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Fluorescence sensing with small molecular chemosensors is a versatile technique for elucidation of
function of various substances. Herein, a new zinc ion supported fluorescent turn-on system for bovine
serum albumin (BSA) has been demonstrated. The fluorescence intensity increases 15.4-fold and visual
color changes from light reddish orange to yellow can be detected after adding BSA.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The development of analytical tools to detect proteins with easy
handling, rapid monitoring, high sensitivity, and good binding
linearity for both qualitative and quantitative analyses is of par-
ticular importance in biochemistry.1,2 Luminescent transition metal
complexes are of increasing interest in photochemistry,3 organic
optoelectronics,3,4 and luminescence sensors.3,5–7 Recently, a se-
lective luminescent switch-on probe based on an octahedral irid-
ium (III) complex for the staining of histidine/histidine-rich
proteins1a has been reported and luminescent cyclometalated
platinum(II) complexes are a new class of protein-binding probes.1b

In addition, azobenzene compounds have been used as biomarkers,
due to their ability to undergo azo-hydrazone tautomerism.8,9

2-(40-hydroxyphenylazo)benzoic acid can bind to proteins such as
avidin10 and streptavidin11 at the same binding site as the natural
ligand, biotin,12 in spite of the structural dissimilarity of these
compounds. Bearing in mind all the above information, we tested
the sensing of azobenzene derivative 1 in the presence of 5 equiv of
Zn2þ toward BSA, and found this Zn2þ supported system to have the
following properties: i) excitation and emission wavelength in the
visible spectral region, ii) high sensitivity toward BSA, iii) visual
: þ82 51 514 4331.

All rights reserved.
color changes from light reddish orange (in the absence of BSA) to
yellow (in the presence of BSA).

Herein, 1 was readily prepared from the reaction of 2,20-dihy-
droxyazobenzene and 10-undecenoyl chloride,13a with molecule 1
in hand, we obtained Zn2þ supported system easily by the addition
of an aqueous solution of ZnCl2 to methanolic solution of 1. Syn-
thesis, characterization, and photophysical properties of compound
1 have been detailed by us in a previous paper. 13a

2. Results and discussion

2.1. Effect of solvents

1 has two tautomeric forms, the azo form and hydrazone form
(see Fig. 1). There are two typical absorptions at around 325 nm and
384 nm for the azo form and hydrazone form, respectively.13a 1 is
Figure 1. Two tautomeric forms (azo form (left) and hydrazone form (right)) of 1.
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solvatochromic that is sensitive to changes in the external envi-
ronment. Thus, the absorption spectra, fluorescence spectra and the
color of the solution exhibit dramatic changes in different solvents
(see Figs. 2 and 3). In polar solvents, such as DMSO, DMF, and
Figure 2. Images of 1 (6�10�5 M) in various solvents of different polarity.

Figure 3. (a) UV–vis absorption spectra of 1 (6�10�5 M) in different solvents, and (b) fluorescence emission spectra of 1 (6�10�5 M) in different solvents.
MeOH, a new peak at about 540 nm in absorption and new peak at
approximately 575 nm in emission spectra appeared, due to the
deprotonation of the hydroxyl group on 1, the deprotonation be-
haviour results in an increase in electron delocalization. This
delocalized p-conjugated system is energetically higher, resulting
in bathochromic shifts of both absorption and fluorescence
Figure 4. Plot of I0/(I�I0) versus 1/BSA. I and I0 are the fluorescence intensity of 1 at
355 nm in the presence and absence of BSA, respectively; The concentration of 1 was
fixed at 3.0�10�5 M, the concentration of BSA was from 0 equiv to 0.5 equiv of 1 in
a mixture of H2O–MeOH (2/5, v/v, 10 mM HEPES buffer solution at pH 7.0). lex¼320 nm.
spectra.13 As shown in Figure 3a, in all solvents investigated, 1
existed as two tautomeric forms (azo and hydrazone) with the azo
form predominating except for in DMF, where the two tautomeric
forms are almost identical.
2.2. Sensing of BSA by 1

Bovine serum albumin (BSA), with a well characterized hydro-
phobic cavity, was chosen as the support protein to change the
environment around 1. The addition of BSA to the solution of 1
changed the absorption and fluorescence spectra (Fig. 4, see Sup-
plementary data Figs. S1 and S2). As shown in Figure S1, the band at
approximately 275 nm was attributed to the absorption of BSA.14

The absorption band at 325 nm and emission band at 355 nm in-
creased while the typical absorption peak at 325 nm and emission
peak at 355 nm became undistinguishable and the emission of BSA
is negligible with an excitation wavelength of 320 nm.14 The sec-
ond-order transmission replica at 640 nm in Figure S2 is due to the
Rayleigh scattering of the excitation wavelength of 320 nm.15 The
fluorometric titration measurement shows a binding constant
K1/BSA of 2.75�105 M�1 (R2¼0.989) with a 1:1 stoichiometry between
1 and BSA.16 As 1 itself had a very weak emission at around 600 nm
(excitation at 507 nm), its excitation (320 nm) and emission
(355 nm) were not in the visible range, which shows disadvantage
for practical application.13a

2.3. Zn2D-supported sensing of BSA

Binding of Zn2þ to the serum albumin has been well elucidated in
previous reports.17 Serum albumin contains a Zn2þ binding motif in
its core structure and it participates in transporting of Zn2þ. 1 had
been demonstrated for the Zn2þ chemosensor and the excitation
and emission wavelength of 1/Zn2þ is in the visible range that can
minimize cell and tissue damage,13a thus the 1/Zn2þ (K1/Zn of



Figure 6. UV–vis absorption spectra of 1/Zn2þ before and after the addition of BSA
from 0 equiv to 0.5 equiv in a mixture of H2O–MeOH (2/5, v/v, 10 mM HEPES buffer
solution at pH 7.0). The concentration of 1 was fixed at 3.0�10�5 M and the concen-
tration of Zn2þ was 3.0�10�5 M.Figure 5. Photos of 1/Zn2þ in the absence (left) and presence (right) of 1.0 equiv

of BSA.
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4.0�105 M�2 13a) system might be superior than compound 1 alone.
The addition of BSA to a solution of 1 in the presence of 5 equiv of
Zn2þ induced changes in the absorption spectra and the fluores-
cence spectra, and the color of the solution changes from light or-
ange reddish to yellow (Figs. 5–7). The addition of 1 equiv BSA to 1/
Zn2þ solution led to a pronounced blue shift (Dlmax¼43 nm) and
a significant increase in the fluorescence emission intensity at
600 nm of about 15.4 times. These spectral changes may be caused
by a complexation, in which 1/Zn2þ complex is strongly bound to the
hydrophobic region of the BSA through hydrophobic inter-
action.1a,1b,2a,14,18 The fluorometric titration measurement shows
a binding constant (K1�Zn2þ=BSA) of 8.08�104 M�1 (R2¼0.998) with
a 1:1 stoichiometry between 1/Zn2þ and BSA (Fig. 7). From Figure 7
and Figure S3, the detection limit of the 1/Zn2þ complex for BSA
sensing is estimated as 6�10�7 M of BSA or less.2a Figure 6 indicates
the typical changes in the absorption spectra of 1/Zn2þ system in the
presence of various concentrations of bovine serum albumin (BSA).
A solution of 1/Zn2þ has reddish orange color and the molar ex-
tinction coefficient (3) is 37,667 M�1 cm�1 at 325 nm and
47,667 M�1 cm�1 at 502 nm. In contract, 1-Zn2þ/BSA complex forms
a yellow solution, this is an obvious color change and corresponds to
a dramatic increase in the absorbance at 325 nm and small increase
at approximately 500 nm, which is attributed to the interaction
between 1-Zn2þ and BSA. The 3 value of 1-Zn2þ/BSA complex
Figure 7. Fluorescence spectra of 1/Zn2þ before and after the addition of BSA from 0 equiv to
The concentration of 1 was fixed at 3.0�10�5 M and the concentration of Zn2þ was 3.0�10
(1-Zn2þ/BSA, 3.0�10�5 M/1.5�10�5 M) is 138,333 M�1 cm�1 at
325 nm and 71,333 M�1 cm�1 at 502 nm. Comparison of the binding
constant showing K1/Zn>K1/BSA>K1-Zn/BSA revealed that the in-
teraction of 1 and Zn2þ is stronger than those of 1-BSA and 1-Zn/BSA
and, consequently, supporting a possibility of BSA detection after the
formation of a complex between 1 and Zn2þ.16c In addition, the in-
sensitivity of 1/Zn2þ system to pH values provides further advantage
for sensing of BSA.13a Furthermore, 1/Zn2þ system can be repeatedly
used for the sensing of BSA by renewing EDTA due to the great dif-
ference in the association constant (Kass) between EDTA and 1 with
Zn2þ ions (log Kass of EDTA with Zn2þ is 16.4).13a
3. Conclusions

In conclusion, we have developed a new zinc supported colori-
metric fluorescent turn-on probe for BSA. The detection of BSA by
1/Zn2þ system can strongly impudence the emission behaviour as
the fluorescence intensity at 600 nm increased 15.4-fold and the
visual color changes from light reddish orange (in the absence of
BSA) to yellow (in the presence of BSA). In addition, the excitation
and emission wavelength of the 1/Zn2þ system facilitate living cell
measurements. We are currently working on synthesizing new,
organic-based materials for the sensing of proteins.
1.0 equiv in a mixture of H2O–MeOH (2/5, v/v, 10 mM HEPES buffer solution at pH 7.0).
�5 M. lex¼507 nm.
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4. Experimental

4.1. General

All solvents were of analytical grade. 1 was prepared by the
established literature procedure.13a Bovine serum albumin was pur-
chased from Sino-American Biotechnology Company (without fur-
ther purification). For UV–vis spectra and fluorescence spectra,
samples were dissolved by HEPES buffer (pH¼7.0). The UV–vis
spectra were measured using a Hitachi U-2010 spectrometer (1 cm
quartz cell) at 25 �C. The fluorescence emission spectra were mea-
sured using a Hitachi F-4500 spectrometer (1 cm quartz cell) at 25 �C.
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