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bstract

Reductant, stabilizer-free colloidal gold solutions were fabricated by a new room-temperature synchrotron X-ray irradiation method. The
nfluence of process parameters such as the pH value and the exposure time on the structure of gold nanoparticles was investigated. The mechanisms

nderlying the X-ray-triggered reduction of gold ions and the formation of gold clusters are discussed in detail. The X-ray irradiation derived
ighly concentrated gold nanoparticles are readily to be re-dispersed and possess suitable colloidal stability within cellular environment. The
haracterization included a study of the possible cytotoxicity for the EMT-6 tumor cell line: the negative results indicate that the gold clusters
roduced with our approach are biocompatible.
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. Introduction

Gold nanoparticles find many applications in science and
echnology. In medicine, the excellent biocompatibility and high
elective agglomeration in cancer cells and tissues [1–3] make
hem top candidates as drug carriers or radiotherapy enhancers
4]. For biomedical applications, properties such as biocom-
atibility and dispersion should not be jeopardized by surface

odifications or solution conditions.
We present here a new approach meeting these requirements

5], the fabrication of gold nanoparticles by a photosynthesis

∗ Corresponding author. Tel.: +886 2 2789 6721; fax: +886 2 2651 0704.
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ethod using intense X-rays from a synchrotron source. The fab-
ication process is automatically reductant and stabilizer-free.

The resulting particles were examined by several different
echniques revealing in particular their excellent colloidal dis-
ersion and their biocompatibility. The small nanoparticle size
s likely to avoid high liver uptake after injection in animals and
o result in selective presence in tumors as a consequence of their
eaky vasculature [6]. The absence of residue chemical species
nd the good colloidal stability facilitated our investigations of
he interactions between nanoparticles and cells. On the contrary,
he commonly used citrate-reduced gold nanoparticles are easily

ggregated at high concentration and interfere with the uptake
hen co-cultured with cells. Alternatively, the citrate groups can
e exchanged by other functional ligands that, however, also
ncontrollably affect the cell uptake. In both cases, it is difficult

mailto:phhwu@sinica.edu.tw
dx.doi.org/10.1016/j.matchemphys.2007.06.024
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o study the real uptake mechanisms of high-concentration gold
anoparticles by cellular systems.

In our opinion, unwanted agglomeration is a major obstacle
gainst reliable investigations of the binding, uptake and inter-
alization in biology systems of pure gold nanoparticles—as
pposed to coated nanoparticles or nanoparticles coupled to
roteins. Our approach, based on irradiation with synchrotron
-rays, provides an effective solution for this problem.
Our method specifically use the X-rays to generate the

equired electrons in the precursor solutions, whereas the
onventional procedure to produce metal particles from bulk
onic solutions requires adding reducing agents to achieve
he reduction and supply the electrons. To be successful, our
pproach needs very intense X-ray beams and, therefore, suit-
ble synchrotron sources. Other procedures based on external
timulation exploited gamma-ray irradiation [7–9], visible laser
rradiation [10,11], sonochemical synthesis [12] and microwave
eating [13]. However, such methods require stabilizing agents
polymeric molecules) since metallic clusters induced by them
end to coalesce into larger particles. Furthermore, their produc-
ion rate is rather low: for example, at least 30 h were required
or X-ray irradiation with conventional sources [14] and 5 h for
amma-ray irradiation [15] to produce significant amounts of
u nanoparticles.
The production of metallic nanoparticles by X-ray irra-

iation is not a priori obvious because of the much lower
nergy with respect to gamma-rays. Recent experiments, how-
ver, definitely demonstrated the feasibility of this approach
5,14,16–19]. The advantages are clear since the high penetra-
ion of X-rays can be exploited to achieve either homogeneous
r localized productions in a controlled way. Masking methods
an be used to create microscopic patterns. As far nanoparti-
les quality is concerned, X-ray irradiation offers additional
dvantages such as cleanliness (the absence of addictives), room-
emperature processing, high reproducibility, fast production
ate, enhanced biocompatibility and the possibility to reach high
anoparticle concentration. All these factors could be quite rel-
vant to the potential applications in biology, biophysics and
iomedicine.

We explored the effects of key process parameters seek-
ng optimal conditions. The underlying physical and chemical

echanisms were analyzed and are discussed later. Extensive
haracterization of the fabrication products included tests to
onfirm the high colloidal stability and biocompatibility and to
robe the uptake of gold nanoparticles by EMT-6 cells.

. Experimental

.1. Materials and methods

Gold nanoparticles were synthesized from aqueous hydrogen tetrachloroau-
ate trihydrate (HAuCl4·3H2O, Aldrich) solutions by synchrotron X-ray
rradiation. Searching for the best irradiation conditions, the pH value of the

mM precursor solution (pH 3) was adjusted to 6, 7, 8 and 9 by adding a
aOH solution. We also studied the process for different solution concentra-

ions: 0.5, 1 and 2 mM. The pH value was measured with an Orion 720A
H-meter. Polypropylene conical tubes of different sizes (2, 15 ml, Falcon®,
ecton Dickinson, NJ, USA) were used as solution containers. De-ionized water

2

1
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18.2 M� cm, Millipore, Milli-Q, MA, USA) was used throughout the colloidal
old preparation.

The experiments were performed on the 7B2 beamline of 2.5 GeV
LS (Pohang Light Source, Pohang, Korea) and 01A beamline of NSRRC
National Synchrotron Radiation Research Center) storage rings [20]. We used
nmonochromatized (“pink”) X-ray beams with no optical elements except one
et of beryllium and Kepton windows. A slit system was used to obtain a transver-
al beam section of 3 mm× 9 mm. In addition to a CCD camera installed to
onitor the color changes of the solution, the formation of the particles was mon-

tored by synchrotron X-ray microscopy in solution and in real time, specifically
nalyzing the local change of the metal concentration.

UV and visible light absorption spectra were taken with a UV–vis–NIR
pectrometer (spectrometer GBC Cintra 10 e, GBC Scientific. Inc., Australia).
he surface charge of gold nanoparticle dispersions were measured by a Malvern
etasizer 3000 HAS (Malvern Instruments Ltd., Malvern, Worcestershire, UK).
he particle morphology, structure and size were measured with a JEOL JEM
010 F Field Emission Gun Transmission Electron Microscope (FEG-TEM)
perating at 200 kV. The samples for TEM measurements were prepared by
lacing droplets of nanoparticle-containing solution on carbon-coated Cu grids
nd allowing them to dry.

As-prepared gold nanosols were concentrated by performing centrifuga-
ion using centrifuge (Eppendorf® 581OR, Germany) and centrifugal filter
evice (Amicon® Ultra-15, Milipore, USA). The centrifugation are conducted
t 3000 rpm for 20 min under 4 C. To test the re-dispersion capability, highly
oncentrated gold colloidals (26.2 mg cm−3 determined by ICP-OES) were re-
ispersed into DI water to reach an optical density above 2. The size and optical
bsorption of re-dispersed colloidal gold were then examined by dynamic light
catter (DLS) size analyzer (Horiba L-500, Horiba Inc. Japan) and UV–vis
pectrometer, respectively.

Gold nanoparticles were also evaluated for their colloidal stability within
ellular environment. Aliquots of 0.5 ml of re-dispersed condensed gold
anoparticles (OD > 2) were co-cultured with 0.5 ml of DMEM with 10% serum.
he colloidal stability was examined by UV–vis measurement up to 50 h. The
ariations of three parameters are examined to evaluate the stability of gold par-
icles: (1) peak maximum and (2) full width at half maximum (FWHM) of gold
urface plasmon resonance, and (3) integrated area of absorption plot between
50 and 800 nm.

.2. Cell culture and MTT assay

EMT cells were cultured in DMEM/F12 (GIBCO) medium containing
0% fetal bovine serum (FBS), 1% antibiotics (penicillin at 100 U mL−1 and
treptomycin at 100 �g mL−1) and l-glutamine at 37 ◦C in a humidified 5%
O2 incubator. For MTT assay, MTT reagent (3-[4,5-dimethylthiazol-2-yl]-
,5-diphenyltetrazolium bromide; Thiazolyl blue, Sigma–Aldrich, USA) was
issolved in phosphate buffered saline (PBS, pH 7.4) and filtered through a
.22 �m filter. EMT-6 cells were seeded within 24-well culture dishes before
anoparticle treatment. After seeding the cells for 24 h, different concentrations
f colloidal gold (0, 0.125, 0.25, 0.5, 1, and 2 mM) were added to the microtiter
ells. The cells were further incubated for 48 h and then the MTT solution
as added to each well to one-tenth the original culture volumes and further

ncubated for 3–4 h.
Cellular reduction of MTT produces an insoluble, purple formazan. At the

nd of the incubation period, the formazan crystal was dissolved in dimethyl
ulfoxide (DMSO) and the absorbance at 570 nm was measured with a standard
icroplate reader (Sunrise, Tecan, Switzerland). The quantity of formazan crys-

al as measured by the amount of absorbance at 570 nm is directly proportional
o the number of living cells in culture. Each experiment was performed in trip-
icate. The relative cell viability (%) was calculated by ([A]test/[A]control) × 100,
here [A]test is the absorbance of the sample with gold nanoparticles and

A]control is the absorbance of the sample without gold nanoparticles as
ontrol.
.3. TEM analysis

For the TEM sample preparation, 1 × 105 EMT-6 cells were seeded on
00 mm culture dish. After 24 h, concentrated gold colloidals (the volume



C.-H. Wang et al. / Materials Chemistry and Physics 106 (2007) 323–329 325

F
1

i
c
b
a
w
w
t
p
d
9
9
m
5
2

3

3
i

c
s
c
t
n
c
1

F
p
p

k
i

3

d
o
p
f
a
f
(
b
p
n
i

f
a

F
p

ig. 1. Variation of the pH value of the X-ray exposed precursor solutions (0.5,
, 2 mM, 2 ml solution) under continuous X-ray irradiation.

s around 10 �l obtained by centrifuging 3 ml gold nanosol) was added to
ells. After co-incubation for 48 h, cells with gold nanoparticles were detached
y trypsin (0.5 g porcine trypsin and 0.2 g EDTA·4 Na L−1 of Hanks’ bal-
nced salt solution) (Sigma, Saint Louis, MO, USA), centrifuged, and washed
ith PBS for at least three times. Once the trypsin and remnant particles
ere removed, the cell pellet was fixed with 2.5% glutaraldehyde with 1%

annic acid at 4 ◦C and retained for 1 h. Then the pellet was washed and
ost-fixed in 1% Osmium tetroxide for 1 h. The cell pellet then experienced
ehydration through a series of ethanol concentrations (30, 50, 70, 80, 90,
5 and 100%). Finally, cell pellets were embedded in resin and sectioned to
0–100 nm in thickness with ultramicrotome (Leica Ultracut R, Leica, Ger-
any) and double stained with uranyl acetate for 20 min and lead citrate for
min before the images were taken by JEOL 2010F (JEOL, Japan) operating at
00 kV.

. Results and discussion

.1. Formation of colloidal gold under synchrotron X-ray
rradiation

The changing pH value of precursor solutions with different
oncentrations was measured during X-ray irradiation; repre-
entative results are shown in Fig. 1. For the three examined
oncentrations, the pH value increased continuously during

he exposure until plateaus were reached. The irradiation time
eeded to achieve such saturation values increased with the con-
entration of the precursor solution: 60 s for 0.5 mM, 120 s for
mM and 180 s for 2 mM. This evolution was correlated to the

g
r
f
w

ig. 2. TEM micrographs of gold nanoparticles from precursor solutions with differe
recursor solution.
ig. 3. UV–vis spectra of gold nanosols from precursor solutions with different
H values: (a) 5.3, (b) 7.0 and (c) 10. Exposure time is 5 min for each 10 ml
recursor solution.

inetic process of gold nanosol formation and will be discussed
n detail in the following section.

.2. Effects of the pH value

We examined the pH value effects on the gold particles size,
ispersion and optical absorption properties. TEM Micrographs
f gold nanosols obtained from precursor solutions of different
H levels are shown in Fig. 2. The exposure time was set at 5 min
or each 10 ml precursor solution. As revealed by Fig. 2(a), under
cidic condition the gold particles were strongly flocculated and
ormed aggregates. The particles obtained from neutral solutions
Fig. 2(b)) did not aggregate and had a size distribution including
oth large (>20 nm) and small (<10 nm) values. An additional
H increase to 10 (Fig. 2(c)) resulted in the formation of gold
anoparticles with an average size of approximately 10 nm with
mproved dispersion.

Fig. 3 shows UV–vis absorption spectra of gold solutions
or different pH values (5, 7 and 10). The exposure time was
lso 5 min for each 10 ml precursor solution. The characteristic

old nanoparticle absorption peak due to the surface plasmon
esonance [21] was found at 528 nm for pH 7 and at 516 nm
or pH 10. For acidic solutions, only a broad peak at 584 nm
as observed. This is reasonable since in this case the TEM

nt pH values: (a) 5.3, (b) 7.0 and (c) 10. Exposure time is 5 min for each 10 ml
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Fig. 5. Variation of absorbance at 520 nm, revealing the amount of gold nanopar-
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ig. 4. UV–vis spectra of gold nanosols prepared with different exposure times
o the synchrotron X-ray beam. For 10 ml precursor solution.

ests revealed nanoparticle aggregation that results in the dis-
ppearance of the characteristic surface plasmon resonance of
anosized particles.

.3. Effects of the exposure time and of the X-ray beam
arameters

Fig. 4 shows the UV–vis spectra of gold nanosols for different
xposure times under the conditions of 10 ml precursor solution
nd 1 mM precursor (pH 10). The surface plasmon resonance
hifted towards higher photon energies as the exposure time
ncreased: the peak position was 538, 538, 532, 522 and 520 nm
or 30 s, 1, 3, 5 and 15 min—with a parallel decrease of the peak
idth. Such a shift and peak narrowing indicates a decreasing
anoparticle size.

The natural intensity decrease of the synchrotron source after
njection was exploited to investigate the corresponding effects
n the nanoparticles formation. Fig. 5 shows the 520 nm surface
lasmon resonance peak for different electron beam currents
n the synchrotron source (resulting in different X-ray beam
ntensities). The effects were negligible for exposures longer
han 10 min but relevant for shorter times, suggesting that what

atters is the total X-ray dose.

.4. Proposed mechanism for the formation of gold
anoparticle
Free radical H• and OH• are known to develop by dissoci-
tion of water molecules exposed to ionization radiation [8,9].
e hypothesize that the active hydrogen-free radical H• acts as

n electron donor and the HAuCl4 is reduced to metallic gold

o
T
o
f

able 1
he pH value of solutions before and after synchrotron irradiation

tem Pure HAuCl4 solution

Theoretic pH value Measured pH

efore irradiation 2.7 2.69
fter irradiation 2.1 2.12
icles formed for different electron beam currents in the synchrotron source,
orresponding to different X-ray beam intensities.

hrough a series of reactions (Eqs. (1)–(4)):

AuCl4 → H+ + AuCl4
− (1)

2O → H• + OH• (2)

OH• → 2H2O + O2 (3)

uCl4
− + 3H• → Au + 3H+ + 4Cl− (4)

o confirm these steps, the pH value of the bath was measured
efore and after X-ray irradiation. Table 1 shows, for a solution
oncentration of 2 mM, the experimental pH values and the the-
retical values based on the above equations. We see that before
-ray irradiation the measured pH value of the pure HAuCl4

olution was consistent with the calculated value of the fully
onized HAuCl4 solution. According to Eq. (4), the H+ concen-
ration should increase three times after complete reaction by
-ray irradiation, and the pH should go down to 2.1. Table 1 also

hows results for a HAuCl4 with added NaOH to change the acid-
ty. This is indeed consistent with the measured pH value after
he irradiation and confirmed the Au precipitation mechanism
Eqs. (1)–(4)).

According to Eq. (1), the H+ in solution is due to the
AuCl4 ionization; therefore, a neutral (pH 7) solution should
e obtained by neutralizing the H+ ions with the same concen-
ration of OH, i.e., with a NaOH concentration equal to that of
AuCl4. However, we found that a neutral solution can only be

btained by adding a 4.5 times larger concentration of NaOH.
his apparent large discrepancy suggests that NaOH can have
ther effects besides that of neutralizing the H+ ions. We also
ound that the yellow color of the acid HAuCl4 solution progres-

HAuCl4 + NaOH solution

value Theoretic pH value Measured pH value

7 7.08
11.3 10.3
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Table 2
Re-dispersion capability of highly concentrated pure gold colloidals

Condition Hydrodynamic size (nm) Optical density (a.u.) Gold SPR position (nm)
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s synthesized pure gold colloidal 15.5 ± 5.1
e-dispersed concentrated pure gold 17.9 ± 8.9

ively changed to colorless with the addition of NaOH. Based
n these observations, we propose the following mechanism:

uCl4
− + 4OH− → Au(OH)4

− + 4Cl− (5)

u(OH)4
− + 3H• → Au + 3H2O + OH− (6)

ccording to Eqs. (1)–(5), the OH− replaces the chlorine of
uCl4− rather than scavenging the H+ dissociated from HAuCl4

Eq. (1)). Therefore, the amount of OH− required for neutral-
zation by converting all HAuCl4 into Au(OH)4

− should be five
imes that of HAuCl4. This is not entirely consistent with the
xperimental 4.5 times value, indicating that not all the chlorines
f AuCl4− are replaced by OH−.

We also found (Table 1) that the pH value increased from 7.08
o 10.3 after synchrotron irradiation. The discrepancy between
he experimental and theoretical pH values after irradiation, 10.3
nd 11.3, indicates the additional release of OH− from residual
u(OH)4

− during the X-ray exposure (Eq. (6)).
Note, indeed, that Au nanoparticles were fabricated with

igh rate and well dispersed when the pH value was >7. This
uggests that the OH− groups adsorbed on the nanoparticle
urfaces causes repulsion between particles and avoids agglom-
ration. The surface potential of gold nanosols (1 mM) under
he condition of pH 9 was −57.8 ± 5 mV as measured using a
eta-meter.

.5. Re-dispersion capability and colloidal stability

The results of DLS and UV–vis characterization on gold

anoparticle re-dispersion capability are summarized in the
able 2. The size of concentrated colloidal gold after re-buildup

n water is largely maintained. The stability in particle size
nd the absence of agglomeration of re-dispersed colloidal

ig. 6. Colloidal stability of re-dispersed gold colloidals within cell culture
edium revealed by UV–vis spectra evolution. The inserted plots describe the

ariation of the so-called “aggregation markers”.

o
w
n
t

F
m

1.883 522.7
2.316 521.1

old were supported by the negligible changes in absorption
aximum.
As shown in Fig. 6, the re-dispersed colloidal gold demon-

trates sufficient stability in cell culture medium up to 28 h.
dditional absorption edges appeared at around 580 nm when

urther increasing the incubation time. This observation can be
ontributed to limitation of electrostatic stabilization nature of
old nanoparticles in this study. To achieve better colloidal sta-
ility in vitro and in vivo, steric stabilizing polymers such as
olyethylene glycol should be utilized.

.6. Cytotoxicity and cell uptake tests

Fig. 7 shows the MTT data of colloidal mediated EMT-6 cells
ontinuously assessed for 5 days. We see that the introduction of
old nanoparticle did not affect the mitochondria function and
roliferation activities was independent of the Au concentration
up to 2 mM).

Fig. 8 presents the TEM micrographs illustrating the inter-
ctions between gold particles and EMT-6 cells. In most
bservations, the gold nanoparticles were found as clusters and
ocated within the intercellular matrix, as shown in Fig. 8(a).
t was also noted that the gold nanoparticles formed larger
lusters (Fig. 8(b)) even though individual gold particles can
lso been differentiated with original size (see inserted image
n Fig. 8(b)). Occasionally gold clusters immobilized within
ytoplasm can be observed. As described in Fig. 8(c), some
old clusters were internalized while other clusters (arrow
arked) were experiencing cellular uptake. The pathway track
f internalized gold nanoparticles towards perinuclear region
as shown in Fig. 8(d). TEM data indicated that unmodified
anoparticles can penetrate into the EMT-6 cells, even though
he amount of cellular uptake is small. This observation is

ig. 7. Dependence of concentration on the viability of colloidal gold particle
ediated EMT-6 cells, evaluated by MTT assay.
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ig. 8. TEM micrograph depicting the distribution of gold clusters within cellu
old nanoparticles attached and uptaken by EMT-6 cell and (d) pathway track o

onsistent with the aforementioned conclusion that there is no
ytotoxicty.

. Conclusions

We demonstrated that synchrotron X-ray irradiation could
roduce well-dispersed gold particles (10 nm) in aqueous solu-
ions without adding either a reducing agent or a stabilizer. A

echanism of photo reduction of HAuCl4 and Au nanoparticles
ormation was proposed based on the experimental results. Gold
anosols prepared with this simple and clean method exhibit
ood colloidal stability explained by the electrostatic stabiliza-
ion effect of OH groups. In vitro studies indicated that X-ray
erived gold nanoparticles don’t affect the viability of EMT-6
ells. TEM observation verified that gold nanoparticles can be
ptaken by cells.
cknowledgements

We thank G.M. Chow for the stimulating discussion in char-
cterizing the samples. This work was supported by the National [
vironments: (a) inter-cellular distribution, (b) cluster of gold nanoparticles, (c)
rnalized gold nanoparticles towards perinuclear region.

cience Council (Taiwan), by the Academia Sinica (Taiwan),
y Creative Research Initiatives (Functional X-ray Imaging) of
OST/KOSEF, by the Swiss Fonds National de la Recherche

cientifique and by the EPFL.

eferences

[1] R. Shukla, V. Bansal, M. Chaudhary, A. Basu, R.R. Bhonde, M. Sastry,
Langmuir 21 (2005) 10644.

[2] G.F. Paciotti, L. Myer, D. Weinreich, D. Goia, N. Pavel, R. Mclaughlin, L.
Tamarkin, Drug Deliv. 11 (2004) 169.

[3] J.L. West, N.J. Halas, Curr. Opin. Biotechnol. 11 (2000) 215.
[4] J.F. Hainfeld, D.N. Slatkin, H.M. Smilowitz, Phys. Med. Biol. 49 (2004)

N309.
[5] Y.C. Yang, C.H. Wang, Y.K. Hwu, J.H. Je, Mater. Chem. Phys. 100 (2006)

72.
[6] H.F. Dvorak, J.A. Nagy, J.T. Dvorak, A.M. Dvorak, Am. J. Pathol. 133

(1988) 95.
[7] H. Fujita, M. Izawa, H. Yamazaki, Nature 196 (1962) 666.

[8] J. Belloni, M. Mostafavi, H. Remita, J.-L. Marignier, M.-O. Delcourt, New

J. Chem. (1998) 1239.
[9] E. Gachard, H. Remita, J. Khatouri, B. Keita, L. Nadjo, J. Belloni, New J.

Chem. (1998) 1257.
10] Z. Geretovszky, T. Szorenyi, Appl. Surf. Sci. 109 (1997) 467.



mistr

[

[
[

[
[
[

[

[

C.-H. Wang et al. / Materials Che

11] J.P. Sylvestre, S. Poulin, A.V. Kabashin, E. Sacher, M. Meunier, J.H.T.
Luong, J. Phys. Chem. B 108 (2004) 16864.

12] C.H. Su, P.L. Wu, C.S. Yeh, J. Phys. Chem. B 107 (2003) 14240.
13] F.K. Liu, C.J. Ker, Y.C. Chang, F.H. Ko, T.C. Chu, B.T. Dai, Jpn. J. Appl.
Phys. 42 (2003) 4152.
14] F. Karadas, G. Ertas, E. Ozkaraoglu, S. Suzer, Langmuir 21 (2005) 437.
15] A. Henglein, D. Meisel, Langmuir 14 (1998) 7392.
16] R.A. Rosenberg, Q. Ma, B. Lai, D.C. Mancini, J. Vac. Sci. Technol. B 16

(1998) 3535.

[

[

[

y and Physics 106 (2007) 323–329 329

17] Q. Ma, N. Moldovan, D.C. Mancini, R.A. Rosenberg, Appl. Phys. Lett. 76
(2000) 2014.

18] H.J. Lee, J.H. Je, Y. Hwu, W.L. Tsai, Nucl. Instr. Method B 199 (2003)
342.
19] P.H. Borse, J.M. Yi, J.H. Je, W.L. Tsai, Y. Hwu, J. Appl. Phys. 95 (2004)
1166.

20] S. Baik, H.S. Kim, M.H. Jeong, C.S. Lee, G.H. Je, Y. Hwu, G. Margari-
tondo, Rev. Sci. Instrum. 75 (2004) 4355.

21] S. Link, M.A. El-Sayed, J. Phys. Chem. B 103 (1999) 8410.


	Aqueous gold nanosols stabilized by electrostatic protection generated by X-ray irradiation assisted radical reduction
	Introduction
	Experimental
	Materials and methods
	Cell culture and MTT assay
	TEM analysis

	Results and discussion
	Formation of colloidal gold under synchrotron X-ray irradiation
	Effects of the pH value
	Effects of the exposure time and of the X-ray beam parameters
	Proposed mechanism for the formation of gold nanoparticle
	Re-dispersion capability and colloidal stability
	Cytotoxicity and cell uptake tests

	Conclusions
	Acknowledgements
	References


