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Among the known organic and inorganic nanoparticles, gold
nanoparticles have attracted considerable attention for their potential
applications in biology and medicine.1 As early as 1618, Francisci
Antonii, a philosopher and medical doctor, published the first book
on the medical use of colloidal gold.2 However, the gold nanopar-
ticles may possibly transport across the skin of the body and into
the cell due to their small size (most range in size below 50 nm).
Consequently, there have been a few reports on the potential toxicity
concerning gold nanoparticles, such as cytotoxicity,3 limited
biocompatibility, or oxidative stress.4 Even so, little attention has
been focused on the interaction between gold nanoparticles and
some special endogenous proteins or polypeptide in tissues or body
fluids. Herein, we have focused on assessing whether and how
xenobiotic gold nanoparticles initiate the releasing of nitric oxide
(NO) upon the interaction with endogenous RSNO in blood serum,
and additionaly, how the potential oxidative stress in the process
has been discussed, accordingly.

Gold nanoparticles were prepared by the reduction of aqueous
chloroaurate with sodium citrate (Supporting Information S1) and
characterized using transmission electron microscopy (TEM). The
TEM image of the gold nanoparticles clearly shows a spherical
morphology with a nearly uniform particle size of 13 nm and
presents good monodispersion in solution (Figure 1A).

Production of NO induced by the gold nanoparticles was
monitored on the Apollo 4000 system equipped with a NO
microsensor. In the assay, we added 80 µL fresh serum into various
concentrations of gold nanoparticles (10, 20, 40, 80 µM gold atoms).
It was interesting to observe that the signal of nitric oxide (NO)
was detectable immediately after the addition of gold nanoparticles
to the blood serum, as illustrated in the inner picture of Figure 1B.
In contrast, the signal amplitude remained relatively constant while
pure water was supplied. Further insight into the effect of
concentration of gold nanoparticles on NO-release was obtained
by comparing the signal intensities of the released NO, as illustrated
in the main picture of Figure 1B. It shows that the signal level of
NO-release increases with increasing the concentration of gold
nanoparticles, which implies that there is a dose-dependent increase
in reactive nitrogen species (RNS) level upon addition of gold
nanoparticle to serum.

Gold nanoparticles have been shown to catalyze NO generation
whenever they come into contact with fresh blood serum. It is well
documented that NO has a relative short lifetime in blood because
of its reactivity with various blood components. In constrast, a more
abundant and stable form of NO in blood is S-nitroso adducts with
thiol group (RSNOs), such as S-nitrosoalbumin (AlbSNO), S-
nitrosocysteine (CysNO), and S-nitrosoglutathione (GSNO).5 These

compounds may function as NO carrying systems, prolonging the
half-life and spatial impact of NO.6 One well-known reaction of
RSNO decomposition to yield NO is catalyzed by metal ions, such
as Cu2+, Cu+, or Fe2+.7 On the other hand, recent reports8 have
shown that, at the nanoscale level, gold becomes a highly efficient
catalyst. Therefore, we may reasonably presume that the NO-release
results from the catalysis of gold nanoparticles to RSNOs.

To prove the hypothesis, we chose GSNO as a model compound
instead of the whole RSNO in blood serum. Referring to the range
of the concentration of GSNO (from 120 to 180 nM) detected in
the plasma,9 a final concentration of 156 nM of GSNO was added
to different concentrations of gold nanoparticles (10, 20, 50, 182,
455, 910 µM, respectively). Similar to the observation in the main
picture of Figure 1B, the amounts of NO released, as presented in
Figure 2A, were directly proportional to the concentrations of gold
nanoparticles applied in the solution. In contrast, we cannot observe
any signal pulse when the concentration of gold nanoparticles is
equal to or below 10 µM. To examine the signal response to the
addition of GSNO, the various concentrations of GSNO were
consecutively dripped into a solution of gold nanoparticles. The
main picture of Figure 2B demonstrates to us a stairs-like graph
which indicates that the NO signal rises from the addition of GSNO.
A fine correlation with R ) 0.9989 in the inner picture of Figure
2B further indicates the linear response to the concentration of
GSNO. As a result, our finding also implies that the gold
nanoparticles may induce NO-release via catalyzing GSNO de-
composition in physical conditions. In this manner, GSNO and other
nitrosothiols can be quantitively determined and analyzed in solution
or even in blood serum.

Furthermore, we found that the signal magnitudes of NO-release
from serum (Figure 1B) are approximately 10 times higher than
that from GSNO solution (Figure 2A), assuming the concentration
of GSNO is 156 nM on average in blood serum. It means that,
besides GSNO, gold nanoparticles can catalyze the decomposition
of other endogenous NO-thiol adducts, such as AlbSNO or CysNO.

To elucidate the mechanism of NO-release and to identify
whether the gold nanoparticle acts as an eletron transfer mediator
or othersthe formation of thiolate occurs in the reactionsthe
constituents of the final product were analyzed via X-ray photo-
electron spectroscopy (XPS).

As illustrated in the XPS plot (Supporting Information, Figure
S1A), the peak S 2p3/2 with a binding energy of 161.9 eV
corresponds to the thiolate bound to the surface of the nanopar-
ticles.10 The S 2p spectra gave only weak signals due to the small
scattering cross-section of the S atoms and the low amount of S
atoms sited on the surface of gold nanoparticles. Another evidence
for the formation of the thiolate comes from a spectrum of the Au
4f7/2 and Au 4f5/2 bands, as shown in Figure S1B, which occur at
84.1 and 87.8 eV, respectively. On thiolate formation one would
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expect a significant proportion of the outer gold atoms to be
oxidized from Au0 to Au1. The oxidation results in the Au 4f7/2

peak position shifting from 83.8 to 84.1 eV. Comparatively, because
the particle size prepared for our work is around 13 nm and
somewhat larger than those reported in the literature,11 the higher
number of gold atoms are located in gold cores of the nanoparticles.
Thus, the less Au1 state there exists, and consequently, the shift is
not so large as those in the reports.

Further evidence for the thiolate formation initiated by the gold
nanoparticles was shown in Figure S2. In the Figure, the signal
magnitudes of NO-release were comparatively measured in GSNO
solution when using normal citrate-protected gold nanoparticles or
the GSH-protected gold nanoparticles, respectively. The so-called
GSH-protected gold nanoparticles meant that the thiolate was
pregenerated via GSH treatment and the surface of the particles
was preoccupied. As expected, the rate of NO-release in the GSH-
protected nanoparticles became evidently slower than that in the
gold nanaparticles without GSH protection. The residual NO signals
from the GSH-protected nanoparticles, even with most outer Au
atoms being occupied, may result from the ligand exchange reaction
on the surface of the nanoparticles.12 The NO production catalyzed
by the gold nanoparticles can be graphically demonstrated in
Scheme 1.

NO is known to react rapidly with superoxide and then to produce
a harmful peroxynitrite (ONOO-) species.13 Peroxynitrite interacts
with lipids, DNA, and proteins via direct oxidative reactions or
via indirect, radical-mediated damages.14 Meanwhile, these reactions
trigger cellular responses ranging from subtle modulations of cell
signaling to overwhelming oxidative injury, committing cells to
necrosis or apoptosis.15 In vivo, peroxynitrite generation represents
a crucial pathogenic mechanism in some conditions. Hence, gold
nanoparticles probably exert, directly and/or indirectly, toxic effects
on living body by a dose-dependent increase in RNS levels after
the treatment of the nanoparticles.

In conclusion, the gold nanoparticles can catalyze NO production
from endogenous RSNOs in blood serum. The process is ascribed
to the formation of the Au-thiolate on the surface of gold

nanoparticles. Furthermore, whenever the gold nanoparticles are
used as a probe in the living body, a drug, or a component in drug
excipient, it must be with considerable caution to avoid the oxidative
stress, accordingly.

Acknowledgment. This work was supported by the National
Natural Science Foundation of China (No. 30570446 and No.
20875093), 863 program (2007AA10Z352), and Institute of Chem-
istry Chinese Academy of Sciences (CMS-Y200712).

Supporting Information Available: Experimental details and
supporting results. This material is available free of charge via the
Internet at http://pubs.acs.org.

References

(1) (a) Kannan, R.; Rahing, V.; Cutler, C.; Pandrapragada, R.; Katti, K. K.;
Kattumuri, V.; Robertson, J. D.; Casteel, S. J.; Jurisson, S.; Smith, C.; Boote,
E.; Katti, K. V. J. Am. Chem. Soc. 2006, 128, 11342. (b) Bowman, M. C.;
Ballard, T. E.; Ackerson, C. J.; Feldheim, D. L.; Margolis, D. M.; Melander,
C. J. Am. Chem. Soc. 2008, 130, 6896.

(2) Antonii, F. Panacea Aurea-Auro Potabile; Bibliopolio Frobeniano: Ham-
burg, Germany, 1618.

(3) (a) Bhattacharya, R.; Mukherjee, P.; Xiong, Z.; Atala, A.; Soker, S.;
Mukhopadhyay, D. Nano Lett. 2004, 4, 2479. (b) Shukla, R.; Bansal, V.;
Chaudhary, M.; Basu, A.; Bhonde, R. R.; Sastry, M. Langmuir 2005, 21,
10644. (c) Pan, Y.; Neuss, S.; Leifert, A.; Fischler, M.; Wen, F.; Simon,
U.; Schmid, G.; Brandau, W.; Jahnen-Dechent, W. Small 2007, 3, 1941.
(d) Male, K. B.; Lachance, B.; Hrapovic, S.; Sunahara, G.; Luong, J. H. T.
Anal. Chem. 2008, 80, 5487.

(4) (a) Shi, X.; Wang, S.; Sun, H.; Baker, J. R., Jr. Soft Matter 2007, 3, 71. (b)
Li, J. J.; Zou, L.; Hartono, D.; Ong, C. N.; Bay, B. H.; Yung, L. Y. L.
AdV. Mater. 2008, 20, 138.

(5) Wu, Y.; Rojas, A. P.; Griffith, G. W.; Skrzypchak, A. M.; Lafayette, N.;
Bartlett, R. H.; Meyerhoff, M. E. Sens. Actuators, B 2007, 121, 36.

(6) Ng, E. S. M.; Kubes, P. Can. J. Physiol. Pharmacol. 2003, 81, 759.
(7) (a) Vanin, A. F.; Muller, B.; Alencar, J. L.; Lobysheva, I. I.; Nepveu, F.;

Stoclet, J. C. Nitric Oxide 2002, 7, 194. (b) Vitecek, J.; Petrlova, J.; Petrek,
J.; Adam, V.; Potesil, D.; Havel, L.; Mikelova, R.; Trnkova, L.; Kizek, R.
Electrochim. Acta 2006, 51, 5087. (c) Zhang, X.; Lin, J.; Cardoso, L.;
Brodericka, M.; Darley-Usmarb, V. Electroanalysis 2002, 14, 697.

(8) (a) Barnard, A. S. Nat. Mater. 2006, 5, 245. (b) Prasad, B. L. V.; Stoeva,
S. I.; Sorensen, C. M.; Zaikovski, V.; Klabunde, K. J. J. Am. Chem. Soc.
2003, 125, 10488.

(9) Butler, A. R.; Rhodes, P. Anal. Biochem. 1997, 249, 1.
(10) Wu, S. H.; Chiang, H. C.; Chen, K. C.; Hsu, C. C.; Tsiang, R. C. C.

Nanotechnology 2007, 18, 345702.
(11) Johnson, S. R.; Evans, S. D.; Mahon, S. W.; Ulman, A. Langmuir 1997,

13, 51.
(12) Kassam, A.; Bremner, G.; Clark, B.; Ulibarri, G.; Lennox, R. B. J. Am.

Chem. Soc. 2006, 128, 3476.
(13) (a) Stamler, J. S. Circ. Res. 2004, 94, 414. (b) Yang, D.; Wang, H. L.;

Sun, Z. N.; Chung, N. W.; Shen, J. G. J. Am. Chem. Soc. 2006, 128, 6004.
(14) De Silva, V.; Woznichak, M. M.; Burns, K. L.; Grant, K. B.; May, S. W.

J. Am. Chem. Soc. 2004, 126, 2409.
(15) Pacher, P.; Beckman, J. S.; Liaudet, L. Physiol. ReV. 2007, 87, 315.

JA808033W

Scheme 1. The Mechanism for the Production of NO in Serum
Containing Gold Nanoparticles

Figure 1. (A) TEM micrograph of gold nanoparticles; (B) the amount of
induced-NO release in serum by gold nanoparticles solution (10, 20, 40,
80 µM). The inset is induced-NO release by 20 µM gold nanoparticles.

Figure 2. (A) The amount of NO release from final concentration of 156
nM GSNO addition to the different concentrations of gold nanoparticles
solution (20, 50, 182, 455, 910 µM); (B) the amount of NO release due to
different concentrations of GSNO addition to the gold nanoparticles solution.
The inset is the current of NO versus concentration of GSNO.
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