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a b s t r a c t

Gold nanoparticles were synthesized in a single step and a facile procedure by �-irradiation using bovine
serum albumin protein as a stabilizer. The results of UV–vis absorption spectroscopy, transmission elec-
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tron microscopy and X-ray diffraction analyses indicated that spherical well-dispersed gold nanoparticles
ranging from 2 to 7 nm were generated, depending on the irradiation doses. The conjugation of BSA to the
gold nanoparticles was indicated using FTIR spectroscopy and dynamic light scattering. Moreover, the
effect of irradiation on the BSA structure in the presence and absence of Au3+ was studied by SDS-PAGE
analysis. It became evident that gold nanoparticles formation partially protected against the degrada-
tion and aggregation of BSA. Methyl tetrazolium (MTT) assay demonstrated that the generated gold
nanoparticles are not cytotoxic to mammalian cells in cultures.
. Introduction

Gold nanoparticles (Au NPs) have drawn remarkable interest
n the past few years because of their potential applications in
iomedicines [1,2], biotechnology [3,4], electronics [5], and catal-
sis [6]. Many stabilizers such as surfactants, polymers, micelles,
nd ligands have been used to prepare stable colloidal Au NPs or
enerate a specific property in these particles [7–10]. Recently, sta-
ilization of Au NPs by a variety of biomolecules such as proteins,
eptides, DNA, and carbohydrates has been of great interest due to
heir applications in biomedicine [11–14]. Although several meth-
ds have been reported for the preparation of gold colloids in the
resence of biopolymers, it is still a challenge to generate these
articles with a desired structure, size, and shape in a convenient
reen way. Hence, the radiation method offers several advantages
or the preparation of colloidal metal nanoparticles [15–18]. In this

ethod hydrated electrons produced during the water radiolysis
an reduce metal ions at the ambient temperature without using
xcessive reducing agents and consequent side reactions. More-

ver, the electrons can be uniformly distributed in the solution,
nd therefore metal nanoparticles are produced in uniformly dis-
ersed, fully reduced, highly pure, and highly stable forms. More

mportantly, the size of nanoparticles can be controlled by varying
he dose of irradiation [19]. Although �-irradiation method was
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employed to synthesize gold nanoparticles in the presence of var-
ious stabilizers [16–18], to our knowledge there has not been a
report on the synthesis of Au NPs in the presence of a protein using
radiation.

Bovine serum albumin (BSA) is a model globular protein which
is widely used in biochemical studies [20,21]. It is composed of 583
amino acid residues containing several sulfur, oxygen and nitro-
gen atoms, which are generally used to stabilize the nanoparticles
[22]. In this study, we have synthesized BSA stabilized Au NPs via
�-irradiation method. The generated Au NPs at various irradia-
tion doses were characterized by TEM, XRD, FTIR, and DLS. Methyl
tetrazolium (MTT) assay was also used to examine the particles
cytotoxicity. SDS-PAGE technique was used to study the BSA struc-
ture. Because the generation of Au NPs takes place in presence of
a biopolymer in aqueous medium without using a reducing agent,
our method can be considered as a green approach for generat-
ing Au NPs which can be of importance for pharmaceutical and
biomedical applications.

2. Materials and methods

2.1. Materials
Bovine serum albumin (BSA) and HAuCl4 were purchased from
Merck. The BSA solutions were prepared in 0.01 M phosphate buffer
solution (PBS) of pH 7.4. All reagents were used as received without
further purification. Double distilled water was used throughout
the experiments.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:hrkalhor@modares.ac.ir
dx.doi.org/10.1016/j.cej.2010.02.010
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.2. Gold nanoparticles synthesis

In a typical experiment, four 20 ml sample solutions contain-
ng HAuCl4 (5 × 10−4 M), and BSA (6 × 10−6 M) were prepared in
he PBS buffer. The mixtures were stirred using a magnetic stirrer
t room temperature for 20 min. Similarly, samples without BSA
ere also prepared for comparison. Then, all samples were purged
ith nitrogen and irradiated to 2.5, 5, and 10 kGy (7, 15, and 30 min

rradiation time, respectively) doses at room temperature. Irradi-
tion was performed in a Gammacell-220 (Nordion, Canada), 60Co
ource with 5.4 Gy/s dose rate, calibrated by Fricke dosimeters.
fter irradiation, the mixtures were stirred at room temperature

or 20 min and then stored at 4 ◦C prior to use for characterization.
or isolation of nanoparticles, the BSA stabilized gold nanoparti-
les were centrifuged at 17,000 rpm for 1 h at 10 ◦C. The collected
anoparticles were resuspended in PBS solution and centrifuged
s above for three times to insure the complete removal of free
SA.

.3. Characterization techniques

UV–vis spectra were recorded at room temperature on a Uni-
ame spectrophotometer in the wavelength region 200–600 nm.
EM were performed using ZEISS-EM 900 microscope operat-
ng at 80 kV. Samples for TEM characterization were prepared
y depositing a drop of Au NPs solution on a coated copper
rid and then drying at room temperature. DLS measurements
ere performed at room temperature using a Malvern Zeta-

izer having red laser at a wavelength of 633 nm. FTIR spectra
f the samples were obtained using a Nicolet (Nexus 870)
TIR spectrophotometer. All spectra of the samples were taken
ia the ATR method with a resolution of 4 cm−1. Second-
erivative spectra were obtained with the derivative function of
mnic software [23]. SDS-PAGE was performed according to the
ethod of Laemmli [24]. Identical concentrations of BSA solutions

6 × 10−6 M) were loaded on each lane for comparison, separated
ith 4% stacking and 12% resolving gel, and stained with Coomassie
lue.

.4. In vitro cytotoxicity test

Human cancer cell lines regularly grown in Dulbecco’s mod-
fied Eagle’s medium (DMEM) with 10% fetal calf serum (FCS)
00 units/mL penicillin, and 100 mg/mL streptomycin in a humid-

fied atmosphere of 5% CO2 and 95% air at 37 ◦C. Cells in their
xponential phase of growth were seeded at a density of 5 × 103

ells/well of a 96-well tissue culture plate and incubated for 24 h.
he cells were treated for 4 h with different concentrations of puri-
ed gold nanoparticles that were generated at 5 kGy. Control cells
ere used without nanoparticle treatment. At the end of each

xposure, the toxicity level of nanoparticles was assessed by 3-
4,5-dimethylazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
ssay. The MTT assay helps in cell-viability assessment by measur-
ng the enzymatic reduction of yellow tetrazolium MTT to a purple
ormazan [25]. The measurement was performed by ELISA reader
Multiscan MS; Labsystem). All experiments were carried out in
uadruplets, and the average of all of the experiments has been
hown as cell-viability percentage in comparison with the control
xperiment, while gold untreated controls were considered as 100%
iable.
. Results and discussions

We have synthesized BSA stabilized Au NPs via �-irradiation
f aqueous solution containing Au3+ ions in a single step. In
his method hydrated electrons, produced during the irradiation,
Fig. 1. The UV–vis spectra of the BSA stabilized Au NPs at: (a) 0, (b) 2.5, (c) 5 and (d)
10 kGy irradiation doses. The gold concentration used in the starting material was
5 × 10−4 M. The inset shows the BSA stabilized Au NPs solutions in 2.5, 5, and 10 kGy
(left to right, respectively).

reduce the metal ions to zero-valent atoms, which coalesce to grow
into larger clusters and eventually into the precipitates [16,17]. The
metal cluster coalescence should be limited by a molecule as a clus-
ter stabilizer to find metal particles in nano-scale size. Here the
produced gold clusters in the early stages are stabilized by BSA,
through the electrostatic repulsion, steric hindrance or the pres-
ence of functional groups such as thiols and carboxylates, leading
to the formation of Au NPs.

We used UV–vis spectroscopy to examine the generation of Au
NPs in the presence of BSA using �-irradiation. At first, the reduc-
tion of Au3+ solutions, without the addition of BSA, was investigated
at �-ray doses ranging from 2.5 to 10 kGy by recording the UV–vis
spectrum of the sample solutions (data not shown). As the irradia-
tion dose increased from 2.5 to 10 kGy, the Au3+ ions reduced to Au
atoms and precipitated as a solid metal. However, when the Au3+

solutions were irradiated in the presence of BSA a different trend
was observed. The UV–vis absorption spectra of Au NPs prepared in
various doses in the presence of BSA is indicated in Fig. 1. After the
irradiation, at 2.5 kGy the solution turn purple whereas both solu-
tions exposed at 5 and 10 kGy turn pale brown (Fig. 1, inset). The Au
NPs absorption band, which is generally located around 520 nm, is
detected for the three exposed solutions. Upon increasing the irra-
diation dose, from 2.5 to 5 kGy, the plasmon band become flatter
and shifts to a slightly shorter wavelength, indicating the forma-
tion of smaller particles at 5 kGy [17]. The spectra of the irradiated
solutions at 5 and 10 kGy are quite similar suggesting that the total
reduction of Au3+ occurs at 5 kGy and the size and shape of the
generated Au NPs in both solutions are most likely the same. All
in all, the results indicate that when irradiation dosage increases,
more nucleation would be followed by successive growth of the
particles. Increasing the number of nucleus may cause the smaller
particles at higher dosages to be formed as it has been suggested
previously [18]. We also found that the size distribution of the Au
NPs depends on the concentration of BSA. The UV–vis spectra of
the sample irradiated at 5 kGy is shown in Fig. 2. When the BSA
concentration increases from 0.4 × 10−6 to 3 × 10−6 M, the corre-
sponding plasmon band at 530 nm shows a blue shift from 530
to 525 nm, indicating the formation of smaller particles [17,18].
Upon increasing the BSA concentration from 3 × 10−6 to 6 × 10−6 M,
the absorption spectrum becomes flatter, suggesting the forma-
tion of smaller Au NPs at higher concentration of BSA. Altogether,

the results from Fig. 2 show that when the BSA concentration is
increased, the stabilization occurs more effectively, giving rise to
smaller nanoparticles.

To evaluate the stability of the Au NPs, absorption spectra of
the samples were obtained after 4 months. No remarkable changes
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ig. 2. The UV–vis spectra of the BSA stabilized Au NPs generated at 5 kGy at differ-
nt concentration of BSA: (a) 0.4 × 10−6 M, (b) 3 × 10−6 M, and (c) 6 × 10−6 M.

ere observed in the spectra, suggesting that the BSA stabilized
u NPs prepared under gamma irradiation are stable over a long
eriod which could be important for their applications.
TEM was performed to observe directly the Au NPs generated
t 2.5, 5, and 10 kGy. As shown, in Fig. 3(A–C), the Au NPs made in
ll irradiation doses are in the spherical shape and well-separated
orm without any notable aggregation. Using X-ray diffraction,
hese particles turned out to have a face centered cubic (fcc) crystal

Fig. 3. TEM image and the corresponding size distribution of BSA sta
ng Journal 159 (2010) 230–235

structure (data not shown). Additionally, the TEM micrographs and
their corresponding size distribution histograms demonstrate that
the mean size of the nanoparticles at 2.5, 5, and 10 kGy are about
7.5, 2.7, and 2.3 nm, respectively (Fig. 3). The TEM data confirm that
the size of particles at the dose of 2.5 kGy is larger than that in the
5 and 10 kGy. Not a great change is observed in the mean size of
generated nanoparticles at 5 and 10 kGy, in agreement with their
UV–vis results (Fig. 1).

In order to examine the particles size distribution, DLS was also
performed and its results were compared to the TEM data. The
particle size obtained from DLS measurements for all absorbed
doses is obviously larger than the TEM results because DLS analysis
measures the hydrodynamic radius which takes into consideration
the BSA layer on the surface of the gold as well. At the dose of
2.5 kGy, the DLS size distribution indicates the nanoparticles with
mean size of about 14 nm in diameter. When the irradiation dose
is increased from 2.5 to 5 kGy, in addition to the nanoparticles of
12 nm, another distribution peak appears at 25 nm; subsequently,
the larger peak at 28 nm become the sole peak at the dose of
10 kGy (Fig. 4). Considering the size of BSA (8.4 nm) [26] and our

TEM results, the increasing nanoparticles size and the large size
distribution in DLS data could be attributed to the conjugation
of BSA to Au NPs. The enlarging of the BSA layer at higher �-
irradiation doses most likely can be explained by the presence of
reactions such as cross-linking reactions as has been previously

bilized Au NPs at various doses: (A) 2.5, (B) 5, and (C) 10 kGy.
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ig. 4. DLS analysis of BSA stabilized Au NPs prepared at the dose of (a) 2.5, (b) 5,
nd (c) 10 kGy.

uggested to occur during the exposure of proteins to irradiation
27–29].

To further study the structural changes that the BSA molecules
ndergo on the nanoparticles surface, FTIR spectroscopy was used
s a valuable technique (Fig. 5). The native BSA shows the amide
band of the peptide group in the 1615, 1629, and 1640 cm−1 (�-
heet), 1658 cm−1 (�-helix), and 1667, 1674, and 1685 cm−1 (turn)
ositions. The positions of these peaks do not undergo any remark-
ble change in the BSA stabilized Au NPs. However, comparing to
ative BSA, obvious differences are observed in the shape of the
eaks for both the irradiated BSA and BSA stabilized Au NPs, sug-
esting the occurrence of changes in the secondary structure of
he albumin during irradiation. More detailed information about

hese conformational changes is obtained by analyzing the second-
erivative spectrum of original FTIR spectrum (Fig. 5B) [23]. As
hown, the intensity band for �-helix (1658 cm−1) is decreased in
rradiated BSA and BSA stabilized Au NPs (Fig. 5B panel b, c) in
omparison to native BSA.

ig. 5. FTIR spectra of the (a) BSA, (b) irradiated BSA, (c) BSA stabilized Au NPs generated
Fig. 6. SDS-PAGE profile of: BSA without Au3+ (1–4) irradiated at the dose of 0, 2.5,
5, and 10 kGy, respectively, and BSA containing Au3+ (5–8) irradiated at 0, 2.5, 5, and
10 kGy, respectively. The arrow labels the aggregation of proteins that did not enter
the gel.

Generally, the radiation-induced chemical changes in protein
molecules are caused by products of water radiolysis through the
formation of hydrated electrons and hydroxyl radicals [28]. In this
method, these reactive species are mainly involved in the gener-
ation of Au NPs. With this in mind, we found it worthwhile to
study the effect of irradiation on the BSA structure in presence and
absence of Au3+ by SDS-PAGE analysis (Fig. 6). SDS-PAGE profiles
of the irradiated BSA at 2.5 kGy shows a slight breakdown of the

polypeptide chain along with the negligible aggregated molecules.
Above 2.5 kGy at the dose of 5 and 10 kGy, there is a significant
increase in the aggregated proteins which could not penetrate into
the gel (arrows). These higher molecular weight aggregates can
be attributed to the cross-linked products of the degraded protein

at 5 kGy (A) and corresponding second-derivative spectra (B) in the amide I region.
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Fig. 7. Cytotoxicity assessment (MTT assay) of BSA stabilized Au NPs at various
concentrations tested against Hela cell lines. The concentration of nanoparticles
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as best estimated by the method used in [30]. Dark columns: controls (untreated
ells), light columns: BSA stabilized Au NPs.

26,27]. Interestingly, when the BSA is exposed to 2.5, 5, and 10 kGy
n the presence of Au3+, the major band of the BSA are somewhat

aintained (compared to the absence of Au3+) and the aggregated
rotein decreases for all absorbed doses especially for 5 and 10 kGy.
he SDS-PAGE analysis illustrates that the formation of Au NPs par-
ially protects against the aggregation of irradiated protein. Most
ikely, in the presence of Au3+ considerable parts of the generated
nitial radicals such as eaq

− are consumed by the reduction of Au3+

eading to the formation of Au NPs; thus, these species are less
nvolved in protein breakdown or cross-linking reactions. There-
ore, from our data it can be deduced that the concentration of Au3+

ay influence the amount of protein protection during nanoparti-
les formation; this effect could be further examined using different
oncentration of gold. In addition, formation of nanoparticles using
ther metals such as silver can also have different effects from the
old in protecting the proteins. The comparison of different type
f metal nanoparticles can better illuminate the mechanisms of
rotein protection when exposed to �-ray.

Since BSA conjugated nanoparticles are potentially utilized for
harmaceutical and biomedical applications one must assay their
ytotoxicity. To check the cytotoxicity of BSA stabilized Au NPs,
TT assay was performed. The viability results show that at both

oncentrations of 5 × 10−5 and 10 × 10−5 M of BSA stabilized Au
Ps more than 90% cell viability is seen for Hela cells, indicating

he particles cytocompatibility (Fig. 7). However, it must be men-
ioned that in much higher concentration of the nanoparticles, the
anopaticles might become cytotoxic to the cells.

. Conclusion

In this work, we demonstrated that in a single step proce-
ure, �-irradiation can be used to generate well-disperse spherical
anoparticles when BSA is used as a stabilizer. The nanoparticle
ize and distribution are influenced by the amount of irradiation
nd the protein concentration. The conjugation of BSA to Au NPs
s confirmed by FTIR and DLS techniques. However, the secondary
tructure of BSA conjugated to Au NPs is not maintained and is
hanged from the native protein structure. Further, the SDS-PAGE
nalysis illustrated that the formation of Au NPs can partially pro-

ect against the aggregation of irradiated protein. The generated
anoparticles show no cytotoxicity to the mammalian cells in cul-
ures. Our method for producing cytocompatible Au NPs can also
e considered as a green method since it takes place in aqueous
edium in the presence of a biopolymer, without usage of any

[

[
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reducing agent. The green approach to synthesis of gold nanoparti-
cles is crucial for their pharmaceutical and biomedical applications.
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