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Abstract In this work, a highly selective and sensitive fluo-
rimetric method has been developed for sensing mercury ions
in seafood using a fluorescent probe of C-phycocyanin (C-PC)
from Spirulina maxima. The interactions between C-PC and
mercury ions were systematically characterized by UV-vis
spectrophotometer, microscopy imaging, and fluorescence
measurements. It was found that the C-PC fluorescence could
be quenched bymercury ions triggering the C-PC aggregation
phenomenon. Importantly, the fluorescence intensities of C-
PC probes could be linearly changed depending on the con-
centrations of mercury ions, showing the detection limit of
0.0080 μM, and the relative standard deviation of this method
was about 1.9%.Moreover, the developed fluorimetry method
was successfully applied to detect mercury ions in the real
seafood samples (oysters and Pampus argenteus samples),
with the acceptable rate of recovery between 93.6 and
107.2%. Such a green, efficient, and cost-effective fluorimet-
ric method of C-PC probe should promise the wide applica-
tions for tracing mercury ions levels in seafood.
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Introduction

Heavy metals, such as cadmium (Cd), mercury (Hg), arsenic
(As), and lead (Pb), are well-known pollutants that are highly
toxic and carcinogenic to humans and other living organisms,
even at relatively low concentrations (Dasbas et al. 2015).
Heavy metal ions are widely distributed in the environment,
especially the marine environment, and heavy metal pollu-
tions are perceived as a serious global issue (Tuzen et al.
2009; Wang et al. 2012). It is well known that heavy metals
in most marine organisms have a strong enrichment, not only
will cause their own death but also the high concentrations of
heavy metals through the food chains to consumers. Seafood
are important part of coastal resident daily food, and these
provide energy and nutrients such as vitamins, proteins, sele-
nium (Se), and omega-3 fatty acids (Ciardullo et al. 2008).
The concentrations of mercury in the seafood cannot be re-
duced by skinning, trimming, or cooking, so the only way to
prevent the exposure is to perform control analyses to limit
mercury intake (Esteban-Fernández et al. 2012). In particular,
up to date, marine foods have been increasingly polluted by
mercury in different degrees (Guo and Yang 2016), so as to
cause a wide range of syndromes and harmful effects of mer-
cury toxicity (Wang et al. 2015). For example, excessive mer-
cury will lead to central nervous system defects and erethism
as well as arrhythmia, cardiomyopathy, and kidney damage
(Chen et al. 2014b). Therefore, it is necessary to develop a
simple, rapid, sensitive, and selective analysis method to mon-
itor mercury(II) in seafood.

So far, many analytical techniques have been developed for
the detection of heavymetal ions, includingmercury ions. The
traditional detection methods for mercury ions may involve
mainly calorimetry (Jayabal et al. 2014), inductively coupled
plasma with mass spectrometry (ICP-MS) (Leermakers et al.
2005; Doker and Bosgelmez 2015), mass spectrometry (León-
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Pérez et al. 2015), ultraviolet-visible (UV-vis) spectrometry
(Cai et al. 2006), and so forth. All of these instrumental
methods have made great progress for the detection of mercu-
ry ions with their own advantages. However, some of these
methods need long analysis time, expensive complex instru-
ments, and complicated sample preparation processes, which
may not be suitable for the fast detection of mercury ions in
situ (Arena et al. 2013). In the detection of heavy metal ions in
seafood, it is extremely necessary to establish a rapid method
for the detection of mercury ions in situ. It is well recognized
that the fluorimetric analysis method enjoys some advantages
such as high sensitivity, good selectivity, short response time,
and simple operation, of which the detection performances
may depend on the used fluorescent probes.

There are some natural fluorescent proteins (FPs) in
nature, such as green fluorescent protein, phycobiliprotein
family, and so on. As the typical FP, C-phycocyanin (C-
PC) from Spirulina maxima is an accessory photosynthet-
ic pigment of the phycobiliprotein family (Chaiklahan
et al. 2012) characterized by its intense blue color, and
its structure consists of a protein and nonprotein compo-
nents (Fernandez-Rojas et al. 2014). Moreover, C-PC as a
water-soluble protein with the dimensional structures of
two subunits (Rodríguez-sánchez et al. 2012) can exhibit
a strong red fluorescence in native and concentrated form
(Abd El-Baky and El-Baroty 2012). To date, C-PC has
been well studied as a fluorescent reagent for immunolog-
ical analysis, showing the broad excitation spectrum, large
stokes shift, and high quantum yield (Kuddus et al. 2013).
What is more, C-PC is not only widely used as a natural
dye, nutrient ingredient, and natural coloring for food and
cosmetics but also acts as a potential therapeutic agent in
the treatment of oxidative stress-induced diseases or the
fluorescent marker in biomedical researches (Abd El-
Baky and El-Baroty 2012). Recent years have seen the
steady and impressive advances in the development and
engineering of FPs and FP-based biosensors (Enterina
et al. 2015), in addition to the important applications as
the functional proteins in biological and medical re-
searches (Craggs 2009). Remarkably, the fluorescent
probe of FPs can be employed to monitor the dynamic
change of some processes quickly, simply, and effectively
(Sun et al. 2003).

In our previous studies, some fluorescent probes, such as
silver nanoclusters (Sun et al. 2016) and gold-silver
nanoclusters (Zhang et al. 2014), have been prepared and ap-
plied to the detection of copper and mercury ions in blood.
However, detection of heavy metal ions in seafood requires a
green, nontoxic, and rapid method. In this work, the interac-
tions between C-PC and mercury ions were systematically
characterized by UV-vis, microscopy imaging, and fluores-
cence measurements. Thus, pollution-free, nontoxic, and effi-
cient fluorimetric method with the C-PC probe for the highly

selective and sensitive detection of mercury ions was devel-
oped, and this method has broad application prospects in the
detection of mercury ions in seafood.

Material and Methods

Apparatus and Reagents

The fluorescence intensity was determined by fluorescence
spectrometer (F-2700, Hitachi, Japan) operated at an excita-
tion wavelength at 580 nm, with both excitation and emission
slit widths of 10.0 nm. The photographs of corresponding
reaction products were recorded by ultraviolet analyzer
(Lichen, ZF-1, China) at 365 nm. UV-vis spectrophotometer
(UNIC, UV-2000) and fluorescence microscope (Olympus,
BX53, Japan) were separately applied for the characterization
of different products.

Mercury, copper, and other metal salts were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Beijing,
China). Oysters and Pampus argenteus were purchased from
local markets. All chemicals used were of analytical grade,
and all glass services were cleaned by deionized water before
usage.

Characterization of Purified C-PC

The C-PC was first purified by precipitate with 70%
saturation (NH4)2SO4, and then dialyzed against the ex-
traction buffer using dialyses membrane (dialyses mem-
brane-70, molecular weight cutoff 12–14 kDa), and
chromatographed on a hydroxylapatite column. The ab-
sorption spectra of purified C-PC were measured on UV-
vis spectrophotometer. The emission spectrum and exci-
tation spectrum were recorded using fluorescence spec-
trometer. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was carried out using a
15% polyacrylamide (Minkova et al. 2003), 6% β-
mercaptoethanol, 30% glycerol, 0.1% bromophenol blue,
and 150 mM Tris-HCl at pH 7.0.

Responses of C-PC to Different Metal Ions

1.0 μMmetal ions (Na+, Fe2+, Cu2+, Mg2+, Cd2+, Ca2+, Zn2+,
Ni2+, K+, Ba2+, Cr3+, Co2+, Hg2+, Pb2+, and Ag+ ions) were
separately mixed with an aliquot of C-PC with the same con-
centrations. The changes of fluorescence intensities of C-PC
were recorded. Furthermore, the experiments of fluorescence
microscope of C-PCwere performed for probingmercury ions
with C-PC alone as the control.
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Optimization of the Detection Conditions

Firstly, the effects of pH value on the detection of mercury
ions (1.0 μM) were investigated in the range of 5.0–10.0,
comparing to the fluorescence intensities of C-PC alone mea-
sured in different pH values. By following the same analysis
procedure, C-PC at different concentrations (0.020, 0.030,
0.040, 0.050, 0.060, and 0.070 mg mL−1) was analyzed in
probing mercury ions (1.0 μM). Then, the mixture of C-PC
(0.05 mg mL−1) and mercury ions (1 μM) was detected by
fluorescence spectrometer at different reaction times (1, 2, 3,
4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, and 15min). Lastly, mercury
ions (1 μM) were added into C-PC (0.050 mg mL−1) with
different reaction temperature (20, 25, 30, 35, 40, 45, and
50 °C) and fluorescence changes were detected by fluores-
cence spectrometer.

Fluorimetric Analysis of Mercury Ions

Mercury ions at different concentrations (0, 0.010, 0.050,
0.10, 0.50, 1.0, 5.0, 25, and 50 μM) were separately analyzed
under the optimized conditions of Tris-HCl (50 mM, pH 7.0)
at 30 °C and reaction time of 10 min. The quenching

efficiencies were measured. The quenching efficiencies of
C-PC by mercury ions were calculated as follows: the
quenching efficiencies = (F0 − F)/F0 , where F and F0 refer
to the fluorescence intensities (λem = 580 nm) of C-PC in the
presence and absence of metal ions, respectively.

Fluorimetric Detections of Mercury Ions in Real Samples

The oysters or P. argenteus meat was cleaned with deionized
water and crushed, mixed the meat using homogenizer. Then,
took 2.0 g oysters or P. argenteus meat into the centrifuge
tube, added 30 mL deionized water, and centrifuged 10 min
(8000 g). The supernatant was filtered and centrifuged again,
and the supernatant was diluted ten times with deionized water
and stored in the refrigerator (4 °C). Under the optimized
conditions (0.05 mg mL−1 C-PC at 30 °C for reaction time
10 min in pH 7.0), the developed fluorimetric method was
applied to detect different concentrations of mercury ions
(0.10, 0.50, and 1.0 μM) which were separately added in the
oysters and P. argenteus samples. The fluorescence quenching
intensity at λem of 580 nm was measured by a fluorescence
spectrometer.

20.1
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c

Fig. 1 Characterization of
purified C-PC. a UV-vis light ab-
sorption spectrum of C-PC. b
SDS-PAGE of purified C-PC,
lane 1, molecular marker; lane 3,
C-PC after purification with the
described procedure, PC ratios
>4.1. c Fluorescence excitation
(blue line) and emission (red line)
spectra of C-PC. The inset shows
the visual color change of C-PC
under visible light (left) and UV
light (right)
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The recovery (%) = found concentration/spiked
concentration.

Results and Discussion

Characterization of C-PC from Spirulina maxima

The absorption spectra of the purified C-PC were recorded
with the data shown in Fig. 1a. It can be seen that there are
three absorbance bands centered at around 280, 360, and
620 nm. Similar to the previous reports (Rodríguez-sánchez
et al. 2012; Minkova et al. 2003), herein, the main peak at
620 nm was the characteristic peak of C-PC. C-PC purity
was evaluated based on the absorbance ratio A620/A280

(Chen et al. 2014a) and showed the absorbance ratio of C-
PC of 4.1. In a sense, the C-PC purity values of 0.70, 3.90,
and over 4.00 were considered as the food grade, reactive
grade, and analytical grade, respectively (Arena et al. 2013).
It was obvious that Fig. 1b indicates an SDS-PAGE with two
bands of about 19.0 and 21.0 kDa (lane 1), representing the α
and β subunits of C-PC, which were consistent with those in
the previous studies (Rodríguez-sánchez et al. 2012; Minkova
et al. 2003; Thangam et al. 2015). Furthermore, Fig. 1c reveals
the fluorescence excitation and emission spectra of C-PC. It
was found that C-PC had a fluorescence emission max-
imum at 640 nm with the excitation wavelength be-
tween 580 and 600 nm (Sun et al. 2003), which was
characteristic of C-PC.

Selective Responses of C-PC to Mercury Ions

To investigate the sensing selectivity of C-PC to mercury ions,
the developed fluorimetric method with the C-PC probe was
firstly used to comparably probe 15 kinds of common metal
ions (Fig. 2). As expected, most of the metal ions had no

significant effect on the fluorescence intensities of C-PC,
and only mercury ions could trigger the immediate and signif-
icant quenching of the fluorescence of C-PC, as shown in their
corresponding photographs (Fig. 2, insert). Obviously, C-PC
could serve as a fluorescent probe for the highly selective
detections of mercury ions. What is more, although Cu2+ ions
have a certain quenching effect on the fluorescence of C-PC,
the quenching degree was not enough to interfere with the
detection of mercury ions.

C-PCC-PCExtraction

Purification

Spirulina maxima

Hg2+

Fig. 3 The schematic illustration of the fluorescence assay for the
detection of mercury ions

bla
nk

0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
el

at
iv

e 
F

lu
or

es
ce

nc
e 

( F
 / 

F
0)

Ag
+

Pb
2+

Hg
2+

Co
2+

Cr
2+

Ba
2+

K
+

Ni
2+

Zn
2+

Ca
2+

Cd
2+

Mg
2+

Cu
2+

Fe
2+

Na
+

Fig. 2 Fluorescence intensity changes of C-PC in the presence of differ-
ent metal ions of 1.0 μM (insert: photographs under UV light), where F0

and F are the fluorescence intensity of C-PC in the presence and absence
of metal ions, respectively
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Fig. 4 Images of C-PC under fluorescence microscope. a Bright-field
image of C-PC (0.050mg/ml). b Fluorescence image of (a). cBright-field
image of C-PC (0.050 mg/ml) treated with mercury ions (5.0 μM) for
10 min. d Fluorescence image of (c)
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The Mechanism of the Developed Fluorimetric Method
for Detection of Mercury Ions

The schematic illustration of the fluorescence assay for the
detection of mercury ions is shown in Fig. 3. The C-PC was
extracted and purified from S. maxima, and the C-PC without
mercury ions had a strong red fluorescence under UV light. It

was obvious that the introduction of mercury ions into the C-
PC fluorescent probe system resulted in the quenching phe-
nomenon. To further explore the quenching reactions between
mercury ions and C-PC fluorescent probe, the fluorescence
microscope experiments were carried out. Figure 4 demon-
strates the fluorescence microscope images of C-PC and mer-
cury ions in bright-field (Fig. 4c) and ultraviolet-visible light

Fig. 5 Optimization of the detection conditions (a–d) with C-PC in the presence of mercury ions (1.0 μM) at different a pH values, b C-PC
concentrations, c reaction time, and d reaction temperature

Fig. 6 a Fluorescence spectra of C-PC (0.050 mg mL−1) upon the addi-
tions of mercury ions (0, 0.010, 0.050, 0.10, 0.50, 1.0, 5.0, 25, and
50 μM) at λex 580 nm. b Fluorescence quenching efficiencies of C-PC
(0.050 mg mL−1) versus the logarithmic concentrations of mercury ions

(0, 0.010, 0.050, 0.10, 0.50, 1.0, 5.0, 25, and 50 μM). The error bar
represents the standard deviation of five measurements (insert: photo-
graphs under UV light). All measurements were taken in Tris-HCl
(50 mM, pH 7.0) at 30 °C
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(Fig. 4d), respectively, using C-PC alone as a comparison
(Fig. 4a, b). As shown in the images, C-PC under fluorescence
microscope displayed an obvious red fluorescence (Fig. 4b).
Compared with C-PC alone (Fig. 4b), the fluorescence of C-
PC with mercury ions (Fig. 4d) was obviously decreased. As
shown in Fig. 4a, the C-PC without mercury ions was in a
state of dispersion, but it was clear that the C-PC with the
addition of mercury ions was in a state of aggregation
(Fig. 4c). It is worth pointing out that the fluorescence
quenching of C-PC caused by mercury ions might be partly
attributed to the aggregation phenomenon (Zhang et al. 2014;
Sun et al. 2016). Currently, the molecular mechanisms of the
protein aggregation caused by the heavy metals are not entire-
ly clear, which not only might be due to intermolecular hydro-
phobic interactions of metal-induced misfolded proteins but
also might be owning to heavy metal ions connected to the
peptide chains of the C-PC at the same time (Sharma et al.
2008; Tamás et al. 2014).

Optimization of the Analytical Conditions

The effects of pH values on the developed fluorimetric meth-
od with the C-PC probe determination of mercury are shown
in Fig. 5a. It could be seen from Fig. 5a that pH 7.0 was ideally
selected for the analytical solution.When pH value was higher
than 9.0, C-PC could be denaturated and deactivated (Patel
et al. 2004). Moreover, the optimal concentration of C-PC
should give the highest sensitivity and the widest linear detec-
tion range (Fig. 5b). As the concentrations of C-PC increased,
the linear range of calibration function might become wider,
whereas the sensitivity decreased. For a compromise between
the sensitivity and the linear detection range of standard curve,
0.050 mg mL−1 of C-PC was employed for the further exper-
iments. Figure 5c shows the time-dependent fluorescence re-
sponse in the presence of mercury ions. To make the reaction
complete, the analytical solution was measured after reaction
for 10 min. Compared with some reported methods, DNA-
based detection of mercury ions required 30 min (Wen et al.
2011), longer than the developed fluorimetric method with the
C-PC probe (10 min). Other methods, such as colorimetry
(Guo et al. 2011), LC-ICP-MS (Batista et al. 2011), and cold
vapor atomic absorption spectrometry (Manzoori et al. 1998;
Ubillús et al. 2000) had their own advantages, but they also
need more time. So the developed C-PC fluorescent probe
method was more rapid. As illustrated in Fig. 5d, further ex-
periments were carried out using the optimal temperature of
30 °C, whereas the temperature for the heat-caused denatur-
ation of C-PC was 40 to 45 °C (Juin et al. 2014).

Calibration Curve of Fluorimetric Analysis

The calibration curve for the determination of mercury ions
was constructed under the optimized conditions. It was notedT
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from Fig. 6a, b that the fluorescence intensities decreased
linearly with the increase of mercury ions concentrations. A
direct correlation between fluorescence intensity of C-PC and
the concentration of mercury ions was obtained in the range
from 0 to 50.00 μM (Bi et al. 2012), and the linear regression
equation was quenching efficiency = 0.2138 log [Hg2+] +
0.392. The corresponding correlation coefficient was 0.9904,
indicating a good linear relationship between the quenching
efficiency and mercury ions concentration (Cao et al. 2015).
The limit of detection (LOD) of this method was 0.0080 μM,
which was calculated as three times the blank standard devi-
ation and then divided by the slope of the standard curve
(Medina-Sanchez et al. 2015). The LODwas much lower than
the toxicity level of mercury ions in drinking water (30 nM)
defined by the World Health Organization (WHO) (Zhang
et al. 2010). As shown in Table 1, the linear range and LOD
were comparable with other mercury ions assay methods re-
ported previously (Table 1). By comparison, the LOD of nick-
el nanoparticle-decorated porous carbons (Veerakumar et al.
2015), CdS-encapsulated DNA nanocomposite (Long et al.
2009), and α-hemolysin nanopore (Wen et al. 2011) were
2.1, 8.6, and 7.0 nM, respectively. Moreover, these methods
are generally applied but involve either of complicated syn-
thesis and toxic agent or cost-ineffective and time-consuming
analysis. Likewise, C-PC fluorescent probe in this work also
showed excellent and cost-effective performance for detection
of mercury, compared with those of previous reports.

The real photographs for the mixtures with C-PC and mer-
cury ions are shown in the inset of Fig. 6b. Notably, the color
changed of C-PC depending on the different concentrations of
mercury ions could be viewed with the naked eye. It was
obvious that with the increase of the mercury concentrations,
the fluorescence intensities of C-PC decreased.When the mer-
cury concentration was particularly high, the C-PC solution
almost became a transparent liquid. It is worthy to point out
that several traditional analysis methods such as X-ray absorp-
tion spectrometry (Bernaus et al. 2006), atomic absorption
spectroscopy (Bi et al. 2012), inductively coupled plasma
mass spectrometry (ICP-MS) (Leermakers et al. 2005), and
selective cold vapor atomic fluorescence spectrometry
(Manzoori et al. 1998) can be used to the detection of mercury
ions with high selectivity and sensitivity, but they may require
complex instruments and complicated sample preparation. In

contrast, the developed fluorimetric analysis method with
fluorescent C-PC probe is rapid (10 min), efficient, and simple
for detecting mercury ions.

Practical Applications for the Analysis of Mercury Ions
in Seafood

The developed fluorimetric method with the C-PC probe has a
good feasibility for the highly selective mercury ions detection
in seafood. C-PC is widely existed and easy to extract from S.
maxima, which is natural and nontoxic probe with strong red
fluorescence. Mercury ions have obvious quenching effect on
the C-PC, and the quenching degree has a good linear rela-
tionship with the concentration ofmercury ions.What is more,
many marine products, such as fish and shellfish, are polluted
by mercury ions. Therefore, it is urgent to detect the heavy
metals in seafood. In order to confirm the feasibility of prac-
tical applications, the developed analysis method was used to
assay mercury ions in real seafood, where the oysters and P.
argenteus samples were collected and spiked with mercury
ions of different levels (0.10, 0.50, and 1.00 μM). The exper-
imental results are listed in Table 2. As for oysters samples, the
recoveries of mercury ions were found between 93.6 and
105.6% with the relative standard deviations (RSDs) lower
than 1.60%. For P. argenteus samples, the recoveries and
RSDs of mercury ions were close to those of oysters samples.
In general, a good linear relationship between the relative
fluorescence intensities and the concentrations of mercury
ions could be observed in real seafood samples.

Conclusions

Amethod to determine mercury ions in samples of oysters and
P. argenteus was developed and validated, using C-PC as the
fluorescent probe. The C-PC could be aggregated with the
decreased fluorescence in the presence of mercury ions.
Importantly, the change of the C-PC fluorescence intensities
was directly proportional to the concentrations of mercury
ions. Compared with other traditional detection methods, the
developed fluorimetry method has some advantages such as
green, efficient, short reaction time (10 min), cost-effective,
and high analysis selectivity. This method would have great

Table 2 Recovery tests and
precisions of the analysis of
mercury ions in seafood samples

Seafood sample Detected (μM) Spiked (μM) Found (μM) Recovery (%) RSD (%; n = 5)

Oysters Not detected 0.100 0.104 ± 0.002 104.0 0.2

0.500 0.468 ± 0.008 93.6 0.7

1.000 1.056 ± 0.084 105.6 1.6

Pampus argenteus Not detected 0.100 0.102 ± 0.003 102.0 0.4

0.500 0.489 ± 0.019 97.8 0.6

1.000 1.072 ± 0.063 107.2 1.9
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potential applications for detecting mercury ions in seafood
and other media.
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