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Gold nanoparticle formation was found from tetrachloroaurate(III) in the presence of Good’s Buffers, such as 2-
morpholinoethanesulfonic acid (MES) and 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES), which are
used widely in laboratories for studies of analytical, inorganic, physical, and bio-chemistry as well as biology. The ob-
tained gold nanoparticles were examined by Ultraviolet–Visible Spectroscopy (UV–vis), Dynamic Light Scattering
(DLS) and Electrophoretic Light Scattering (ELS) in an aqueous system and by transmission electron microscopy
(TEM) for particle morphologies. UV–vis spectra showed absorption maxima at �530 and �750 nm, depending on
the buffer reagents and their concentration, pH, and ionic strength. The size and the surface zeta potential of the formed
nanoparticles were 23 to 73 nm and �30 to �12 mV, respectively. The TEM pictures clearly indicated the formation of
finely dispersed, chained, or aggregated gold nanoparticles, depending on the experimental conditions. The mechanism
of gold nanoparticle formation was studied by the measurements of cyclic voltammetry (CV) and electron spin reso-
nance (ESR). MES and HEPES showed a positive anodic peak at approximately þ800 mV vs Ag/AgCl electrode, which
indicated that these buffering agents have mild reducing ability. ESR results indicated the generation of nitrogen-cen-
tered cationic free radicals from these Good’s Buffers in the presence of Au(III), resulting in the formation of gold nano-
particles. A reaction mechanism is proposed.

Interest in the preparation and characterization of nanopar-
ticles has grown significantly because of their diversified uses
in nanodevices1 as well as in cell biology as biological sen-
sors.2–5 It has attracted the avid attention of chemists, physi-
cists, and engineers, who wish to use them for the development
of new-generation nanodevices. Studies and applications of
gold nanoparticles could be traced back through centuries.
During the last few decades, however, interest in gold nanopar-
ticles to chemists, biochemists, and biologists has boomed,
since they can be used as effective labeling agents or markers
for the precise detection of ultra-structural localization, distri-
bution and quantization of macromolecules in living or fixed
cells or tissues.6,7 The detection of DNA by using gold nano-
particles has also been reported.8–12

Good’s Buffers are popular pH buffers that are widely used
in laboratories of analytical, inorganic, physical, biological,
and biochemistry as well as in tissue culturing.13–16 This is
because of their convenient pKa values of between 6 and 8,
maximum aqueous solubility with minimum solubility in other
solvents, low ability to cross biological membranes, minimal
effects due to ionic composition, concentration or temperature,
high chemical stability, and supposedly low affinities for metal
ions, which are usually used in many biological systems.13,14

Of the Good’s Buffers developed to date, 2-[4-(2-hydroxyeth-
yl)-1-piperazinyl]ethanesulfonic acid (HEPES, pKa ¼ 7:55)
has been used in different fields ranging from tissue culture
to analytical methods. However, recent studies indicate that
Good’s Buffers are not inert, as was previously believed.
Good’s Buffers containing piperazine rings are able to gener-
ate nitrogen-centered free radicals in the presence of Fe(II),
Fe(III)–polymer, and molecular oxygen.17,18 HEPES has been
shown to reduce Cu(II) to Cu(I) in the presence of ligands that

stabilize Cu(I).19 Moreover, some Good’s Buffers have also
shown significant affinities to a number of metal ions, resulting
in the formation of metal complexes having appreciable asso-
ciation constants.20–23

In the present work, we found the formation of gold nano-
particles from Good’s Buffers, such as 2-morpholinoethanesul-
fonic acid (MES, pKa ¼ 6:15) and 2-[4-(2-hydroxyethyl)-1-pi-
perazinyl]ethanesulfonic acid (HEPES). We have character-
ized the formation of gold nanoparticles and their size distribu-
tion as well as their stability under various experimental
conditions. Moreover, we have investigated the reactivities
of Good’s Buffers in the presence of Au(III). These buffer re-
agents reduced Au(III) to Au(II)/Au(I), and finally to Au(0),
resulting in the formation of gold nanoparticles. ESR data have
indicated the formation of nitrogen-centered cationic free rad-
icals from the Good’s Buffers in the presence of Au(III) during
redox reactions. Moreover, the present study could provide in-
formation about the toxicities of Good’s Buffers in vitro stud-
ies where Au(III) is involved.24

Experimental

Reagents. Good’s Buffers, including HEPES, MES, 3-mor-
pholinopropanesulfonic acid (MOPS, pKa ¼ 7:20), 2-hydroxy-3-
morpholinopropanesulfonic acid (MOPSO, pKa ¼ 6:95), 3-[4-(2-
hydroxyethyl)-1-piperazinyl]propanesulfonic acid (EPPS, pKa ¼
8:0), 2-hydroxy-3-[4-(2-hydroxyethyl)-1-piperazinyl]propanesul-
fonic acid (HEPPSO, pKa ¼ 7:90), and piperazine-1,4-bis(2-eth-
anesulfonic acid) (PIPES, pKa ¼ 6:80), were purchased from
Dojindo Laboratories Ltd., Japan. Sodium tetrachloroaurate(III)
dihydrate, sodium chloride, sodium sulfate, and sodium hydroxide
were purchased from Wako Pure Chemical Industries Ltd., Japan.
N-tert-butyl-�-phenylnitrone (PBN) was purchased from Aldrich
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Chem. Co., Japan. A stock solution of Au(III) of 3:00� 10�3

mol dm�3 was prepared by dissolving NaAuCl4�2H2O in doubly
distilled water, and kept in the dark. The Au(III) concentration
of the stock solution was determined by atomic absorption spec-
troscopy (AAS). Aqueous solutions of HEPES and MES were pre-
pared by dissolution of the respective standard Good’s Buffers so-
lutions. Doubly deionized water was used throughout the experi-
ments.

Apparatus. UV–visible absorption spectra were recorded on
a JASCO spectrophotometer (Model V-550, Japan) at 25 �C with
a temperature controller (Model Ecoline RE-100, LAUDA, Ger-
many). The size and zeta-potential of the nanoparticles were
measured by a light-scattering machine equipped with an electro-
phoresis cell, ELS-800 (OTSUKA ELECTRONICS CO., LTD.,
Japan). A Millipore MILLEX AP 20 (nominal pore size of 500
nm) filter was used to remove dust from the samples for light-
scattering measurements. TEM images were obtained by using
a transmission electron microscope (H-500, Hitachi). A JEOL
(Tokyo, Japan) ESR spectrometer was used to measure the X-
Band ESR spectra. Cyclic voltammetry was performed with an
electrochemical analyzer (ALS 600A). A glassy carbon (GC)
working electrode was used in conjunction with a Pt counter elec-
trode and a silver/silver chloride reference electrode.

Methods. The preparation of gold nanoparticles was carried
out by mixing solutions containing MES or HEPES with an aque-
ous solution of 6 ppm Au(III). When necessary, the pHs of the
buffer solutions were adjusted by the addition of a sodium hydrox-
ide solution before the addition of Au(III). The same samples were
used to measure the absorption spectra, size, zeta potential, and
TEM image. The samples for TEM measurements were prepared
by placing a drop of the colloid solution on a copper grid coated
with a thin amorphous carbon film; any excess solution was re-
moved by absorbent paper. The sample was then allowed to stand
for a few hours for drying before being it placed in a specimen
holder.

An aqueous solution of 0.1 mol dm�3 MES or HEPES was
used for cyclic voltammetric measurements. Sodium sulfate of
0.20 mol dm�3 was maintained in these solutions as a supporting
electrolyte. Before cyclic voltammetric (CV) measurements, the
solution was flushed by argon gas for 5 min to remove dissolved
oxygen. For ESR measurements, a solution containing 0.45
mol dm�3 of MES or HEPES was mixed with a solution of 30
ppm Au(III) just before the scan. The addition of a microgram-
level of PBN was used as a spin-trapping agent for the MES
sample.

Nanoparticle formation completed within a few minutes to
about half an hour at 25 �C, depending on the experimental con-
ditions, and the formed particles were stable over a period of
weeks. The pH of the solutions was measured using a Beckman
32 pH meter. All experiments were conducted in a range of pH
from 3.4 to 7.0. Moreover, 1:00� 10�2 mol dm�3 sodium chlo-
ride was added in order to study the electrolyte effects on the gen-
eration of free radicals from the Good’s Buffers as well as forma-
tion of gold nanoparticles. Under the present experimental condi-
tions, the following Au(III) species predominantly exist, depend-
ing on the solution pH and chloride concentration: tetrachloro-
aurate ([AuCl4]

�), trichlorohydroxoaurate ([AuCl3OH]
�), di-

chlorodihydroxoaurate ([AuCl2(OH)2]
�), chlorotrihydroxoaurate

([AuCl(OH)3]
�), and tetrahydroxoaurate ([Au(OH)4]

�),25,26

which react with the Good’s Buffers to give nitrogen-centered rad-
icals, resulting in the formation of gold nanoparticles. Therefore,
free-radical generation as well as nanoparticle formation is inde-

pendent of the Au(III) species. In other words, hydrolysis of the
Au(III) species does not affect the generation of free radicals as
well as the formation of nanoparticles. In addition, no ESR spectra
were observed from the Good’s Buffers in the presence of other
metal ions, such as Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II),
Pd(II), Ag(I), Cd(II), Hg(II), or Pb(II).

The formation of gold nanoparticles by other Good’s Buffers,
such as EPPS, MOPS, MOPSO, HEPPSO, or PIPES, was also
found. The gold nanoparticles formed from these Good’s Buffers
exhibited different colors (e.g., pink, pinkish, or bluish) and a
range of absorption maxima (530 to 600 nm), depending on the
Good’s Buffers and their concentrations, pH and solutions’ elec-
trolyte concentration. Moreover, we have conducted the CV and
ESR experiments for these Good’s Buffers. All of these buffer re-
agents show a positive anodic peak (�þ800 mV vs Ag/AgCl
electrode) with different current intensities that are identical with
MES or HEPES. Similar ESR spectra were also observed from
these Good’s Buffers in the presence of Au(III).

Results and Discussion

Characterization of Gold Nanoparticles. UV–Vis Ab-
sorption Spectra of Gold Nanoparticles: Figure 1 shows
the UV–vis spectra of gold nanoparticles formed from MES
solution at various experimental conditions: different concen-
trations of MES at pH 3.4–4.5 (a) and at pH 6.0 (b); the pres-
ence of 1:00� 10�2 mol dm�3 sodium chloride for the corre-
sponding pHs (c, d). Most of the spectra given in Fig. 1 show a
single absorption peak (�max) in the visible range between 520
to 550 nm. Interestingly, there are two peaks in the UV–vis
spectra for the nanoparticles formed at pH 3.4 of 0.10
mol dm�3 MES (Fig. 1a, spectrum 3, �max ¼ 530 and 750
nm) and at the same solution, but containing 1:00� 10�2

mol dm�3 NaCl (Fig. 1c, spectrum 3, �max ¼ 525 and 822
nm). Moreover, spectrum 1 in Fig. 1d, corresponding to the
nanoparticles formed at pH 6.0 of 1:00� 10�3 mol dm�3

MES containing 1:00� 10�2 mol dm�3 NaCl, shows a shoul-
der centered at 640 nm.

Similarly, the UV–vis spectra of gold nanoparticles formed
from HEPES at pH 4.8–5.3 and pH 7.5 are shown in Figs. 2a
and 2b, respectively. Very different from the gold nanoparti-
cles formed from MES, which has a pinkish color, the colloids
formed from HEPES are bluish to dark blue colors, depending
on the HEPES concentration. This is also shown in Fig. 2
where a single broad absorption peak (�max) within the visible
range between 550 to 580 nm can be observed. An exception is
for spectrum 3 in Fig. 2a, standing for the nanoparticles
formed from 0.10 mol dm�3 HEPES at pH 4.8, which appears
at a higher wavelength (�650 nm), and even a broad peak. On
the other hand, at a higher pH (pH ¼ 7:5) the colloidal system
becomes unstable for a HEPES concentration of 0.10
mol dm�3, and the nanoparticles precipitate completely within
a couple of hours, as indicated by the UV–vis spectrum
(Fig. 2b, spectrum 3). Moreover, the addition of NaCl extreme-
ly destabilizes the colloids, and the nanoparticles precipitate
within a few minutes. Hence, the UV–vis spectra of the gold
nanoparticles formed from HEPES containing NaCl are not
shown here.

It is known that spherical gold nanoparticles show a strong
absorption band in the visible region between 520–550 nm.
This absorption, called the plasmon resonance absorption,27,28
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is not observed for very small particles (2 nm and smaller) as
well as for a bulk gold solution. It originates from the collec-
tive oscillation of the free electrons (6s-electrons of the con-
duction band in the case of gold) from the metallic atom.
The plasmon absorption band depends on the size and shape
as well as the aggregation behavior of the nanoparticles.29–33

For nonspherical gold nanoparticles, however, the plasmon
resonance splits into two modes: one longitudinal mode along
the long axis of the non-spheroid and a transverse mode per-
pendicular to the first.30 The longitudinal mode generally ap-
pears at a longer wavelength, depending on the aspect ratio;
the transverse mode appears at a shorter wavelength (�530

nm). It is also known that the plasmon–plasmon interaction
among the aggregated gold nanoparticles can produce an ab-
sorption band at ca. 650 nm,29,31–33 which is, however, gener-
ally much broader than the plasmon resonance peak (ca. 525
nm). In many cases it appears as a shoulder,31 rather than an
isolated peak, depending on the degree and morphology of

the aggregation.
The gold nanoparticles formed from an MES solution at a

higher concentration (0.10 mol dm�3), which have two absorp-
tion peaks (Fig. 1a, spectrum 3), are suggested to be a mixture
of different shapes, e.g., spherical, hexagonal, pentagonal, oc-
tagonal or trigonal, etc., rather than due to random aggrega-
tions. These various geometrical shapes usually occur if the
particle diameters are greater than 25 nm. In general, these al-
ternations from the normal spherical shapes cannot be avoided,
and reflect the crystalline nature of the colloidal particles.34,35

On the other hand, the UV–vis spectra of gold nanoparticles
formed from HEPES, especially at 0.10 mol dm�3 of HEPES,
clearly indicate the aggregation behavior of these nanoparti-
cles, which was also confirmed by TEM measurements. The
intensive aggregation of gold nanoparticles formed from the
HEPES, compared to those from MES, is ascribed to the
higher pKa value of HEPES (pKa ¼ 7:55) than that of MES
(pKa ¼ 6:15).
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Fig. 1. UV–visible spectra of gold nanoparticles at various conditions of MES. Symbols a and b are for the solutions without pH
adjustment and adjusted at pH 6.0 respectively and c and d are for the solutions without pH adjustment and adjusted at pH 6.0
with sodium chloride, respectively. The notations 1, 2, and 3 indicate the concentrations of MES of 1:00� 10�3 (pH 4.48),
1:00� 10�2 (pH 4.00), and 1:00� 10�1 (pH 3.45) mol dm�3, respectively. The gold and sodium chloride concentrations were
maintained at 6 ppm and 1:00� 10�2 mol dm�3, respectively. The cell path-length is 10 mm.
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The electrolytes (NaCl) and pH affect not only the stability
of the formed gold nanoparticles, but also the nanoparticle
size, as discussed in the following section. The ionic strength
effect is straightforward. It is known that the stability of nano-
particles depends on the ionic strength of the solution. The
higher is the ionic strength, the greater is the aggregation of
gold nanoparticles. The ionic-strength effect is accountable
for an unstable colloidal system formed from 0.1 mol dm�3

HEPES at pH 7.5 (see Fig. 2b, spectrum 3). Since it is neces-
sary to add NaOH to the HEPES solution for a pH adjustment
(nearly 1:1 of NaOH and HEPES is required to obtain pH 7.5),
the ionic strength of a solution of 0.1 mol dm�3 HEPES at
pH 7.5 is much higher than those for spectra 1 and 2 in Fig. 2a.

Size and Zeta Potential of Gold Nanoparticles: Table 1
lists the size and zeta potential values for nanoparticles formed
from MES under various conditions. The size does not change
much with the concentration of MES at pH 3.4 to 4.5, with a
typical size of 27� 3 nm and zeta values of �30 to �28 mV
for different concentrations of MES. On the other hand, for
samples formed from MES solutions at pH 6.0, a range of
sizes (from 24 to 58 nm, increasing with the MES concentra-
tion) was observed, while the corresponding zeta potential val-
ues were reduced from �26:5 to �15:0 mV, respectively.

Upon the addition of NaCl, larger sizes (approximately 60 to
70 nm) were generally observed compared to the correspond-
ing samples containing no NaCl.

The effects of the pH and NaCl on the zeta potential are
similarly explained. Under a higher ionic strength, it is pre-
sumed that the double layer of the gold nanoparticles is sup-
pressed, resulting in a smaller zeta potential of the nanoparti-
cles. Consequently, it is expected that the gold nanoparticles
formed from 0.10 mol dm�3 MES at pH 6.0 containing NaCl
should have the lowest zeta potential; this is the case, as listed
in Table 1.

The size and zeta-potential values for the gold nanoparticles
formed from HEPES under various conditions are given in
Table 2. The apparent size was observed to be 35� 5 at
pH 4.8 to 5.3 for different concentrations of HEPES, while
the zeta-potential values were �28 to �24 mV. For samples
prepared at pH 7.5, a range of size (32 to 40 nm) was observed
for low concentrations of HEPES. However, at a high concen-
tration (0.10 mol dm�3) of HEPES, precipitation occurred and
the corresponding zeta-potential values could not be deter-
mined.

Transmission Electron Micrography: Figures 3 and 4
illustrate typical electron micrographs of gold nanoparticles
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Fig. 2. UV–visible spectra of gold nanoparticles with different concentrations of HEPES. Here, a and b stand for the solutions with-
out and with pH adjustment at 7.50, respectively. The notations 1, 2, and 3 indicate the concentrations of HEPES of 1:00� 10�3

(pH 4.79), 1:00� 10�2 (pH 5.17), and 1:00� 10�1 (pH 5.27) mol dm�3, respectively. The gold concentration was maintained at
6 ppm. The cell path-length is 10 mm.

Table 1. Sizes and Zeta Potentials of Gold Nanoparticles Observed by DLS and ELS with Different Concen-
trations of MES at Various pH and Sodium Chloride Concentrations

Concentration/mol dm�3 pH Size (p.d.c))/nm Zeta potential/mV

MES a b a b

0.001 4.48 23 (0.30) 61 (0.31) �29:86 �21:35
0.01 4.00 24 (0.32) 61 (0.33) �29:64 �20:50
0.1 3.45 30 (0.35) 64 (0.35) �28:15 �18:75

0.001 6.00 24 (0.31) 65 (0.33) �26:56 �17:20
0.01 6.00 34 (0.31) 68 (0.34) �18:42 �16:17
0.1 6.00 58 (0.33) 73 (0.35) �14:92 �12:01

a) Without sodium chloride. b) With sodium chloride (1:00� 10�2 mol dm�3). The given values in the pa-
rentheses denote polydispersion coefficient. c) p.d. denotes the polydispersion coefficient of size distribution
by DLS.
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formed from MES and HEPES, respectively. Nanoparticles
formed from 0.10 mol dm�3 MES at pH 3.5 show a mixture
of differently shaped nanoparticles of finely dispersed, e.g.,
spherical, rod-like, hexagonal, pentagonal, or trigonal, etc., as
shown in Fig. 3a. Different from spherical particles, nanopar-
ticles of these geometric shapes generally have an aspect ratio
(longitude to transverse axis) greater than unity, and are re-
sponsible for the splitting of the plasmon resonance absorption

band, as depicted as spectrum 3 in Fig. 1a. The TEM images
for HEPES indicate much more aggregation among the gold
nanoparticles formed from the higher concentration (0.10
mol dm�3) at pH 5.3, as can be seen in Fig. 4. In contrast, par-
ticles in Fig. 3b are seen to be more uniform and less agglom-
erated than those in Fig. 3a or Fig. 4. This finely dispersed
nanoparticle (formed from 1:00� 10�2 mol dm�3, MES) na-
ture is consistent with the UV–vis spectra, as shown in
Fig. 1a (spectrum 2). Consequently, an identical size distribu-
tion of the gold nanoparticles formed from MES was observed
in both DLS and TEM measurements (see Table 1 and Fig. 3).
The aggregation behavior of gold nanoparticles formed from
HEPES, observed by TEM, is also consistent with the UV–
vis spectra of these samples. Obviously, the smaller nanoparti-
cles formed from 0.10 mol dm�3 HEPES are not uniformly
dispersed in the solution. Instead, extensive aggregation occur-
red, as shown in Fig. 4, resulting in intensive plasmon–plas-
mon interactions of the aggregated nanoparticles, which ex-
plains the very broad UV–vis absorption peak at longer wave-
lengths (spectrum 3 in Fig. 2a).

Formation Mechanism of Gold Nanoparticles. Electro-
chemistry: Figure 5 shows cyclic voltammograms of Good’s
Buffers, e.g., MES and HEPES. The voltammograms show on-
ly a single anodic peak at �þ800 mV vs Ag/AgCl, and no ob-
vious cathodic peak could be observed. The development of
positive anodic peaks from aqueous solutions of these buffer
reagents clearly indicate that these buffering agents have mild
reducing abilities. By contrast, gold(III) indicates a sharp
cathodic peak (the forward scan, from positive to negative po-
tential) with a hump, while the reverse scan indicates a low-in-
tensity anodic peak, also with a hump, as shown in the inset of
Fig. 5. The sharp cathodic peak is for the reduction of Au(III)
to Au(II), while the hump is for Au(II) to Au(I).

Kinetics of the Formation of Gold Nanoparticles: The
time-dependence absorption spectra of Au(III) in aqueous
Good’s Buffers indicate nanoparticles formation, which shows
an induction period (�30 min), followed by a rapid formation
of gold nanoparticles, as shown in Fig. 6. The results suggest a
self-catalyzed reaction. The induction period depended on the
experimental conditions.

Electron Spin Resonance Spectra: Figure 7 shows the
ESR spectra of free radicals generated from an aqueous solu-

Table 2. Size and Zeta Potential of Gold Nanoparticles
Observed by DLS and ELS with Different Concentrations
of HEPES at various pH

Concentrations pH Size Zeta
/mol dm�3 HEPES (p.d.b))/nm potential/mV

0.001 4.79 30 (0.32) �28:07
0.01 5.17 35 (0.32) �26:26
0.1 5.27 40 (0.34) �24:00

0.001 7.50 32 (0.33) �26:67
0.01 7.50 40 (0.34) �22:50
0.1 7.50 a) a)

a) precipitated. The given values in the parentheses denote
polydispersion coefficient. b) p.d. denotes the polydispersion
coefficient of size distribution by DLS.

1 µ m

1 µ m

b

a

Fig. 3. TEM images of gold nanoparticles formed from
MES. Symbols a and b are for 1:00� 10�1 and 1:00�
10�2 mol dm�3 of MES, respectively. Gold concentration
was maintained at 6 ppm.

1 µ m
Fig. 4. TEM images of gold nanoparticles formed from

1:00� 10�1 mol dm�3 of HEPES. Gold concentration
was maintained at 6 ppm.
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tion of MES and HEPES in the presence of gold(III). The ESR
signals from the HEPES solution were readily observed. In
contrast, there was no ESR signal from the MES solution until
a micro-gram level of a free-radical trapping agent, PBN, was
added to the solution. We were surprised not to observe the
characteristic ESR signal from PBN in the case of MES, as
one might expect. It is explained that the original MES radicals
are extremely unstable, and PBN can take electrons from those
highly labile MES radicals. It is, however, due to the much
higher concentration of MES than PBN, that MES will again
get electrons from PBN, and finally gives the ESR signals.

In other words, PBN may act as an intermediate that stabilizes
the MES radicals. Moreover, the ESR signals of a small
amount of PBN might be overlapped within the hyperfine
ESR signals forest of MES.

The determined ESR parameters for MES and HEPES are
almost identical: g ¼ 2:0074� 0:0003 and a ¼ 2:40� 0:02
G. These parameters are in agreement with those reported
for HEPES in the presence of Fe(II), Fe(III)–polymer, and
oxygen,17 which suggest the formation of nitrogen-centered
cationic free radicals.17,18 Grady el al.17 reported that Good’s
Buffers (HEPES and PIPES, etc.) having piperizine ring N-
substituted with an alkyl sulfonate group is required for the
formation radicals. It was found that the ESR spectra are gen-
erated from MES having a morpholine ring with an N-substi-
tuted alkyl sulphonate group in the presence of Au(III). The
above results suggest that an alkyl sulphonate group attached
to either an N-substituted piperazine ring or a morpholine ring
also forms nitrogen-centered cationic free radicals in the pres-
ence of Au(III). Moreover, we also observed the same ESR
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Fig. 5. Cyclic Voltammograms of Good’s Buffers. A glassy
carbon (GC) working electrode was used in conjunction
with a Pt counter electrode and a silver/silver chloride ref-
erence electrode. Concentration of Good’s Buffers was
maintained at 0.10 mol dm�3. The inset is the voltammo-
gram for gold. Gold concentration was maintained at 30
ppm. 0.20 mol dm�3 of sodium sulfate was used a support-
ing electrolyte for both the experiments.
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spectra from the Good’s Buffers in the presence of Au(III) at
different pH values (3.4, 4.0, 4.5, 5.0, 6.0, and 7.0) in the ab-
sence or presence of 1:00� 10�2 mol dm�3 sodium chloride,
where the Au(III) species are: [AuCl4]

�, [AuCl3(OH)]
�,

[AuCl2(OH)2]
� or [AuCl(OH)3]

�.25,26 Therefore, it is suggest-
ed that the formation of free radicals from the Good’s Buffers
is independent of the Au(III) species.

The cyclic voltammetric results indicated the mild reducing
abilities of the Good’s Buffers. Moreover, the generation of
free radicals at different pH values and chloride concentrations
from the Good’s Buffers in the presence of Au(III), resulting in
the formation gold nanoparticles suggested the following
mechanism for the reactions between the buffer agents and
the Au(III):

Au(III)þ Good’s Buffers ! Au(II)

þ Cationic free radicals of Good’s Buffers ð1Þ
2Au(II) ! Au(III)þ Au(I) ð2Þ
Au(I)þ Good’s Buffers ! Au(0)

þ Cationic free radicals of Good’s Buffers ð3Þ
nAu(0) ! (Au(0))n, gold nanoparticles ð4Þ
Cationic free radicals of Good’s Buffers

þ O2 ! Degraded products: ð5Þ

Experiments aimed at identifying the degraded Good’s Buffers
reagents were also carried out. This was done by mixing a
Au(III) solution with a given MES or HEPES solution. The
formed nanoparticles were filtered and the pH of the solution
were adjusted before a successive addition of the Au(III) solu-
tion. After several additions, it was found that no more gold
nanoparticles could be formed from the MES or HEPES solu-
tion, although free Au(III) existed in the solution. The UV–vis
spectrum of the MES or HEPES solution showed a distinctive
absorption peak at approximately 346 nm, despite the fact that
both MES and HEPES are transparent at this wavelength
region, which suggests the formation of nitro-compounds as
the degraded of MES or HEPES.

Conclusion

Good’s Buffers are popular pH Buffers in chemistry, bio-
chemistry, and biology laboratories, and also for tissue cultur-
ing purposes. It is interesting to find that these buffering re-
agents can easily reduce Au(III) to form gold nanoparticles
in aqueous solutions at various pH values and ionic strengths.
Our investigation revealed that the sizes of gold nanoparticles
are sensitive not only to the concentration of the electrolyte,
but also to the pH and types of Good’s Buffers and their con-
centrations. Thus, different sizes of gold nanoparticles form
under various conditions. The gold nanoparticle formation
was not due to room light. Even being kept in the dark, gold
nanoparticles were produced from NaAuCl4 in the presence
of Good’s Buffers. On the other hand, no gold nanoparticles
were formed in the absence of Good’s Buffers from only gold
aqueous solutions.

The cyclic voltammetry data indicated that these buffering
compounds have a mild reducing ability. The ESR data indi-
cate the formation of nitrogen-centered cationic radicals from
the Good’s Buffers in the presence of Au(III). The generation

of identical ESR spectra at different pH values and chloride
concentrations further suggested that the radical generation
as well as nanoparticle formation is independent of the Au(III)
species. Alternatively, hydrolysis did not affect the generation
of radicals or the formation of gold nanoparticles. No ESR
spectra were observed from the Good’s Buffers in the presence
of other metal ions, such as Mn(II), Fe(III), Co(II), Ni(II),
Cu(II), Zn(II), Pd(II), Ag(I), Cd(II), Hg(II), or Pb(II). We,
therefore, conclude that although an easy formation of gold
nanoparticles in the presence of the Good’s Buffers may be
helpful to prepare of gold nanoparticles, these buffer reagents
could be toxic in vitro studies where Au(III) is involved.
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