
Introduction

Recently, much attention has been paid to nano-scale
colloidal metal particles in many fields, such as elec-
tronics, catalysis and clinical diagnostics [1–4]. Most of

such colloids are prepared by the reduction of tetra-
chloroauric acid using a specific reducing agent and
are stably dispersed in aqueous media by ionic repul-
sive forces. For versatile applications of such gold
colloids, however, the stabilization by the ionic
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Abstract We have developed a rapid
and simple method for the prepara-
tion of nearly mono-dispersed gold
colloids with a fairly high concen-
tration above 10 mM using hydrox-
ylamine as the reducing agents, in
the presence of a-methoxy-x-mer-
captoethyl-poly(ethylene glycol)
(MeO-PEG-SH). It was found that a
hydroxylamine acted not only as a
reducing agent, but also as a nucle-
ation agent under alkaline reaction
conditions. Though the colloid con-
centration was fairly high, the dis-
persion stability was remarkably
improved even in a high ionic
strength in the range greater than
1 M NaCl, in which conventional
citrate gold colloids immediately
flocculate and precipitate. The ob-
tained colloid was successfully re-
dispersed in aqueous media after
lyophilization. In addition, the pre-
pared gold colloid reduced a protein
adsorption significantly on its sur-
face. Concerning these results, the
obtained colloidal dispersion may be
suitable for biological applications,
since a regionally concentrated

colloidal dispersion with dispersion
stability is required for bio-labeling
and bio-imaging systems.
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repulsive force is not fully satisfied. For example, un-
der physiological conditions for clinical applications
such as immuno-colloidal imagings and diagnostics [5,
6], the gold colloids tend to aggregate due to the
compensation of the electrostatic repulsive force by the
high ionic strength.

Recently, we reported a preparation method for sta-
ble gold colloids having PEG tethered chains on its
surface, which improves both the non-fouling character
and dispersion stability [7]. In this method, however, the
size distribution of the obtained gold colloid was rather
broader because of the uncontrolled reduction process
due to the solid reducing agent, NaBH4. Natan et al.
reported that a hydroxylamine has no nucleation ability
of the aurate cation but has a suitable reducing ability
on the gold surface [8, 9]. During our experiments with
hydroxylamine in the presence of mercapto-ended PEG,
however, we found that the hydroxylamine possessed
both nucleation and reduction abilities of the aurate
cation. Under suitable conditions, the obtained gold
colloid had a nearly mono-dispersed distribution with a
high colloidal concentration. Since the prepared gold
colloid possessed PEG tethered chains on the surface, it
was extremely high dispersion stability even in very high
salt concentration. In addition, non-fouling character
was confirmed in serum solution.

There are a few reports on rapid and simple prepa-
ration methods for a highly concentrated gold colloid in
an aqueous phase [10, 11], retaining both high dispersion
stability and non-fouling character in biological envi-
ronment. We now report a new preparation method of a

mono-dispersed gold colloid having a PEG tethered
chain on the surface using hydroxylamine as the reduc-
ing agent.

Experimental

The UV/vis absorption spectra were recorded using a
Beckman Coulter DU530 spectro-photometer with a 1-
nm resolution. The transmission electron micrograph
(TEM) was obtained using a Carl Zeiss LEO 922 oper-
ating at 160 kV. The particle diameters (Table 1) were
determined using Scion Image software Ver. Beta 4.02
(Scion Corporation) freely available on the web. The
diameters of approximately 200 particles were used for
calculations of average particle size (Dmean) and their
size standard deviation (SD).

Hydroxylamine (99.999% purity, 50 wt% solution in
water, Aldrich), hydrogen tetrachloroaurate(III) tetra-
hydrate (99.9% purity, Wako Pure Chemical Ltd.),
MeO-PEG-SH (Mn 5,200, Mw/Mn=1.02, NOF Co.,
Ltd.), normal rabbit serum (NRS) (Sigma) and bovine
serum albumin (BSA) (Wako Pure Chemical Ltd) were
purchased and used as received.

We first examined the influence of the reaction
mixture at different pH values from 2 to 13. A 700 ll
volume of the aqueous solution of MeO-PEG-SH
(40.1 mg/ml) was added to a 50 ll hydroxylamine
solution (0.2 mmol/ml). The pH was adjusted by so-
dium hydroxide or hydrochloric acid to 2.0–13.0 and
then brought to 800 ll with the addition of water. To

Table 1 Preparation of gold colloid in the presence of MeO-PEG-SH reduced by hydroxylamine under alkaline conditions

Run Hydroxylamine
(mmol/ml)

MeO-PEG-SH
(mg/ml)

Temperature
(�C)

kmax
b

(nm)
PWMHc

(nm)
Amax
d Dmean

e

(nm)
SDf

(nm)

1fla 0 9.5 25
2fl 0 38 25
3 0 151 25
4fl 0.2 0 25
5 0.2 9.5 25 533 118 1.74 10.4 3.0
6 0.2 38 25 529 98 1.62 10.6 4.1
7 0.2 151 25 548 162 0.36 11.2 6.2
8fl 1 0 25
9 1 9.5 25 521 98 1.96 9.9 3.9
10 1 38 25 528 102 1.90 14.7 6.8
11 1 151 25 546 176 1.29 13.4 5.7
12fl 2 0 25
13 2 9.5 25 525 112 1.96 13.6 5.6
14 2 38 25 538 144 1.91 15.4 7.0
15 2 151 25 541 188 1.52 12.7 6.4
16 0.2 9.5 4 521 82 1.72 10.0 1.9
17 0.2 9.5 60 543 154 1.70 15.5 5.3

Reaction conditions (pH=13.00–13.10)
aSamples marked arrows (fl) showed precipitation
bPlasmon absorption wavelength
cStraight forward as twice the difference between kmax and the k of

half maximal absorbance to the red shift of the kmax
dAbsorbance at kmax
eMean diameter of the particle calculated from TEM photographs
fStandard deviation of the particle diameter
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this solution, 100 ll of an aqueous solution of HAuCl4
(0.1 mmol/ml) was added under vigorous agitation at
room temperature.

For further investigation, the effect of the concen-
trations of hydroxylamine and MeO-PEG-SH concen-
trations as well as the reaction temperatures were
systematically studied for the preparation of highly
concentrated colloidal dispersion under alkaline condi-
tions (pH=13.00–13.10), which was chosen as a conse-
quence of the pH effect study (Table 1).

Commercially available gold colloids prepared by
the citrate reduction method [12] were purchased from
Poly Science, the concentration and the size of which
were 0.29 mM and 10 nm, respectively. The citrate gold
colloid was concentrated and used as the controls
(samples A and B). A 45.6 ml aliquot of the original
citrate colloid dispersion (0.29 mM) was centrifuged at
18,000· g for 4 h and the precipitant was brought to
1.2 ml of water to prepare the 11 mM gold colloid
dispersion (sample A). A 50 ml aliquot of the original
citrate gold colloid was mixed with 2.56 ml of MeO-
PEG-SH (4 mg/ml) and centrifuged at 18,000·g for 8 h
and the precipitant was brought to 1.32 ml of water to
adjust the same concentration as sample 16
(11.1 mM)(sample B). Centrifuge refining was done
three times to remove any free MeO-PEG-SH and cit-
rate ion. A 1.2 ml aliquot of sample 16 was also cen-
trifuge-refined three times without any concentration in
order to remove any free MeO-PEG-SH and hydrox-
ylamine.

The centrifugation- and lyophilization-concentrating
stability of samples 16, A and B were studied. A 200 ll
aliquot of samples 16, A and B were lyophilized and
200 ll of water was then added to them.

The dispersion stability along with non-fouling pro-
tein adsorption in NRS and BSA were estimated as
follows: After a 100 ll volume of NRS or BSA was
added to a 100 ll volume of the centrifuge-refined
samples, the gold colloid was incubated overnight at 4�C
and centrifuged (18,000·g for 12 h). The UV/vis spectra
of the supernatants were monitored to estimate the
protein adsorption properties on these gold surfaces.

Detailed protein solutions investigated in this study are
summarized in Table S1.

Results and discussions

When tetrachloroauric acid was mixed with hydroxyl-
amine in the presence of MeO-PEG-SH under the
acidic to neutral conditions, the color of the mixture
gradually changed from red to orange and then an
orange-colored precipitate was observed at the bottom
of the vessel, which is in good agreement with the
previous reports by Natan et al [8, 9]. On the contrary,
the color of the solution immediately changed from
bluish black to ruby red under alkaline conditions
(pH=12–13) within a few seconds, indicating the au-
rate ions being reduced. The plasmonic absorption of
the obtained mixtures were clearly observed at
kmax=526 nm (pH 12.14) and 523 nm (pH 12.96). The
colloidal particles obtained in the highest pH region
(pH 12.96) showed the narrowest size distribution
(Dmean=15.1 nm, SD=4.9 nm). On the basis of these
results, it is clear that hydroxylamine acts as a suitable
reducing agent to prepare mono-dispersed colloidal
gold particles, which is in sharp contrast to the result of
Natan et al. The detailed results of the influence of the
preparation conditions, such as the concentration of
hydroxylamine and MeO-PEG-SH, as well as the
reaction temperatures are summarized in Table 1. As
can be seen in the table, it is confirmed that the low
temperature conditions (4�C) gave the narrowest size
distributions (sample 16).

Figure 1 shows a UV/vis spectrum along with a TEM
image of sample 16. It was confirmed that spherical gold
particles with a sharp plasmon peak were observed.

It is interesting to note that the reduction of the au-
rate cation took place without amine (runs 1, 2 and 3 in
Table 1). In this case, however, a large precipitate with a
metallic gold color was obtained. This is considered to
be a result of the reduction of aurate cation by oxidizing
the thiols to disulfides [13]. When the reaction was
carried out using hydroxylamine in the absence of

Fig. 1 a Absorption spectrum
of sample 16 diluted 20-fold
with water, b TEM photograph
of sample 16 using a Carl Zeiss
LEO 922 operating at 160 kV.
Centrifuge refining was pro-
ceeded by Hitachi-koki himac
CS 150GX before taking the
TEM
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MeO-PEG-SH, no stable colloid was obtained. Actually,
the obtained colloid was flocculated immediately after
the preparation. By using hydroxylamine in the presence
of MeO-PEG-SH under the alkaline conditions, a gold
colloid having diameters of 9–16 nm was obtained,
retaining a low polydispersion factor.

In order to evaluate the stability of the prepared
highly concentrated colloid, the centrifugation—redi-
spersion purification was carried out. The gold colloid
prepared by hydroxylamine in the presence of PEG-SH
showed no spectral change before and after the centri-
fuge treatments, which is sharp contrast to the com-
mercially available gold colloid. For example, the citrate
reduced gold colloid changed its UV/vis spectra signifi-
cantly after the centrifugation treatments [14]. It is re-
ported previously that PEG chains formed on the gold
colloid surface as a tethered fashion improved the dis-
persion stability in aqueous media [7, 15]. From these
obtained data, it is concluded that the PEG tethered
chains surface was constructed on the formed gold col-
loid during the reducing process. Detailed results are
described in supporting information (Figures S0, S1).

It is well known that once the citrate gold colloid was
lyophilized, complete dispersion is no longer accom-
plished. A large black lump was always observed even
with a continuous stirring. In the case of sample 16,
however, the lyophilization did not cause any cluster
formation. After the lyophilization, sample 16 could be
fully re-dispersed just after the addition of water.
Actually, the UV/vis spectra did not change at all before
and after the lyophilization. Detailed results are de-
scribed in supporting information (Figure S2).

The stability of the PEGylated gold colloids was
further investigated under both a high salt concentration
and in the presence of serum.

When saline was added to the citrate gold colloid
(sample A), a black precipitate was immediately ob-
served (Fig. 2a). On the contrary, sample 16 showed no
precipitation even under very high salt concentrations. It
was confirmed that the steric repulsion of the PEG
tethered chains on the colloid surface improved the

dispersion stability even under the very high salt con-
centration conditions.

Colloid particles ranging from 1 nm to 1 lm are
thermodynamically driven to flocculate due to the
attractive van der Waals forces that work in the range of
approximately 5 nm from the surface [16–20]. The De-
bye length in a 150 mM aqueous solution of a 1:1 elec-
trolyte is ca. 0.8 nm. Thus, in physiological fluids with
the above electrolyte concentration, the Debye length is
often inadequate to prevent the particles from
approaching close enough to where attractive van der
Waals becomes the dominant interaction. Electrostati-
cally stabilized particles coagulate under the higher
electrolytes conditions (at critical coagulation concen-
tration known as a Schultz–Hardy rule). These results
proved that PEG stabilization is far less dependent of
the ionic strength of the media than the electrostatic
stabilization (such as the citrate colloid) and that PEG is
suitable for providing a strong stabilization in physio-
logical fluids.

Interactions of the prepared gold colloid with protein
solutions were carried out to evaluate the biocompati-
bility. When the commercially available gold colloid was
added to the NRS solution, a significant change in the
UV/vis spectra was observed (Figure S4). Figure 3a
shows a change in the strength of plasmon peak as a
function of the NRS concentration. When a small
amount of NRS was added to sample A, a significant
increase in the plasmon absorption was observed. It is
well known that the surface plasmon spectrum of the
gold colloid is influenced by the dielectric constant of the
surface environment [21]. A strong serum protein
adsorption should be one of the reasons for the change
in the plasmon absorption of the citrate colloid [22]. The
similar tendency was observed in the case of sample B
though the spectral change was not as strong as that of
sample A, indicating that the serum protein interacted
with the surface of sample B to some extent. Contrary to
these two control samples, sample 16 showed almost no
change in the plasmon absorption regardless of the
serum concentration. This tendency was confirmed by

Fig. 2 a A photograph of gold
colloid samples (A and 16) after
the centrifugation in 1 M of
NaCl solution (Runs 6 and 23
in Table S1), b UV-vis spectra
of the mixture of centrifuge-
refined sample 16 at the various
concentrations of NaCl solu-
tion (Runs 2–6 in Table S1)
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the quantification of the adsorbed proteins as shown in
Fig. 3b. On the concentrated gold colloid surface with-
out PEG chains (sample A), a significant protein
adsorption was observed. Even in the case of commer-
cial citrate gold colloid mixed with PEG-SH (sample B),
certain amount of proteins were adsorbed on the sur-
face. On the contrary, serum protein adsorption was
fairly suppressed on the sample 16. Though sample B
should possess the PEG tethered chain on the surface,
the non-fouling character was not the same as in sample
16. We have already reported that the PEG chain den-
sity and length significantly influences the protein
adsorption tendency [23]. Since the PEG chain length on
sample B is the same as that on sample 16, the PEG
chain density may be the reason for the difference in the
protein adsorptions. In the case of sample 16, the PEG
tethered chains form on the surface during the particle
propagation process, which may be suitable for a high
density brush than that after the modification of the
preformed colloid by PEG-SH.

Conclusions

In conclusion, we have developed a method to prepare a
highly concentrated mono-dispersed colloid using
hydroxylamine as the reducing agent in the presence of
MeO-PEG-SH. Lowering the molar ratio of hydroxyl-
amine/Au and MeO-PEG-SH/Au and the reaction
temperature produced a narrow size distribution. The
concentration of the PEGylated gold colloid solution
was 11 mM, which is fairly higher than that obtained
using the conventional colloid preparation conditions.
By using this method, a gold colloid of fairly high con-
centration was prepared while retaining its high disper-
sion stability. The obtained gold colloid showed a
remarkable decrease in protein adsorption even when
compared to the PEGylated colloid prepared by the
commercially available gold colloid and PEG-SH. Such
a new PEGylated gold particle is promising as one of the
bio-related tools in nanobioscience.

Fig. 3 a The change in Amax of
gold colloid samples A (filled
circle), B (filled triangle) and
centrifuge-refined 16 (filled
square) as a function of the
concentrations of normal rabbit
serum (NRS) (Amax: absor-
bance at kmax). b The amount of
adsorbed proteins from NRS
solution (6.25 wt%) on gold
surface. (The conditions are
described in Runs 7, 13 and 16
in Table S1)
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