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Alloyed CdSeS quantum dots (QDs) were successfully synthesized in aqueous phase using microwave
irradiation. UV-vis spectroscopy, fluorescence spectroscopy, transmission electron microscopy (TEM)
and X-ray diffraction (XRD) techniques proved that the prepared alloyed QDs are composed of a CdSe-
rich core and thick CdS shell with homogeneous size distributions. In order to study its biological
toxicity, multi-spectroscopic techniques were adopted to investigate their conjugation with BSA.
Fluorescence quenching methods indicated the prepared CdSeS QDs strongly quenched the fluores-
cence of BSA due to the formation of non-fluorescence ground-state complex. UV-vis absorbance
spectra, synchronous fluorescence spectra and CD spectra further confirmed the alloyed CdSeS QDs
binded with BSA and destroyed their hydrogen bonding networks, which induced the conformation
changes of this macromolecule.

Bovine serum albumin

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

Recently, luminescent semiconductor quantum dots (QDs)
have gained a lot of attention for its unique optical and electronic
properties such as wide and continuous absorption spectra,
narrow and symmetric emission spectra, excellent photostability,
high quantum yields and long fluorescence lifetimes [1]. These
advantageous features of QDs have endowed them as promising
optical probes in biomedicine and biotechnology [2]. Therefore,
investigation of QDs’ biological toxicity becomes a must before
their extensive application [3-7].

In 2006, Hardman reported that the toxicity of QDs depends on
physicochemical and environmental factors [8], suggesting that
QD size, charge, concentration, coating materials and oxidative,
photolytic, and mechanical stability have each been shown to
influence QDs toxicity. So it is very complicated to assess the
toxicity of QDs through in vitro or in vivo study. Recently,
increasing reports have focused on the toxicity study of QDs from
the point of molecular biology level.

Bovine serum albumin (BSA) has been one of the most exten-
sively studied proteins because of its medicinal importance, low
cost, ready availability, and particularly its structural homology with

* Corresponding author. Tel.: +86 27 68766930; fax: +86 27 68778893.
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human serum albumin. BSA molecules are made up of three
homologous domains (I-1II) which are divided into nine loops (L1-
L9) by 17 disulfide bonds. BSA contains two tryptophans, Trp-134
and Trp-212, which possess intrinsic fluorescence, embedded in the
first subdomain IB and subdomain IIA, respectively [9,10]. The
accessibility of QDs to albumin’s fluorophore groups opens the door
to understanding the toxicity of QDs on molecular biology level and
provides clues to the essential interaction between QDs and BSA
[11]. Zhao et al. investigated the biological toxicity of CdTe QDs to
BSA via fluorescence spectra, UV-vis absorption spectra and circular
dichroism (CD) and showed the addition of CdTe QDs changed the
conformation of BSA [12]. Ding et al. proved that L-cysteine capped
CdSe/CdS QDs quenches the fluorescence of BSA through the
formation of ground state complex [13]. Ghali illustrated that static
quenching was responsible for BSA fluorescence quenching upon
conjugation with small sized CdS QDs (4.4 nm) [14]. There are also
other reports on the interaction between BSA and QDs with bare
core or core-shell structure. In contrast, little attention has been
paid to the alloyed QDs.

In this paper, alloyed CdSeS QDs were synthesized in aqueous
phase via microwave irradiation and were characterized using
UV-vis spectroscopy, fluorescence spectroscopy, transmission
electron microscopy (TEM) and X-ray diffraction (XRD) techni-
ques. And their biological toxicity was assessed through fluores-
cence quenching method coupling with UV-vis spectroscopy,
synchronous fluorescence spectra and CD spectra.
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2. Experiments
2.1. Materials and device

Selenium powder (Se, 99.8%), anhydrous sodium sulfite (Na,SOs,
97%), cadmium chloride hemipentahydrate (CdCl,-2.5H,0, 99%)
and 3-mercaptopropionic acid (MPA, 99%) were received from
Sigma Aldrich. Bovine serum albumin (BSA, Fraction V, approxi-
mately 99%) and other routine chemicals were received from
Shenshi Chem. Ltd. All the chemicals were used as received without
any purification and ultrapure water (18.2 M Q cm~') was used as
solvent in all experiments.

2.2. Synthesis of CdSeS QDs

CdSeS QDs were synthesized using Na,SeSOs as the selenium
source through a modified literature method [15]. Firstly,
0.30 mol L~ Na,SeSO; solution was obtained via a simple synth-
esis described by Hankare et al. with some modifications [16].
Briefly, 2.3670 g selenium powder (0.030 mol), 9.453 g sodium
sulfite (0.075 mol) and 80 mL ultrapure water were added into a
250 mL three-neck flask and refluxed at 90°C for 6 h. After
cooling down to room temperature naturally, the obtained light
yellow solution was transferred into a 100 ml volumetric flask
and brought to volume by ultrapure water, which was used as the
stock solution of selenium source. The synthesis of CdSeS QDs was
conducted on a microwave digestion/extraction system (Mile-
stone, Italy) equipped with some 100 mL exclusive and Teflon
inner vessels. Typically, a precursor solution containing Na,SeSOs,
CdcCl, and MPA was adjusted to pH 9.0 using 1 mol L~! NaOH
solution before microwave irradiation. The optimized molar ratio
Cd:MPA:Se used in the synthesis was 8:20:1, and the typical
concentration of Cd was 1.25 mmol L~'. Then the 50 mL precur-
sor solution was sealed in the digestion vessel and subjected to
microwave irradiation at 130 °C for 30 min. After cooling down to
room temperature, the as-prepared solution was purified by
addition of twice the volume of isopropanol and then centrifuga-
tion at 12,000 rpm for 10 min. The colloidal precipitate was re-
dissolved in 2 mL ultrapure water and subjected to freeze-dry in
a freeze drier (Christ Alpha 1-2 LD, Germany) to obtain solid
powder samples.

2.3. Characterization of the as-prepared QDs

UV-vis absorption measurements were made on a Shimadzu
UV-1601 spectrophotometer in a 1 cm path length quartz cuvette.
Fluorescence spectra were obtained on a Hitachi F-4500 spectro-
photometer equipped with a 150 W xenon lamp and a 1.00 cm
quartz cell. X-ray diffraction (XRD) patterns were recorded using
a Bruker-Axs D 8 advanced diffractometer with Cu Ko radiation.
Transmission electron microscopy (TEM) was performed on a
JEOL model JEM 2100 with an acceleration voltage of 200 kV.

2.4. Spectroscopic studies of QDs-BSA interactions

Fluorescence quenching measurements were performed on an
F-4500 spectrophotometer and the temperature was controlled
by digital aqueous thermostat (Shanghai, China). The stock solu-
tion of BSA was dissolved in PBS buffer solution (0.01 mol L~",
pH - 7.40) and kept in refrigerator. When the QDs were manually
titrated into the 1.0 x 10~ mol L~ ! BSA solution using a micro-
pipette at different temperatures (286 K, 291 K and 296 K), the
fluorescent spectra were recorded in the wavelength range 290-
440 nm upon excitation at 280 nm.

Synchronous fluorescence spectra were obtained on the
F-4500 spectrophotometer by scanning simultaneously the exci-
tation and emission wavelength at 15 or 60 nm intervals.

UV-vis absorption spectra were collected on the Shimadzu
UV-1601 spectrophotometer as 1.0 x 107> mol L~! BSA solution
was titrated by different amounts of QDs solution.

The CD spectra were recorded on a JASCO-J-810 spectro-
polarimeter (Tokyo, Japan) using a 0.1 cm cell at 0.2 nm intervals
with a scanning rate of 100 nm/min. Each spectrum was the
average of three successive scans. For the CD experiment, the
concentration of BSA dissolved in 0.1 M PBS solution (pH 7.4) was
kept at 5.0 x 10~® mol L~! and QDs added in the BSA-QDs system
were 0.625 and 1.250 x 10~% mol L~ !, respectively. After baseline
corrections, CD spectra were recorded in the range 200-250 nm at
room temperature.

3. Results and discussion
3.1. Structural characterization

UV-vis absorption and fluorescence spectra excited at 354 nm
of the prepared QDs recorded at room temperature are shown in
Fig. 1. Both the absorption spectra and fluorescence spectra
present the characteristic structure of semiconductor nanocrys-
tals. The inset shows that the prepared QDs possessed bright
green fluorescence when excited from a 365 nm UV lamp. The
calculated quantum yield (QY) was 23.9% according to the
method using Rhodamine 6G in ethanol (PLQY=89%) as a refer-
ence [17,18]. It is worth noting that the excitonic absorption
energy (2.6 eV) of the CdSeS QDs shows a blue shift relative to the
absorption gap of bulk CdSe (1.7 eV) and bulk CdS (2.4 eV), which
presents significant quantum size effect. Additionally, one can
also observe that the shape of fluorescence spectra is very
symmetric and full-width at half maximum is relatively narrow
(44 nm), implying that the prepared CdSeS QDs have good
monodispersity. This also can be confirmed by transmission
electron microscopy as presented in Fig. 2, in which the CdSeS
QDs exhibit spherical shapes with homogeneous size distribu-
tions and the average diameter was estimated to be 2.1 nm.

The prepared QDs were also characterized by powder X-ray
diffraction (XRD) patterns and the result was shown in Fig. 3. The
broad peaks of XRD implied that the prepared QDs were very
small, which is in agreement with the result of TEM. It is also
worth noting that, the diffraction pattern evidently shifted
toward higher angle, implying that the crystal structure of the
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Fig. 1. UV-vis absorption and fluorescence spectra of CdSeS QDs. Inset presents
the digital pictures under room light (left) and 365 nm UV (right) radiation.
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Fig. 2. Transmission electron microscopy (TEM) images of CdSeS QDs. Scale bar is

50 nm.
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Fig. 3. Powder X-ray diffraction (XRD) patterns of CdSeS QDs. Standard diffraction
lines of cubic CdSe and cubic CdS are also shown for comparison.

prepared QDs was quite close to that of bulk cubic CdS, similar to
the conclusion illustrated by Qian group [15]. And this conclusion
also proved that the prepared QDs are composed of a CdSe-rich
core and thick CdS shell, which are called gradient alloyed dots.

3.2. Spectroscopic studies to evaluate the toxicity of CdSeS QDs

In order to evaluate the biological toxicity of the prepared QDs,
fluorescence, UV-vis absorption and CD spectra were adopted to
investigate the interactions between CdSeS QDs and BSA under
simulated physiological conditions.

3.2.1. Fluorescence quenching spectroscopy

The fluorescence quenching of BSA by CdSeS QDs was studied
by spectrofluorometry at three temperatures (286 K, 291 K and
296 K). The solution of BSA (1.0 x 10-6M) was titrated with
various concentration of QDs solutions (0.0-5.12 x 10~% M) and
the fluorescence spectra of BSA were recorded accordingly as
shown in Fig. 4. With the addition of QDs solutions, a progressive
decrease in the fluorescence intensity of BSA was observed,
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Fig. 4. Fluorescence emission spectra of BSA in the presence of various concen-
trations of QDs obtained in 0.1 M PBS solution (pH 7.4) and the inset corresponds
to Stern-Volmer plots of the quenching of the fluorescence of BSA by QDs at 286 K
(A), 291 K (B) and 314K (C). The concentration of BSA was fixed at 1.0 x 10~
mol L. From (a) to (k), the concentrations of CdSeS QDs were 0, 1.0 x 107,
2.0x107°,3.0x107% 40x107> 50x1075 6.0x 107>, 7.0x 107>, 8.0 x 1072,
9.0 x 107> and 1.0 x 10~% mol L~ !, successively.

suggesting that interaction between BSA and QDs occured and
the interaction induced some changes in the structure of BSA, in
agreement with the recent studies in which the tertiary structure
of protein (BSA, HSA and IgG) changes was induced by binding of
silica-coated CdTe QDs and thiol capped CdTe QDs [19-21].

As is well known, the mechanism of fluorescence quenching
can be classified into excited state reactions, energy transfer,
collisional quenching (dynamic quenching) and complex forma-
tion (static quenching) [22]. In most cases, the last two processes
are discussed. In order to clarify the fluorescence quenching
mechanism of BSA induced by CdSeS QDs, the Stern-Volmer
equation was adoped to process the data [23]:

% =14+ Ke[Q] = 1+7oKq[Ql. )

where Fy and F are the fluorescence intensities of BSA in the
absence and the presence of CdSeS QDs, respectively, [Q] is the
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Fig. 5. Absorption spectra of BSA in the presence of different concentrations of
CdSeS QDs obtained in 0.1 M PBS solution (pH 7.4). The concentration of BSA was
fixed at 1.0 x 10~°> mol L~ . From (a) to (g), the concentrations of CdSeS QDs were
0, 1.25x107°, 2.50x 107, 3.75x 1075, 5.00 x 107> and 6.25 x 107> mol L~?,
successively.

Table 1
Stern-Volmer quenching constants of the QDs-BSA system at
different temperatures.

T(K) Ksy, (Lmol 1) Kq(M~'s™1) R

286 1.35x 10% 1.35x 10'? 0.997
291 1.23 x 104 1.23 x 10'? 0.998
296 1.11 x 10* 1.11 x 10'? 0.995

concentration of quencher (CdSeS QDs), 7¢ is the lifetime and K,
is the Stern-Volmer quenching constant. Since the lifetime 7 for
the biomacromolecule is often taken as 10~ 8 s [24], the bimole-
cular quenching rate constants (Kq) could be easily obtained. Inset
of Fig. 5 shows that the plots of (Fy/F) versus [Q] present a positive
deviation (concave towards the y-axis) at all studied tempera-
tures, indicating the presence of both static and dynamic quench-
ing [25]. After linear fit at low concentrations (1.0x107°—
6.0 x 10> M), quenching constants Ky, were calculated from the
slope of the Stern-Volmer plots and the results were shown in
Table 1. Evidently, K, is inversely correlated with temperature,
indicating that the possible quenching mechanism in the fluor-
escence intensities of BSA is induced by complex formation rather
than by dynamic collision [26]. Meanwhile, the bimolecular
quenching constants K, were calculated to be 1.35x 10" L
mol~'s™ " at 286 K, 1.23 x 10" L mol "' s~ at 291 K and 1.11 x
102 L mol~1s~! at 296 K, all significantly larger than the max-
imum scatter collision quenching constant of various quenchers
with the biopolymer in (2.0 x 10'°L mol~!s~1!) [27,28]. These
results also prove that the quenching of the fluorescence intensity
in nature is mainly from static quenching rather than dynamic
quenching. So, a ground state complex is probably formed
between BSA and CdSeS QDs that leads to this intrinsic fluores-
cence quenching. The similar results were also shown in the
interaction study of MPA-capped CdTe [12] and CdS QDs [29] with
BSA, which preliminarily proved that the nature of quenching of
QDs on BSA is probably dependent on the functional group
capped in the surface of QDs when the molecular volume size
varies little, rather than the core material, though the binding
forces were different. As revealed by the literature [30], the

functional group of QDs is an important influencing factor in
interactions between QDs and BSA.

3.2.2. Conformation investigation

In order to further study the structural change of BSA induced
by CdSeS QDs, the UV-visible absorption spectra, synchronous
fluorescence spectra and CD spectra of BSA with the addition of
various concentrations of QDs were also measured.

UV-visible absorption is a simple method to investigate the
structural change of the protein and the complex formation in a
donor-acceptor system [31,32]. In the present study, we have
measured UV-vis absorption spectra of BSA in the absence and
presence of CdSeS QDs and the results are presented in Fig. 5.
With the addition of CdSeS QDs, the absorption intensity of BSA
increased gradually along with a slight blueshift from 278 nm to
276 nm, reconfirming that there is the ground state complex
formation between BSA and CdSeS QDs because dynamic quench-
ing does not change the absorption spectra while the formation of
ground state complex, that is, static quenching often leads to a
change in the absorption spectra [22]. Similar results were also
observed in the study of L-cysteine capped CdSe/CdS QDs and
thioglycolic acid capped CdTe QDs on BSA [13,33]. The blue shift
of absorption peaks showed the peptide strands of BSA molecules
extended more and the hydrophobicity was decreased
[12-13,31]. According to the literature, the equilibrium for the
formation of the complex between BSA and colloidal CdSeS QDs
can be given described by Hildebrand group [34]:

1 1 1
= + .
Aobs _AO Ac _AO Kapp (Ac _AO)[QDS]

where Aqps is the observed absorbance of the solution containing
different concentrations of the colloidal CdSeS QDs at 280 nm, Ag
and A are the absorbances of BSA and the complex at 280 nm,
respectively, and K,pp, is the apparent association constant. The
values of (Agns—Ag)~! were calculated and plotted against
quencher concentration [QDs]~' according to Eq. 2 as shown in
the inset of Fig. 5. After linear fit, the calculated value of K,
based on the slope and intercept of the plot is about
1.56 x 10* M~ ! (R=0.9946), which is smaller than the apparent
association constant between green MPA-capped CdTe QDs and
BSA (1.72x10°M~1') [35]. This result agrees well with the
conclusion that larger sized QDs show stronger binding force
upon interaction with BSA, as the alloyed CdSeS QDs (2.1 nm) are
smaller than the green CdTe QDs (2.5 nm) [27, 35].

Synchronous fluorescence spectroscopy is a useful technique
to separate the overlapped excitation peaks of aromatic amino
acid residues of protein, which offers the information on the
microenvironment changes of the residues by measuring the
possible shift in wavelength emission maximum [33,35]. The
synchronous fluorescence spectra of BSA contributing to tyrosine
and tryptophan residues were recorded by a simultaneous scan-
ning of the excitation and emission wavelengths in the 15- and
60-nm wavelength intervals and the data are presented in Fig. 6.
In the absence of CdSeS QDs, the main peak of BSA at 287 nm
arises from tyrosine residues (Fig. 6A, a), and the peak at 283 nm
is attributed to tryptophan residues (Fig. 6B, a). In the presence of
various concentrations of CdSeS QDs, the fluorescence quenching
of BSA (Fig. 6, b-h) is consistent with the results of the fluores-
cence spectra (Fig. 4). The results show that energy transfer might
occur from tyrosine and tryptophan residues to the CdSeS QDs.
With the gradual addition of CdSeS QDs, there is no noticeable
shift in position of emission wavelength corresponding to tyr-
osine residues (Fig. 6A) and a slight redshift from 283 to 285 nm
for tryptophan residues (Fig. 6B). For aromatic tyrosine and
tryptophan residues of BSA molecule, the fluorescence emission
peak is sensitive to the polarity of its microenvironment. The
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Fig. 6. Synchronous fluorescence spectra of BSA in the influence of various concentrations of CdSeS QDs: (A) AA=15 nm and (B) AA=60 nm. The concentration of BSA was
fixed at 1.0 x 10~ 5 mol L~ . From (a) to (k), the concentrations of CdSeS QDs were 0, 3.0 x 1075, 6.0x 107 9.0x 1075 1.2x 107> 1.5x 107> 1.8 x 1075, 2.1 x 107>,
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Fig. 7. CD spectra of BSA obtained in 0.1 M PBS solution (pH 7.4) at room
temperature in the absence and presence of CdSeS QDs. The concentration of
BSA was fixed at 5.0x10"®molL~" (a). In the BSA-QDs system, the QDs
concentration was 0.625 (b) and 1.250 x 10~ mol L~ ! (c).

redshift suggests that the fluorescing aromatic residues buried in
nonpolar hydrophobic environment are moved to a hydrophilic
environment; on the contrary, the blueshift signifies an enhance-
ment of hydrophobicity [36]. The redshift observed in Fig. 6B
shows that binding of CdSeS QDs probably induces the tertiary
structural changes of the adsorbed BSA, and increased the polarity
around the tryptophan residues. Similar observation was reported
when mercaptoacetic acid capped CdTe QDs (3.0 nm) were
adopted to bind with BSA [33]. However, a blueshift was obtained
when starch capped CdS nanoparticles were used [37], implying
that the functional group on the surface of QDs and the size of
QDs played an important role in the interactions between QDs
and BSA [30].

CD spectroscopy is a sensitive technique to study the conforma-
tion of proteins in aqueous solution [38-40], which can provide
additional evidence for the possible conformational changes of BSA
with the addition of CdSeS QDs and the results were presented in
Fig. 7. The CD spectrum of BSA in the absence of CdSeS QDs exhibits
two pronounced negative bands at about 208 and 222 nm, which is
the characteristic feature of a high a-helical content of protein [41].
In the BSA-QDs system, the CD spectra of BSA showed similar shape
with that of unbound BSA, indicating that the structure of BSA is also
predominantly a-helical [42]. With the addition of QDs solution, the
intensity of the negative bands at 208 and 222 nm decreased

slightly compared to that of free BSA, implying that there is
moderate perturbation of secondary and tertiary structures by the
binding of QDs, which reconfirms that CdSeS QDs were bound to
BSA to form a ground state complex. Based on mean residue
ellipticity and the equation described by Seetharamappa group
[43], the a-helical contents in the secondary structures of BSA were
calculated to be 64.52% in unbound BSA and 58.79% in the BSA-QDs
system (mol ratio 5:1.25), respectively. The decrease in o-helical
content indicates that the CdSeS QDs bind with the amino acid
residues of the main polypeptide chain of BSA and destroyed their
hydrogen bonding networks [44]. So BSA molecules probably adopt a
looser conformation in the presence of QDs which leads to the
exposure of the hydrophobic cavities. And the conclusion is consis-
tent with the result of synchronous fluorescence spectra experiment.
Furthermore, the secondary structure contents are related close to
the biological activity of BSA [35]. So a decrease in a-helical indicates
the loss of the biological activity of BSA upon interaction with the as-
prepared CdSeS QDs, implying the QDs’ toxicity on protein.

4. Conclusion

In this work the synthesis of small sized alloyed CdSeS QDs in
aqueous phase using microwave irradiation was shown. Also, the
biological toxicity targeted to BSA was evaluated through multi-
spectroscopic techniques. The experimental results indicated that the
probable quenching mechanism of BSA fluorescence by alloyed
CdSeS QDs was mainly static quenching process, that is, the forma-
tion of non-fluorescence ground-state complex and the nature of
quenching of QDs on BSA is probably dependent on the surface
functional groups. That is to say, the quenching mechanism of QDs
on BSA has more to do with the surface materials rather than with
the core materials when the size of QDs varies little, though their
binding mode and binding strength are different. Additionally, the
results of UV-vis absorption spectra, synchronous fluorescence
spectra and CD spectra proved that the addition of QDs changed
the conformation of BSA molecules, which induced toxic effects.
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