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a b s t r a c t

In this work, three o-Vanillin Schiff Bases (o-VSB: o-Vanillin-d-Phenylalanine (o-VDP), o-Vanillin-l-
Tyrosine (o-VLT) and o-Vanillin-l-Levodopa (o-VLL)) with alanine constituent were synthesized by direct
reflux method in ethanol solution, and then were used to study the interaction to bovine serum albu-
min (BSA) molecules by fluorescence spectroscopy. Based on the fluorescence quenching calculation, the
eywords:
nteraction
ovine serum albumin (BSA)
-Vanillin Schiff Bases
luorescence spectroscopy

bimolecular quenching constant (Kq), apparent quenching constant (Ksv), effective binding constant (KA)
and corresponding dissociation constant (KD) as well as binding site number (n) were obtained. In addi-
tion, the binding distance (r) was also calculated according to Foster’s non-radioactive energy transfer
theory. The results show that these three o-VSB can efficiently bind to BSA molecules, but the bind-
ing array order is o-VDP-BSA > o-VLT-BSA > o-VLL-BSA. Synchronous fluorescence spectroscopy indicates
that the o-VDP is more accessibility to tryptophan (Trp) residues of BSA molecules than to tyrosine (Tyr)

e o-V
residues. Nevertheless, th

. Introduction

Aromatic Schiff Bases are a large class of organic compounds
eing from condensation reaction of aromatic aldehyde and amine
1–3]. The –HC N– group and special plane structure make Aro-

atic Schiff Bases have the function of antibacterial, antitumour
nd antivirotic activities [4–6]. Therefore, more and more Aro-
atic Schiff Bases have already been researched purposively and

eveloped as potential antibacterial, antitumour and antivirotic
rugs in recent years [7–14]. 2-Hydroxy-3-methoxybenzaldehyde
o-Vanillin) is a kind of important chemical-industrial raw mate-
ial [15–17]. Because of many biological activities, such as analgesic,
nti-inflammatory, antibacterial, sterilizing and antiviral activities
18–23], o-Vanillin is a useful medicine chemical engineering and
rganic synthesis midbody [24–27]. In addition, it also can be used
s efficient herbicide, pesticide and bactericide [28–31]. Hence, o-
anillin is a optimal candidate for synthesizing various Aromatic
chiff Bases with important bioactivities.
However, for a long time many researches were only focused
n the bioactivities of aromatic aldehyde and –HC N– group in
romatic Schiff Bases, and did not pay attention to their targeting

o biological tissue [8]. Although the Aromatic Schiff Bases dis-

∗ Corresponding author. Tel.: +86 024 6220783x7859; fax: +86 024 62202053.
E-mail address: wangjun890@126.com (J. Wang).

386-1425/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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LT and o-VLL are more accessibility to Tyr residues than to Trp residues.
© 2010 Elsevier B.V. All rights reserved.

play obvious bioactivities in experimental stage, they are usually
unsatisfactory in animal studies or clinical stage due to a lack of
targeting. It has been well known that the amino acids are main
component element of various proteins. They generally play an
important physiological role in life process [32–34]. Because of
special three-dimensional geometric configuration, all amino acids
also exhibit the perfect identification and selection abilities to
biological tissue [35–37]. In order to further investigate the struc-
ture, composition and chemical and biologic activities of Aromatic
Schiff Bases, it is necessary to adopt some amino acids as amine
part for synthesizing new o-Vanillin Aromatic Schiff Bases. Hence,
in this work, three amino acids, such as 3-phenyl-d-alanine (d-
Phenylalanine), 3-(4-hydroxyphenyl)-l-alanine (l-Tyrosine) and
3-(3,4-dihydroxyphenyl)-l-alanine (l-Levodopa), were used to
react with o-Vanillin and three new o-Vanillin Schiff Bases (o-VSB:
o-Vanillin-d-Phenylalanine (o-VDP), o-Vanillin-l-Tyrosine (o-VLT)
and o-Vanillin-l-Levodopa (o-VLL)) were synthesized. They would
display both natural biological activities and identification and
selection abilities to biological molecules.

Apart from deoxyribonucleic acid (DNA), many functional pro-
teins could also been considered as a target or carrier in various

drug designs. It has been well known that the serum albumins are
the most abundant proteins in the plasma [38–40]. It also has many
physiological functions. In the present work, the bovine serum
albumin (BSA) was chosen as a target protein molecule because of
its low cost, ready availability and unusual ligand-binding prop-

dx.doi.org/10.1016/j.saa.2010.12.077
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:wangjun890@126.com
dx.doi.org/10.1016/j.saa.2010.12.077
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Fig. 1. Molecular structure of o-Vanillin-d-Phenylalanine (o-VD

rties [41–44]. And what’s more, the whole structures of BSA
olecule are similar to human serum albumin (HSA) molecule in

6%, so the results of all the studies are considered to be consis-
ent with the facts that used HSA as the study model [45]. In this
tudy, the quenching of intrinsic fluorescence of proteins was used
o research the interaction between BSA molecules and three syn-
hesized o-VSB (o-VDP, o-VLT and o-VLL). Based on the obtained
arameters, the binding degrees were compared. Meanwhile, the

nfluences of substituent group on the interaction were also dis-
ussed. Besides, the binding sites of o-VSB (o-VDP, o-VLT and o-VLL)
o BSA molecules were also explored by synchronous fluorescence
pectroscopy. The molecular structures of three synthesized o-VSB
re shown in Fig. 1.

. Experimental

.1. Reagents

Commercially prepared bovine serum albumin (BSA,
urity > 99.0%) was purchased from Beijing Abxing Biologi-
al Technology Company and stored in refrigerator at 4.0 ◦C.
-Hydroxy-3-methoxybenzaldehyde (o-Vanillin, analytical
eagent grade), 3-phenyl-d-alanine (l-Phenylalanine), 3-(4-
ydroxyphenyl)-l-alanine (l-Tyrosine, analytical reagent grade),
-(3,4-dihydroxyphenyl)-l-alanine (l-Levodopa, analytical reagent
rade) were procured from Tianjing Tianhe Chemical Reagent Co.,
td. o-Vanillin-d-Phenylalanine (o-VDP), o-Vanillin-l-Tyrosine
o-VLT) and o-Vanillin-l-Levodopa (o-VLL) Schiff Bases (o-VSB)
ere synthesized through refluxing, distillation and filtration of
ixed solution of o-Vanillin with d-Phenylalanine, l-Tyrosine

nd l-Levodopa, respectively. All other reagents were commer-
ial products of analytical grade and used as received. The Tris
hydroxyl-methyl) aminomethane (Tris), HCl and NaCl were all of
nalytical reagent grade, and double distilled water was used for
ll solution preparation.
.2. Apparatus

The fluorescence measurements were performed with fluo-
ophotometer (Cary 300, Varian Company, USA) and the UV–vis
bsorption spectra were recorded with UV–vis spectrophotometer

able 1
lementary analyses of BSA + o-VDP, BSA + o-VLT and BSA + o-VLL.

Schiff bases Molecular formula Molecular weight Melting point

o-
VDP

C17H17NO4 299.31 194-204 ◦C

o-
VLT

C17H17NO5 315.31
Nigger-brown abo
250 ◦C

o-
VLL

C17H17NO6 331.31
Carbonization abo
250 ◦C
Vanillin-l-Tyrosine (o-VLT) and o-Vanillin-l-Levodopa (o-VLL).

(Cary 50, Varian Company, USA). The compositions of o-Vanillin
Schiff Bases (o-VSB) were determined by using elementalanal-
yser (Perkin-Elmer 2400, PerkinElmer Company, USA). And their
structures were analyzed by Fourier transform infrared spec-
trophotometer (Spectrum 100, Perkin-Elmer Company, USA). The
solution pH value was measured with pH meter (PHS-3C, Shanghai
Leici Instrument Company, Ltd, China).

2.3. Syntheses of o-Vanillin-d-Phenylalanine (o-VDP),
o-Vanillin-l-Tyrosine (o-VLT) and o-Vanillin-l-Levodopa (o-VLL)
Schiff Bases

1.6519 g (0.01 mol) d-Phenylalanine and 0.5611 g (0.01 mol)
KOH were added to 50 mL ethanol solution in a 250 mL three-
neck flask and stirred for 3.0 h. And then, during reflux at
85 ◦C in oil bath, 50 mL o-Vanillin ethanol solution (contain-
ing 1.5215 g (0.02 mol) o-Vanillin) was dropwise added to above
d-Phenylalanine ethanol solution. After 3.0 h reflux, the mixed solu-
tion of d-Phenylalanine and o-Vanillin were concentrated to 10 mL
through reduced pressure distillation at 65 ◦C. After naturally cool-
ing to room temperature, the o-Vanillin-d-Phenylalanine (o-VDP)
(yellow microcrystals) Schiff Base appeared. The sample was fil-
trated, washed with ethanol three times and dried at 120 ◦C to
constant weight.

o-Vanillin-l-Tyrosine (o-VLT) (deep yellow microcrystals) and
o-Vanillin-l-Levodopa (o-VLL) (yellow brown microcrystals) Schiff
Bases were also synthesized according to the similar method above
mentioned. Their compositions were analyzed by elementalanal-
yser and the results were given in Table 1. The infrared spectra of
three o-VSB (o-VDP, o-VLT and o-VLL) were also determined by
using a Fourier transform infrared spectrophotometer. The corre-
sponding results were offered in Fig. 2.

2.4. Measurement of binding parameters

For each of three synthesized o-VSB (o-VDP, o-VLT and o-

VLL), the binding parameters with BSA were measured by using
UV–vis and fluorescence spectroscopy. BSA and o-VSB stock solu-
tions were prepared in Tris–HCl–NaCl buffer solution (pH = 7.40
and [Tris–HCl] = [NaCl] = 0.05 mol/L) for keeping the solution acidity
and ionic strength and their concentrations were 2.00 × 10−5 mol/L

C (%) H (%) N (%)

Calcd. 68.21 Calcd. 5.72 Calcd. 4.68
Found 68.27 Found 5.77 Found 4.63

ve Calcd. 64.75 Calcd. 5.43 Calcd. 4.44
Found 64.72 Found 5.46 Found 4.46

ve Calcd. 61.63 Calcd. 5.17 Calcd. 4.23
Found 61.65 Found 5.14 Found 4.27
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Fig. 2. Infrared spectra of o-Vanillin-d-Phenylalanine (o-VDP), o-Vanillin-l-Tyrosine (o-VLT) and o-Vanillin-l-Levodopa (o-VLL) (with potassium bromide (KBr) pellet at
25 ◦C).

Table 2
Quenching constants (KSV and Kq), binding constants, stable constants and binding site numbers calculated according to Stern–Volmer plots, Lineweaver–Burk plots and
Double logarithm plots of BSA + o-VDP, BSA + o-VLT and BSA + o-VLL solutions with o-VDP, o-VLT and o-VLL concentrations (from 0.00 × 10−5 mol/L to 2.50 × 10−5 mol/L at
0.50 × 10−5 mol/L intervals) ([BSA] = 1.00 × 10−5 mol/L, [Tris–HCl] = [NaCl] = 50 mmol/L, pH = 7.40, Tsolu = 37.00 ± 0.02 ◦C and Vtotal = 25.00 mL).

System Stern–Volmer plot R2 KSV (L/mol) Kq (L/mol s)

BSA + o-VDP F/F0 = 0.2471 [o-VSB] + 1 0.9986 2.47 × 104 2.47 × 1012

BSA + o-VLT F/F0 = 0.1689 [o-VSB] + 1 0.9958 1.69 × 104 1.69 × 1012

BSA + o-VLL F/F0 = 0.1332 [o-VSB] + 1 0.9991 1.33 × 104 1.33 × 1012

System Lineweaver–Burk plot R2 f KLB (L/mol) KD (mol/L)

BSA + o-VDP 1/[(F0 − F)/F0] = 4.5071/[o-VSB] + 0.7149 0.9982 0.7149 1.59 × 104 6.31 × 10−5

BSA + o-VLT 1/[(F0 − F)/F0] = 6.5776/[o-VSB] + 0.7279 0.9994 0.7279 1.11 × 104 9.04 × 10−5

BSA + o-VLL 1/[(F0 − F)/F0] = 7.9683/[o-VSB] + 0.7609 0.9994 0.7609 0.96 × 104 10.47 × 10−5

System Double logarithm plot R2 K (L/mol) n �G (kJ/mol)

0.9
0.9
0.9

a
1
s
s
w
f
i
t
l
5
1
s
i
f
r
w
f
o

2.5. Determination of synchronous fluorescence spectra

In order to confirm the binding sites of o-VSB (o-VDP, o-VLT
and o-VLL) to BSA molecules, the synchronous fluorescence spec-

Table 3
Energy transfer efficiency (E), critical binding distance (R), overlap integral
(J) and binding distance (r) calculated according to Foster’s non-radioactive
energy transfer theory ([BSA] = [o-VDP] = [o-VLT] = [o-VLL] = 1.00 × 10−5 mol/L,
[Tris–HCl] = [NaCl] = 50 mmol/L, pH = 7.40, Tsolu = 37.00 ± 0.02 ◦C and
Vtotal = 25.00 mL).
BSA + o-VDP log[(F0 − F)/F] = 1.0509 log[o-VSB] + 4.6344
BSA + o-VLT log[(F0 − F)/F] = 1.0587 log[o-VSB] + 4.4945
BSA + o-VLL log[(F0 − F)/F] = 1.0352 log[o-VSB] + 4.2905

nd 5.00 × 10−5 mol/L, respectively. In a 25.00 mL volumetric flask,
2.50 mL BSA stock solution and appropriate volume of o-VSB
tock solutions were added and diluted to the mark with the
ame Tris–HCl–NaCl buffer solution. The final BSA concentration
as 1.00 × 10−5 mol/L, and the o-VSB concentrations were varied

rom 0.00 × 10−5 mol/L to 2.50 × 10−5 mol/L at 0.50 × 10−5 mol/L
ntervals. The fluorescence spectra of BSA solutions along with
he increase of o-VSB concentrations were recorded in the wave-
ength of 250–550 nm with excited wavelength at 280 nm and
.0 nm/5.0 nm slit widths. All test solutions were incubated for
0 min before measurement. The curves of fluorescence quenching
pectra were got at 37.00 ± 0.02 ◦C and given in Fig. 3. The maximal
ntrinsic fluorescence intensities of BSA were recorded at 348 nm

or the calculation of quenching parameters. The corresponding
esults were shown in Fig. 4 and Table 2. The binding distances
ere determined according to Föster’s nonradiative energy trans-

er theory (FRET). The spectral overlaps of fluorescence emission
f BSA solution and UV–vis absorption of o-VSB solutions were all
A 0

983 4.31 × 104 1.0509 −27.50
985 3.12 × 104 1.0587 −26.67
989 1.95 × 104 1.0352 −25.46

given in Fig. 5, and the corresponding parameters were offered in
Table 3.
System E (%) R (nm) J (cm3 L/mol) r (nm)

BSA + o-VDP 24.34 3.3083 7.12 × 10−15 3.9967
BSA + o-VLT 11.88 3.3131 7.18 × 10−15 4.6266
BSA + o-VLL 9.79 3.3407 7.55 × 10−15 4.8366
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ig. 3. Fluorescence spectra of BSA + o-VDP, BSA + o-VLT and BSA + o-VLL solutions wi
e) at 0.50 × 10−5 mol/L intervals) ([BSA] = 1.00 × 10−5 mol/L, [Tris–HCl] = [NaCl] = 50

ra of BSA solutions along with the increase of o-VSB concentration
rom 250 to 350 nm for �� = 15 nm and from 225 to 325 nm for

� = 60 nm were determined. The corresponding results were all
iven in Fig. 6. And the ratios of synchronous fluorescence quench-
ng were shown in Fig. 7.

. Results and discussion

.1. The infrared spectra of o-Vanillin-d-Phenylalanine (o-VDP),
-Vanillin-l-Tyrosine (o-VLT) and o-Vanillin-l-Levodopa (o-VLL)
chiff Bases

The comparison of infrared spectra reveals the reaction between
-Vanillin and d-Phenylalanine [46,47]. From Fig. 2 it can be seen
hat the �(C O) of o-Vanillin at 1639 cm−1 and the �as(NH3

+)
t 3065 cm−1 and �s(NH3

+) at 2546 cm−1 of d-Phenylalanine
isappears, while a new peak appears at 1618 cm−1. It indi-
ates that the C N bond of o-Vanillin-d-Phenylalanine (o-VDP)
chiff Base was formed. Similarly, the �as(NH3

+) at 3066 cm−1

nd �s(NH3
+) at 2554 cm−1 for l-Tyrosine and at 3067 cm−1 and

551 cm−1 for l-Levodopa all disappear. And that at 1634 cm−1

nd 1638 cm−1 new peak occur for o-Vanillin-l-Tyrosine (o-
LT) and o-Vanillin-l-Levodopa (o-VLL) samples, respectively.
t also indicates the formation of o-Vanillin-l-Tyrosine (o-VLT)
nd o-Vanillin-l-Levodopa (o-VLL) Schiff Bases. For all three
-Vanillin Schiff Bases (o-VSB) there are broad �(OH) absorp-
ion bands around 3200 cm−1, revealing the existence of OH
onds.
DP, o-VLT and o-VLL concentrations (from 0.00 × 10−5 mol/L (o) to 2.50 × 10−5 mol/L
l/L, pH = 7.40, Tsolu = 37.00 ± 0.02 ◦C and Vtotal = 25.00 mL).

3.2. Fluorescence spectra of BSA + o-Vanillin-d-Phenylalanine
(o-VDP), BSA + o-Vanillin-l-Tyrosine (o-VLT) and
BSA + o-Vanillin-l-Levodopa (o-VLL) solutions

In general, most of protein molecules in aqueous solution intrin-
sically fluoresce around 348 nm (with 278 nm excitation), which
is mainly attributed to the tryptophan (Trp), tyrosine (Tyr) and
phenylalanine (Phe) residues [48,49]. From Fig. 3 it can be seen that
the intrinsic fluorescence of bovine serum albumin (BSA) molecules
also appears around 348 nm. However, for all three courses along
with the addition of o-VSB (o-VDP, o-VLT and o-VLL) the intrinsic
fluorescences of (BSA) are gradually quenched compared with that
of pure BSA solution. Apparently, this is owing to the interaction of
o-VSB with BSA molecules in aqueous solution.

3.3. Binding constant and binding site number

Being similar to many reported studies on the interaction of
small molecules with BSA [50–55], the interaction of o-VSB with
BSA molecules can also be investigated by measuring the change
of the intrinsic fluorescence along with the increase of o-VSB con-
centrations. Firstly, as a hypothetical dynamic quenching process,
the data of fluorescence intensities were analyzed by using the
Stern–Volmer equation (1) [50]:
F0

F
= 1 + KSV[o-VSB] = 1 + Kq�0[o-VSB] (1)

where the F0 and F are the fluorescence intensities of BSA solutions
at 348 nm, respectively, in the absence and presence of o-VSB with
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ig. 4. Stern–Volmer plot (a), Lineweaver–Burk plot (b) and Double logarithm p
-VLL concentrations (from 0.00 × 10−5 mol/L to 2.50 × 10−5 mol/L at 0.50 × 10−

solu = 37.00 ± 0.02 ◦C and Vtotal = 25.00 mL).

arious concentrations. Kq is the apparent quenching constant of
imolecular fluorescence, �0 is the life time of the fluorophore, KSV

s the Stern–Volmer fluorescence quenching constant and [o-VSB]
s the concentration of o-VSB (o-VDP, o-VLT and o-VLL).

Fig. 4(a) displays the Stern–Volmer plots of BSA + o-VSB solu-
ions. It can be found that three plots all exhibit a comparatively
ood linear relationship (R2 = 0.9986 for BSA + o-VDP, R2 = 0.9958
or BSA + o-VLT and R2 = 0.9991 for BSA + o-VLL). The corresponding
lot expressions were shown in Table 2. According to Stern–Volmer
quation (1), for these three systems their Ksv could be obtained
Ksv = 2.47 × 104 L/mol for BSA + o-VDP, Ksv = 1.69 × 104 L/mol for
SA + o-VLT and Ksv = 1.33 × 104 L/mol for BSA + o-VLL). In gen-
ral, for the most of protein molecules, the �0 is known to be
pproximately 10−8 s. Therefore, based on the Kq = Ksv/�0, the
q could be calculated (Kq = 2.47 × 1012 L/mol s for BSA + o-VDP,
q = 1.69 × 1012 L/mol s for BSA + o-VLT and Kq = 1.33 × 1012 L/mol s

or BSA + o-VLL). It can be seen that all of the above Kq values were
reater than the maximum value (2.00 × 1010 L/mol s) of the diffu-
ion controlled quenching process of biological macromolecules. It
rovides the preliminary evidences that the dominating quench-

ng mechanism is not dynamic but static. The array order is
q(BSA + o-VDP) > Kq(BSA + o-VLT) > Kq(BSA + o-VLL), which indicates that the

nteraction degree of o-VSB to BSA relates to the amino acid parts
n o-VSB Schiff Bases.

For reconfirming the static fluorescence quenching mechanisms
f o-VSB (o-VDP, o-VLT and o-VLL) to BSA, the data of fluorescence

uenching are analyzed again according to the Lineweaver–Burk
modified Stern–Volmer or double reciprocal) equation (2).

1
(F0 − F)/F0

= 1
fKLB[o-VSB]

+ 1
f

(2)
) of BSA + o-VDP, BSA + o-VLT and BSA + o-VLL solutions with o-VDP, o-VLT and
L intervals) ([BSA] = 1.00 × 10−5 mol/L, [Tris–HCl] = [NaCl] = 50 mmol/L, pH = 7.40,

The F0 and F are also the fluorescence intensities of BSA solu-
tions at 348 nm in the absence and presence of o-VSB (o-VDP,
o-VLT and o-VLL) with various concentrations. The f is the
fraction of accessible fluorescence, and the KLB is the static
fluorescence quenching association constant. From the corre-
sponding plots in Fig. 4(b), the f and KLB could be obtained
(f = 0.7149 and KLB = 1.59 × 104 L/mol for BSA + o-VDP, f = 0.7279
and KLB = 1.11 × 104 L/mol for BSA + o-VLT and f = 0.7609 and
KLB = 0.96 × 104 L/mol for BSA + o-VLL). Correspondingly, the dis-
sociation constants (KD) are 6.31 × 10−5 mol/L for BSA + o-VDP,
9.04 × 10−5 mol/L for BSA + o-VLT and 10.47 × 10−5 mol/L for
BSA + o-VLL. In addition, from Table 2, it could be found that
all of these Lineweaver–Burk plots have a better linear relation-
ship (R2 = 0.9982 for BSA + o-VDP, R2 = 0.9994 for BSA + o-VLT and
R2 = 0.9994 for BSA + o-VLL) than the corresponding Stern–Volmer
plots. Thus, it could be confirmed again that the fluorescence
quenching mechanism of o-VSB (o-VDP, o-VLT and o-VLL) to
BSA is mainly a static quenching procedure indeed. Just like the
results calculated by Stern–Volmer equation, the KLB array order is
KLB(BSA + o-VDP) > KLB(BSA + o-VLT) > KLB(BSA + o-VLL). And that the KD array
order is KD(BSA + o-VDP) < KD(BSA + o-VLT) < KD(BSA + o-VLL).

From Fig. 4(c), the equilibrium constants (KA) and the binding
site numbers (n) could be calculated by using the Double logarithm
equation (3):

log
[

F0 − F
]

= log KA + n log[o-VSB] (3)

F

Apparently, the KA and n could be measured, respectively, from
the intercept and slope obtained through plotting log[(F0 − F)/F]
against log[o-VSB]. It could be seen that the plots also
exhibited a good linear relationship (R2 = 0.9983 for BSA + o-
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ig. 5. Spectral overlap of fluorescence (�ex = 278 nm) of BSA solution and absorpt
LL] = 1.00 × 10−5 mol/L, [Tris–HCl] = [NaCl] = 50 mmol/L, pH = 7.40, Tsolu = 37.00 ± 0.

DP, R2 = 0.9985 for BSA + o-VLT and R2 = 0.9989 for BSA + o-
LL). Further, KA = 4.31 × 104 L/mol and n = 1.0509 for BSA + o-
DP, KA = 3.12 × 104 L/mol and n = 1.0587 for BSA + o-VLT and
A = 1.95 × 104 L/mol and n = 1.0352 for BSA + o-VLL were obtained.
bviously, being similar to the KLB, the same array order is
A(BSA + o-VDP) > KA(BSA + o-VLT) > KA(BSA + o-VLL). It illustrates that the

ncrease of hydroxyl group number on the benzene ring weakens
he interaction of o-VLT and o-VLL with BSA molecules. Maybe, it
s because that the hydroxyl group not only hinders the aromatic
ing stacking but also decreases the electrostatic bonding between
-VLT and o-VLL with BSA molecules. Even though, the three KA
ndicate that the bindings can be formed more easily between BSA
nd o-VSB (o-VDP, o-VLT and o-VLL). The three n values are equal
o about 1, indicating that there is one class of binding site for these
hree o-VSB to BSA molecule.

Utilizing KA, the free energy change (�G0) can be calculated
rom the relationship (4):

G0 = −RT ln KA (4)

ere, R = 8.314 J/mol K and T = 310 K were fixed, and the �G0 are
27.50 kJ/mol for BSA + o-VDP, −26.67 kJ/mol for BSA + o-VLT and
25.46 kJ/mol for BSA + o-VLL could calculated. The negative sign
or �G0 indicates the binding spontaneity of three o-VSB (o-VDP,
-VLT and o-VLL) to BSA molecules. Obviously, the same array order
s found to be �G0(BSA + o-VDP) < �G0(BSA + o-VLT) < �G0(BSA + o-VLL).
t demonstrates that the o-VDP binds more easily with BSA

olecules.
BSA + o-VDP, BSA + o-VLT and BSA + o-VLL solutions ([BSA] = [o-VDP] = [o-VLT] = [o-
nd Vtotal = 25.00 mL).

3.4. Binding distances between BSA with
o-Vanillin-d-Phenylalanine (o-VDP), o-Vanillin-l-Tyrosine
(o-VLT) and o-Vanillin-l-Levodopa (o-VLL) Schiff Bases

In the preceding paragraph, the interaction of three o-VSB (o-
VDP, o-VLT and o-VLL) with BSA molecules could be speculated
through the regular fluorescence quenching of BSA solutions along
with the increase of o-VSB concentration. The binding distances
between BSA and o-VSB (o-VDP, o-VLT and o-VLL) can be deter-
mined according to Foster’s non-radioactive energy transfer theory
[51,52]. Based on this theory, the efficiency (E) of energy transfer
between donor (BSA) and acceptor (o-VDP, o-VLT and o-VLL) can
be calculated by Eq. (5):

E = 1

1 + (r/R0)6
(5)

where r is the binding distance between donor and acceptor, and
R0 is the critical binding distance when the efficiency (E) of energy
transfer is 50%, which can be calculated by Eq. (6):

R6
0 = 8.8 × 10−25(K2n−4ϕDJ) (6)

where the K2 is the spatial orientation factor of the dipole, n is

the refractive index of medium, ϕD is the quantum yield of the
donor in the absence of acceptor and J is the overlap integral of the
emission spectrum of the donor and the absorption spectrum of the
acceptor. In the present case, K2, n and ϕD are 2/3, 1.336 and 0.15,
respectively, for BSA [53]. And then, the J can be calculated by Eq.
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Fig. 6. Synchronous fluorescence spectra of BSA + o-VDP, BSA + o-VLT and BSA + o-VLL solutions with o-VDP, o-VLT and o-VLL concentrations (from 0.00 × 10−5 mol/L (o) to 2.50 × 10−5 mol/L (e) at 0.50 × 10−5 mol/L intervals)
([BSA] = 1.00 × 10−5 mol/L, [Tris–HCl] = [NaCl] = 50 mmol/L, pH = 7.40, Tsolu = 37.00 ± 0.02 ◦C and Vtotal = 25.00 mL).
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ig. 7. Ratios of synchronous fluorescence quenching (RSFQ) of BSA + o-VDP, B
from 0.00 × 10−5 mol/L to 2.50 × 10−5 mol/L at 0.50 × 10−5 mol/L intervals) ([BSA]
total = 25.00 mL).

7).

= ˙F(�)ε(�)�4��

˙F(�)��
(7)

here the � is the common wavelength of corresponding fluores-
ence spectrum of BSA and absorption spectrum of o-VSB (o-VDP,
-VLT and o-VLL). The F(�) and ε(�) are the fluorescence intensity
f BSA solution and the absorbance of o-VSB (o-VDP, o-VLT and
-VLL) solution, respectively. Fig. 5 shows the spectral overlap of
uorescence emission of BSA solution and UV–vis absorption of o-
SB (o-VDP, o-VLT and o-VLL) solutions in the wavelength range of
60–500 nm, respectively. The efficiency (E) of energy transfer can
e determined by Eq. (8):

= 1 − F

F0
(8)

here F0 and F are the fluorescence intensities of BSA solutions
ith 1.0 × 10−5 mol/L at 345 nm in the absence and presence of o-
SB (o-VDP, o-VLT and o-VLL) with 1.0 × 10−5 mol/L, respectively.
ccording to the above Eqs. (4)–(8), E, R0 and J could all be calcu-

ated and the corresponding results were given in Table 3. At the
ame time, the binding distance (r) between BSA and o-VSB (o-VDP,
-VLT and o-VLL) are obtained and the corresponding results are
.9967 nm for BSA-o-VDP, 4.6266 nm for BSA-o-VLT and 4.8366 nm
or BSA-o-VLL, respectively. Being similar to the results of fluo-
escence quenching, the array order of the binding distances (r)
s also r(BSA − o-VDP) < r(BSA − o-VLT) < r(BSA − o-VLL). Apparently, they are
ll less than 7.0 nm, which indicates that the energy transfer from
SA to o-VSB (o-VDP, o-VLT and o-VLL) occurs with high possi-
ility [54]. It also suggested that the bindings of these three o-VSB
chiff Bases to BSA molecules were formed through energy transfer,
hich quenched the fluorescence of BSA molecules.

.5. Synchronous fluorescence spectra of
SA + o-Vanillin-d-Phenylalanine (o-VDP),
SA + o-Vanillin-l-Tyrosine (o-VLT) and
SA + o-Vanillin-l-Levodopa (o-VLL) solutions

Synchronous fluorescence spectra can provide much valuable
nformation about the microenvironment around fluorogens in
iomolecules [55]. In general, for protein molecules, when the

� = 15 nm is fixed, the spectrum characteristic of tyrosine (Tyr)

esidues could be observed, and when �� = 60 nm is done, the spec-
rum characteristic of tryptophan (Trp) residues could be obtained
53,54,56]. In this work, the ratios of synchronous fluorescence
uenching (RSFQ) were used to determine the binding sites of o-VSB
-VLT and BSA + o-VLL solutions with o-VDP, o-VLT and o-VLL concentrations
× 10−5 mol/L, [Tris–HCl] = [NaCl] = 50 mmol/L, pH = 7.40, Tsolu = 37.00 ± 0.02 ◦C and

(o-VDP, o-VLT and o-VLL) to BSA molecules. The RSFQ were calcu-
lated by using RSFQ = 1 − F/F0 equation, in which F and F0 are the
synchronous fluorescence intensities of BSA in the presence and
absence of o-VSB (o-VDP, o-VLT and o-VLL), respectively.

From Fig. 6 it can be seen that for three courses the fluores-
cence intensities for �� = 15 nm (upper) and �� = 60 nm (nether)
are both quenched more and more seriously along with increas-
ing o-VSB (o-VDP, o-VLT and o-VLL) concentration. Fig. 7 markedly
reveals that, for both �� = 15 nm and �� = 60 nm, the array order
of RSFQ is BSA + o-VDP > BSA + o-VLT > BSA + o-VLL. It proves again
that the existence of hydroxyl group somewhat weaken the inter-
action of o-VLT and o-VLL with BSA molecules. In addition, for
BSA + o-VDP at any o-VDP concentration, the RSFQ for �� = 15 nm
are slightly bigger than corresponding ones for �� = 60 nm. By con-
traries, for BSA + o-VLT and BSA + o-VLL the RSFQ for �� = 15 nm
are slightly smaller than the corresponding ones for �� = 60 nm.
It indicates that the existence of hydroxyl group changes the inter-
action degree and mode of o-VLT and o-VLL with BSA molecules.
That is, these three o-VSB Schiff Bases (o-VDP, o-VLT and o-
VLL) affect the microenvironment of Tyr and Trp residues upon
binding to BSA molecules with different accessibility [57]. To
sum up, the o-VDP may be more accessibility to Tyr residues,
whereas the o-VLT and o-VLL do more accessibility to the Trp
residues. It illuminates that these three o-VSB Schiff Bases can
bind to BSA molecules with different opportunities to Tyr and Trp
residues.

4. Conclusions

The interaction of three synthesized o-Vanillin Schiff Bases
(o-VSB: o-Vanillin-d-Phenylalanine (o-VDP), o-Vanillin-l-Tyrosine
(o-VLT) and o-Vanillin-l-Levodopa (o-VLL)) with Bovine serum
albumin (BSA) molecules in aqueous solution were investigated by
fluorescence spectroscopy. The experimental results showed that
these o-VSB Schiff Bases can obviously bind to BSA molecules, and
then quench their intrinsic fluorescence efficiently. According to
the fluorescence quenching calculation, the bimolecular quenching
constant (Kq), apparent quenching constant (Ksv), effective bind-
ing constant (KA) and corresponding dissociation constant (KD),
binding site number (n) and binding distance (r) were obtained.

In comparison, the interaction strength of these three o-VSB Schiff
Bases with BSA molecules decreases as the array order o-VDP, o-VLT
and o-VLL. The synchronous fluorescence spectroscopy indicates
that the o-VDP is more accessibility to tryptophan (Trp) residues of
BSA molecules than to tyrosine (Tyr) residues, but the o-VLT and
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