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Bovine serum albumin stabilized gold nanoclusters (BSA-Au nanoclusters) have been widely studied due to their possible 
applications in biomedicine as sensors, fluorescent or multi-modality markers, and therapeutic agents. Synthesis and optical 
properties of these nanoclusters have been extensively investigated; however, there is still very little data on photostability of 
BSA-Au nanoclusters. Photostability of BSA-Au nanoclusters is of major importance for a variety of applications, such as material 
sensing and fluorescence imaging. Herein we demonstrate that after synthesis the BSA-Au solution has two photoluminescence 
(PL) bands peaking at 468 and 660 nm. Nevertheless, a different behaviour of the PL bands at 468 and 660 nm upon irradiation 
indicates that only band at 660 nm is related to PL of Au nanoclusters. BSA-Au nanoclusters exhibit great colloidal stability and 
do not undergo irreversible changes when heated up to 65 °C. However, irradiation of BSA-Au nanoclusters causes a wavelength 
dependent decrease of intensity and a hypsochromic shift of the PL band at 660 nm which is proportional to the delivered dose. 
The shift of the PL band at 660 nm could occur due to loss of several gold atoms in Au nanoclusters and/or due to deterioration 
of a nanoparticle coating layer. We have also demonstrated that the photostability of BSA-Au nanoclusters increases in the cell 
growth medium.

Keywords: photoluminescent gold nanoclusters, bovine serum albumin, spectral properties, stability, irradiation, 
atomic force microscopy
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1. introduction

New properties emerge when the size of matter is re-
duced from the  bulk to the  nanometre scale. These 
new properties, including optical, magnetic, elec-
tronic, and structural ones, make nanosized particles 
(generally 1–100  nm in diameter) very promising 
for a  wide range of biomedical applications such as 
cellular imaging, molecular diagnostics and targeted 
therapy. Gold nanoparticles have been brought to 
the  forefront of cancer research in recent years be-
cause of their facile synthesis and surface modifica-
tion, tuneable optical properties as well as excellent 
biocompatibility. Gold nanoclusters (Au NCs) are 
assemblies of a small number (2–30) of gold atoms, 
typically no bigger than 1–2 nm in diameter. Such 
metal nanoclusters, composed of only several tens of 
atoms, exhibit molecule-like electronic transitions as 
the  density of states is insufficient to merge the  va-
lence and conduction bands [1, 2]. At sizes compara-
ble to the Fermi wavelength of an electron (~0.7 nm 

in the case of gold), optical properties are significantly 
modified and discrete nanocluster energy levels be-
come accessible [3].

To prevent nanoclusters from aggregation in aque-
ous solutions they are coated with stabilizing agents. 
A  lot of different materials can be used as stabilizing 
agents, but in order to use nanoclusters in biological 
applications, the surface coating should be biocompat-
ible. A  few years ago there were the first attempts to 
use proteins (bovine serum albumin, BSA) as stabiliz-
ing agents [4–6]. Reduced gold atoms aggregate within 
the  BSA molecule forming a  gold nanocluster. This 
protein directed synthesis of highly fluorescent gold 
nanoclusters was firstly introduced by Xie et al. [4].

Currently, considerable research efforts are direct-
ed towards investigation of Au NCs synthesis [4–10], 
structure [7, 11, 12], optical properties [4, 13–16], pho-
tostability [17–21] and possible applications for mate-
rial sensing [5, 22–24] as fluorescence [25, 26] and du-
al-modality imaging contrast agents [27, 28]. However, 
colloidal stability, photostability, dependence of optical 
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properties on temperature, interaction of BSA-Au NCs 
with biomolecules are still poorly investigated.

In this study, BSA-Au NCs optical properties, PL 
dependence on temperature, colloidal stability and 
photostability in aqueous and biological medium 
were investigated.

2. Materials and methods

2.1. Chemicals

BSA (V fraction, M ~ 66 kDa), HAuCl4 × aqua (~52% 
Au basis, M = 339.79 kDa) and NaOH were purchased 
from Sigma-Aldrich (Germany) and used without 
further purification. Deionised water was produced 
using the  ultrapure water system MicroPure UV 
(TKA, Germany).

2.2. Synthesis of BSA-Au nanoclusters

The BSA-Au nanoclusters (BSA-Au NCs) were 
synthesized according to the  previously reported 
procedure [4] with slight modifications. Typi-
cally, an aqueous HAuCl4 solution (5  mL, 37  °C, 
c  =  5.27  ×  10–3  M) was added to a  BSA solution 
(5 mL, 37 °C, c = 7.53 × 10–4 M) under vigorous stir-
ring. A NaOH solution (0.5 mL, 1.0 M) was intro-
duced 2 min later, and the reaction was allowed to 
proceed under vigorous stirring for 12 h at a  tem-
perature of 37  °C. We tried to use various BSA:Au 
molar ratios (1:2; 1:5; 1:7; 1:13; 1:25; 1:35) for the 
BSA-Au NCs synthesis; however, the  most intense 
PL was observed using the  abovementioned syn-
thesis procedure (BSA:Au molar ratio 1:7) (Fig. 1). 
All further experiments were performed using this 
BSA-Au NCs solution.

2.3. Spectroscopic measurements

The steady state absorption and PL spectra of Au-BSA 
NCs were measured using a  UV-visible absorption 
spectrometer Varian Carry 50 (Varian Inc., Australia) 
and a fluorescence spectrometer Varian Cary Eclipse 
(Varian Inc., Australia).

HellmaOptik (Jena, Germany) quartz cells (opti-
cal path length 1 cm) were used for all optical mea-
surements.

2.4. Photostability measurements

The photostability of BSA-Au NCs was measured by 
irradiating 2 ml of the sample solution in quartz cells 
(exposed area was 1 cm2) with a Xenon light source 
Max-301 (Asahi Spectra Inc., Japan) (λ  =  280  nm, 
FWHM  =  32  nm, I  =  7  mW/cm2; λ  =  492  nm, 
FWHM = 14 nm, I = 24 mW/cm2) or a continuous 
wave diode laser (λ = 405 nm, I = 50 mW/cm2). The 
irradiation procedure was carried out until the BSA-
Au NCs PL intensity decreased by more than 70%. 
During the irradiation, the  solutions were stirred 
using a magnetic stirrer.

2.5. Measurements of spatial characteristics

The hydrodynamic diameter was measured using 
a  dynamic light scattering device Zeta Plus PALS 
(Brookhaven Inc., USA). BSA-Au NCs samples for 
atomic force microscopy (AFM) imaging were pre-
pared by casting a drop (20 µL) on a freshly cleaved 
mica surface spinning at 1000 rpm (spin coating). An 
atomic force microscope Innova (Veeco  Inc., USA) 
was used for BSA-Au NCs imaging in the  tapping 
mode using silicon nitride probes MPP12283 (Veeco 
Inc., USA).

3. results

3.1. Spectral characteristics of BSA-Au nanoclusters

The absorption, PL and PL excitation spectra of 
the  freshly synthesized BSA-Au nanoclusters are 
presented in Fig. 2. The absorption of Au-BSA NCs 
increases in a  short wavelength region and has an 
absorption band with a maximum around 278 nm, 
the  same region where pure BSA has an absorp-
tion peak (Fig. 2). The PL spectrum of the BSA-Au 
NCs solution has two bands in the  visible region. 
The  peak positions of these bands are at 468 and 
660 nm. The components used for BSA-Au NCs syn-
thesis (HAuCl4, BSA) or a mixture of those two ma-
terials do not have any PL band in the red spectral 

Fig. 1. The normalized PL intensity of synthesized BSA-
Au NCs using different BSA:Au molar ratios.
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region (600–700  nm) (data not shown). 
HAuCl4 does not fluoresce at all. BSA has 
a PL band around 338 nm (λex = 280 nm), 
however, pure BSA also exhibits weak 
fluorescence in the blue region at 468 nm 
(λex = 405 nm) (data not shown). The PL 
excitation spectrum of the BSA-Au NCs 
solution (λem  =  660  nm) has a  band at 
500 nm and a gradual slope to the long-
er wavelength region. The  PL excitation 
spectrum does not coincide with the ab-
sorption spectrum of BSA-Au NCs. Only 
a slight shoulder of the absorption spec-
trum around 500 nm was detected.

Optical properties of the BSA-Au NCs 
solution (absorption, PL intensity, PL 
band position and width) remained stable 
for more than one month (solution was 
kept at 4 °C, in the dark) (Fig. 3(a)). Our 
results show that the solution of BSA-Au 
NCs is stable and does not degrade for 
more than one month when kept in the 
dark at 4 °C.

3.2. The effect of temperature increase 
on the optical properties of BSA-Au 
nanoclusters

The influence of temperature increase 
on the BSA-Au NCs PL is presented in 
Fig. 3(b). The increase of the solution tem-
perature from 5 to 65  °C caused the  de-
crease of BSA-Au NCs PL intensity (by 
77%), the  bathochromic shift of the  PL 
band by 23 nm (from 660 to 683 nm), and 
the increase of the PL band width (from 90 
to 107 nm). As the temperature increased 
from 5 to 37 °C reaching the “biological” 
temperature, the  PL intensity decreased 
twice. The  absorption spectrum of BSA-
Au NCs did not change during the heat-
ing–cooling cycle (data not shown). After 
cooling down the  BSA-Au NCs solution 
to room temperature, all characteristics 
of the PL band returned to the ones ob-
served before the heating (Fig. 3(b)).

3.3. The size of BSA-Au nanoclusters

The hydrodynamic particle size distribu-
tions of BSA and Au-BSA NCs solutions 
are presented in Fig.  4(a). The  hydrody-
namic size of BSA molecules varies from 
6 to 8.3 nm (peak of size distribution is at 

Fig. 2. Absorption (black dashed line), PL excitation (λem = 660 nm, 
light grey line), PL emission (λex = 405 nm, dark grey line) spec-
tra of BSA-Au NCs, and the  BSA absorption spectrum (black 
dash-dotted line).

Fig. 3. Dependence of BSA-Au NCs PL spectral properties on storing 
time (a) and on temperature (b) (c (BSA-Au NCs) = 1.5 × 10–4 M, 
λex = 405 nm).

(a)

(b)
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6.9 nm) while the size of BSA-Au NCs appeared to be 
bigger: from 8 to 11 nm (peak of size distribution is at 
9.4 nm) in diameter in comparison with BSA.

The AFM images of BSA and BSA-Au NCs are 
presented in Fig.  4(b, c). In both cases disc shape 
structures are seen on the mica surface. There is no 
detectable difference in the diameter of these struc-
tures (in both cases ~30 nm). However, the height of 
BSA-Au NCs is slightly bigger (~1.3 nm) than that of 
BSA (~0.9 nm) (Fig. 4).

3.4. Photostability of BSA-Au nanoclusters

Irradiating BSA-Au NCs solutions with 280, 405 and 
492  nm wavelength light induced different changes 
in the PL spectra (Fig. 5). 492 nm light had no effect 
on the spectroscopic characteristics of the PL band at 
468  nm; however, PL intensity at 660  nm decreased 
and underwent a continuous hypsochromic PL band 
maximum shift (Fig. 5), which was dependent on 
the delivered dose.

The irradiation of the  BSA-Au NCs sample with 
405 nm wavelength light caused the decrease of the PL 
intensity of both PL bands (at 468 and 660 nm) and 
a hypsochromic shift of the emission band at 660 nm to 
a shorter wavelength region. Exposure to 280 nm light 
led to the decrease of PL intensity and a hypsochromic 
shift of the PL band at 660 nm. The effect on the PL 
band at 468 nm was completely different: PL intensity 
of this band increased more than 5 times and the band 
shifted to the shorter wavelength region.

The irradiation caused big and irradiation-wave-
length dependant changes in the BSA-Au NCs PL spec-
tra. However, changes in the BSA-Au NCs absorption 
spectra were very small and similar in all three cases: 

Fig. 4. Hydrodynamic size distribution 
of BSA-Au NCs and BSA measured 
using the dynamic light scattering tech-
nique (a) and topography of BSA (b) 
and BSA-Au NCs (c) spread on the mica 
surface measured using an atomic force 
microscope.

a slight increase of absorbance in the blue spectral re-
gion (data not shown).

Changes of the PL band at 660 nm were similar un-
der irradiation with 280, 405 and 492 nm light: the PL 
intensity decreased and the band shifted to the shorter 
wavelength region. However, the PL intensity decrease 
rate was higher when a shorter wavelength was used 
for irradiation (Fig. 6). The observed PL band shift to 
the shorter wavelength was also bigger when the short-
er wavelength light was used.

The photostability of BSA-Au NCs in the  Opti-
MEM cell growth medium was also investigated 
(Fig. 6). The BSA-Au NCs exhibit greater photostabili-
ty in the cell growth medium Opti-MEM than in water.

4. discussion

High PL quantum yield is one of the  fundamental 
characteristics for the fluorescent probes, therefore, we 
tried various BSA:Au molar ratios (1:2; 1:5; 1:7; 1:13; 
1:25; 1:35) for BSA-Au NCs synthesis. The BSA-Au 
NCs exhibited the most intense PL when the BSA:Au 
molar ratio 1:7 was used (Fig. 1).

The size of nanoparticles is essential for the phar-
macokinetics, biodistribution and renal clearance 
in  vivo [18]. Hydrodynamic size distribution data 
show that BSA-Au NCs are quite homogeneous, with 
a diameter around 9.5 nm that is about 2.5 nm larger in 
comparison with the hydrodynamic diameter of pure 
BSA (Fig. 4(a)). In literature it is reported that a gold 
nanocluster composed of 25 atoms is less than 1 nm 
in diameter [22, 29]. Formation of such nanoparticle 
in a protein template or attached to protein should not 
cause increase in the  BSA size by 2.5  nm. This indi-
cates that the size increase after synthesis could be due 

(a)

(b) (c)
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Fig. 5. PL spectra of the 
BSA-Au NCs in aqueous 
solutions after irradiation 
with 280 nm (a), 405 nm (b), 
492 nm (c) light and the PL 
spectrum of BSA after ir-
radiation with 280  nm 
light (d). PL emission spec-
tra were obtained under 
the  excitation at 405  nm. 
Arrows indicate spectral 
changes as the irradiation 
dose increases.

Fig. 6. Dependence of the 
normalized PL intensity of 
BSA-Au NCs at 660 nm on 
a  relative irradiation dose 
(λex = 405 nm). The relative 
irradiation dose refers to 
a  dose divided by the ab-
sorbance of BSA-Au NCs at 
the wavelength used for ir-
radiation.
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to the  transformation of the  secondary structure of 
BSA induced by formation of a gold nanocluster inside 
the protein [30].

The absorption spectra of pure BSA and BSA-Au 
NCs have a band around 278 nm (Fig. 2) that is caused 
by the absorption of constituent aromatic amino acids 
of BSA. However, this band is not present in the PL ex-
citation spectrum of BSA-Au NCs. This indicates that 
there is no Förster resonance energy transfer (FRET) 
from tryptophan to a gold nanocluster or this process 
is very weak. However, some authors claim that FRET 
from tryptophan to Au NCs reaches up to 55% [32]. 
Raut et al. calculated the FRET efficiency by compar-
ing the fluorescence (FL) lifetime of tryptophan in BSA 
and in BSA-Au NCs. Nevertheless, it was reported that 
in the case of BSA-Au NCs the FL band of tryptophan 
is blue shifted by 10–20 nm compared to the FL band 
of tryptophan in native BSA [32, 33]. It is known that 
tryptophan FL is highly sensitive to the environment 
and this leads to changes in FL intensity, FL band posi-
tion and FL lifetime [34]. Therefore FL decay change 
could be related not to FRET but to conformational 
changes of BSA.

AFM measurements show that BSA dispersed on 
the mica surface loses its prolate ellipsoid structure 
with dimensions of 14  ×  4  ×  4  nm [35] and flattens 
(Fig.  4(b)). Similar results are obtained in the  case 
of BSA-Au NCs (Fig.  4(c)). In both cases disc shape 
objects are observed on the  mica surface, however, 
the height of BSA-Au NCs is slightly bigger. Interac-
tions and bonds of the side chains of amino acids that 
form the  backbone of protein determine its tertiary 
structure. Change of the surrounding medium and in-
teraction with the mica surface can cause changes in 
the BSA structure. The radius of BSA-Au NCs in a so-
lution measured with a dynamic light scattering meth-
od (this method approximates the shape of particles as 
spheres) was 4.7 nm (Fig. 4(a)). The volume of an el-
lipsoid can be calculated using the equation

, (1)

where a, b and c are the radiuses of an ellipsoid (in 
the case of the sphere a = b = c).

If we assume that during the  flattening process 
the  volume of BSA-Au NC does not change, then 

the compression of the sphere (a = b = c = 4.7 nm) to an 
oblate ellipsoid of 1.3 nm in height (a = b, c = 0.65 nm) 
leads to the formation of a similar structure as observed 
with AFM (Fig. 7). The diameter of the oblate ellipsoid 
produced by compressing the sphere (9.4 nm in diame-
ter) is ~26 nm. The results calculated using this model 
are in good agreement with our experimental data. 
BSA-Au NCs dispersed on the mica surface are slightly 
bigger in diameter by approximately 4 nm. This can be 
caused by the AFM “tip imaging effect”. Due to the “tip 
imaging” the measured width of the objects is always 
slightly increased, therefore differences in the diameter 
of pure BSA and BSA-Au NCs were not so noticeable.

The height of the BSA-Au NCs spread on the mica 
surface is only 1.3 nm, therefore it is possible to con-
clude that the  size of a  gold cluster embedded into 
BSA should not be bigger than 1.3 nm in diameter, 
because it is difficult to assume that the gold cluster 
can be squeezed or deformed on the mica surface.

It is well known that the PL emission wavelength 
of a gold nanocluster depends on the size and can be 
evaluated using a simple equation [36]

, (2)

where N is the number of gold atoms per cluster, λmax 
is the  wavelength at the emission band maximum, 
EF is the  Fermi energy of bulk gold in eV (5.53  eV), 
e is the number equal to electron charge, h is the Planck 
constant and c is the speed of light. According to this 
equation, the synthesized BSA-Au NC (λmax = 660 nm) 
is composed of 29 gold atoms. Results of our experi-
mental investigations show that the Au NC embedded 
into the BSA template is not bigger than 1.3 nm and 
contains less than 29 Au atoms.

In literature it was reported that BSA-Au NCs fluo-
resce in the red spectral region [4, 14–16, 30, 37] and 
the  PL band at 640–700  nm corresponds to the  PL 
of Au NCs that are formed inside BSA. Some papers 
reported that during synthesis two types of photolu-
minescent BSA-Au NCs are formed: blue photolumi-
nescent NCs (PL λmax ~ 470 nm) and red photolumi-
nescent NCs (PL λmax ~ 660 nm) [4, 30, 38]. However, 
it should be noted that these authors used ascorbic 
acid as a  reducing agent. The  papers that reported 
synthesis using NaOH as a  reducing agent [13, 39] 

Fig. 7. A  theoretical model 
shows how BSA-Au NC flat-
tens spread on the mica sur-
face in comparison to a spher-
ical shape in a solution.
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attribute a  PL band around 470 nm to the  PL of 
protein. Moreover, using mass spectroscopy Das et 
al. demonstrated that performing the  synthesis of 
BSA-Au NCs using NaOH as a reducing agent, only 
Au25 nanoclusters were formed [40]. Both Au8 and 
Au25 nanoclusters were formed when a  different re-
ducing agent (ascorbic acid) was used. Our results 
have shown that the  aqueous solution of pure BSA 
also exhibits a weak fluorescence in the blue region 
(λex = 405 nm) (data not shown), which proves that 
the PL band at 470 nm in the PL spectrum of BSA-Au 
NCs corresponds to the fluorescence of BSA.

The BSA-Au NCs PL dependence on the temper-
ature is presented in Fig.  3(b). Heating of the  BSA-
Au NCs solution led to the  decrease of BSA-Au 
NCs PL intensity. Simultaneously, a  hypsochromic 
shift of the  PL band of BSA-Au NCs was observed. 
Zhang et al. reported that conformational changes of 
a BSA ligand in BSA-Au NCs occur at ~58 °C, how-
ever, our results have shown that the PL changes of 
BSA-Au NCs during the  heating–cooling cycle are 
reversible, moreover, heating from 5 to 65  °C does 
not affect absorption of BSA-Au NCs. It is known that 
heat-treated serum albumin undergoes two structural 
changes; the first stage is reversible whilst the second 
stage is irreversible but does not necessarily results 
in a  complete destruction of the  ordered structure 
[41–43]. Heating the BSA up to 65 °C can be regarded 
as staying in the first BSA structural stage, and sub-
sequent heating above 65 °C as reaching the second 
stage. After the  synthesis, BSA changes the confor-
mation [30]. Recently Chib et al. [33] has shown that 
BSA Au nanoclusters are more robust to changes in 
their environment than BSA (including increase of 
temperature). Their results impose that in this tem-
perature interval BSA-Au NCs should be more sta-
ble than BSA and should not undergo irreversible 
changes.

Our results confirm that BSA-Au NCs are not 
damaged during heating, therefore, the  decrease 
of BSA-Au NCs PL intensity is probably caused by 
the decrease of the BSA-Au NCs PL quantum yield. 
These reversible changes of the emission intensity or 
the shift of emission maxima with temperature could 
be used for temperature measurements of the  BSA-
Au NCs surroundings.

The investigation of BSA-Au NCs photostability 
showed that the photostability depends on the wave-
length of light used for irradiation (Fig. 5). Irradiation 
with 280 nm light causes an increase in the emission 
intensity at 468 nm and a decrease at 660 nm. Inde-
pendent of the  irradiation wavelength PL intensity 
at 660  nm decreased and the  maximum is shifted 
to the  shorter wavelength region. There are several 

possible causes that could explain the  decrease of 
the  BSA-Au NCs PL intensity at 660  nm. The  first 
one is the photodegradation of nanoclusters. Irradia-
tion of the BSA-Au NCs sample with 405 and 492 nm 
wavelength light caused a  hypsochromic shift of 
the  emission band from 660 to 652  nm. According 
to the calculations based on Eq. 2, the hypsochromic 
shift of the fluorescence band by 8 nm could reflect 
loss of one gold atom in a cluster.

Irradiation with 280 nm light causes a larger hyp-
sochromic shift (22 nm). Such a shift could be caused 
by loss of 3–4 gold atoms in Au NCs. It is known that 
Au NCs composed of a  specific number of gold at-
oms show high stability. These numbers are called 
“magic numbers”. The closest magic number to 29 is 
25. Therefore, it is likely that during irradiation Au 
NCs degrade and more stable Au NCs composed of 
25 atoms are formed, which causes a hypsochromic 
shift of the PL band.

Another possible explanation for the PL intensity 
decrease and hypsochromic shift would be the dete-
rioration of a nanoparticle coating layer. It was shown 
that the enzymatically generated H2O2 and enzymatic 
proteolysis induces degradation of BSA-Au NCs co-
rona and causes a  hypsochromic shift and the  de-
crease of PL intensity [22, 23].

The degradation of a nanoparticle coating usually 
leads to a decrease in PL intensity [17, 45]. These two 
processes (nanocluster deterioration and coating deg-
radation) can take place simultaneously and result in 
a hypsochromic shift of the PL band and intensity de-
crease under irradiation. Fluorescence of BSA can be 
excited only by irradiation at 280 nm. Irradiating the 
samples with 492 nm excites only Au NCs. It seems 
that in this case direct photodegradation of BSA is 
impossible. However, Au NCs can generate free radi-
cals [46, 47] or singlet oxygen [48]. This can lead to 
degradation of BSA. Irradiation of BSA-Au NCs at 
280 nm leads to a much faster PL intensity decrease 
and a  much bigger hypsochromic shift of the  PL 
band (compared to irradiation at 492  nm). 280  nm 
wavelength light is strongly absorbed by both the Au 
NCs and the BSA coating. In this case photodegrada-
tion of Au NCs as well as of an Au NCs coating layer 
(BSA) can occur. Irradiation of the BSA solution with 
280 nm light causes a decrease of the BSA PL band at 
338 nm (data not shown). This indicates that the ir-
radiation of BSA with 280 nm light causes photodeg-
radation or conformational changes of BSA. Degra-
dation of the  Au NCs surface coating (BSA) makes 
Au NCs less protected from solvent (water) molecules 
and relaxation via surface defects can increase. This 
suggests that the degradation of BSA strongly influ-
ences the PL properties of BSA-Au NCs. The effect of 
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irradiation on the PL band at 468 nm was completely 
different when compared to the PL changes of the PL 
band at 660  nm. This leads to the  suggestion that 
these two bands do not belong to the same material.

Under the irradiation of BSA-Au NCs with 280 nm 
light the PL intensity at 468 nm increased more than 
5 times. We got very similar results when the pure BSA 
solution was irradiated with 280 nm light (Fig. 5(d)): 
the  PL intensity at 468  nm increased more than 
8 times during irradiation. This shows that the  PL 
band at 468 nm is not related to the Au NCs PL but 
it corresponds to the  phototransformation of BSA. 
Irradiation of the pure BSA solution under identical 
conditions causes a bigger increase in the PL inten-
sity at 468 nm compared to the BSA-Au NCs solution. 
This can be explained in two ways: i) some of irradia-
tion light is absorbed by Au NCs and does not induce 
any BSA damage; ii) the excited state of BSA can be 
quenched by Au NCs. Both of these processes reduce 
the phototransformation of BSA.

BSA does not absorb 405 nm light therefore pho-
totransformation of BSA was not detected when 
the samples were irradiated using 405 nm light. How-
ever, 405 nm light is absorbed by BSA photoproducts 
and could be related to their photodegradation. This 
leads to a decrease of the PL intensity of the PL band 
at 468 nm. The irradiation at 492 nm does not induce 
any changes in the PL band at 468 nm because BSA 
and BSA photoproducts do not absorb light of this 
wavelength.

The irradiation of BSA-Au NCs in the Opti-MEM 
showed that the BSA-Au NCs exhibit greater photo-
stability in this cell culture medium. The  increased 
photostability of BSA-Au NCs in the  Opti-MEM 
might be caused by the  formation of an additional 
coating layer of BSA-Au NCs. The Opti-MEM me-
dium contains proteins and amino acids. It was 
shown that proteins can increase the quantum yield 
and stability of nanoparticles [45] by the formation of 
“protein corona” around nanoparticles. The proteins 
can form a corona around BSA-Au NCs thus leading 
to better protection from the  surrounding medium. 
It should be noted that the  PL of BSA-Au NCs in 
the Opti-MEM at the  same excitation conditions is 
slightly more intense than in a  water solution (data 
not shown). This indicates that the quenching of BSA-
Au-NCs PL in the Opti-MEM is lower than in water. 
This effect is probably achieved via the formation of 
an additional shielding layer – “protein corona”.

5. conclusions

We have shown that the synthesis of a BSA-Au nano-
cluster increases the hydrodynamic radius of BSA by 

2.5 nm. The AFM measurement of BSA Au nanoclus-
ters dispersed on the mica surface shows that the size 
of an Au nanocluster is less than 1.3 nm. This indicates 
that the size increase after the synthesis is caused by 
the conformation changes of BSA molecules induced 
by the formation of a gold nanocluster inside protein. 
BSA-Au nanoclusters exhibit great colloidal stability: 
their optical properties remain stable for more than 
1 month (samples kept in the dark at 4 °C). BSA-Au 
nanoclusters do not degrade when heated up to 65 °C, 
yet they undergo some structural changes result-
ing in the decrease of PL intensity and a bathochro-
mic PL band shift upon an increase in temperature. 
Nevertheless, these changes are reversible. These ef-
fects could be used for temperature sensing. Irradia-
tion of BSA-Au nanoclusters causes big and irradia-
tion wavelength dependent changes in the  BSA-Au 
NCs PL spectra. Changes of the PL band at 660 nm 
caused by irradiation are similar under irradiation 
with 280, 405 and 492 nm light: the PL intensity de-
creases and the band shifts to the shorter wavelength 
region. However, the  PL intensity decrease rate is 
higher when a  shorter wavelength is used for irra-
diation. The  effect of irradiation on the  PL band at 
468 nm was completely different when compared to 
PL changes of the  PL band at 660  nm. The  irradia-
tion of BSA-Au NCs with 280 nm light increases PL 
intensity at 468 nm more than 5 times. Similar results 
are obtained when the  pure BSA solution is irradi-
ated with 280 nm light. This shows that the PL band 
at 468 nm corresponds to BSA photoproducts and is 
not related to the Au nanocluster formed inside BSA. 
We have also demonstrated that the cell growth me-
dium Opti-MEM increases the photostability of BSA-
Au nanoclusters. This effect is probably achieved via 
the formation of an additional shielding layer.
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santrauka
Pastaruoju metu jaučio serumo albuminu stabilizuoti 

aukso nanoklasteriai (JSA-Au NK) sulaukė didelio susi-
domėjimo dėl galimo šių nanodalelių taikymo biomedici-
noje. Šio tipo nanodalelės gali būti taikomos kaip fluores-
cenciniai ar daugiafunkciai žymenys, ju tik liai, terapiniai 
agentai. JSA-Au nanoklasterių sintezė ir optinės savybės 
plačiai tiriamos, tačiau iki šiol literatūroje yra labai ma-
žai duomenų apie šių nanodalelių fotostabilumą. Žinios 
apie švitinimo poveikį JSA-Au NK yra itin svarbios no-
rint juos sėkmingai taikyti optinėje diagnostikoje ir tera-
pijoje. Šviežiai susintetintas JSA-Au NK tirpalas turi dvi 

fotoliuminescencijos juostas: ties 468 ir 660 nm. JSA-Au 
NK pasižymi dideliu koloidiniu stabilumu, išlieka stabilūs 
juos kaitinant iki 65 °C. Mūsų atlikti tyrimai parodė, kad 
švitinant JSA-Au nanoklasterių tirpalą skirtingo bangos 
ilgio spinduliuote švitinimo poveikis fotoliuminescenci-
jos juostoms ties 468 ir 660  nm yra skirtingas ir juosta 
ties 468 nm nepriklauso baltyme susidariusiam Au nano-
klasteriui. Švitinant JSA-Au NK stebimas fotoliumines-
cencijos juostos ties 660 nm trumpabangis poslinkis. Šis 
efektas (tikriausiai susijęs su Au NK irimu) yra didesnis, 
kai švitinama trumpesnio bangos ilgio spinduliuote.
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