mol L�1. (d) t-
BDFI, 2.5 � 10�4 mol L�1; H2O2, 0.05 mol L�1; NaOH, 0.25 mol L�1. The error bars denote the standard deviation of the values with the three
same determinations.
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shown in Fig. 7. The linear range is 5.0� 10�8 to 1.0� 10�6 mol
L�1, linear regression equation is DI ¼ 514 219 lg C � 865 818
(C, nmol L�1; r ¼ 0.9952) and the detection limit is 2.1 � 10�8

mol L�1. The relative standard deviation for determination of
4.0 � 10�7 mol L�1 HSA is 5.1% (n ¼ 9).
Fig. 7 Influence of HSA concentration on the CL intensity. Inset,
calibration curve for standard HSA. DI¼ I0� Is, where I0 and Is stand for
the integral of the CL signals in the absence and presence of HSA,
respectively. Concentration: t-BDFI, 2.5 � 10�4 mol L�1; H2O2, 0.05
mol L�1; NaOH, 0.25 mol L�1; Co2+, 1 � 10�6 mol L�1. The error bars
denote the standard deviation of the values with the three same
determinations.

This journal is © The Royal Society of Chemistry 2015
In order to assess the selectivity of the proposed method, the
interference of some foreign substances was tested when the
concentration of HSA was 5.0 � 10�7 mol L�1. The tolerance
level was dened as the amount of foreign species that produce
an error not exceeding�5% in the determination of the analyte.
The results showed that no interference could be observed for
1000-fold Na+, K+, Ba2+, Ca2+, Pb2+, NH4

+, Cl�, NO3
�, L-aspara-

gine, L-tryptophan, 100-fold DL-b-phenylalanine, 50-fold Cd2+,
20-fold Mn2+, L-tyrosine, and 1-od Cr3+.

The proposed method was applied to the determination of
HSA in human serum samples, and the human serum samples
were prepared by the salting-out method. Salting out is
a method used to separate classes of proteins.43,44 The solubility
of proteins in aqueous solution depends on the distribution of
hydrophilic and hydrophobic amino acid residues on the
protein surface. Aer protein folding in aqueous solution,
hydrophobic amino acids usually form protected hydrophobic
areas while hydrophilic amino acids interact with the molecules
of solvation and allow proteins to form hydrogen bonds with the
surrounding water molecules. If enough of the protein surface
is hydrophilic, the protein can be dissolved in water. When the
salt concentration is increased, some of the water molecules are
attracted by the salt ions, which decreases the number of water
molecules available to interact with the charged part of the
protein. As a result of the increased demand for solvent mole-
cules, the protein–protein interactions are stronger than the
RSC Adv., 2015, 5, 89569–89576 | 89573
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Fig. 8 The CL spectra of t-BDFI/H2O2 (a), t-BDFI/H2O2/Co
2+ (b) and t-

BDFI/H2O2/Co
2+/HSA (c) systems. Concentration: t-BDFI, 2.5 � 10�4

mol L�1; H2O2, 0.05 mol L�1; NaOH, 0.25 mol L�1; Co2+, 1 � 10�6 mol
L�1; HSA, 5 � 10�7 mol L�1. The error bars denote the standard devi-
ation of the values with the three same determinations.
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solvent–solute interactions; the protein molecules coagulate by
forming hydrophobic interactions with each other. As different
proteins have different compositions of amino acids, different
protein molecules precipitate at different concentrations of salt
solution. The type of salt being used and the concentration of
the salt can be varied to selectively precipitate protein.
Unwanted proteins can be removed from a protein solution
mixture by salting out as long as the solubility of the protein in
various concentrations of salt solution is known, and the
precipitate can be removed by ltration or centrifugation.

Ammonium sulfate is the most widely used as precipitant to
induce salting-out. It is reported, that brin is totally precipi-
tated when adding saturated ammonium sulfate solution to the
serum at up to 20% volume fraction, globulin is totally precip-
itated when adding saturated ammonium sulfate solution to
the serum at up to 50% volume fraction, and HSA is not
precipitated when adding saturated ammonium sulfate solu-
tion to the serum at less than 50% volume fraction.20,44 In this
work, the HSA was separated from globulin and brin in human
serum by using the salting-out method with about 50% volume
fraction of saturated ammonium sulfate solution as precipi-
tating agent. The results are shown in Table 1. It can be seen
from Table 1 that the results obtained were found to be in
agreement with the commonly used BCG method. The relative
errors for the analytical results were from �2.1% to 4.3%.
Therefore the developed method can be easily performed and
affords good precision and accuracy when applied to real
samples.
Possible CL reaction mechanism

To explain the CL reaction mechanism and conrm the emis-
sion species, the following experiments were performed. The CL
spectra of t-BDFI/H2O2, t-BDFI/H2O2/Co

2+, and t-BDFI/H2O2/
Co2+/HSA systems were examined, as shown in Fig. 8. The
results showed that themaximum emission appeared at 535 nm
for the three reaction systems. When the Co2+ was added into
the t-BDFI/H2O2 system, the shape of the CL emission peak was
not signicantly affected, but the CL intensity was signicantly
enhanced. The CL intensity decreased when HSA was added
into the t-BDFI/H2O2/Co

2+ system. The results indicate that the
Co2+ and HSA are only enhancement or inhibition reagents and
do not change the mechanism of the t-BDFI/H2O2 CL reaction.

From Fig. 2 it can be seen that the characteristic emission
peak of t-BDFI was at 427 nm. The PL spectra did not coincide
with the CL spectra of t-BDFI. The results revealed that the
luminophor of t-BDFI/H2O2 system is not t-BDFI but the
Table 1 Determination of HSA in human serum samples

Sample
Bromocresol green
method (g L�1)

Proposed
method (g L�1)

RSD
(%)

Relative error
(%)

1 47 49 4.3 4.3
2 50 52 5.2 4.0
3 46 46 3.7 0.0
4 48 47 4.6 �2.1

89574 | RSC Adv., 2015, 5, 89569–89576
intermediate oxidation product of t-BDFI. The possible oxidized
CL mechanism is similar to that of lophine, which is claried
that a hydroperoxide as a reaction intermediate is intramolec-
ularly decomposed to yield an excited singlet state of dia-
roylamidine, followed by the emission of light.28

The possible mechanism of CL emission is shown in Fig. 9.
In this reaction, H2O2 reacts with dissolved oxygen to form
hydroxyl radical (cOH), and the Co2+ catalyze the decomposition
of H2O2 and production of cOH and hydroperoxyl radical
(HO2c).31 The produced cOH and HO2c can be converted into
superoxide radical (cO2

�) in the presence of strong base and
H2O2.45 The produced cO2

� reacts with t-BDFI to form the
peroxide excited state of diaroylamidine via a dioxetane struc-
ture.28 The CL emission is produced when the peroxide excited
state of diaroylamidine returns to the ground state. Moreover,
a t-BDFI–Co2+ complex could be formed,42 and it changes
molecular electron delocalization of t-BDFI, which catalyzes the
reaction between cO2

� and t-BDFI. When HSA chelates with
Co2+,46,47which inhibits the catalytical effect of Co2+ on CL of the
t-BDFI/H2O2 system.
Conclusion

This work is concerned with the CL of t-BDFI. The H2O2 could
directly oxidize t-BDFI to produce CL emission in an alkaline
solution. The effects of various metal ions on the t-BDFI/H2O2

CL system were investigated, and the results indicated that Co2+

could effectively enhance the sensitivity of the CL reaction.
Based on this study, t-BDFI/H2O2/Co

2+ CL system was devel-
oped. The addition of HSA into the t-BDFI/H2O2/Co

2+ CL system
could induce signicant inhibition of CL signal. The inhibited
CL intensity was linearly related to the logarithm of HSA
concentration in the certain concentration range. The CL
system was successfully applied to the determination of HSA in
human serum samples, and the results were in agreement with
those obtained by BCG method. By comparison with some
existing methods,17–20 the proposed method has advantages of
This journal is © The Royal Society of Chemistry 2015
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Fig. 9 The mechanism of the CL reaction.
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high selectivity and sensitivity, instrumental simplicity, low cost
and wide linear response range for determination of HSA. The
work would further enable researchers to exploit more CL
analytical applications of the heterocyclic imidazole derivatives.
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