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The interaction between bovine serum albumin (BSA) and CdTe quantum dots (QDs) was studied by fluo-
rescence, UV-vis and Raman spectroscopic techniques. The results showed that the fluorescence of BSA
was strongly quenched by CdTe QDs. The quenching mechanism was discussed to be a static quenching
procedure, which was proved by the quenching rate constant (Kq) and UV-vis absorption spectra. Accord-
ing to Lineweaver-Burk equations at different temperatures, the thermodynamic parameters, AH’, AS’
and AG’ were observed to be —23.69 k] mol~', 48.39 ] mol~! K~ and —38.04 k] mol~!, respectively. The
binding constant (K) and the number of binding sites (n) were obtained by Scatchard equation. It was
found that hydrophobic force and sulfhydryl group played a key role in the interaction process. Further
results from Raman spectra indicated that the o-helical content in BSA reduced after binding with CdTe

© 2008 Published by Elsevier B.V.

1. Introduction

Luminescent quantum dots (QDs) have been widely used as a
novel fluorescent probe in biosensor and bioimaging due to their
unique optical and electrical properties [1-3]. Bovine serum albu-
min (BSA) has been one of the most extensively studied proteins,
particularly because of its structural homology with human ser-
um albumin [4]. The BSA molecule is made up of three homolo-
gous domains (I, I, and IlI) which are divided into nine loops
(L1-L9) by 17 disulfide bonds [5]. BSA has two tryptophans,
Trp-134 and Trp-212, that possess intrinsic fluorescence, embed-
ded in the first subdomain IB and subdomain IIA, respectively [4].
BSA was often used as coating reagent to modify the surface of
nanoparticles due to its strong affinity to a variety of nanoparti-
cles, such as gold nanoparticles [6], silica nanoparticles [7], and
QDs [8,9]. Up to now, QDs modified by BSA have been applied
to ion sensors [10-12], fluorescence resonance energy transfer
[13,14], and chemiluminescence resonance energy transfer [15].
However, the mechanism of interaction between BSA and QDs
has not yet been determined, which was often thought as electro-
static attraction [9,15].

This work reports investigations aiming at verifying the occur-
rence of specific interaction between BSA and CdTe QDs. We inves-
tigated the interaction between BSA and CdTe QDs according to the
effect of CdTe QDs on the fluorescence of BSA with spectroscopic
techniques. It was found that the fluorescence of BSA was strongly
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quenched by CdTe QDs. A static quenching procedure was proved
by the quenching rate constant (K,) and UV-vis absorption spectra.
Lineweaver-Burk equation was used to calculate the thermody-
namic parameters, AH’, AS” and AG’ in the quenching process.
The mechanism of interaction was also discussed, which showed
that hydrophobic force and sulfhydryl group play an important
role in the quenching process.

2. Experimental
2.1. Apparatus

The UV-vis absorption spectra were obtained with
1.0 cm x 1.0 cm-quartz cuvette on a Thermo Nicolet Corporation
Model evolution 300 (America). All fluorescence spectra were re-
corded by a Perkin-Elmer LS-55 fluorescence spectrometer (Amer-
ica) equipped with a 20 kW xenon discharge lamp as a light source.
The Raman spectra were acquired with an inVia micro-Raman
spectroscopy system (Renishow, UK) in a spectral range of 300-
2000 cm™!, equipped with a He-Ne laser excitation source emit-
ting wavelength at 633 nm. And all pH measurements were made
with a Model pHS-3C meter (Shanghai Leici Equipment Factory,
China).

2.2. Chemicals
Tellurium powder (99.99%), CdCl,-2.5H,0 (99.0%) and NaBH4

(96%) were obtained from Tianjin Chemical Reagent Plant (Tianjin,
China). Thioglycolic acid (TGA) was obtained from Shanghai Chem-
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ical Reagent Co., Ltd. (Shanghai, China). And BSA was purchased
from Shanghai Boao Biochemical Technology Co. (Shanghai, Chi-
na,). All other chemicals were of analytical grade and were used
without further purification.

2.3. The synthesis and purification of CdTe QDs

Thiol-capped CdTe QDs were synthesized following the
method reported by Zhang et al. with some modifications
[16]. Briefly, 80 mg of sodium borohydride, 127.5 mg of tellu-
rium powder and 1.00 mL of ultrapure water were transferred
to a small flask, and the reacting system was cooled in an
ice-water bath. After 8 h reaction, the black tellurium powder
disappeared and sodium tetraborate white precipitation ap-
peared on the bottom of the flask. The resulting NaHTe in clear
supernatant was separated and added to CdCl, solution in the
presence of TGA at N, atmosphere. The molar ratio of
Cd?":Te?:TGA was fixed at 1:0.5:2.4. After mixing, the solution
was heated to 100 °C, and thiol-capped CdTe QDs could be ob-
tained. The CdTe QD sizes could be controlled simply by vary-
ing the reaction time from 0.2 to 10 h. The resulting products
were precipitated by acetone, and superfluous TGA and Cd?*
that did not participate in the reaction were removed with cen-
trifugation at 4000 rpm for 3 min. The resultant precipitate was
re-dispersed in water, and re-precipitated by an amount of ace-
tone for more than two times, then kept at 4 °C in dark for fur-
ther use.

2.4. Preparation of denatured bovine serum albumin (dBSA)

dBSA was prepared by chemically treating BSA with NaBH4
according to the method reported by references [9,17]. BSA
(0.165 g) was dissolved in 50 mL of deionized water, and then
0.0042 g of NaBH, was added as a reductant into the solution un-
der stirring. The reaction proceeded at room temperature for 1 h
and excess borohydride was removed by spontaneous decomposi-
tion upon heating. Under these conditions, BSA was denatured and
most of its disulfide bonds were converted to sulfhydryl groups.
The final concentration of dBSA aqueous solution was
5.0 x 107> M [9,17].

2.5. The effect of CdTe QDs on the fluorescence of BSA

BSA concentration was kept fixed at 1.0 x 10~ M and QD con-
centration was varied from 0 to 1.5 x 10~® M. Fluorescence spectra
were recorded at 298 and 313 K in the range of 300-500 nm upon
excitation at 280 nm in each case.

2.6. The determination of binding parameters

To analyze the interaction between BSA and CdTe QDs, the
quenching constant of protein fluorescence Ks, was determined
from the Stern-Volmer equation modified by Lehrer [18]:

Fo/(Fo — F) = 1/f; + 1/([QlfiKsy) (1)

where, Fy and F are the relative fluorescence of BSA in the absence
and presence of quencher [Q] (CdTe QDs), respectively. f, is the frac-
tional maximum fluorescence intensity of BSA, Ky, is the quenching
constant, and [Q] is the CdTe QD concentration. The binding con-
stant (K,) and the number of binding sites (n) were determined
by the use of Scatchard method [19]:

Ig[(Fo — F)/F] = 1gKx + nlg[Q] 2)

In the formula (2), n is the number of binding sites, and Kj is the
binding constant for the QD-BSA complex.

2.7. Calculation of thermodynamic parameters, AH’, AS’ and AG’

The determination of the change of free enthalpy based on the
van't Hoff equation:

AG’ = —RTInK (3)

where, R is the gas constant 8.314 ] mol~! K~! and T is the temper-
ature (K). K is the equilibrium constant at the corresponding tem-
perature, which stands for static quenching constant in the
present paper. The enthalpy change (AHY) and entropy change
(AS”) can be calculated from the following equations:

InK/K{ = [1/T, — 1/T,]AH’/R (4)
AG" = AH” — TAS’ (5)

3. Results and discussion
3.1. Characterization of as-prepared CdTe QDs

Fig. 1 depicted the UV-vis absorption spectra of four sizes of
CdTe QDs. The UV-vis absorption edge of CdTe QDs showed an
obvious blue-shift from bulk band gap of 827 nm, indicating the ef-
fect of quantum confinement [20]. A well-resolved absorption
maximum of the first electronic transition is observed and showed
a narrow size distribution of the CdTe QDs. The particles sizes of
CdTe QDs were determined from the first absorption maximum
of the UV-vis absorption spectra according to the following for-
mula [21]:

D = (9.8127 x 10 7) — (1.7147 x 10"*)/2 + (1.0064)/. — 194.84
(6)

where D (nm) is the size of a given CdTe QD sample, and / (nm) is
the wavelength of the first excitonic absorption peak of the corre-
sponding sample. The results showed that the particle diameters
of the as-prepared CdTe QDs were around 1.8, 2.6, 3.1 and 3.4 nm,
corresponding with the first absorption maximum of 483, 510,
540 and 562 nm, respectively.

The concentrations of CdTe QDs were calculated by using Lam-
bert-Beer’s law:

A=eCL (7)

Absorbance (a.u.)
- 'Y
" | " ]

(=2 I -7}

0 a

T T T T T 1
400 500 600 700
Wavelength (nm)
Fig. 1. UV-vis absorption spectra of different size of CdTe QDs. The average dia-

meters of the QDs are (a) 1.8 nm, (b) 2.6 nm (c) 3.1 nm and (d) 3.4 nm, which were
estimated from their corresponding UV-vis absorption peaks.



118 J. Liang et al./Journal of Molecular Structure 892 (2008) 116-120

In the above equation, A is the absorbance at the peak position of
the first excitonic absorption peak for a given sample. C (M) is the
molar concentration of the CdTe QDs of the same sample. L (cm)
is the path length of the radiation beam used for recording the
absorption spectrum, and ¢ (M~! cm™!) is the extinction coefficient
per mole of CdTe QDs at the first exitonic absorption peak, which
could be obtained from formula ¢ = 10,043 (D)*>!? [21].

3.2. Fluorescence quenching spectra

The effect of CdTe QDs on BSA fluorescence intensity is shown
in Fig. 2. When different amounts of CdTe QD solution were added
to a fixed concentration of BSA, a remarkable decrease in the fluo-
rescence intensity of BSA was observed and indicated an interac-
tion between BSA and CdTe QDs. The fluorescence quenching
data were analyzed by the Stern-Volmer equation,

Fo/F =1+ Ks[Q] (8)

where Fy and F are the fluorescence intensities of BSA in the absence
and presence of CdTe QDs, respectively, Ksy is the Stern-Volmer
quenching constant and [Q] is the concentration of QDs. The plot
of Fo/F versus [Q] (Fig. 3) showed a positive deviation (concave to-
wards the y axis), indicating the presence of both static and dy-
namic quenching [22]. The fluorescence data obtained at 298 K
were further examined using modified Stern-Volmer equation (For-
mula (1)). From the plot of Fy/(Fo — F) versus 1/[Q], the values of f,
and K, were obtained from the values of intercept and slope,
respectively (Fig. 4). The value of f, was observed to be 1.19 at
298 K, showing that 84.0% of the total fluorescence of BSA is acces-
sible to the quencher (QDs). The Kg, was found to be
5.87 x 10 M. Since the fluorescence lifetime of the biopolymer
is 1078 s [23], the quenching rate constant, Kg, could be calculated
according to equation Kq = Kg,/7o. This Ky value was observed to
be 5.87 x 10" M1 s~ ! at 298 K. The quench constants are greater
than those in the biopolymer (2.0 x 10'° M~! s=') by the maximum
scatter collision mechanism [24]. It means that the quenching is not
initiated by dynamic collision but by the formation of a complex,
namely static quenching.

UV-vis absorption measurement is a very simple method and
applicable to explore the structural changes and to know the com-
plex formation [25]. In the present study, we have recorded the
UV-vis absorption spectra of BSA (Fig. 5a), QDs (Fig. 5¢) and BSA-
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Fig. 2. (a) Fluorescence spectra of BSA in the presence of 2.6 nm CdTe QDs at 0.1 M
pH 7.4 Tris-HCl buffer. BSA concentration was fixed at 1.0 x 1075 M. CdTe QD co-
ncentrations were (a) 0, (b) 0.5, (¢) 1.0, (d) 2.0, (e) 4.0, (f) 6.0, (g) 8.0, (h) 10.0, (i)
15.0 x 1077 M.
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Fig. 3. Unmodified Stern-Volmer curves of Fo/F vs concentration of 2.6 nm CdTe
QDs at 298K at 0.1 M pH 7.4 Tris-HCI buffer. The concentration of BSA was
1.0 x 107° M.
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Fig. 4. Modified Stern-Volmer curves of Fo/(Fo — F) vs concentration of 2.6 nm CdTe
QDs at 298K at 0.1 M pH 7.4 Tris-HCl buffer. The concentration of BSA was
1.0 x 107 M.

QD (Fig. 5b) system. When the BSA was added, the absorption
spectrum was different from the result of the single spectra addi-
tion of CdTe QDs and BSA (Fig. 5d). On the contrary, the absorption
intensity decreased severely at the wavelength of 220 nm. The re-
sults indicated that the binding between CdTe QDs and protein
molecule may lead to a change in BSA conformation.

3.3. Thermodynamic parameters and binding mode

The static quenching constant (K) of BSA with CdTe QDs could
be calculated by employing the Lineweaver-Burk equation [26]:

1/(Fo — F) = 1/Fo + 1/(KF,[Q]) 9)

The interaction studies were carried out at 298, 306 and 313 K. The
values of K, AH?, AS” and AG’ were summarized in Table 1. The neg-
ative value of AG’ revealed that the interaction process is spontane-
ous. The positive entropy change occurs because the water
molecules which are arranged in an orderly fashion around the
QDs and BSA, acquired the more random configuration as a result
of hydrophobic interaction [27].
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Fig. 5. The UV-vis absorption spectra of (a) the sum of CdTe QDs and BSA, (b) CdTe

QDs, (c) BSA-CdTe QDs and (d) BSA. The concentration of CdSe QDs and BSA were
1.0 x 10°% M. The size of CdTe QDs was 2.6 nm.

Table 1
Binding constants (K) and thermodynamic parameters for interaction of BSA with
2.6 nm CdTe QDs

Temperature Kp n K AG’ AH? AS?

(K) (M~ 1) (x10°M~1) (kJmol~") (kjmol~') (Jmol 'K™)
298 121 x 10° 134 4.65 —-38.04 -2369 4839

306 513 x10° 1.44 4.11 —38.74

313 1.23 x 10" 1.65 2.83 —38.66

The Scatchard method has been used to get the number of bind-
ing sites (n) and the binding constant (Ka). The number of QDs
n =1.3-1.7 per molecule of BSA is determined. The value increases
with rise of temperature (Table 1) probably due to slight changes
of the protein structure. This not only results in the exposition of
the hydrophobic residue but also does in easier access of the CdTe
QDs to the binding sites of BSA [27].

3.4. The effect of QD size on the interaction

The size of QDs plays an important role in the interaction of
CdTe QDs with BSA. As shown in Table 2, K increased with the in-
crease of QD size. The number of QD n=1.1-1.5 per molecule of
BSA was determined. The obtained values were increased with
the decrease of QD size (Table 2) probably due to the changes of
relative size between BSA and CdTe QDs [19].

3.5. The interaction mechanism
Fluorescence quenching can result from a variety of molecular

interactions, including excited-state reactions, molecular rear-
rangements, energy transfer, ground-state complex formation,

Table 2

Scatchard equations of interaction between BSA, dBSA and CdTe QDs

Size of CdTe QDs (nm) Equation R? Ka (M™1) n
1.8 Y=147X+9.12 0.998 1.23 x 10° 1.47
2.6 Y =1.34X+9.082 0.985 1.21 x 10° 1.34
3.1 Y=1.31X+9.12 0.984 1.32 x 10° 1.31
34 Y=127X+8.92 0.996 8.31 x 108 1.27
3.1 Y=1.51X+11.03 0.992 1.07 x 10" 1.51

" The interaction between dBSA and CdTe QDs.

and collisional quenching [28]. According to the above results
and some literatures [15,29], a static quenching mechanism for
the interaction of BSA with CdTe QDs is suggested, which may re-
sult from the electrostatic interaction, hydrophobic force, as well
as sulfhydryl group.

The change of ionic strength is an efficient method for distin-
guishing the binding modes between protein and other molecules.
The high ionic strength was advantageous to the hydrophobic pro-
cess but disadvantageous to the electrostatic binding [30]. Fig. 6
showed the effect of NaCl concentration on the interaction of
BSA with CdTe QDs. The experimental results showed that the con-
centration of NaCl had little effect on the interaction of BSA with
CdTe QDs. The isoelectric point of BSA is 4.6, and therefore BSA is
negatively charged at pH 7.4 Tris-HCl buffers [6]. CdTe QDs mod-
ified with TGA is also negatively charged at pH 7.4. It indicates the
electrostatic force is very weak in the interaction between BSA and
CdTe QDs.

Chemically reduced BSA has been used to modify the surface of
water-soluble CdTe QDs and CdSe/ZnS QDs, which demonstrate
that the dBSA could be conjugated to the surface of QDs and effi-
ciently improve the chemical stability and the fluorescence quan-
tum yield of the QDs [9,17]. For further investigation of the
interaction of BSA and CdTe QDs, the disulfide bonds of BSA were
converted to sulfhydryl groups using NaBH, as reductant. Table 2
indicates the Scatchard equations of interaction between BSA,
dBSA and CdTe QDs, respectively. The value of binding number of
3.1 nm QDs with dBSA is 1.51 per molecule of dBSA, which is high-
er than that of normal BSA with 3.1 nm CdTe QDs (1.31). The bind-
ing constant (K,) is also higher than that of normal BSA. This means
that sulfhydryl groups play an important role in the interaction of
BSA with CdTe QDs.

Raman spectrum is a good tool to study the interaction of pro-
tein and nanoparticles [29]. Fig. 7 depicts the Raman spectra of BSA
before (Fig. 7a) and after (Fig. 7b) binding to the surface of CdTe
QDs. The 1653 cm~! band mainly contribution from amide I, are
characteristic of high a-helical content in BSA. The intensity de-
crease at 1653 cm™! indicates that the o-helical content in BSA
was reduced after binding to CdTe QDs [31]. The 1002 cm~! band
related to the phenylalanine and 1345 cm™! band related to tryp-
tophan or C-H bending was decreased after BSA interaction with
CdTe QDs at 1:1 ratio, showing the exposure of hydrophobic
groups of BSA [31]. Thus, the presence of CdTe QDs could result
in structural alterations in the BSA conformation and the exposure
of hydrophobic groups.
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Fig. 6. Effect of NaCl on the fluorescence intensity of BSA and BSA-QDs at 0.1 M pH
7.4 Tris-HCl buffer. The concentrations of BSA and 3.1 nm CdTe QDs were 1.0 x -
107°M and 1.0 x 107 M, respectively.
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Fig. 7. Raman spectra of BSA before (a) and after (b) adding 1.8 nm CdTe QDs. The
concentrations of BSA and CdTe QDs were 2.0 x 10~ M.

4. Conclusions

In this article, we investigated the interaction between BSA and
CdTe QDs with spectroscopic techniques. It was found that the
fluorescence of BSA was quenched by CdTe QDs at pH 7.4. A static
quenching model based on the quenching rate constant (Ky) and
UV-vis absorption spectra was proved. The thermodynamic
parameters, AH’ AS” and AG’, were obtained to be
—23.69 k] mol !, 48.39 ] mol~! K~!, —38.04 k] mol~! according to
Lineweaver-Burk equation at different temperatures. Scatchard
equation was used to calculate binding constant (K,) and the num-
ber of binding sites (n). The interaction mechanism was also dis-
cussed. It was found that hydrophobic force and sulfhydryl group
play an important role in the quenching process. Further results
from Raman spectra showed some structural changes of BSA after
interaction with CdTe QDs.
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