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INTRODUCTION

The reduction of metal ions in reverse micelles by
natural pigments from the group of flavonoids (the
method of biochemical synthesis) allows to obtain sil�
ver and copper nanoparticles [1–4]. Such nanoparti�
cles have high stability in micellar solution in air,
which allows to carry out systematic investigations of
their properties and develop various ways for their
practical application both in solution and after adding
this solution to liquid�phase systems (e.g., coating
compositions), or after deposition from solution on
various solid surfaces. Ag nanoparticles have been
found to possess distinct antimicrobial activity [3, 5–
8], whereas Cu nanoparticles are efficient catalysts of
the isomerization reaction of dichlorobutenes [3, 9,
10]. High catalytic activity has also been detected for
Ag, Cu, Co, and Ni nanoparticles in certain industrial
processes of organic synthesis [11]. The feasibility of
producing Zn nanoparticles has been demonstrated,
the nanoparticles are expected to manifest signifi�
cantly greater anticorrosion efficiency than the ultra�
disperse zinc powders currently being produced [12].

In addition to its practical applications, biochemi�
cal synthesis in reverse micelles is also interesting in
terms of understanding how metal nanoparticles inter�
act with living organisms. This problem has become
especially actual in recent years due to the rapid devel�
opment of applied research involving metal nanopar�
ticles and their application in the production of vari�
ous commodities (cosmetics, clothes, household

appliances, toys, and so on). Investigations of interac�
tions between nanoparticles and living organisms
reveal that metal nanoparticles can have a curative
effect or cause pathological changes. The possibilities
for applying nanoparticles to diagnose and treat vari�
ous disorders, as well as in immunochemical testing
techniques, are already being actively studied and
developed in a new area of experimental medicine,
nanomedicine, and a journal by that name has been
published in English since 2004 [13]. Of particular
interest in this respect are gold nanoparticles, which
have been found useful in enhancing the efficiency of
photothermal therapy and radiotherapy in the treat�
ment of oncological diseases [14–16].

At the same time, metal nanoparticles can cause
serious illnesses (nanopathologies) in living organisms
[17–19]. The problem of elucidating the causes of the
pathological effect of metal nanoparticles and devel�
oping methods to fight diseases caused by the intro�
duction of these nanoparticles into the human organ�
ism is therefore of major interest. The ability to obtain
nanoparticles that are stable in solution on the air for
prolonged periods of time is obviously essential to the
success of such research. It is particularly important to
investigate how gold and zinc nanoparticles behave, as
they have been found highly bioactive in contact with
cells and other biological objects [20–22].

Various techniques for synthesizing gold nanopar�
ticles in aqueous solutions or two�phase systems have
been described in the literature as using inorganic or
organic reducing agents (including macromolecular
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agents) [23–27] and reverse micelles with the aid of
conventional chemical reducing agents and UV or
laser photoreduction [28, 29]. There have also been
several reports on the preparation of zinc nanoparti�
cles by laser ablation in water or in aqueous solution
of sodium dodecyl sulfate [30], by decomposition of
organometallic precursors in a water�organic solvent
[31], and by ion implantation into solid matrices
[32, 33].

In our work, we report the preparation of air�stable
Au and Zn nanoparticles by biochemical synthesis in
reverse micelles in the presence of flavonoid quercetin
as the reducing agent. We thus propose a combination
of reverse micelles whose advantages for the synthesis
of metal nanoparticles are sufficiently well�known
(e.g., see [28, 34]) and an nontraditional organic
reducing agent, quercetin (which, to the best of our
knowledge, has never been used either in the prepara�
tion of gold sols or in the synthesis of zinc nanoparti�
cles. The work was carried out using spectrophotomet�
ric techniques and transmission electron microscopy.
Based on the results obtained by analyzing changes in
the absorption spectra of micellar solutions, sugges�
tions as to the nanoparticle formation mechanism are
offered.

EXPERIMENTAL

In order to produce gold and zinc nanoparticles,
aqueous solutions of chloroauric acid (HAuCl4 ·
3Н2О, chemically pure) and zinc sulfate (ZnSO4 ·
7H2O, chemically pure) were utilized, respectively.
The solutions were prepared with deionized water
obtained using a Vodolei set�up (Khimpribor NPO,
Russia). A solution of ammonium salt (zinc tetraam�
monium sulfate) was prepared by adding 10 or 27%
aqueous solution of ammonium to an aqueous solu�
tion of zinc sulfate until the forming precipitate of
metal hydroxide had completely dissolved; the
[Zn(NH3)4]

2+ complex cation was formed in the pro�
cess [35]. In order to produce micellar solutions of
quercetin, AOT (sodium bis�(2�dioctyl)sulfosucci�

nate, Aldrich or Acros), reference isooctane, and
quercetine (3,5,7,3',4'�pentahydroxyflavon, Merck)
were used.

The standard technique for preparing a micellar
solution of quercetin has been described in detail else�
where [1, 2, 4]. A solution of AOT in isooctane was
first prepared, and quercetin (Qr) in powder form was
then added and solubilized in it. Quercetin concentra�
tion in the micellar solution was determined as
described in [2, 4].

For the synthesis of gold nanoparticles, 0.1 M
aqueous solution of HAuCl4 was evaporated to half
its volume, then diluted with water and added to a
micellar solution of quercetin to a concentration
of (3–15) × 10–5 M and water content w =
[H2O]/[AOT] = 1–3. To obtain zinc nanoparticles,
aqueous solution of zinc salt was introduced into a
micellar solution of quercetin to a concentration of
3–5 mM and w = 2.5–4. AOT concentration in the
micellar solution was 0.1–0.15 M for zinc nanoparti�
cles and 0.2–0.35 M for gold nanoparticles. Optical
absorbance spectra were recorded either on a Specord
M�40 (Carl Zeiss, Germany) or on a Helios�α

(Thermo Electronics, GB) spectrophotometer in a 1�
mm�thick quartz cuvette at room temperature.

RESULTS AND DISCUSSION

Synthesis of gold nanoparticles

Quercetin in a micellar solution has two main
absorption bands (Fig. 1): band I (λmax = 370–372 nm)
and band II (λmax = 256–260 nm). Band I is due to the
chromophore consisting of ring B conjugated with the
С4 carbonyl group; band II, with ring A [20, 21]. The
weak maximum at 295 nm is presumably due to the
presence of a hydroxy group at the C3 atom [1, 36].

Introduction of the aqueous solution of HAuCl4
into the micellar solution of Qr leads to a rapid change
in solution color. Bright red coloring first appears and
then (within 1–2 min) acquires a violet tint that
becomes more intense over the next 10–15 min. Color
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Fig. 1. Structural formula of quercetin and absorption spectrum of quercetin in micellar solution.
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changes then cease, and the red�violet solution can be
preserved over a long time.

Figure 2 shows a typical change in the absorption
spectra of a micellar solution of quercetin after the
addition of a solution of chloroauric acid (CAA). In
the first few minutes, the intensity of band I is reduced
as the intensity of the band at 295 nm simultaneously
increases, and a weak band in the visible range with a
maximum at 535–540 nm appears. Band II remains
virtually unchanged. In the following 15–30 min,
band I continues to decay and becomes invisible, while
the intensities of the two other bands increase. Mean�
while, a clear maximum appears in the visible�range
band at 537–538 nm; this band corresponds to the
typical range for the absorption maxima of gold nano�
particles (500–550 nm, depending on particle size
[25–28]). The life time of this nanoparticle band in
our micellar solution varied from a few months to a
few years, depending on the parameters of the reverse�
micellar system (AOT concentration, w, and the
Qr/CAA ratio).

The described changes in absorption spectra at the
initial stage immediately following the addition of
HAuCl4 solution, are similar to those observed during
biochemical synthesis of silver nanoparticles at small
reagent concentrations [36]. Also observed was a

reduction in the intensity of the two main bands of Qr,
an intensification of the 295�nm band, and the simul�
taneous appearance of a band in the absorption region
of silver nanoparticles in reverse micelles (420–
440 nm). The results from studies of the mechanism of
interaction between Qr and silver ions [36] provided
the basis for our conclusion that the first stage of inter�
action is the formation of [Ag+ …Qr] complex (by
binding of Ag+ ions with oxygen at the C3 and C4
atoms), reflected on the spectrum by the appearance
of the 295�nm band. The complex then undergoes
decomposition with the formation of silver atoms and
(presumably) oxidized quercetin; the subsequent asso�
ciation of atoms and ions lead to the formation of
nanoparticles.

A similar sequence is deemed possible during the
synthesis of gold nanoparticles. A complex of querce�
tin and Au3+ ions initially forms (possibly also through
oxygen atoms at the C3 and C4 atoms) (Fig. 1).
Reduction of gold ions occurs in the complex (possibly
via a number of intermediary stages), yielding atoms
that subsequently become nuclei for the formation of
nanoparticles. Given the recently published calculated
enthalpies of formation of quercetin�metal ion com�
plexes [37], the complex might also form via oxygen
atoms at the C4 and C5 atoms. Formation of the com�
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Fig. 2. Formation of gold nanoparticles in micellar solution. Absorption spectra of quercetin (Qr) micellar solution in 2 min (1),
15 min (2), 1 week (3), and 3 months (4) after the addition of aqueous solution of HAuCl4; с(HAuCl4) = 1.54 × 10–4 M, w = 2.
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Fig. 3. Electron micrographs of gold (a) and zinc (b) nanoparticles in a micellar solution.

plex with Au3+ ions through oxygen atoms at C4 and
C5 in the polyphenol fragment was also suggested by
the authors of [27]; they reported the synthesis of gold
nanoparticles in aqueous solution using apiin, which is
similar to quercetin in structure.

Examples of the electron micrographs of our gold
nanoparticle solutions are given in Figs. 3, 4. The
nanoparticles have various shapes: hexahedral, pen�
tagonal, triangular, cylindric and spheroidal particles
are detectable. The low surface density of the parti�
cles in Fig. 3a is due to dilution of the nanoparticle
solutions before the preparation of microscopy sam�

ples, in order to avoid artifacts caused by high con�
centrations of the surfactant (AOT) in the micellar
solution. As can be seen from the histogram pre�
sented in Fig. 5 (for 120 particles), the dimensions of
most of the nanoparticles (over 80%) fall within the
10–20 nm range. Histogram processing in the Gaus�
sian approximation yields 16.3 ± 8.5 nm. Photo�
graphs at a greater magnification show that the con�
tours of particles are smeared (Fig. 4a); at the same
time, many particles have a distinct crystalline struc�
ture (Fig. 4b).

20 nm(а) (b) 20 nm

Fig. 4. Micrographs at greater magnification showing various shapes (a) and the crystalline structure (b) of gold nanoparticles.
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Synthesis of Zn nanoparticles

In order to produce zinc nanoparticles, we used the
logic previously validated in the synthesis of copper
nanoparticles [2, 3]. Specifically, the introduction of
aqueous solutions of simple copper salts (sulfate,
nitrate) into a micellar solution of quercetin was found
to yield [Cu2+…Qr] complex. This leads to a batho�
chromic shift of band I; a similar change in the spectra
of flavonoids (including quercetin) is observed during
the formation of complexes with copper ions in aque�
ous solution [38]. There was, however, no subsequent
formation of copper nanoparticles. We suggest that the
halting of the process at the complex formation stage
was due to the two�stage mechanism of the reduction
of Me2+ ions: first to Me+, then to Me0.

Such distinct stages were observed, for example,
during the synthesis of Cu nanoparticles in aqueous
solution in the presence of a stabilizing polymer (poly�
ethyleneimine, PEI) that forms a complex with Cu+

ions [39]. Since Ме+ ions are unstable in solution and
easily undergo oxidation to the divalent form, the
[Ме+… Qr] complex does not form and the second
stage of reduction therefore does not follow. A similar
problem arose during the synthesis of Cu nanoparti�
cles by the radiation–chemical technique in aqueous
solution [40, 41]. In order to reduce Cu2+ ions to
atoms by hydrated electrons, the authors introduced
Cl– ions (which form quite stable complexes with Cu+

ions) as a stabilizing additive.
Following the same principle, we earlier took

advantage of copper ions forming stable complexes
with ammonium [35]. We therefore replaced simple
copper salts with their complex derivatives by prepar�
ing solutions where copper was present in the form of

the complex cation [Cu(NH3)4]
2+. Adding these solu�

tions to a micellar solution of Qr, we observed a change
in optical absorbance spectra, initially indicating the
formation of a cation–quercetin complex and then of
Cu nanoparticles [3].

In this work, we also used an ammonium salt (tet�
raammonium sulfate) obtained by combining aqueous
solution of ammonia and zinc sulfate solution for the
production of zinc nanoparticles. Addition of aqueous
solution containing the [Zn(NH3)4]

2+ complex cation
to a micellar solution of Qr leads first to the formation
of a complex and then to nanoparticles. Typical
changes in absorbance spectra over time are shown in
Fig. 6. Complex formation is characterized by a red
shift for both bands of quercetin, which is much more
noticeable for band I (by 60 nm). As was shown in
[38], a similar change in the position of band I in the
case of interaction between quercetin and copper ions
is caused by the complex formation through OH
groups at the C3' and C4' atoms in the B ring (Fig. 1).
The solution becomes bright�orange. Within a few
hours, the complex undergoes rapid decomposition,
manifested as a decrease in the intensity of both bands
(curves 1–4). An isosbestic point is also present
(373 nm), indicating the formation of a product
absorbing at 310–320 nm. Indications as to the nature
of this product, as in the case of the formation of Ag
and Au nanoparticles, are obtained by investigating the
mechanism of antioxidant activity of quercetin, and of
its oxidation and interaction with ions of copper and
other metals in aqueous solutions (e.g., see [38, 42–44]).

In all cases, the oxidation of quercetin was shown
to be accompanied by a shift of an absorption band
with a maximum at 320–340 nm, i.e., nearly coinciding
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with the band position of the product under question.
This allows us to suggest that it belongs to oxidized
quercetin.

Slower spectral changes occur over approximately
24 h. The solution turns dark�gray, almost black,
which agrees with the solution color changes
described in [31] in the case of zinc nanoparticle pro�
duction by the thermal decomposition of organome�
tallic precursors. Spectral changes then cease; the
absorption spectrum of the micellar solution at this
stage is shown in Fig. 6 (curve 5). It is apparent that
there are no distinct bands in the solution spectrum,
but there are two shoulders in the 250–270 and 310–
320 nm regions. For one possible origin of the latter,
see the above. As for the 250–270�nm shoulder, it is
located in the absorption region of Zn nanoparticles.
This follows from the data of [30–33], according to
which the absorption band of Zn nanoparticles lies in
the 242–285 nm range. Since one of the absorption
bands of Qr and its complex with zinc ions lies in the
same region, and both these components can remain
in the obtained nanoparticle�containing micellar
solution (albeit in minor concentrations), it is difficult
in our case to isolate the individual band of nanoparti�
cles in the resulting spectrum.

Position of this band can, however, be suggested on
the basis of medium polarity dependences of surface
plasmon band location of zinc nanoparticles, the
dependences being reported in the literature. When
these nanoparticles are obtained in aqueous solution,
their absorption band lies at 242 nm [30]. A decrease
in medium polarity during the synthesis of nanoparti�
cles in silicate glass [32] causes a bathochromic shift of
the band to 258 nm. The absorption band of zinc
nanoparticles in a sapphire matrix lies in the 260–
285 nm range, depending on particle size [33]. Since
the medium polarity in reverse micelles at low degrees
of hydration is substantially lower than in aqueous
solution and can be close to that for the solid matrices,
mentioned above, the band in our case can be
expected to appear in the 260–285 nm range.

The presence of zinc nanoparticles in the obtained
micellar solution was proven by the results of TEM
studies. A sample micrograph and particle size distri�
bution histogram are presented in Fig. 5b. It can be
seen that the particles are predominantly spherical and
small; the diameter of over 80% of the particles is 2–
7 nm. The histogram was obtained for 230 particles.
Histogram processing in the Gaussian approximation
yields a mean size of 5.05 ± 3.94 nm. Also present are
rod�shaped particles approximately 5 nm thick and
30–50 nm long.

CONCLUSIONS

In general, the data obtained allow us to conclude
that the interaction of CAA and tetraammonium zinc
with quercetin in a micellar solution under the condi�
tions of our experiment leads to the formation of gold
and zinc nanoparticles that are stable in air over a long
period of time. Formation of a quercetin complex of
metal ions is the first stage of interaction. In the case of
gold, complexes are likely to form via oxygen atoms at
the C3 and C4 (the С ring) or C4 and C5 (rings С and
А) carbon atoms in the quercetin molecules; in the
case of zinc, they form via the OH groups in the В ring
(Fig. 1). The quercetin complex of metal ions under�
goes more or less rapid decomposition with the subse�
quent formation of metal nanoparticles and a second
product, presumably oxidized quercetin.

According to electron microscopy data, gold nano�
particles exist in a variety of shapes, whereas zinc
nanoparticles are predominantly uniform (spherical).
In addition, a comparison of histograms shows that
gold nanoparticles have a greater mean size and vary
more in size than zinc nanoparticles. In both cases,
however, the nanoparticles are sufficiently small so
that we can expect manifestations of their special
properties typical of the nanoscale state. In order to
study their interaction with biological objects, aque�
ous solutions of the nanoparticles of both metals were
obtained from their micellar solutions using the tech�
nique in [45], developed previously for silver nanopar�
ticles. We plan to publish the results from our investi�
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gations of the biological effects of gold and zinc nano�
particles in aqueous solutions in future works.
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