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a b s t r a c t

A new method for detecting protein by synchronous fluorescence enhancement was developed, based
on the combination of near infrared (NIR) fluorescence and the dedimerization phenomenon of methy-
lene blue (MB). Under analytical conditions, there are linear relationships between the enhancing
extent of synchronous fluorescence of MB–sodium dodecyl benzene sulfonate (SDBS)–protein at 667 nm

−8 −5 −1
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ethylene blue dimer

rotein
ynchronous fluorescence
eaggregation

and the concentration of protein in the range of 8.0 × 10 –4.0 × 10 g mL for bovine serum albu-
min (BSA), 1.0 × 10−7–3.5 × 10−5 g mL−1 for egg albumin (EA). The detection limits (S/N = 3) of BSA
and EA are 8.9 ng mL−1 and 10.0 ng mL−1, respectively. The fluorescence enhancement mechanism
is discussed in detail. Results from multiple techniques indicate that the fluorescence enhance-
ment of the system originates from the hydrophobic microenvironment provided by BSA and
SDBS, and the formation of an MB–SDBS–BSA complex, as well as the deaggregation of some MB

dimer.

. Introduction

Determination of protein continues to be an important tech-
ique in life science applications. Some commonly used methods

or the protein determination have disadvantages, such as low sen-
itivity and selectivity [1–3], and new techniques continue to be
eveloped in many laboratories. Fluorimetric techniques [4] have
een widely implemented recently due to their high sensitivity and
electivity. Proteins possessing Try or Trp residues exhibit natu-
al fluorescence, but it is difficult to use natural fluorescence for
nalysis of proteins at low concentration, or for proteins lack-
ng these residues. Thus, extrinsic fluorescence probes must be
mployed for the determination of dilute protein; a number of
ethods for the determination of proteins have been established

ased on such extrinsic fluorescence probes utilizing rare earth
ons and their complexes, or by using fluorescence dyes and quan-
um dots [5–15]. Recently, analytical studies with fluorescence dyes
ave focused on both near infrared (NIR) fluorescence dyes [16,17]

nd the dimerization of fluorescent dyes [18] in solution. Typi-
ally, NIR fluorescent dyes emit in the region of 600–1000 nm,
here most biomolecules have no absorption, and typically give

ise to minor interference so that NIR techniques are especially
uitable for studies of biological samples. Dimerization is a phe-
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nomenon of some dyes with planar structure that occurs not
only in aqueous solution, but also in ionic surfactant solutions
[19].

Methylene blue (MB) is a NIR fluorescent dye, which may
be used as a photosensitizer, and shows promising applica-
tions in the area of photodynamic therapy [20]. Because it is
a cationic molecule with planar structure, MB interacts easily
with the biomacromolecules [21,22]. To our knowledge, MB act-
ing as a probe for the determination of proteins based on its
NIR fluorescence properties and its dimerization has not been
reported.

In this study we found that MB can form the dimer in the
presence of SDBS, resulting in fluorescence quenching of MB.
However, the fluorescence intensity is greatly enhanced when
proteins such as BSA or EA are added into the MB–SDBS sys-
tem. Based on this phenomenon, a synchronous fluorescence
technique (SFT) for protein determination was developed. SFT is
necessary because the maximum excitation wavelength of MB
(667 nm) is close to its emission wavelength (683 nm), where
Rayleigh light scattering at 667 nm can interfere the fluorescence
measurement. Synchronous fluorescence spectroscopy provides a
simplified spectrum with sharp emission peaks, and because of

its sharp and narrow spectrum, SFT is a good method for quan-
titative determinations [23]. Experimental results indicate that
this method has the advantages of high sensitivity with detection
limits at nanogram level, and has been applied to the determi-
nation of actual protein samples with satisfactory results. Finally,
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he mechanism of fluorescence enhancement in this system is
iscussed.

. Experimental

.1. Materials

Stock solutions of protein (1.0 × 10−3 g mL−1) were prepared
y dissolving commercial BSA (0.1000 g, Ameresco Co., USA)
nd EA (0.1000 g, Sigma, USA) in doubly distilled water and
iluted to 100 mL, stored at 0–4 ◦C. A stock standard solution
1.0 × 10−3 mol L−1) of MB (Tianjin Beihong Chemical Co., China)
as prepared by dissolving 0.0380 g MB in doubly distilled water

nd diluting to 100 mL. A solution made up of 0.8710 g SDBS (BBI,
anada) was prepared (1.0 × 10−2 mol L−1) in doubly distilled water
nd diluted to 250 mL. Hexamethylenetetramine (HMTA)–HCl
uffer solution was prepared by dissolving HMTA (10.0 g) in 90 mL
ater and adjusting the pH to 6.80 with HCl (1.0 × 10−1 mol L−1).
ll reagents and solvents were analytical grade unless otherwise
oted, and used as received.

.2. Apparatus

Synchronous fluorescence spectra, resonance light scatter-
ng spectra and fluorescence polarization were recorded with
erkin-Elmer LS-55 spectrofluorimeter in a 1 cm quartz cuvette.
bsorption spectra were measured on a U-4100 spectropho-

ometer (Hitachi, Japan). Solution surface tension was mea-
ured on a Processer Tensionmeter-K12 (Krüss Corp., German).
H was measured on a Delta 320-S pH meter (Mettler-
oledo, Shanghai). Zeta potentials (�) were measured with a
S94H micro-television electrophoretic instrument (ZhongChen
o., China). The Far-UV CD spectra were measured on a

ASCO J-810 Circular Dichroism Chiroptical Spectrophotometer
Japan).

.3. Method
To a 25 mL test tube, solutions were added in the following
rder: HMTA–HCl, MB, SDBS, BSA. The mixture was thoroughly
ixed and diluted to 10 mL with water, and its synchronous flu-

rescence was measured at � = 667 nm (�� = 15 nm). The extent of
ynchronous fluorescence enhancement is defined as �If = If − I0,

ig. 1. Emission spectra (a) and synchronous fluorescence spectra (b): (1) MB; (2) MB–
.4 × 10−6 mol L−1; SDBS: 1.2 × 10−4 mol L−1; BSA: 1.0 × 10−5 g mL−1.
 (2010) 760–765 761

where If and I0 are the fluorescence intensities of the solution with
and without protein, respectively.

3. Results and discussion

3.1. Fluorescence spectra

Fig. 1 shows the emission and synchronous fluorescence spec-
tra of the components and solutions developed in this study.
As can be seen in Fig. 1(a), the characteristic fluorescent peak
of MB is observed at 683 nm when using an excitation wave-
length of 667 nm. The interference of Rayleigh light scattering
(667 nm) is obvious. To avoid this interference, a synchronous
fluorescence scan was used for the fluorescence measurement.
Fig. 1(b) illustrates the synchronous fluorescence peaks of MB,
MB–SDBS, MB–SDBS–BSA solutions at 667 nm with a �� of
15 nm; this value for �� was selected for further determina-
tions. Fig. 1(b) also indicates that the synchronous fluorescence
intensity of MB is quenched by SDBS, but after addition of
protein (such as BSA, etc.), the fluorescence intensity of the
system is enhanced. The increased fluorescence intensity at
667 nm is proportional to the concentration of protein, and the
system of MB–SDBS–BSA was chosen for further quantitative
study.

3.2. Effect of pH and buffer

The effect of pH and buffer was studied. The maximum �If
occurred at pH = 6.80. The effects of different buffers on the �If
(%) of the system were also tested at the same pH (pH = 6.80 ± 0.1).
The �If (%) for HMTA–HCl, Tris–HCl, Britton–Robinson, water, and
KH2PO4–Na2HPO4 are 100, 64.8, 23.1, 75.6 and 23.5, respectively.
The results indicated that the type of buffers has a large effect on
the system, and HMTA–HCl (pH = 6.80, 0.5 mL) was selected as the
most suitable buffer for this study.

3.3. Effect of MB concentration
To determine an optimal concentration for MB in the analytical
method, the fluorescence intensities as a function of MB concen-
tration were determined. The value for �If reached a maximum at
approximately 1.4 × 10−6 mol L−1, and was subsequently used for
further studies.

BSA; (3) MB–SDBS–BSA; (4) MB–SDBS. Conditions: HMTA: 1.0% (pH = 6.80); MB:
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determination. In the UV spectrophotometric method, here used
as a comparative analytical technique, the above EA actual sam-
ple of the same volume was diluted into 10 times and the near-UV
absorbance at 280 nm was used to quantify the EA concentration.
The results are compared in Table 3.

Table 1
Interfering species.

Foreign substance Concentration coexisting
(×10−6 mol L−1)

Change of �If (%)

K+, Cl− 25 −3.9
Ca2+, Cl− 15 −4.2
Al3+, NO3

− 0.5 5.0
NH4

+, Cl− 3.5 3.7
Na+, SO4

2− 8.0 −4.6
Ba2+, Cl− 6.0 −4.2
Na+, Cl− 40 −4.9
Mg2+, SO4

2− 20 5.1
Zn2+, Cl− 4.0 4.1
Na+, CO3

2− 15 −4.9
Fe3+, Cl− 0.3 −4.5
Fe2+, SO4

2− 0.4 −5.1
l-Asp 75 −4.1
l-His 70 −3.4
l-Phe 15 3.9
Cys 10 −3.5
dl-Glu 80 −3.5
dl-Thr 60 −5.1
ig. 2. (a) Effect of SDBS. 1: If; 2: I0; 3: �If . Conditions: HMTA: 1.0% (pH = 6.80);
onditions: HMTA: 1.0% (pH = 6.80); MB: 1.4 × 10−6 mol L−1; BSA: 1.0 × 10−5 g mL−1

.4. Effect of surfactants

The synchronous fluorescence intensity was measured in the
resence of surfactants. The �If for SDBS, sodium dodecylsulfonate,
odium lauryl sulfate, cetylpyridinium bromide, cetyltrimethylam-
onium bromide, and Emulsifier OP are 100, 82, 14, 3, 10 and

, respectively, and related as the % of the value obtained for
DBS. Since the addition of SDBS led to the greatest difference in
uorescence, the effect of SDBS was studied as a function of its con-
entration (Fig. 2(a)); from the data, a value of 1.2 × 10−4 mol L−1

as chosen for further studies.
Fig. 2(b) illustrates the surface tension of the SDBS in this sys-

em. The critical micelle concentration (CMC) of SDBS in this system
s 1.8 × 10−3 mol L−1, which is higher than the optimum concen-
ration of SDBS (1.2 × 104 mol L−1) in this experiment. So, it is
onsidered that SDBS exists as the pre-micelle or single molecule
n the studied system.

.5. The addition order and stability of the system

In practice, the best order of addition of the reagents was found
o be HMTA–HCl, MB, SDBS and protein. Under the optimized
oncentration and buffer conditions, the effect of incubation time
n the synchronous fluorescence intensity was also studied. The
alue of �If reaches a maximum at approximately 20 min after all
eagents had been added and remained stable for at least 2.0 h.

.6. Interfering species

Under the analytical conditions, various standard reagents
ere examined for their interference of the fluorescence of the
B–SDBS–protein mixture (Table 1). Most amino acids and metal

ons, except Fe3+, Fe2+ and Al3+, had no or little effect on the deter-
ination of BSA at ±5% relative error.

. Analytical application
.1. Calibration curve and detection limits

Under optimized conditions, the analytical parameters of this
ethod are listed in Table 2. It shows that there is a good linear
1.4 × 10−6 mol L−1; BSA: 1.0 × 10−5 g mL−1. (b) The surface tension of the system.

relationship between �If and the concentrations of BSA and EA.
And their limits of detection reached at nanogram levels, according
to the relation k × S0/N (where k = 3 for LOD, k = 10 for LOQ, S0 is the
standard deviation of the blank and N is the slope of the calibration
curve).

4.2. Determination of actual sample

The method of standard addition was used for the determina-
tion of EA in actual sample. The egg albumin from eggs without
any further purification was diluted into 1000 times for protein
yRNA 50 (�g mL−1) 4.5
fsDNA 45 (�g mL−1) 4.6
ctDNA 65 (�g mL−1) 4.4

Conditions: MB: 1.4 × 10−6 mol L−1; SDBS: 1.2 × 10−4 mol L−1; BSA: 5.0 ×
10−7 g mL−1; HMTA: 1.0% (pH = 6.80).
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Table 2
Analytical parameters of this method.

Proteins Linear range (�g mL−1) Linear regression equation (g mL−1, n = 3) ra LODb (ng mL−1) LOQc (×10−8 g mL−1)

BSA 0.080–40.0 �I = 103.8 + 1.98 × 107C 0.998 8.9 3.0
EA 0.100–35.0 �I = 99.5 + 1.88 × 107C 0.997 10 3.3

a Correlation coefficient.
b Limit of detection.
c Limit of quantification.

Table 3
The results of samples determination.

Samples Methods Concentration (mg mL−1) Average (mg mL−1) RSD (%)

101.2
97.6,

R
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EA
Proposed method 100.9, 100.8,
UV method 100.6, 101.6,

SD, relative standard deviation.

. Mechanism of the interaction among MB, SDBS and BSA

.1. The formation of MB dimer

MB is a cationic heterocyclic aromatic molecule; its behavior
t different concentrations [24] can be interpreted by the changes
n solution absorption and synchronous fluorescence spectra, as
hown in Fig. 3. With increasing concentration of MB, the absorp-
ion peaks at 664 nm blue shifts to 661 nm, and the intensity
f absorption peaks at 610 nm increases; concomitantly, the ˇ
atios (ˇ = A661/A610) decrease. From the synchronous fluorescence
pectra, the larger the concentration of MB leads to a stronger fluo-
escence intensity at 667 nm, but the intensity decreases when the
oncentration of MB is larger than 1.0 × 10−5 mol L−1, and exhibits
‘red-shift’. The above phenomena are taken to show that MB in
igh concentration forms a donor/acceptor dimer complex [25].

In the structure of MB, the dimethyl amine and ammonium
roups are the electronic donor and acceptor, respectively, linked
ia a heterocyclic aromatic core. Thus MB is a D-�-A molecule that
ossesses HOMO and LUMO energy levels that are close in energy;
ts first excited state is an intramolecular charge transfer (ICT),
hich allows its dipole moment to be much larger than that of

round state. At higher concentration of MB, the ICT is enhanced
ia intermolecular interactions, resulting in the formation of D+-
-A and D-�-A− or D+-�-A− state, which induces the blue-shift of

ig. 3. The aggregation of MB. (a) The absorption spectra of MB. (b) The synchronous fluo
.0 × 10−6, 1.0 × 10−5, 2.0 × 10−5, 4.0 × 10−5 and 8.0 × 10−5 mol L−1, respectively. Conditio
, 97.7, 101.1 100.3 1.5
98.2, 99.2 99.4 1.7

the absorption peak and the red-shift of the synchronous fluores-
cence peak of MB. All of the phenomena above indicate that the
aggregation of MB belongs to a kind of H-aggregation [26,27].

The selected analytical concentration of MB is
1.4 × 10−6 mol L−1, where MB is expected to exist as a monomer.
However, when SDBS is added to the MB solution, the intensity of
absorption at 661 nm decreases (Fig. 4), and a higher concentration
of SDBS leads to lower ˇ ratios (ˇ = A661/A610). This indicates that
SDBS promotes the formation of MB dimer, since the concentration
of SDBS is below its CMC and the surfactant is in a pre-micellar
form. At the same time, water molecules may form a regular
region around the surfactant molecules or pre-micelles, termed an
“iceberg structure”, which also may help stabilize MB dimerization
[28].

5.2. The deaggregation of MB dimer and the formation of
MB–SDBS–BSA

From the absorption spectra shown in Fig. 5, it can be seen that
the peak of 661 nm decreases when BSA is added into MB, but the

peak of 610 nm has little change. In contrast SDBS addition leads
to an increase in absorption at 610 nm along with the decrease at
661 nm. Overall, when BSA is added into MB–SDBS, it can be seen
that ˇMB > ˇMB–BSA > ˇMB–SDBS–BSA > ˇMB–SDBS. The result indicates
that BSA inhibits the formation of MB dimer, resulting in a partial

rescence spectra of MB. (1–7) The concentrations of MB are 8.0 × 10−7, 2.0 × 10−6,
ns: HMTA: 1.0% (pH = 6.80).
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Fig. 6. Resonance light scattering spectra of the system. (1) MB; (2) MB–SDBS;
ig. 4. Absorption spectra of MB and SDBS. (1–6) The concentrations of SDBS are
.0, 6.0 × 10−5, 8.0 × 10−5, 1.0 × 10−4, 1.2 × 10−4 and 1.4 × 10−4 mol L−1, respectively.
onditions: HMTA: 1.0% (pH = 6.80); MB: 1.4 × 10−6 mol L−1.

eaggregation of the dimer because of the formation of BSA–SDBS
egative complex and the binding of BSA and MB. At the same time,
he positive MB dimer can dissolve into the negative SDBS–BSA
luster through electrostatic and hydrophobic forces and a strong
ssociation is formed among BSA, SDBS and MB dimer. This result
an also be confirmed by resonance light scattering (RLS) spectra
Fig. 6), that indicates that the resonance light scattering inten-
ity of the MB–SDBS–BSA solution is maximized, which is taken to
ndicate that a large complex is present [29].

The zeta potential (�) of the analytical system with different
oncentrations of MB was assessed (Fig. 7). It can be seen that the
of SDBS and BSA is initially −14.66 mV; with addition of MB, the

increased and reached positive values. Thus, in MB–SDBS–BSA

ystem, SDBS–BSA (negative charge) and MB (positive charge) form
large complex (MB–SDBS–BSA).

ig. 5. Absorption spectra of the system. (1) MB; (2) BSA–MB; (3) MB–SDBS–BSA
1.0 × 10−5 g mL−1); (4) MB–SDBS–BSA (5.0 × 10−6 mol L−1); (5) MB–SDBS. Condi-
ions: HMTA: 1.0% (pH = 6.80); MB: 1.4 × 10−6 mol L−1; SDBS: 1.2 × 10−4 mol L−1.
(3) MB–BSA; (4) MB–SDBS–BSA. Conditions: HMTA: 1.0% (pH = 6.80); MB:
1.4 × 10−6 mol L−1; SDBS: 1.2 × 10−4 mol L−1; BSA: 1.0 × 10−5 g mL−1.

5.3. Secondary structural change of BSA

Circular dichroism (CD) spectra of proteins provide impor-
tant qualitative information about expected secondary structural
changes, due to interactions between protein molecules or between
protein and exogenous molecules. A double-negative peak in the CD
spectra is an indication of �-helical secondary structure. The peak
at 220 nm is the contribution of the n–�* transition of peptide bond,
and the peak at 208–209 nm is due to the �–�* transition of peptide
bond [30]. CD spectra (Fig. 8) were analyzed using the Chen–Yang
principle to obtain structural information due to changes in the
analytical conditions. The changes of �-helix, �-sheet, �-turn and
random coil in BSA under the analytical conditions are shown in
Table 4. In general, all of the four structures of BSA changed with

the addition of SDBS, MB and MB–SDBS, which indicates that there
is a strong interaction among MB, SDBS and BSA.

Fig. 7. The � of the system. Conditions: HMTA: 1.0% (pH = 6.80); SDBS: 1.2 ×
10−4 mol L−1; BSA: 6.0 × 10−4 g mL−1.
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Fig. 8. The far-UV CD spectra of the system. (1) BSA; (2) BSA–MB; (3) BSA–SDBS; (4)
MB–SDBS–BSA. Conditions: HMTA: 1.0% (pH = 6.80); MB: 1.4 × 10−6 mol L−1; SDBS:
1.2 × 10−4 mol L−1; BSA: 1.0 × 10−5 g mL−1.

Table 4
Comparison of BSA secondary structure in the presence of different components.

�-Helix (%) �-Sheet (%) �-Turn (%) Random (%)
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BSA 34.7 38.1 1.2 26.0
BSA–MB 33.1 36.3 5.0 25.6
BSA–SDBS 27.2 16.3 19.9 36.7
BSA–MB–SDBS 30.2 42.9 0.1 26.8

.4. The microenvironment of the system

Finally, the microenvironment of the systems was assessed
sing the technique that compares the ratios of the first to third
uorescence bands of pyrene monomer (I1/I3) in the solution as

unction of probe which reflects polarity changes experienced by
he pyrene [31,32]. A high value reflects a less hydrophobic envi-
onment. The ratios of the first to third fluorescence bands of pyrene
onomer in buffer, SDBS, BSA and SDBS–BSA are 1.690, 1.663,

.640, and 1.315. The result indicates that the hydrophobicity of
B system increases with added SDBS and BSA, corresponding

o the enhancement of the synchronous fluorescence intensity of
B–SDBS complex.
According to the Perrin equation, the microviscosity of the

icroenvironment can be estimated using the fluorescence
nisotropy of a fluorescence probe [33]; a large value reflects
larger microviscosity. The polarization values of MB in buffer,

DBS, BSA and SDBS–BSA media were 0.053, 0.132, 0.143 and
.209, respectively, indicating that the BSA–SDBS system provides

maximum microviscosity for MB, also enhancing the maximum
uorescence intensity of MB–SDBS–BSA complex.

Based on the above observations, the BSA–SDBS system pro-
ides an optimum hydrophobic and viscous environment for MB,
hich leads to the enhanced synchronous fluorescence intensity.

[

[
[
[
[
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In addition, the hydrophobic environment of BSA–SDBS system
also prevents collisions between the protein complex and water
to decrease the energy losses in the MB–SDBS–BSA system.

6. Conclusion

In conclusion, the combination of MB NIR fluorescence, its
dimerization phenomenon, and a synchronous fluorescence tech-
nique has been developed into a method for protein determination.
This method shows potential application in clinical and laboratory
testing due to its high sensitivity and good stability. The mechanis-
tic studies on the fluorescence enhancement in this system is useful
for the understanding of the properties of protein/dye interactions
and may be applied to future questions related to fluorescence
imaging in cells.
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