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Abstract CdSe/CdS quantum dots (QDs) capped with L-
cysteine can provide an effective platform for the inter-
actions with bovine serum albumin (BSA). In this study,
absorption and fluorescence (FL) spectroscopy were used to
study the binding reactions of QDs with BSA, respectively.
The binding constant (≈104 M-1) from FL quenching method
matches well with that determined from the absorption
spectral changes. The modified Stern-Volmer quenching
constant (5.23×104, 5.22×104, and 4.90×104 M-1) and the
binding sites (≈1) at different temperatures (304 K, 309 K,
and 314 K) and corresponding thermodynamic parameters
were calculated (ΔG<0, ΔH<0, and ΔS<0). The results
show the quenching constant is inversely correlated with
temperature. It indicates the quenching mechanism is the
static quenching in nature rather than dynamic quenching.
The negative values of free energy (ΔG<0) suggest that the
binding process is spontaneous, ΔH<0 and ΔS<0 suggest
that the binding of QDs to BSA is enthalpy-driven. The
enthalpy and entropy changes for the formation of ground
state complex depend on the capping agent of QDs and
the protein types. Furthermore, the reaction forces were
discussed between QDs and BSA, and the results show
hydrogen bonds and van der Waals interactions play a major
role in the binding reaction.
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Introduction

Due to the quantum confinement of their electronic states,
quantum dots (QDs) have gained a lot of attention in recent
years. In comparison with conventional fluorescent markers
(e.g., organic dyes and fluorescent proteins), QDs have broad
excitation spectra, sharp emission, and easily tunable emission
properties [1–7]. Thus, they are becoming favored for robust
fluorescent probes in biological applications [4, 5, 8–10].
Particularly, water-soluble and biological-compatible QDs
have played an important role in a wide range of applications
in biotechnology, medicine and other fields [11–14]. Hence,
a number of surface functionalization schemes have been
developed to make QDs water soluble and biological-
compatible and suitable for use in cell biology and
immunoassay etc. Since Alivisatos [4] and Nie [5] coupled
biomacromolecules to the surface of QDs, it opened up a
new age in applications of biology and medicine.

As we known, QDs can be combined with proteins in
vivo and thus impact the structure and function of protein.
Though there are a lot of researches on the interaction of
QDs with protein, e.g., Kotov [15] and Nyokong [16]
studied the bioconjugation between QDs and bovine serum
albumin (BSA) by using the crosslinker; Guldi and co-
workers [17] probed human serum albumin (HSA) and its
interaction with QDs by electrostatic interactions; Those
studies just stay on the surface level and a few studies
investigated the response of biological systems to QDs in
detail. Renganathan etc [18] have further studied the
interaction QDs with BSA by the methods of UV-visible,
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and synchronous fluorescence (FL) spectroscopic measure-
ments and gained the apparent association constant and the
degree of association, but they did not investigate the
interaction forces between them. Although Liu’s group[19]
used various spectroscopic (FL, Circular Dichroism (CD))
techniques to gain the thermodynamic parameters (ΔH,
ΔG and ΔS) of the reaction between QDs and HAS at
different temperatures and they found electrostatic inter-
actions play a major role in stabilizing the complex (QDs-
HSA), factors that determine the mode of the interaction of
them are still unclear at present. Therefore, it is necessary to
continue to study the interaction between QDs and protein
for further investigating the biological effects of QDs.

In this report, we choose BSA as our protein model because
of its medicinal importance, low cost, ready availability, and
unusual ligand-binding properties [20–23]. L-cysteine-capped
CdSe/CdS (following abbreviated: QDs) are selected as the
protein receptor and the QDs-BSA interactions are explored
by using UV and FL spectroscopic techniques. The
thermodynamic parameters (ΔH, ΔG and ΔS) obtained
from spectroscopic techniques studies, which indicate an
enthalpy driven process, revealed dramatic differences when
compared with other results. We demonstrated hydrogen
bonds and van der Waals interactions, which relate with the
type of the surface of capping agent and protein, play a
major role in the binding reaction between BSA and QDs.

Experimental section

Materials

L-cysteine, cadmium chloride (CdCl2), selenium (Se),
sodium borohydride (NaBH4), ethanol (C2H5OH), sodium
hydroxide (NaOH), Sodium sulfide (Na2S) Tris (hydrox-
ymethyl) aminomethane, bovine serum albumin (BSA), and
other routine chemicals were purchased from Shenshi
Chem. Ltd. All the chemicals used were of analytical grade
and double distilled deionized water was used in all
experiments.

Instrumental

All FL measurements were recorded using a RF-5301
(Shimadzu) and F-2500(Hitachi) fluorometers. A Lambda
35 (PerkinElmer) Spectrophotometer was used with a cell
of 1.0 cm path length.

Preparation of L-cysteine capped CdSe/CdS QDs

The preparation of L-cysteine capped CdSe/CdS QDs
followed by the modified method was adopted from

literature.24 Briefly, 0.3 mmol Se and 0.3 mmol NaBH4

were added into a 100 mL round bottom flask (I). 10 ml
C2H5OH was also added into this flask and purged with pure
nitrogen gas for at least 30 min with magnetic stirring, and
then heated at 40 °C for 30 min (reaction 1). Meanwhile,
20 mL 0.02 mol/L CdCl2, 0.0012 mol L-cysteine (nL-Cysteine/
nCd=3) and 0.1 mol/L NaOH (pH=10.50) were added into
another 100 mL round bottom flask (II) which was also
purged and stirred (vide supra) (reaction 2). The solution in
flask (I) was pressed into flask (II) by the pressure of N2 with
a rubber tube after 30 min, and then the flask (II) was sealed,
refluxed, and maintained at 90 °C(reaction 3). After 60 min,
8 mL 0.9 mmol/L Na2S was titrated and then this reaction
was kept 45 °C for 60 min. The L-cysteine capped CdSe/
CdS QDs were obtained through ethanol precipitation with
centrifugation at 4,000 rpm for 5 min, these QDs was treated
with ethanol in three repeated cycles to remove the
contaminant. Finally, these QDs were dissolved in Tris-HCl
buffer solution and stored at 277 K.

Methods

A 2 mL solution, containing appropriate concentration of
QDs was added with 10-5 M BSA solution and mixed. UV-
visible spectra of all solutions were recorded in the range of
200–800 nm.

A known concentration of QDs in Tris-HCl buffer solution
was added into 10-5 M BSA solution and mixed at different
temperatures. The fluorescent intensity of the solution was
recorded at excitation wavelength of 280 nm by using F-2500
fluorometer, and the slit widths used for excitation and
emission were 5 nm, respectively. And then 10-5 M BSA
solution was added into QDs solution and the excitation
wavelength was 360 nm by using RF-5301 fluorometer, and
the slit widths used for excitation and emission were 5 nm.

Results and discussion

Characterization of QDs

The absorption (a) and FL (b) spectra of QDs were
presented in Fig. 1 to identify the presence of nanoparticles.
The absorption spectra showed the formation of QDs
particles having absorption in the range of less than about
525 nm. Comparing to the bulk species, there is a blue shift
in the absorbance spectrum [25], which can be explained by
the fact that quantum confinement effects determine the
optical properties of QDs and the degree of electronic
confinement is highly correlated with particle size [26].
The sample exhibits the emission peak at about 564 nm
(Fig. 1b) and this spectrum indicates the well-proportioned
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size distribution of the particles. A good overlap of emission
of BSA on the absorption of QD was observed in Fig. 1.
After binding reaction, QD is so close to the residues of
BSA that molecular resonance energy transfer occurs be-
tween them.

Effect of QDs on BSA absorption spectra

Absorption spectra can not only distinguish between dynamic
quenching and static quenching, but also obtain the binding
constant (K) of the reaction [18, 27]. The absorption spectra
of BSA in absence and presence of QDs at room temperature
(299 K) is shown in Fig. 2. The addition of QDs led to a
gradual increase in the absorption intensity of BSA with a
blue shift of 2 nm (278 nm→276 nm). However, our
previous study showed CdSe QDs led to a minor decrease in
the absorption intensity of BSA with the appearance of the
isoabsorptive point [24]. Other similar studies [16, 18, 28]
about the interaction between BSA with QDs and TiO2 were
also reported. As we known, dynamic quenching will not
change the absorption spectra because it only affects the
excited state of fluorophore; as ground state complex
formation, static quenching often lead to change in the
absorption spectra [27]. Therefore, the above results suggest
there are the ground state complex formation between BSA
and QDs. The blue shift of absorption spectra implies the
structure of BSA is changed possibly [18].

There are the equilibrium is defined by Eqs. 1 and 2 for
the complex formation between BSA and QDs,

BSAþ QDs
Kapp ������! BSA��� QDs ð1Þ

Kapp ¼ BSA��� QDs½ �
BSA½ � � QDs½ � ð2Þ

where Kapp is the apparent association constant. Kapp can be
obtained by the changes of the intensity of absorption [18,
28, 29] and expressed as Eq. 3,

1

A� A0
¼ 1

AC � A0
þ 1

Kapp AC � A0ð Þ QDs½ � ð3Þ

where A, A0, Ac are the absorbance of BSA containing
different concentrations of QDs, BSA and the complex,
respectively. The values of (A−A0)

-1 were calculated and
plotted against quencher concentration [QDs]-1 according
to Eq. 3 as shown in the inset of Fig. 2. After linear fit,
the slope equals to the value of Kapp AC � A0ð Þ� ��1

and the
intercept is (AC−A0)

-1 on the ordinate. The calculated value
of Kapp is about 2.38×10

4 M-1 (R=0.9931).

FL quenching studies

Effect of QDs on BSA FL spectra

Figure 3 is FL spectra of BSA with various concentrations
(mol/L) of QDs at 304 K, 309 K, 314 K, respectively. The
observed FL band centered about 350 nm. The FL intensity
was significantly quenched by the addition of QDs at
different temperatures when the concentration of BSA is
10-5 M. Because the emission wavelengths of QDs are
much far away from the BSA absorption and emission, so
the emission of QDs between 290–450 nm are not
considered. The result suggests the interaction between
BSA and QDs occur and quenching effect of QDs on the
FL emission of BSA is found to be concentration
dependent, that is, QDs can bind to the BSA.

The quenching FL is known to occur by excited state
reactions, energy transfer, collisional quenching (dynamic
quenching) and complex formation (static quenching) [27].

Fig. 1 Absorption and emission spectras of QDs a and b and BSA c
and d respectively

Fig. 2 Absorption spectrum of BSA in the presence of QDs in the
concentration range of (0–3)×10-5M
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The last two processes are mainly considered. Both
dynamic quenching and static quenching reveal the con-
nection of linearity between relative FL intensity (I0/I) and
QDs concentration. The quenching of BSA FL by QDs can
be described by a Stern-Volmer equation:

I0
I
¼ 1þ Ksv Q½ � ð4Þ

where I0 and I are the FL intensity of BSA in the absence
and presence of QDs respectively, [Q] is the QDs
concentration and Ksv is the Stern-Volmer quenching
constant. Inset of Figure 3 shows that the results agree
with the Stern-Volmer equation excellently at low concen-
trations (1.5×10-6−1.05×10-5 M) and the results depart
from the initial linearity at higher concentration.

The ratios I0/I were calculated and plotted against
quencher concentration according to Eq. 4 at low concen-
trations at different temperatures. After linear fit, Ksv were
calculated from the slope of the plots and the correlation
coefficient in the Table 1. The results show the quenching
constant Ksv are various at different temperatures, at the
same time, Ksv is inversely correlated with temperature. As
we known, dynamic quenching depends on diffusion, and
the coefficient of diffusion will augment because of the
increase of temperature, so the quenching constant is
directly correlated with temperature; moreover, for the
static quenching, the stability of complex formation will
descend because of the increase of temperature, so the
quenching constant is inversely correlated with tempera-
ture. Therefore, this proves that the quenching mechanism
is the static quenching in nature rather than dynamic
quenching.

According to dimolecular quenching equation:

Ksv ¼ Kq � t0 ð5Þ
Where Kq is dimolecular rate constant and t0 (10

-8 s) is
the average lifetime of the FL substance without quencher
[27]. Therefore, according to Eq. 5, Kq were calculated as
shown in Table 1. Generally, quenching on the biological
macromolecules of the large diffusion and collision
constant is 1010 M-1∙s-1. Thus, Kq is about two orders
higher than 1010 M-1∙s-1. Those results also indicate the
present static quenching of the FL in the mechanism of
interaction.

Both temperature and dimolecular quenching prove that the
quenching mechanism of a QDs-BSA binding reaction is static
quenching. Therefore, the quenching data were analyzed
according to the modified Stern-Volmer equation [30]:

F0

ΔF
¼ 1

faKa

1

Q½ � þ
1

fa
ð6Þ

Fig. 3 Fluorescence emission spectra of BSA in the presence of
different concentrations of QDs obtained in Tris–HCl buffer solution,
and the inset corresponds to Stern-Volmer plots of the quenching
of the fluorescence of BSA by QDs at different temperatures (a 304 K,
b 309 K, c 314 K)

20 J Fluoresc (2011) 21:17–24



Where, ΔF is the difference in FL in the absence and
presence of quencher at concentration [Q], fa is the mole
fraction of solvent-accessible fluorophore, and Ka is the
effective quenching constant for the accessible fluoro-
phores, which are analogous to apparent binding constants
for the system of quencher-acceptor [31]. The ratios F0

ΔF
were calculated and plotted against quencher concentration
[Q]-1 according to Eq. 6 at different temperatures as shown
in Fig. 4. After linear fit, the slope equals to the value of
(faKa)

-1 and the intercept is fa
�1 on the ordinate. So Ka were

calculated at different temperatures according to the slope
(faKa)

-1 and the intercept fa
�1� �

as shown in Table 1. Ka is
also inversely correlated with temperature and it agrees
with Ksv’s dependence on temperature. This is also indi-
cates that the quenching mechanism is the static quenching
(complex formation).

Binding sites and binding constant

Because of the mechanism of static quenching, there may
be binding sites in the BSA; the binding sites can be
deduced from the relationship between fluorophore (BSA)
and quencher (QDs). According to the Renganaathan’s

group [18, 32], the binding sites and binding constant can
be calculated from the following equation:

nQþ B
K ������! Qn � � �B ð7Þ

Where B is the fluorophore (BSA), Q is the quencher
(QDs), and Qn � � �B is the postulated complex between one
molecule of BSA and n QDs. So the constant K is given by

K ¼ Qn � � �B½ �
Q½ �n � B½ � ð8Þ

Where [B] and [Q] are the concentration of unbound
BSA and QDs, respectively, and Qn � � �B½ � is the concen-
tration of the postulated complex Qn � � �Bð Þ. If [B0] is the
overall concentration of BSA, then Eq. 9 is concluded,

B0½ � ¼ Qn � � �B½ � þ B½ � ð9Þ
As we known, the relationship between FL intensity and

the unbound BSA is expressed as:

B½ �
B0½ � ¼

F

F0
ð10Þ

where F0 and F are the FL intensity of BSA in the absence
and presence of QDs, respectively. Combining Eq. 8 with
Eq. 9, the relationship (Eq. 11) between FL intensity and
the concentration of QDs can be concluded.

log
F0 � F

F

� �
¼ logK þ n log Q½ � ð11Þ

where K is the binding constant and n are the numbers of
binding sites between BSA and QDs. The values of
log F0�F

F

� �
were plotted against log[Q] according to Eq. 11

at different temperatures as shown in Fig. 5. After linear fit,
n and K were calculated at different temperatures according
to the slope n and the intercept log K as shown in Table 2.
K is also inversely correlated with temperature and it agrees
with the dependence on temperature of Ka, at the same
time, n is also inversely correlated with temperature. The
values of binding constant obtained from this method agree
with that obtained from the modified Stern-Volmer equation
at different temperatures, that is, the values of binding
constant all are about 104 L·mol-1 for sure. The good
agreement indicates there are reaction between BSA and
QDs and the quenching mechanism is the static quenching

Fig. 4 Modified Stern-Volmer plots of QDs concentration depen-
dence of FL intensity of BSA with the best correlation coefficient at
different temperatures

T/K Stern-Volmer method Modified Stern-Volmer method

Ksv/L·mol-1 R Kq/ M
-1∙s-1 Ka/L·mol-1 R

304 5.12×104 0.9943 5.12×1012 5.23×104 0.9962

309 4.58×104 0.9963 4.58×1012 5.22×104 0.9963

314 3.81×104 0.9976 3.81×1012 4.90×104 0.9973

Table 1 Stern-Volmer and
modified Stern-Volmer quench-
ing constants of the QDs-BSA
system at different temperatures
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(complex formation). The number of binding site is close to
1 at different temperatures, and other authors’ results also
revealed n is about 1, this implies there is only one type of
interaction between BSA and QDs.

The thermodynamic study

The binding constant (K) were calculated at different
temperatures as shown in Table 2. Therefore, the thermo-
dynamic parameters were calculated by using the van’t
Hoff equation (Eq. 12).

lnK ¼ �ΔH

RT
þ ΔS

R
ð12Þ

Where ΔH and ΔS are the standard enthalpy and
entropy change for the reaction, respectively, R is the gas
constant and T is temperature. This equation assumes
enthalpy and entropy are temperature independent in the
temperature range studied [19, 33]. The values of ln K were
plotted against T -1 according to Eq. 12 at different temper-
atures as shown in Fig. 6. It can be seen from Fig. 6 there
was a best-fit straight line (correlation coefficient R=
0.9889). ΔH and ΔS were calculated at different temper-
atures according to the slope �ΔH

R and the intercept ΔS
R as

shown in Table 2. Using the relationship ΔG ¼
ΔH � TΔS, the free energy change (ΔG) is then estimated
as also shown in Table 2.

From the point of thermodynamics, all the chemical,
physical, biological process are accompanied by the change

of thermodynamic parameters [34, 35]. For example, the
free energy (ΔG) determine whether a reaction can take
place spontaneous; the changes of enthalpy (ΔH) can be
considered as an indicator of the increase of intermolecular
bond energies in binding process; while the entropy
changes (ΔS) reflect the change of disorder of the system
during the reaction [34, 35]. Table 2 shows the values of
ΔG, ΔH and ΔS (ΔG<0, ΔH<0, ΔS<0), the negative
values of free energy (ΔG<0) suggest that the binding
process is spontaneous, ΔH<0 and ΔS<0 suggest that the
binding of QDs to BSA is enthalpy-driven. The values of
ΔG, ΔH and ΔS reveal that the reaction of QDs with BSA
feature a favorable enthalpy change (ΔH<0) [36], which is
offset partially by unfavorable entropy loss (ΔS<0),
affording overall free energy changes (ΔG).

As we known, the interaction between endogenous or
exogenous ligands and biological macromolecules is a
complex process that involves not only electrostatic
interactions, multiple hydrogen bonds, van der Waals
interactions, but also hydrophobic and π-π stacking [36,
37]. Ross and his co-worker [38] thought electrostatic
interactions are important if ΔH is negative; and ΔS<0 is
the role of hydrogen bond and van der Waals interactions’
common characteristics. These results indicate that hydro-
gen bonds and van der Waals interactions play a major role
in the binding reaction between BSA and QDs, but the
electrostatic interactions are also important.

The binding constant (K) can be calculated according to
Eq. 12 between BSA and QDs at room temperature

Fig. 5 The plot of log [(F0-F)/F] versus log [Q] for BSA with QDs Fig. 6 Van't Hoff plots of BSA-QDs system

T/K K/L·mol-1 ΔH/kJ·mol-1 ΔG/kJ·mol-1 ΔS/J·mol-1·K-1 R n

304 2.85×104 -33.39 -25.98 -24.36 0.9889 0.9586

309 2.43×104 -25.86 0.9451

314 1.87×104 -25.74 0.9276

Table 2 Thermodynamic
parameters and the number of
binding sites of QDs-BSA at
different temperatures
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(299 K), and K is about 3.63×104M-1. The value of K
matches well with the apparent association constant
Kapp ¼ 2:38� 104M�1
� �

obtained from the absorbance
spectra at 299 K. The good agreement between K and Kapp

suggests there are the association (reaction) between BSA
and QDs. The validity of this association is proved further
by FL spectra at low concentrations (from 1.5×10-6−1.05×
10-5 M). In other words, the ground state complex was
formed. The mode of this binding reaction is obtained from
the changes of the thermodynamic parameters (ΔH, ΔG
and ΔS). Liu’s results showed the electrostatic interactions
played a major role in the reaction, because the electrostatic
interactions occurred between the negatively charged QDs
and the cationic “hot spot” around the active site of protein
(human serum albumin, HSA). Other report [18, 36, 39]
also studied the interaction between nanoparticles (NPs)
and proteins, and showed both the capping agent of NPs
and protein played an important role in the interaction. Our
results suggest hydrogen bonds and van der Waals
interactions play a major role in the binding reaction
between BSA and QDs. Structurally, this is due to the
existence of –NH2 in the capping agent (L-cysteine,
Isoelectric Point (pI)=5.02), so more hydrogen bonds can
be easily formed between QDs and BSA, and van der
Waals interactions are also existence. Besides, the electro-
static interactions should not be ignored. The electrostatic
attraction is caused by positive charge of BSA and negative
charge of QD. Though BSA is negatively charge (pI=4.7)
in this solution, BSA and HSA have similar binding sites
and high degree of homology [40, 41]. Thus, BSA also has
the cationic “hot spot” around the active site for formation
of the electrostatic interactions between QDs and BSA. At
the same time, the electrostatic interactions may be formed
between the negatively charged BSA and the positively
charged QDs because the excess cationic (Cd2+) is absorbed
on the surface of QDs. It is particularly noteworthy that we
did not consider their difference between BSA and HSA for
their high degree of homology. The interaction from strong
to weak force is electrostatic, H-bonding and Van der Wall
in sequence.

Conclusions

In this study, the interactions between L-cysteine-capped
CdSe/CdS QDs and BSA have been studied by absorption
and fluorescence spectroscopy. The results clearly indicated
that QDs quenches the fluorescence of BSA through the
formation of ground state complex which is confirmed by
all spectra. Both the thermodynamic parameters and
number of the binding sites were calculated according to
the relevant fluorescence data. The binding constants,
which were gained according to absorption and fluores-

cence spectra data respectively, were very consistent.
Those results showed hydrogen bonds and van der Waals
interactions play a major role in the binding reaction
between them, and the reaction of QDs with BSA feature a
favorable enthalpy change. Comparing with previous
studies, we can find QDs-BSA interactions provide
drastically different thermodynamic parameters that
depend on both the capping agent of QDs and the protein
type.
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