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Abstract
We describe a rapid environmentally friendly wet-chemical approach to synthesize extremely
stable non-toxic, biocompatible, water-soluble monodispersed gold nanoparticles (AuNPs) in
one step at room temperature. The particles have been successfully achieved in just a few
minutes by merely adding sodium hydroxide (NaOH) acting as an initiator for the reduction of
HAuCl4 in aqueous solution in the presence of polyvinylpyrrolidone (PVP) without the use of
any reducing agent. It is also proved to be highly efficient for the preparation of AuNPs with
controllable sizes. The AuNPs show remarkable stability in water media with high
concentrations of salt, various buffer solutions and physiological conditions in biotechnology
and biomedicine. Moreover, the AuNPs are also non-toxic at high concentration (100 μM).
Therefore, it provides great opportunities to use these AuNPs for biotechnology and
biomedicine. This new approach also involved several green chemistry concepts, such as the
selection of environmentally benign reagents and solvents, without energy consumption, and
less reaction time.
(Some figures in this article are in colour only in the electronic version)

physiological conditions while maintaining their physical and
chemical properties. Moreover, it is important to note that
toxicity of the nanoparticles from a biological point of view
is also critical.
The preparation of monodispersed AuNPs in solution
most commonly involves two primary distinguished perceptions, corresponding organic or aqueous media, respectively.
The stable AuNPs soluble in organic solvents can be synthesized easily by the classic Brust–Schiffrin method [20]. It
involves the transfer of AuCl−
4 ions into the organic solvent
by the use of a phase-transfer agent and subsequent reduction
with sodium borohydride in the presence of thiol capping
ligands. Recently, efforts have been made to develop singlephase syntheses in which the reduction of the metal takes
place homogeneously in a selected organic solvent [21–23].
However, stable water-soluble particles are more difficult to
make by these organic solvent routes. The most extensively
used procedures in aqueous solutions to prepare AuNPs for
biological and medical research are variations of the classic

1. Introduction
Gold nanoparticles have attracted considerable interest in
the past few years for potential application in biological
and medical fields, such as biosensor, drug delivery
and molecular imaging due to their unique physical and
chemical properties [1–6]. In particular, gold nanoparticles
show promise in enhancing the effectiveness of various
cancer treatments such as radiotherapy [7] and photothermal
therapy [8, 9].
In addition, the prospective use of
gold nanoparticles as drug carriers [10, 11], photothermal
ablation materials [12–15], contrast enhancement agents
in x-ray computed tomography (CT) [16, 17] and photoacoustic tomography (PAT) [18, 19] for therapy and early
diagnosis of specific tumors is being extensively researched.
Such biological and medical applications notably require
high stability of nanoparticles in high ionic strength and
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Turkevich–Frens citrate reduction route [24, 25]. In this
method, the gold salt is reduced by citrate anions, yielding
nearly monodispersed, water-soluble gold nanoparticles with
diameters ranging from 7 to 100 nm. However, there
are some disadvantages of the methods in existence. The
particles cannot be isolated from solution without irreversible
aggregation, and this restricts their biological application. The
citrate-stabilized AuNPs are vulnerable to aggregation at high
ionic strength due to the change of the particle’s surface
charge. Therefore, the need for greater stability because of
high sensitivity to the ionic strength and pH of the medium has
driven researchers to explore alternative synthesis methods.
PVP is a water-soluble homopolymer with a long and
soft polyvinyl backbone and its individual monomers contain
an amide group. As commercially available, inexpensive
materials, PVP has found use in a wide range of fields.
For example, PVP has a long history of use as the premier
wet granulation binder for oral solid dosage forms and is
increasingly used to enhance the solubility and bioavailability
of poorly soluble drugs through the formation of solid solutions
and dispersions [26]. In addition, PVP is used as a solubilizing
agent, crystal growth inhibitor and/or rheological additive in
soft-gelatin capsules, oral liquids and suspensions, parenteral
formulations, topical gels, creams, lotions and ophthalmic
preparations [27, 28], and numerous nanomaterial synthesis
strategies have been reported using PVP as stabilizer and shape
controller [29–31]. PVP exhibits surface active properties
and high solubility in water as well as in a number of
pharmaceutically acceptable solvents, and therefore PVP is
an ideal candidate as a metal nanoparticle stabilizer for
the purpose of biotechnological, pharmaceutical and medical
applications, such as in biosensors, biolabels and drug delivery
systems Thus, herein, we have taken advantage of the
multifunctional physical and chemical properties of PVP,
including high solubility in many solvents, high stability in
high salt concentration and weak reducing power, as well as
non-toxicity, for the preparation of AuNPs in aqueous solution,
pointing to their extensive potential in biotechnological,
pharmaceutical and medical areas [32, 33].
In the present work, we describe a single-step method
for high stability size-controlled AuNPs from hydrogen
tetrachloroaureate (III)(HAuCl4 ) in aqueous PVP solutions
by using NaOH as the initiator at room temperature. The
size of the AuNPs could easily be tuned by adjusting the
PVP/HAuCl4 ratios. The AuNP formation is rapid, even
completed in just a few minutes. The PVP-stabilized AuNPs
have demonstrated remarkable in vitro stability in a wide range
of ionic strength (0–30 M), temperature (4–100 ◦ C), pH (4.4–
13.5), various buffer solutions and physiological conditions.
The generation of PVP-stabilized AuNPs has been found to be
non-toxic as assessed through MTT (3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) assays. In addition,
there are several green concepts in our present strategy: the
choice of friendly solvent, the selection of friendly benign and
non-toxic reducing and capping agents, the one-step reaction
at room temperature and reaction completeness in just a few
minutes. Therefore, many advantages of this strategy provide
great opportunities for its application in biotechnology and
biomedicine.

2. Experimental details
2.1. Materials
All chemicals used here were of analytical grade and
were used as received from the suppliers without further
purification. Hydrogen tetrachloroaurate (III) (HAuCl4 ), was
purchased from Aldrich. Two different batches of poly(vinylpyrrolidone) reagents with different chain lengths, PVPK30
(polymerization degree, n ≈ 360) and PVPK15 (n ≈
90), were received from Fluka and used to investigate
possible effects of the polymer chain length on the AuNP
synthesis. Aqueous solutions of the polymer were prepared
by weighing the solid and dissolving it in water at room
temperature. Sodium hydroxide (NaOH) and sodium chloride
(NaCl) were purchased from Fluka Phosphate buffer saline
(PBS), 2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic
acid (HEPES), and bovine serum albumin (BSA) was
purchased from Sigma-Aldrich. MTT (3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) dye was purchased
from Sigma. The deionized water employed for the preparation
of the solution was obtained from an Elga Labwater Purelab
Ultra system.
2.2. Synthesis of PVP-stabilized AuNPs
A general procedure for the synthesis of the PVP-stabilized
AuNPs in water is described as follows. An aqueous HAuCl4
solution (1 ml, 5 mM) was added to an aqueous PVP solution
(2 ml, 150 mM) under vigorous stirring. Then, a designated
concentration of 1 ml NaOH dissolved previously in water,
which serves as initiator for the chemical reduction of AuCl−
4
by PVP, was added to the mixture solution of gold/polymer.
The sample was prepared in a round-bottomed flask with aging
for 10 min to obtain a wine-red colloid dispersion.
2.3. Stability of PVP-stabilized AuNPs
The stability of the PVP-stabilized AuNPs in various ionic
strengths and buffer solutions were tested in the presence of
various biological media including NaCl, PBS, HEPES and
BSA solution. Typically, 1 ml of AuNP solution was added
to glass vials containing 1 ml of 1 M and 5 M of NaCl, PBS,
HEPES and BSA solution, respectively, and incubated for 1 h.
To simulate physiological conditions, we incubated
AuNPs in PBS containing 10% fetal bovine serum at 37 ◦ C for
1 h. Colloidal stability was evaluated by measuring changes in
the different environment of AuNPs using UV–vis spectra.
2.4. Cytotoxicity evaluation by MTT assays
Cytotoxicity of selected formulations was determined by
MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide) assay in human embryonic kidney (HEK293) cells
and human breast cancer (MDA-MB-231) cells. This assay
is based on the ability of living cells to reduce a water-soluble
yellow dye, MTT, to a purple colored water-insoluble formazan
product by mitochondrial enzyme succinate dehydrogenase.
The cells were maintained in modified Eagle minimum
2
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essential medium (EMEM) supplemented with 10% fetal
bovine serum (FBS) in 5% CO2 incubator at 37 ◦ C. Eight
thousand cells were seeded per well in 96-well microtiter
plates followed by incubation for 24 h. Nanoparticles at
different concentrations, 0.01–100 μM per well in 100 μl
media, were added to the wells. After 20 h incubation,
20 μl MTT solution (5 mg ml−1 in PBS, pH 7.4) was added
to cells followed by further incubation for 4 h. Thereafter,
the media was removed and cells were rinsed with PBS.
The formazan crystals formed were dissolved using dimethyl
sulfoxide (DMSO) (100 μl/well) and absorbance was read at
570 nm on a microplate reader.
2.5. Characterization of AuNPs
The reduction of HAuCl4 and the formation of AuNPs were
monitored by observing the changes in absorption spectra
centered at ∼520 nm originating from the surface plasmon
resonance of the AuNPs using a UV–visible spectrometer
(Hitachi UV4100). The size and morphology of the final
obtained AuNPs were characterized by a transmission electron
microscope (Tecnai T12, FEI Ltd) in the bright field mode with
an acceleration voltage of 80 kV, while the composition was
determined by energy-dispersive x-ray spectroscopy (EDX,
INCA Oxford Ltd). For TEM measurements, samples were
prepared by placing a drop of colloidal dispersion on a
carbon-coated copper grid, followed by evaporation of the
solvent. The size distribution of the synthesized AuNPs was
obtained by measuring the diameter of more than 200 particles
viewed in the micrographs. The crystalline structure of the
AuNPs was examined using a Rigaku D/Max 2200PC xray diffractometer (XRD) with Cu Kα radiation. For x-ray
photoelectron spectroscopy (XPS) experiments, a few drops
of the AuNP solution were put on an aluminum substrate
and dried in air. XPS experiments were conducted on
a hemispherical SES 2002 electron analyzer (GammaDataScienta).

Figure 1. (a) Photograph of the AuNPs samples of the reaction with
color changes and (b) corresponding temporal evolution of UV–vis
spectra, during reaction at room temperature of a sample prepared
with [HAuCl4 ] = 1.25 mM, [PVP] = 75 mM and [NaOH]
= 25 mM. The UV–vis spectra show the corresponding absorbance
profiles around 520 nm as a function of time, indicating that the
reaction was completed within 10 min.

Au colloids as obtained when the reaction solution appears
colorless, dark blue, purple and finally wine-red. It is well
known that AuNPs larger than 2 nm in diameter exhibit the
characteristic surface plasmon band (SPR) and that such a
colloid appears red [34]. When the size of AuNPs decreases,
the SPR band decreases and broadens accordingly; and thus
the color of the AuNPs solution also fades. The SPR band
is undetectable for very small AuNPs (d < 2 nm), which
can be interpreted as an indication of quantum size effects.
As expected, the samples with colorless appearances show
relatively flat absorption profiles, indicating very small size
(d < 2 nm) AuNPs formed in the solution. The surface
plasmon band begins to appear when the solution turns dark
blue; the broad band might be caused by the larger size or
non-spherical nanoparticles. As the reaction progresses, the
plasmon band increases in absorbance until an intense peak
at 520 nm is observed, characteristic of spherical AuNPs. In
addition, as shown in the inset of figure 1(b), the intensity at
520 nm increases with time and reaches a constant value after
10 min, which implies that the synthesis reaction of AuNPs
is finished at this time. Further reaction does not produce a

3. Results and discussion
3.1. The formation of AuNPs
In our present synthesis system, when NaOH was added to
the mixture solution of PVP and HAuCl4 , a sequence of color
changes for the solution was observed during the course of
the reaction in just a few minutes. Figure 1(a) shows the
variation of solution color of a typical as-obtained example
(1.25 mM HAuCl4 , 75 mM PVPK30 and 25 mM NaOH,
PVP/HAuCl4 = 60). Upon addition of NaOH, the initial
light yellow solution became colorless, indicating the AuCl−
4
was reduced to form Au atoms. After this, the solution turned
dark blue, then purple, and finally wine-red within 10 min.
Thereafter, this wine-red color remained constant, indicating
formation of stable gold nanoparticles. This phenomenon is
similar to the formation process of AuNPs prepared by the
citrate reduction method [24, 25].
In order to understand the particles’ growth process, a
typical reaction at different time was studied. Figure 1(b)
shows UV–visible absorption spectra of a typical example of
3
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Figure 2. (a) TEM image, (b) particle size distribution, (d) EDX and (e) XRD pattern of the AuNPs obtained with [HAuCl4 ] = 1.25 mM,
[PVP] = 75 mM and [NaOH] = 25 mM. XPS spectra of the AuNPs in (e) O 1s, (f) N 1s and (g) Au 4f, regions. (h) Schematic illustration of
PVP conformation on the surface of AuNPs.

variation of the AuNPs was produced by varying the initial
molar ratio of PVP (monomer)/HAuCl4. Unless pointed out
specifically, the HAuCl4 concentration was set at 1.25 mM
for the results to be discussed here. Since the HAuCl4 was
fixed, the PVP/HAuCl4 ratio reflects the concentration for a
specific reaction. Figure 3 shows TEM images of AuNPs
synthesized with different molar ratios of PVP/HAuCl4 (60:1,
30:1, 10:1 and 5:1) formed from aqueous solution, as well as
the corresponding UV–vis spectra of the AuNPs. The TEM
images (figures 3(a)–(d)) show an increase in the PVP to Au
ratio results in a decrease in the particle size. The average
AuNP sizes were 6.8 ± 1.3 nm, 12.1 ± 2.4 nm, 15.3 ± 2.8 nm
and 16.5 ± 2.5 nm for PVP/HAuCl4 molar ratios of 60:1,
30:1, 10:1 and 5:1, respectively. The trend of size variation
of the final AuNPs in our experiments is found to be consistent
with the original nucleation growth model [25]. In the original
nucleation growth mechanism proposed, the particle size
decrease as the concentration of stabilizer increased, provided
that the precursor concentration is fixed, indicating the ratio
of stabilizer/precursor increases. Here, we also find that the
average particle size decreases when the concentration of PVP
increases either as the reducing reagent or as the precursor
of a stabilization reagent for Au ions. It is noted that the
average particle size and the PVP/HAuCl4 ratio, from 5:1 to
60:1, show a linear relation (figure 3(e)). The UV–vis spectrum
(figure 3(f)) shows a blueshift of the absorbance peak from 530
to 520 nm as the nanoparticle size is decreased as a result of
varying the PVP/HAuCl4 molar ratio. This trend is consistent
with the works of Yin et al [35] and Zhou et al [36], who
reported that the increasing molar ratio PVP to metal ions
leads to a reduction in the particle size for the electrochemical

significant change in the spectrum after 5 h. Both the final
absorbance value and the peak position remained constant even
after storage for several months.
The morphology and size distribution of the monodispersed AuNPs was characterized by TEM. Figure 2(a) shows a
typical TEM image of the as-synthesized AuNPs ([HAuCl4 ] =
1.25 mM, [PVP] = 75 mM and [NaOH] = 25 mM). Most of
the AuNPs display well-distributed spherical nanocrystals with
an average diameter of 6.8 ± 1.3 nm (note that in this study the
standard deviation of AuNP size is calculated based on more
than 200 particles in the TEM images). Figure 2(b) shows a
related histogram of as-prepared AuNPs.
The chemical composition of the as-prepared AuNPs
([HAuCl4] = 1.25 mM, [PVP] = 75 mM and
[NaOH] = 25 mM) was determined by energy-dispersive
x-ray spectroscopy (EDX). The EDX spectrum (figure 2(c))
with only one main peak corresponding to Au reveals that
these AuNPs were pure metallic gold. The AuNPs were
further characterized to determine their crystal structure. The
representative XRD patterns of the AuNPs synthesized are
shown in figure 2(d). Four diffraction line are observed in
the XRD spectrum at 2θ = 38.1◦ , 44.5◦ , 64.8◦ and 77.9◦ ,
corresponding to (111), (200), (220) and (311) reflections,
respectively, for the face-centered cubic structure of metallic
gold (JCPDF no. 04-0784) [33].
3.2. Size control of AuNPs
Previous studies suggested that the size variation of AuNPs
was reproduced by varying the initial molar ratio between
capping agents/reducing agents and Au precursor. The size
4

Nanotechnology 20 (2009) 505606

M Zhou et al

Figure 3. ((a)–(d))TEM images and the corresponding size distribution, and (e) UV–vis spectra of AuNPs at different molar ratios of PVP
(monomer)/HAuCl4 formed from aqueous solution at four different molar ratios of 60:1, 30:1, 10:1 and 5:1; (f) a temporal evolution of
UV–vis spectra of AuNPs obtained with low molar ratio of PVP to HAuCl4 (10:1); (g) the relation between molar ratio of PVP/HAuCl4 and
particle size; (h) UV–vis spectra of AuNPs obtained with PVPK15.

5
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reduction of metal ions in the presence of PVP. To reduce the
molar ratios of PVP/HAuCl4 , keeping the gold concentration
constant, the analysis of plasmon band position at the end
of the reaction shows a slight redshift of the peak that could
be associated with an increase in the average particle size of
the AuNPs due to the less effective protection of the higher
concentration of PVP in solution. It is worth noting that the
molar ratio of PVP to HAuCl4 not only determines the final
AuNP size but also affects the reduction rate of HAuCl4 to Au0 .
A temporal evolution of the UV–vis spectrum (figure 3(g)) of
AuNPs obtained with a low molar ratio of PVP to HAuCl4
(10:1) shows that the reduction rate decreases when the molar
ratio is decreased. A similar trend is also observed for the
growth of Au nanocrystals through the classic citrate reduction
route [14].
We also investigated the effects of the PVP chain length
on the formation of AuNPs. As seen from figure 3(h), the
intensity of the characterized absorbance peak of AuNPs at
∼520 nm increases with decreasing polymer chain length
(PVPK15); however, the position of the absorbance peak does
not shift. The peaks at ∼520 nm are almost constant, which
seems to indicate that variation of the PVP chain length does
not influence the formation of AuNPs, thus indicating similar
strong reducing power of PVPK15 and PVPK30.

Nanoparticles were also stable in solution at room temperature
for extended periods of time, even 6 months later
To evaluate the stability of the AuNPs under physiological
conditions, AuNPs were incubated in PBS containing 10%
FBS at 37 ◦ C. Stability of AuNPs in physiological conditions
was monitored using UV–vis spectra. The citrate-stabilized
AuNPs aggregated and the characteristic plasmon absorption
band at ∼520 nm disappeared within 10 min of exposure to
PBS containing FBS (figure 4(e)), indicating the formation of
nanoparticle aggregation; during this time, the color of the
AuNP solution also changed from its original wine-red color to
a light blue color, indicating formation of particle aggregates.
In contrast, the spectra of the PVP-stabilized AuNPs remained
unchanged for 24 h, which indicates the PVP-stabilized AuNP
is quite stable in physiological conditions.
This extremely high stability of PVP-stabilized AuNPs
may be due to the fact that PVP adsorbed on AuNPs prevent
the particles against aggregation via steric repulsion. Two basic
modes of stabilization of nanoparticles in solution have been
distinguished. One is electrostatic stabilization, based on the
repulsion effects of electrostatics. For example, a negatively
charged citrate layer is electrostatically adsorbed on the citratestabilized AuNP surface. At a low ionic strength condition,
AuNPs are in a monodispersed state due to the mutual charge
electrostatic repulsion. Overlap of the electric double layers
surrounding the particles prevents them from approaching
each other and agglomerating by attractive van der Waals
forces. The double layer is contracted and the surface potential
decreases with increasing ionic strength, and therefore the
particles coagulate when the ionic strength exceeds a limit
known as the critical coagulation concentration (c.c.c.). The
other is steric stabilization, achieved by the coordination
of sterically bulky organic molecules that act as protective
shields on the nanoparticle surface. Therefore, the surface
composition of AuNPs plays an important role in the stability
of nanoparticles. We use x-ray photoelectron spectroscopy
(XPS) techniques identify the surface composition of the
AuNPs. Figure 5 shows a typical XPS spectrum of various
elements for the AuNPs. The peak of O 1s (figure 5(a))
can be deconvoluted into two peaks at 530.7 and 534.9 eV.
However, the N 1s (figure 5(b)) spectra which exhibit single
peaks only at 399.3 eV are mainly from the PVP moiety
adsorbed on the AuNP surface. Compared to the O 1s peak
from carboxyl (C=O) oxygen (530.7 eV) in pure PVP, the
peak at 534.9 eV appears at higher binding energy position,
whereas the N 1s peak (399.3 eV) seems not to take an
obvious change, indicating that electron density around the
carboxyl (C=O) oxygen decreases and N atoms do not directly
interact with AuNPs [24, 25]. The Au regions of the XPS
spectra of the products are very sensitive to the chemical
environment around the Au core, particularly to the electrondonating ability of the polymeric ligand and the strength of
the interaction between Au and the polymeric ligand. It is
found from figure 5(c) that the Au 4f7/2 peak appears at a
binding energy of 83.8 eV and the 4f5/2 peak appears at a
binding energy of 87.4 eV. Relative to the binding energy
of bulk Au atom (Au 4f7/2 :84.0 eV, Au 4f5/2 :87.7eV), the
peak positions of the obtained AuNPs shift to lower binding

3.3. Stability of the AuNPs
Water solubility and high stability are the intriguing of
properties of the PVP-stabilized AuNPs. Stability under
a wide range of environmental conditions, such as high
salt concentration, extremes of pH, high temperature and
buffer solutions, is necessary if nanoparticles are to be
employed in biological or medical applications because they
are generally performed in the presence of buffering and salt
solutions [39]. Nanoparticle stability can be monitored by
UV–vis spectroscopy because aggregation, precipitation and
decomposition each lead to distinctive changes in the UV–
vis spectra. Herein, we investigated as-synthesized AuNPs
for their stability with various physical/chemical conditions
and biologically relevant molecules for 24 h, followed by
monitoring the UV–vis absorption spectra. The molecules
that are commonly encountered under biological application
conditions include NaCl and biological buffer additives,
such as PBS, HEPES and BSA, and the physical/chemical
conditions including temperature, pH and storage time.
Figure 4(a) shows the behavior of citrate-stabilized AuNPs
with and without NaCl. The redshift and peak broadening in
the UV–vis absorption spectra show that these citrate-stabilized
AuNPs aggregate and precipitate when the ionic strength
reaches 0.2 M. Figure 4(b) compares UV–vis absorption
spectra of the PVP-stabilized AuNPs in the absence and
presence of 1 M and 5 M NaCl, 100 mM PBS, 50 mM HEPES
and 0.5% BSA. No significant shifts in the UV–vis absorption
spectra are observed within at least 24 h, indicating that the
resulting AuNPs are stable at these conditions. Moreover, all
of these AuNPs were stable over the pH range of 4.4–13.5
(figure 4(c)) and over 2 h at 4–100 ◦ C (figure 4(d)), suggesting
that it is stable over a wide range of pH and temperatures.
6
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Figure 4. (a) UV–vis spectra of citrate-stabilized AuNP solutions recorded at 24 h with and without NaCl (0.2 M); (b) UV–vis spectra of
PVP-stabilized AuNPs solutions recorded at 24 h with different additive; (c) UV–vis spectra of PVP-stabilized AuNPs solution recorded at
24 h with different pH value; (d) UV–vis spectra of PVP-stabilized AuNPs solutions recorded at 2 h with different temperature. (e) UV–vis
spectra of citrate-stabilized and PVP-stabilized AuNPs solutions recorded at 24 h with physiological condition.

for 24 h were subjected to the MTT (MTT = (3-(4,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) assay
for cell viability determination. In this assay, only cells that
are viable after 24 h exposure to the sample are capable of
metabolizing a dye efficiently and produce purple colored
crystals which are dissolved in a detergent and analyzed
spectrophotometrically. After 24 h of post-treatment, HEK293
and MDA-MB-231 cells showed excellent viability even up to
100 μM concentrations of AuNPs (figure 6). These results
clearly demonstrate that the PVP provide a non-toxic coating
on gold nanoparticles. The lack of any noticeable toxicity of
PVP-stabilized AuNPs provides new opportunities for the safe
delivery and applications of such nanoparticles in molecular
imaging and therapy.

energy, indicating the transfer of electron clouds around the
carboxyl (C=O) oxygen from PVP to surface Au atoms at the
interface, suggesting a strong interaction between the carboxyl
(C=O) oxygen atom of PVP and Au core. Figure 5(d)
schematically illustrates the conformation of one repeat unit in
PVP adsorbed on the surface of an AuNP. PVP adsorbed on the
surface of the nanoparticles provides steric repulsion against
aggregation. Different from the electrostatic stabilization, the
steric repulsion has strong stabilization at high ionic strength.
The steric effect of PVP kept each nanoparticle apart which
resulted in the formation of stable colloids at high ionic
strength.
3.4. Cytotoxicity of the AuNPs

3.5. Mechanism of the formation of AuNPs

The cytotoxic effect of as-synthesized AuNPs under in vitro
conditions in human embryonic kidney 293 cells (HEK293)
and human breast cancer cells MDAMB-231 was examined
in terms of the effect of AuNPs on cell proliferation by
the MTT assay. Untreated cells as well as cells treated
with 10, 25, 50 and 100 μM concentrations of AuNPs

In our present system, the amount of NaOH added determines
the pH value and ionic environment of the reaction solution and
therefore plays an important role in the formation of AuNPs.
In the absence of NaOH, it is found that the formation rate
of AuNPs becomes significantly slower at room temperature
7
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Figure 5. XPS spectra of the AuNPs in (e) O 1s, (f) N 1s and (g) Au 4f regions. (h) Schematic illustration of PVP conformation on the surface
of AuNPs.

∼520 nm. However, at a low concentration of NaOH (0.5 mM,
corresponding to pH 6.15 of the final solution), the color
of the solution does not change within 5 h, indicating that
the reduction reaction does not occur, and furthermore the
corresponding absorbance band at ∼520 nm does not appear
from the UV–vis spectra.
Our studies suggest that two important factors control the
reaction with NaOH: (i) the reactivity of Au complexes with
pH, which depends on the NaOH concentration of the system
and (ii) the reduction ability of PVP by introducing NaOH. It
is known that the reactivity of the gold (III) complexes, with
chloride and or hydroxide as the ligands, reflected by their
reduction potential, changes markedly by varying pH. Goia
and Matijevic [37] reported size-controlled synthesis of AuNPs
prepared by iso-ascorbic acid of a concentrated solution of
HAuCl4 . It was found that the gold nanoparticle size depended
on the pH at which the reduction is performed, due to the
effects of the redox potentials for reduction of AuCl−
4 by pH.
Ji and co-workers [37] found that the Au(OH)−
formed
due
4
to the OH group instead of Cl of AuCl−
at
pH
>
12
.9,
4
and thus affected the reaction rate of the AuNP formation.
However, in those reports, the reactivity of Au (III) decreased
upon increasing pH, owing to the lower reduction potential of
−
−
−
Au(OH)−
4 (+0.56: Au(OH)4 + 3e → Au + 4OH4 ) compared
−
−
−
0
to AuCl4 (+1.002 V: AuCl4 + 3e → Au + 4Cl− ) [29]. It is
obvious that the accelerating function of NaOH in this system
could not be attributed to the interaction between HAuCl4 and
NaOH.
Following the above, we propose that the interaction
between PVP and NaOH results in the occurrence of a rapid
reaction. The possible reason is that a structure or chemical
property of PVP is changed by introducing NaOH. PVP has

Figure 6. Cytotoxicity of the AuNPs on HEK and MDA-MB-231.

(more than 10 h). When the NaOH is introduced, the reduction
reaction of HAuCl4 by PVP is completed in just a few minutes,
indicating the catalytic function of NaOH for the formation rate
of AuNPs. Note that the pH of the final solution increases as
the concentration of NaOH increases. At high concentration
of NaOH (125 mM and 75 mM, with the corresponding pH
of the final solution as 13.62 and 12.8, respectively), the
color of the solution changes to red within 8 min, indicating
AuNPs formed in the solution at the same time. When the
concentration of NaOH reaches 5 mM, the reaction rate is
decreased significantly. We could see the reaction finishes
in about 20 min. This solution has absorption maxima at
8
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presence of vinyl groups in the polymer chain [41]:

been extensively used in the solution-phase synthesis of many
types of colloidal particles, where it is mainly considered
as a steric stabilizer or capping agent with a major role to
protect the product against agglomeration. Some authors have
previously mentioned the potentiality of the reducing ability
of PVP for preparation of metal nanoparticles in aqueous
solution. In a recent study, Xia et al [32, 33] discovered that the
reducing power of PVP could be used for preparation of metal
nanoparticles in aqueous solution. In addition to the role as
protective agent, the PVP molecule was also found to possess
weak reducing power toward metal ions and thus produced
metal nanoparticles. Hoppe et al [38] prepared gold and silver
hydrosols by reduction of an aqueous solution of metal salts
using the reducing ability of PVP.
The mechanism of the formation of metal nanoparticles
using the reducing power of PVP still remains a subject of
controversy. Different mechanisms have been proposed to
account for the reducing ability of the PVP aqueous solution
toward metal ions. Hoppe et al [38] proposed that the reduction
of the metal salts to form nanoparticles is attributed to the
presence of the polymer by considering two main possible
reactions: (1) direct abstraction of hydrogen atoms from the
polymer by the metal ion and (2) reduction of the metal
precursor by organic macroradicals formed by degradation of
PVP. However, Xia et al [32, 33] demonstrated that the ends of
commercially available PVP, which are terminated in hydroxyl
groups, can work both as reducing agent and stabilizer for the
synthesis of metal nanoplates. A quantitative analysis in that
work revealed that the amount of reduced silver ions correlates
with the number of available OH groups. We have also found
in our previous study that PVP has mild reducing power to
produce Au0 and form Au nanostructures, besides its role as
a stabilizer [32]. However, with the conditions used in the
present work, the number of available OH groups (assuming
linear polymer chains) is too low to account for the observed
complete conversion of the gold. Indeed, in the case of 75 mM
PVP K30 with 1.25 mM of Au without NaOH, only about 5%
of the gold should be reduced. Therefore, additional reduction
mechanisms have to be active under these conditions.
We propose that the addition of NaOH could probably
accelerate the polymer degradation and further active sites
for the reduction of Au ions are produced. It is known
that the degradation of PVP can be accelerated by a base
environment [39, 40]. The PVP decomposition process
would produce reactive radicals able to attack the PVP
chain to produce macroradicals. These species have proved
to be responsible for the reduction of metal ions in
several synthetic methods used for the generation of metal
nanoparticles. Consequently, a possible explanation for the
formation of nanoparticles is that reduction of metal occurs by
action of organic radicals formed during the base-accelerated
degradation of PVP. It is also possible that NaOH could directly
participate in ion-radical reactions, for example in the direct
abstraction of hydrogen atoms from tertiary carbons or from
allylic carbon atoms (see equations (1) and (2)). In any case,
both types of reactions would involve the partial degradation
of the polymer and the formation of new products. According
to the literature, these features could be associated with the

(1)

(2)
Another reason for the NaOH-catalyzed reduction reaction
for preparation of AuNPs could be from movement of the
reaction equilibrium. As mentioned above, when the AuCl−
4
was reduced and formed Au0 by PVP, the H+ was also formed
at the same time. As a result, the protons are neutralized
and consumed by hydroxyl ions from NaOH, which make the
reduction rate to be accelerated according to Le Chatelier’s
principle.

4. Conclusion
We report on an inexpensive, environmentally benign method
for rapid synthesis of highly stable, non-toxic AuNPs in
the 6–17 nm size range. The results reported here, on the
one hand, offer a fast synthesis route to synthesize sizecontrolled Au NPs, and on the other hand, propose a way
to control the reaction rate by introducing NaOH in order to
influence (i.e. reaction initiator to accelerate) the reaction
pathway in parallel with the nanoparticle formation. In
comparison to the conventional AuNP synthesis procedures,
this approach is much faster, the particle size is tunable and
the particles display higher stability in various biological and
physiological conditions, which provides great opportunities
to use these AuNPs in biotechnology and biomedicine.
Moreover, in this procedure, numerous green merits are quite
pronounced, including the elimination of organic solvents,
toxic surfactants and harsh reducing agents, and further no
energy consumption. We believe that this new protocol may
replace previous methods whenever commercial and green
concepts are required.
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