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The understanding of the protein-nanoclusters interaction has significant implications for biological
applications of nanoclusters (NCs). In this manuscript, the interaction of histidine-capped Au nanoclus-
ters (NCs) with bovine serum albumin (BSA) has been investigated by fluorescence, UV–vis, circular
dichroism (CD) and Raman spectroscopic techniques under simulative physiological conditions. The
results showed that the fluorescence of BSA was quenched by Au NCs. The quenching mechanism was
discussed to be a dynamic quenching style, which was proved by the fluorescence spectra and UV–vis
absorption spectra. According to modified Stern–Volmer equations at different temperatures, corre-
sponding thermodynamic parameters, DHh, DSh and DGh were observed to be 35.97 kJ mol�1,
199.53 J mol�1 K�1 and �23.49 kJ mol�1, respectively. The hydrophobic force played a key role in the
interaction process. Further results from the CD spectra and Raman spectra demonstrated that the a-heli-
cal content in BSA was reduced upon interaction with Au NCs which induced a partial protein destabili-
zation. This study contributes to a better understanding of the biology toxicity of Au NCs to biomolecular,
which is very essential for the development of safe and functional Au NCs.

� 2013 Elsevier B.V. All rights reserved.
Introduction

Noble metal nanoclusters (NCs), composed of a few to roughly a
hundred atoms, have arisen as a novel type of fluorescent nanom-
aterials in recent years [1,2]. These NCs provide the ‘‘missing link’’
between atomic and nanoparticle behaviors, and have conse-
quently attracted a great deal of attention [3,4]. Among the various
noble metal NCs, Au NCs have been the subject of intense interest,
owing to their good biocompatibility, extraordinary stability, and
facile synthesis [5]. Indeed, recent studies have demonstrated the
usefulness of fluorescent Au NCs in biodetection and bioimaging,
such as biomolecule detection [6], intracellular metal ion sensing
[7], living cell labeling [8] and in vivo imaging [9].

Notwithstanding their excellent advantages, Au NCs may cause
undesirable hazardous interactions with biological systems and
the environment with potential to generate toxicity. Therefore, it
is very crucial to explore the interactions between Au NCs and
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biological systems, such as biomolecule, cell and in vivo. Although
great progress on the effects of Au NCs on cell and in vivo has been
made [9–12], knowledge of their interaction with biomolecules is
still limited [13]. Therefore, a better understanding of the interac-
tion between biomolecules and Au NCs is very essential for the
development of functional and safe Au NCs.

Owing to its structural homology with human serum albumin
(HSA), bovine serum albumin (BSA) has been one of the most
extensively studied proteins [14]. It is the most abundant protein
in blood plasma and plays an important role in the transport of
numerous endogenous ligands, metabolites, hormones, anesthetics
and other commonly used drugs [15]. As a model protein, BSA has
two tryptophans, Trp-134 and Trp-212 [16], which possess intrin-
sic fluorescence and have commonly been utilized to study the
interactions between nanoparticles and biomolecules [17–19].

In this work, the interaction between histidine-capped Au NCs
and BSA was probed according to the effect of Au NCs on the fluo-
rescence of BSA. The interaction information of Au NCs with BSA
such as the quenching mechanism, the interaction forces and con-
formational changes of BSA was provided based on the spectro-
scopic techniques. This report provides a new approach to
explore the potential biological toxicity of Au NCs at the functional
macrobiomolecular level.
Experimental

Chemicals

Bovine serum albumin (BSA), HAuCl4�4H2O and histidine were
purchased from Sinopharm Chemical Reagent Co., Ltd. The other
common chemicals were obtained from commercial sources. All
reagents were of analytical reagent grade and used without further
purification. Ultrapure water was used throughout.
Apparatus

The UV–vis absorption spectra were obtained with
1.0 cm � 1.0 cm quartz cuvette on a Thermo Nicolet Corporation
Model evolution 300 UV–vis spectrometer (America). All fluores-
cence spectra were recorded by a Shimadzu RF-5301PC Spectroflu-
orometer (Japan) equipped with a 20 kW xenon discharge lamp as
a light source. Fluorescence lifetime measurements were
performed via a FLS920-st Steady State and TCSPC Fluorescence
Lifetime Spectro-Fluorimeter from Edinburgh Instruments Ltd.
The Raman spectra were acquired with an in via micro-Raman
spectroscopy system (Renishow, UK) in a spectral range of 500–
2000 cm�1, equipped with a He–Ne laser excitation source
emitting wavelength at 633 nm. The CD spectra were recorded
on a Jasco (J-810) automatic recording spectropolarimeter, using
a cylindrical cuvette of 0.1 cm path length.
The synthesis of histidine-capped Au NCs

The Au NCs were synthesized in one pot following the method
developed by Yang et al. [20]. Briefly, an aqueous solution of
HAuCl4 (1.00 mL, 10 mM) was mixed with an aqueous solution of
histidine (3.00 mL, 100 mM) in a small vial at room temperature.
The mixture was incubated for 2 h and the color turned pale yel-
low, indicating the formation of Au NCs.
Fig. 1. UV–vis absorption (a) and fluorescence emission (b) spectra (kex ¼ 386 nm)
of histidine-capped Au NCs. The concentration of Au NCs was 6.67 � 10�5 M.
The effect of Au NCs on the fluorescence of BSA

For the fluorescence measurement, BSA concentration was kept
at 5.00 � 10�7 M and Au NCs concentration varied. Fluorescence
spectra were recorded at 298 K, 304 K and 310 K in the range of
290–400 nm upon excitation at 280 nm in each case.

Results and discussion

Characterization of as-prepared Au NCs

Fig. 1 depicted the UV–vis absorption and fluorescence emission
spectra of histidine protected Au NCs. It can be seen that the
absorption spectrum of Au NCs shows an obvious peak at
256 nm, which misses the characteristic surface plasmon reso-
nance peak of Au nanoparticles (NPs), indicating the absence of
Au NPs in the synthesis process. The fluorescence spectrum pos-
sesses an emission maximum at 481 nm, which is basically in line
with the result in literature [20]. Obviously, the synthesis of Au
NCs promises ideal results of the subsequent experiments. The
concentration of Au NCs was calculated according to a Ref. [21].

The fluorescence quenching mechanism

The effect of Au NCs on BSA fluorescence intensity was shown in
Fig. 2A. When different amounts of histidine-capped Au NCs solu-
tion were added to a fixed concentration of BSA, a remarkable de-
crease in the fluorescence intensity of BSA was observed.
Meanwhile, we have evaluated the influence of histidine on BSA.
Fig. 2B demonstrated that the fluorescence intensity of BSA was
not affected by histidine even at a concentration as high as
3.84 � 10�2 M. These results definitely indicated that the fluores-
cence of BSA was quenched by histidine-capped Au NCs rather
than histidine.

Taking into account of the inner-filter effect in the quenching
process, we have adopted the following equation to correct the
fluorescence intensity of BSA [22].

Fcorr ¼ Fobs � 10ðAexcþAemÞ=2 ð1Þ

where Fcorr and Fobs are the corrected and observed fluorescence
intensity of BSA, Aexc and Aem are the absorption value of the system
at the excitation wavelength and emission wavelength, respec-
tively. All the fluorescence intensities and spectra used below in this
paper are the corrected fluorescence. The fluorescence quenching
data were analyzed by the Stern–Volmer equation:

F0=F ¼ 1þ Ksv½Q � ð2Þ

where F0 and F are the fluorescence intensities of BSA in the absence
and presence of Au NCs, respectively. KSV is the Stern–Volmer
quenching constant, which is a measure of the quenching efficiency,
and [Q] is the concentration of Au NCs. The plot of F0/F versus [Q]



Fig. 2. Fluorescence spectra of BSA in the prescence of histidine-capped Au NCs (A) and histidine (B) at 0.01 M PBS (pH = 7.4). BSA concentration was fixed at 5.00 � 10�7 M.
Au NCs concentrations were (a) 0, (b) 2.40, (c) 3.20, (d) 4.00, (e) 4.80, (f) 5.60, (g) 6.40, (h) 8.00, (i) 9.60, (j) 12.80 � 10�5 M. Histidine concentrations were 0 (black line),
1.20 � 10�2 M (red line) and 3.84 � 10�2 M (green line) (kex ¼ 280 nm). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. Stern–Volmer curves of F0/F versus concentration of Au NCs at 298 K at
0.01 M PBS (pH = 7.4). The concentration of BSA was fixed at 5.00 � 10�7 M.

Fig. 4. The modified Stern–Volmer curves of F0/(F0 � F) versus concentration of Au
NCs at 298 K at 0.01 M PBS (pH = 7.4). The concentration of BSA was fixed at
5.00 � 10�7 M.

Fig. 5. The UV–vis absorption spectra of (a) BSA, (b) Au NCs, (c) BSA–Au NCs and (d)
the mathematical superposition of BSA and Au NCs. The concentrations of BSA and
Au NCs were 5.00 � 10�6 M and 1.00 � 10�4 M, respectively.
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(Fig. 3) showed a positive deviation (concave towards the y axis),
indicating the presence of both static and dynamic quenching.

The fluorescence data obtained at 298 K, 304 K and 310 K were
further examined using the modified Stern–Volmer equation:

F0=ðF0 � FÞ ¼ 1=fa þ 1=ðfaK 0sv½Q �Þ ð3Þ

where F0 and F are the corrected fluorescence intensity of BSA in the
absence and prescence of Au NCs at concentration [Q], fa is the mo-
lar fraction of solvent-accessible BSA and K’SV is the effective
quenching constant for the accessible BSA. From the plot of F0/
(F0 � F) versus 1/[Q] (Fig. 4), the values of fa and K’SV were obtained.
The value of fa was observed to be 1.33 at 298 K, showing that 75.2%
of the total fluorescence of BSA was accessible to the quencher (Au
NCs) [23]. The K’SV was found to be 1.31 � 104 M�1 at 298 K, which
is ca. five orders of magnitude lower than that of Au NPs [24]. The
low quenching efficiency of these ultrasmall Au NCs can be rational-
ized by the strong size dependence [19,21]; smaller metal particles
quench the emission of adjacent fluorophores less efficiently. The
results also showed the quenching constant K’SV was positively cor-
related with the temperature. As we all know, for static quenching,
the stability of complex formation will decrease with increasing
temperature, causing the quenching constant K’SV to be inversely
correlated with the temperature. Thus, these results suggested that
the quenching mechanism was dynamic.

UV–vis absorption measurement is a very simple method and
applicable to explore the structural changes of the complex
formation [25]. Herein, we have recorded the UV–vis absorption
spectra of BSA (Fig. 5a), Au NCs (Fig. 5b) and BSA-Au NCs mixture
(Fig. 5c), respectively. The absorption spectrum of the mixture
(Fig. 5c) was identical with the mathematical superposition of
absorption spectra of BSA and Au NCs (Fig. 5d). Since the complex



900 C. Zheng et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 118 (2014) 897–902
formation from static quenching usually results in a change in the
absorption spectra, the unchangeable absorption spectra in this
study suggested that the quenching style between Au NCs and
BSA was dynamic rather than static.

To further verify the quenching style is dynamic but not static,
we have measured the fluorescence lifetime of BSA in the absence
and prescence of Au NCs. Fig. 6 represented the fluorescence decay
curves of BSA at different concentrations of Au NCs. The fluores-
cence lifetime of BSA (concentration 2.00 � 10�5 M) decreased
from 7.43 ns to 6.93 ns and 6.42 ns upon interaction with Au NCs
(concentration 1.00 � 10�4 M and 2.00 � 10�4 M), respectively. As
reported by Lakowicz [23], for a static quenching, the complex for-
mation will not disturb the fluorescence lifetime of BSA. However,
the fluorescence lifetime will be cut down due to the collision
between the excited BSA and Au NCs in a dynamic quenching pro-
cedure. Consequently, the results unambiguously confirmed that
the dynamic quenching was dominant in this reaction process.

The determination of the force acting between Au NCs and BSA

Generally, the interaction between endogenous or exogenous li-
gands and biological macromolecules is a complex process that in-
volves electrostatic interactions, van der Waals force, multiple
hydrogen bonds, p–p stacking, hydrophobic and so forth [26]. As
well known, all chemical, physical, and biological processes are
accompanied by a change in thermodynamic parameters (DGh,
DHh, and DSh) [27]. Thus, to study the interaction between BSA
and Au NCs, the thermodynamic parameters were calculated. If
DHh is temperature independent in the temperature range studied
[28], both DHh and DSh can be calculated from the following
equation:

ln Kh ¼ �DHh=ðRTÞ þ DSh=R ð4Þ

where DHh and DSh are the standard enthalpy and entropy change
for the reaction, respectively. R is the gas constant 8.314 J mol�1 K�1

and T is the temperature (K) and Kh is the equilibrium constant at
the corresponding temperature, which stands for the dynamic
Fig. 6. Fluorescence decay curves showing the decay of (a) 2.00 � 10�5 M BSA, (b)
2.00 � 10�5 M BSA + 1.00 � 10�4 M Au NCs and (c) 2.00 � 10�5 M
BSA + 2.00 � 10�4 M Au NCs.

Table 1
Quenching constants (K’SV) and thermodynamic parameters for interaction of Au NCs with

T (K) K’SV (�104 M�1) R2 DG

298 1.31 0.9980 �2
304 1.53 0.9952 �2
310 2.32 0.9773 �2
quenching constant (K’SV) in the present paper. The interaction
studies were carried out at 298, 304 and 310 K, respectively. The
values of K’SV, DHh and DSh were summarized in Table 1. Using
the relationship DGh = DHh � TDSh, the free energy change (DGh)
was estimated as also shown in Table 1. The negative value of
DGh revealed that the interaction process was spontaneous. The
positive entropy change occurred because the water molecules
which were arranged in an orderly fashion around the Au NCs
and BSA, acquired the more random configuration as a result of
hydrophobic interaction [29]. According to the literature [30], If
DHh > 0, DSh > 0, the main force is hydrophobic interaction; if
DHh < 0, DSh > 0, the main force is electrostatic; if DHh < 0, DSh < 0,
van der Waals and hydrogen bond interactions play major roles in
the reaction. In summary, the hydrophobic force contributed the
acting between BSA and Au NCs in our study (DHh > 0, DSh > 0).

Conformational change of BSA induced by Au NCs

To investigate the possible influence of Au NCs on the secondary
structure of BSA, far-UV CD spectra of BSA in the absence and pres-
cence of Au NCs were performed. As show in Fig. 7, the CD spectra
of BSA exhibited two negative bands in the UV region at 208 nm
and 222 nm. This is a characteristic of an a-helical structure of pro-
tein. The peak at 222 nm is contributed by the n–p* transition of
peptide bonds in the a-helix, and the peak at 208 nm is contrib-
uted by p–p* transitions of the peptide bonds on the a-helices
[17]. It can be seen that the negative peaks of BSA decreased after
addition of Au NCs. Thus, we can deduce that the molecular struc-
ture of BSA was changed by Au NCs.

The CD results were expressed in terms of mean residue ellip-
ticity (MRE) in deg cm2 dmol�1 according to the following
equation:

MRE ¼ Observed CD ðm degÞ=ðCPnl� 10Þ ð5Þ

where Cp is the molar concentration of the protein, n is the number
of amino acid residues (583 for BSA) and l is the path length
(0.1 cm). The a-helical contents of free and reacted BSA were also
calculated from MRE values at 208 nm using the following
equation:

a� helixð%Þ ¼ ð�MRE208 � 4000Þ=ð33000� 4000Þ ð6Þ

as described by Lu et al. [31]. Where MRE208 is the observed MRE
value at 208 nm, 4000 is the MRE of the b-form and random coil
conformation cross at 208 nm and 33,000 is the MRE value of a pure
a-helix at 208 nm. From the above equation, the a-helicity in the
secondary structure of BSA was determined. The helicity of BSA de-
creased significantly from 54.3% to 35.2% upon interaction with Au
NCs, which suggested a stronger structural change that was related
to a low degree of surface coverage.

Furthermore, in order to quantify the different types content of
secondary structures, far-UV CD spectra have been analyzed by the
algorithm SELCON3. A decreasing tendency of the a-helices
content (from 53.8% to 30.4%) and an increasing tendency both
of b-strands (from 13.3% to 22.6%) and unordered structure
contents (from 22.2% to 36.2%) could be observed. Since the sec-
ondary structure contents are closely related to the biological
activity of the protein, a decrease in a-helical indicated the loss
BSA at 298, 304 and 310 K.

h (kJ mol�1) DHh (kJ mol�1) DSh (J mol�1 K�1)

3.49 35.97 199.53
4.35 35.97 198.42
5.91 35.97 199.61



Fig. 7. The far-UV CD spectra of BSA in the absence (a) and presence (b) of Au NCs.
The concentrations of BSA and Au NCs were 5.00 � 10�7 M and 1.90 � 10�6 M,
respectively.

Fig. 8. The Raman spectra of BSA in the absence (a) and presence (b) of Au NCs. The
concentrations of BSA and Au NCs were 2.00 � 10�5 M and 2.50 � 10�6 M,
respectively.
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of the biological activity of BSA upon interaction with Au NCs. The
conformation changes here implied that the serum albumin would
adopt a more incompact conformation state on the surface of Au
NCs and resulted in the exposure of the hydrophobic cavities to
the solvent.

Raman spectrum is a good tool to study the interaction of pro-
tein and nanoparticles [32]. Fig. 8 depicted the Raman spectra of
BSA in the absence (Fig. 8a) and prescence (Fig. 8b) of Au NCs.
The 1655 cm�1 band mainly resulted from amide I, which is char-
acteristic of high a-helical content in BSA [18]. The intensity de-
crease at 1655 cm�1 indicated that the a-helical content in BSA
was reduced after interaction with Au NCs, which is consistent
with the CD result. Both the 1002 cm�1 band related to the phen-
ylalanine and 1343 cm�1 band related to tryptophan or C–H bend-
ing were decreased after BSA interaction with Au NCs, showing the
exposure of hydrophobic groups of BSA [33]. Thus, the presence of
Au NCs could induce structural alterations in the BSA
conformation.

Proteins can populate a range of high-energy conformations
ranging from local fluctuations to unfolded forms [34]. Many
hydrophobic residues play a key role in the native conformation
of a protein [35,36]. When histidine-capped Au NCs were added
BSA solution under physiological conditions, a hydrophobic force
is occurred between BSA and Au NCs. It will lead to disrupt the na-
tive conformation of BSA. In addition, the collisions between BSA
and Au NCs are the main reason for the quenching of fluorescence
of BSA, which also results in the decrease of fluorescence lifetime
of BSA.
Conclusions

In this article, we have investigated the interaction between
histidine-capped Au NCs and BSA with spectroscopic techniques.
It was found that the fluorescence of BSA was quenched by Au
NCs at pH 7.4. A dynamic quenching model based on the fluores-
cence and UV–vis absorption spectra was proved. The thermody-
namic parameters, DHh, DSh and DGh were calculated to be
35.97 kJ mol�1, 199.53 J mol�1 K�1 and �23.49 kJ mol�1, respec-
tively. It was found that hydrophobic force played an important
role in the quenching process. Further results from the CD and
Raman spectra showed some conformational changes of BSA
caused by Au NCs. Such conformational changes could induce toxic
effects. Thus, this paper provides new access to explore the
potential biology toxicity of Au NCs at the biomolecular level.
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