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� Gold nanoparticles (Au NPs) coated with Bovine Serum Albumin (BSA) are synthesized by x-ray irradiation.
� BSA coated AuNPs with ~1 nm size show strong photoluminescence in red by UV excitation.
� The blue photoluminescence of BSA increase with x-ray irradiation.
� Increase x-ray irradiation time during the synthesis shift the color of the colloid from red to blue.
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a b s t r a c t

We show that by using different x-ray irradiation times of BSA-coated Au nanoparticles (NPs) we can
change their ultraviolet-stimulated photoluminescence and shift the spectral weight over the visible
spectral range. This is due to the interplay of two emission bands, one due to BSA and the other related to
gold. The emission properties did not change with time over a period of several months.

© 2014 Published by Elsevier B.V.
Protein-stabilized photoluminescent metal nanocluster prom-
ises applications such as luminescence tagging, imaging, medical
diagnostics, multiplexing and biosensors [1e5] taking advantage of
their small particle size, biocompatibility and the stable emission in
biological environments [6e8]. Protein-nanoparticle interaction
also induces other interesting properties [9e11]. Bovine serum al-
bumin (BSA), a commonly studied protein and is extensively used
for biochemical applications, was used as a reducing agent and a
ia Sinica, Taipei 115, Taiwan.
template to prepared Au nanoparticles at physiological tempera-
ture with strong red photoluminescence [12].

We discovered that BSA coated and x-ray-irradiated Au NPs
photoluminescence in the visible. Furthermore, the spectral weight
of the emission changes from red to blue as the irradiation time
increases. The details of the mechanism are not all clear but our
experiments establish some firm points. The color change is due to
the interplay of two spectral emission bands, one in the blue due to
BSA and the second in the red, which is linked to gold. As the
irradiation continues, the first band becomes more intense and the
second is progressively quenched. Practically speaking, these phe-
nomena could be exploited to fabricate stable NPs with the desired
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Fig. 2. Photoluminescence (again for 400 nm excitation) spectra of BSA alone,
exhibiting only the “blue” band. Inset: Increase with irradiation time of the fluores-
cence peak height. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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photoluminescence color with simple changes of x-ray irradiation
time.

Our experiments were motivated by recent results on photo-
luminescence from MUA-coated (MUA ¼ 11-mercaptoundecanoic
acid) Au NPs [13e15] synthesized by X-ray irradiation. In that case,
however, we did not observe any color change. Photoluminescence
is known to occur only for very small (<2 nm diameter) NPs
[4,16e21]. Likewise, in our case only the smallest BSA-coated Au
NPs exhibit photoluminescence e with the added feature of
irradiation-time-dependent color: we are able to tune the color of
the colloidal solution from red to blue by simply increase the x-ray
irradiation time.

Prior to the discovery of photoluminescence from small MUA-
coated Au NPs, this line of experiments demonstrated that x-ray
irradiation produces very stable NPs of different metals [22e26]
and different sizes and shapes [27e30] all with excellent shelf
life. Fast reduction of metal ions, a complete reduction is achieved
within milliseconds, by intense x-ray irradiation and subsequently
coating with MUA, PEG (poly(ethylene glycol)) and other thiol-
based molecules enabled us to accurately control the NP size and
to narrow the size distribution [31e33]. Such features were also
observed in the present experiments on BSA-coated Au NPs.

The photoluminescence properties of MUA and BSA coated Au
NPs additionally expand the potential applications of such systems
[6e8]. We investigated them for BSA-coated particles emission
spectroscopy and absorption spectroscopy. The emission spectra e

see Fig. 1 e directly show the cause of the color change: the
interplay of the “blue” band peaked at 470e480 nm whose in-
tensity increases with the irradiation time, and of the “red” band at
670e700 nm, which is progressively quenched.

The intrinsic blue photoluminescence of BSA was reported at
different emission wavelength under different chemical conditions
[34,35]. Fig. 2 shows indeed emission spectra from a solution of
pure BSA: we see the same band and similar intensity increase with
the x-ray irradiation time, without the “red” band. This contradict
to previous finding using g-ray irradiation which quenched the
blue emission [34,35]. Ionization radiations generally change the
protein structure by breaking the covalent bonds causing poly-
peptide chain disruption. Oxygen radials generated by radiation
could modify primary structure of proteins and affects their sec-
ondary and tertiary structure [36,37]. The exact modification of the
BSA protein structure due to x-ray irradiation is not clear, but we
note that the peak of blue emission stay fixed at 470e480 nm. The
identification of the “red” band is slightly more complex and is
discussed later.
Fig. 1. Photoluminescence (produced by 400 nm wavelength excitation) spectra of
BSA-Au NPs. The precursor solution had an R-value of 3.2. The curves correspond to
different x-ray irradiation times. The inset shows photograph of the photo-
luminescence after x-ray irradiation for 1, 2, 3, 4 and 5 min: note the striking change in
color, caused by the interplay of the “red” and “blue” bands. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
The experimental procedure started with a precursor solution,
obtained by mixing 0.5 mL of 10 mM HAuCl4$3H2O (Sigma-
eAldrich) with different BSA (also from SigmaeAldrich) amounts.
The solution volume was then increased to 9.5 mL by adding
distilled deionized (dd) water. After 2 min, we added 0.5 mL of 1 M
NaOH (also from SigmaeAldrich). Since one BSA molecule contains
40 S atoms [38,39], we can define the S-to-Au molar ratio (R) as:

R ¼ Final molar concentration of BSA
Final molar concentration of Au

� 40

We then placed the solution in polypropylene conical tubes and,
after stirring, we irradiated it with hard x-rays from the BL01A
beamline of the NSRRC (National Synchrotron Radiation Research
Center) in Hsinchu, Taiwan. The NSRRC storage ring was running at
a constant electron current of 300 mA. The x-ray photon energy
ranged from 8 to 15 keV and was centered at ~12 keV; the delivered
dose rate was ~4.7 � 105 Gy s�1 [40].

After irradiation, we purified the solution removing residual
ions and impurities by dialysis (with cellulose membrane, molec-
ular weight cutoff (MWCO) 10,000) against dd water for at least 2
days, with the water being changed periodically. To study photo-
luminescence from pure BSA, we used the same procedure but
without HAuCl4$3H2O in the precursor solution.
Fig. 3. UVevisible spectra of colloidal gold nanoparticles synthesized in the presence
of BSA with different R-values, after a short (120 s) x-ray irradiation.
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The irradiated solutions were characterized with different
techniques: UVevisible spectra were acquired over the
200e800 nm range using a DU800 Spectrophotometer (Beckman
Coulter, USA) with a quartz cuvette. We took transmission electron
microscopy (TEM) images of the dried solution using a JEOL JEM-
2100F system with a 4096 � 4096 CCD (Gatan, UltraScan 4000)
operated at 200 kV. The dried solution was obtained at 40 �C after
placing a drop on a carbon-coated Cu grid. We also performed
scanning transmission electron microscopy (STEM) analysis of
<2 nm Au NPs in the HAADF (high angle annular dark field) mode
using an FEI Titan 80e300 system.
Fig. 4. TEM micrographs of Au NPs synthesized in the presence of BSA as for Fig. 3, for (a) R ¼
histogram corresponding to Fig. (c). Inset in (a): magnified portion of the same micrograph.
Au(111) spacing, 0.235 nm.
Photoluminescence emission and excitation spectra were taken
at room temperature with a Cary Eclipse spectrophotometer (Var-
ian, USA). We excited the luminescence with a dye pulsed laser
(377 nm/50 MHz) coupled to SPEX 1403 double-grating 0.85 m
spectrometer and to a high-speed photomultiplier. The photo-
luminescence lifetime was measured also at room temperature at
300 K by a time-resolved photoluminescence (TRPL) system.

Our tests showed that, as for Au-NPs coated with other thiol-
based molecules, the R-value controls the nanoparticle size.
Indeed, as the R-value changed from 0.2 to 1.6, the solution color
after irradiation changed from red to yellow, indicating a particle
0.2, (b) R ¼ 0.4 and (c) R ¼ 3.2 (dark field image). On the bottom right, we see the size
Inset in (b): at high magnification, TEM reveals the lattice planes in a nanoparticle with



Fig. 6. The temperature-dependent photoluminescence spectra analysis for Fig. 6. (a)
The photoluminescence spectra from 11 K to 300 K. (b) The emission peaks shift for
“band I” and “band II” from 11 K to 300 K. (c) The peak shift fitting for “band I” by
Varshni and O'DonnelleChen equations.
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size decrease. For R ¼ 0.2 and after a short x-ray irradiation for
120 s, the UVevisible spectra (Fig. 3) exhibited a plasmon band at
522 nm, caused by the formation of Au nanoparticles. As R
increased, the plasmon band first blue-shifted as expected for a
decreasing particle size [41e43]. At R > 0.8, the particles became
too small to host plasmons [44e46], the band disappeared and the
solution became essentially transparent.

The UVevisible absorption, therefore, can only characterize the
size of relatively large Au clusters produced by large R-values. For
smaller R-values and clusters, we used high-resolution TEM e see
Fig. 4 e to prove that the size keeps decreasing. However, for the
smallest clusters we had to use dark-field STEM rather than bright-
field TEM. The average particle size was 19.5 ± 3.9, 10.3 ± 2.1 and
~1.9 nm for R ¼ 0.2, 0.4 and 3.2.

As already mentioned, the size decrease was essential to pro-
duce photoluminescence. In fact, as for MUA-Au NPs, no emission
was detected from large particles corresponding to R-values below
3.2. As the average nanoparticle size reached z2 nm (the same
value as for MUA-Au NPs), photoluminescence started to appear.

We nowgo back to the discussion of the two photoluminescence
bands whose interplay produces the color change. Having clarified
the nature of the “blue” band as due to BSA, wewill concentrate our
attention on the “red” band. To explore its nature, wemeasured the
temperature dependence of the photoluminescence spectrum.
Fig. 5 shows the results for a sample yielded by R ¼ 3.2 precursor
solution at room temperature. We clearly see that the “red” band
actually includes two components, labeled as “band I” and “band
II”.

As shown in Fig. 6 (top), the two bands shift in opposite di-
rections as the temperature increases. Such results are closely
related to those of X. Wen et al. [47] on BSA-protected Au25 nano-
clusters, so that we can adopt similar conclusions on the nature of
the two red sub-bands. In essence, band I is attributed to a
semiconductor-like emission from the core Au atoms in the cluster
and band II is attributed instead to SeAu bonds.

The red shift of band I as the temperature increases is explained
by the standard mechanisms affecting the semiconductor gap,
notably electronephonon interaction [48]. Similar to X. Wen et al.
[47], we fitted the shift with temperaturewith the standard Varshni
and O'DonnelleChen equations [49,50] (see the latter case in Fig. 6,
bottom). The similarity with the results of X. Wen et al. [47],
however, is not absolute: the spectral positions of our peaks are
somewhat different, and the cause of this difference is not yet clear.

As to the blue shift of band II, we concur with the conclusion of
Ref. [47]. In essence, this shift is simply due to the increasing sep-
aration between adjacent atoms in the subnanostructures where
the SeAu binds are located.
Fig. 5. The photoluminescence (PL) spectrum (black) for a sample yielded by an
R ¼ 3.2 precursor solution measured at room temperature. The “red” band can be
represented by two Gaussian peaks (R2 > 0.99), labeled as “band I” and “band II”. The
overall fit (red) includes decomposition of the “blue” band. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
Further experiments are underway to completely clarify the
nature of the different photoluminescence spectral components e
and possibly to identify mechanisms that could further increase the
flexibility in controlling the color of the emission. These improve-
ments will further enhance the potential application in area such as
tumormarkings for surgery andmulticolor biomarkers. Even at this
stage, however, we can conclude that the photoluminescence color
from these nanosystems can be simply and reliably changed over
the entire visible range by controlling the x-ray irradiation time.
The potential for applications is quite clear.
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