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Synthesis and study of gold nanoparticles stabilized by bioflavonoids
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A new procedure for the preparation of biocompatible gold nanoparticles using biofla-

vonoids: rutin, quercetin, and luteolin as reducing agents and stabilizers was proposed. On
varying the bioflavonoid concentration, nanoparticles of different size are formed. By the
combined use of spectroscopy and atomic force microscopy, the nanoparticle size was estimat-
ed (40—50 nm). Uniform and highly dispersed gold nanoparticles were obtained at Au : rutin
ratiosof 1:1,2:1,and 4: 1 and Au : quercetin ratios of 2 : 1 and 4 : 1. The nanoparticle yield
remains almost constant as the Au : rutin ratio varies over a broad range from 1:1to 12: 1. It
was suggested that complete reduction of Au!! to Au® with a large excess of Au is accompanied
by extensive oxidation of bioflavonoid involving an intermediate oxidant formed in the system
due to the high oxidative capacity of Aulll. For elucidating the catalytic role of bioflavonoids in
the formation of gold nanoparticles, quantum chemical modeling of the process was performed.
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Currently, the interest in the preparation and study of
gold nanoparticles (NP) is increasing, as they possess
unique physicochemical properties!—3 and are suitable for
various applictions ranging from catalysis, sensor devices,
and biomarkers to photonics, optoelectronics,? and medi-
cine.’ Recent studies have shown that gold NP have un-
usual and often unexpected catalytic properties,:% which
are manifested, as a rule, for small nanoparticle sizes.”—?
It cannot be ruled out that catalysts based on gold com-
pounds would provide a solution to the practically impor-
tant task of selective oxidation of hydrocarbons with
a cheap and pure oxidant, air oxygen.!? Certain progress
has been already achieved along this line, in particular,
oxidation of compounds with activated C—H bonds and
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cyclohexene on an Au/C catalyst in solutions at 80 °C,11
oxidation of benzaldehyde!? and the nicotinamine—ade-
nine—reduced dinucleotide (NADH)!3 system on gold
NP, and oxidation of methane on supported gold NP4 at
temperature of >130 °C were performed.

We established the activation of methane under mild
conditions in the presence of dodecanethiol-stabilized gold
NP, !5 resulting in H/D exchange of methane with D,. In
addition, it was found that in the gold—bioflavonoid (ru-
tin or quercetin) biomimetic system, catalytic sites per-
forming selective NADH-dependent air oxygen oxidation
of methane and lower alkanes to alcohols at room temper-
ature are formed.16:17 The mechanism of this interesting
process is far from being clear due to the low concentra-
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tion of the active sites, which cannot be increased by a mere
increase in the content of gold. A specific feature of the
Au—Dbioflavonoid system is the formation of gold NP with
time, as indicated by the appearance of a peak at 525—530 nm
typical of gold NP in the absorption spectra. Therefore,
the development of the method for targeted preparation of
gold NP stabilized by bioflavonoids and study of their pos-
sible role in the alkane functionalization are topical issues.

Previously, gold NP have not been prepared using
bioflavonoids. The design of quercetin-modified coatings
on the Au surface aimed at the formation of highly sensi-
tive copper ion-binding site!8 is the most closely related
work in this respect. The promising direct approach to the
one-stage synthesis of NP using various biocompatible
reagents, =25 including amino acids,26—28 is being ac-
tively developed. In this respect, it was also of interest to
study the stabilizing action of bioflavonoids on gold NP in
order to extend the range of available biocompatible gold
NP that are used in medical diagnostics and therapy of
cancer.??

This work is the first example of using bioflavonoids
(rutin, quercetin, and luteolin) as the reducing agents and
stabilizers in the preparation of gold NP. These compounds
are polyphenols belonging to the group of vitamins P and
having clear-cut chelating properties.30—32

Experimental

Gold nanoparticles were prepared by reduction of chloroau-
ric acid (HAuCl, - 4H,0) with bioflavonoids by a procedure sim-
ilar to a previously proposed one.33 A 10~2 M aqueous solution of
HAuCl, (1.25 mL) was added dropwise with vigorous stirring
over a period of 1—2 min to an aqueous solution of bioflavonoid
(48.5 mL) with a specified concentration (2.5-107%, 5-1074,
2-1073,1.25-1074,6.25-1073,4.2-1075, or 2.1-10~3 mol L),
and vigorous stirring was continued for an additional 15 min.
The Au : bioflavonoid concentration ratio was 1:1, 1:2, 1:8,
2:1,4:1, 6:1, and 12: 1. The synthesis was carried out at
95—98 °C.

The visualization and study of the surface topology of the
obtained gold NP were performed by atomic force microscopy.
This was done using a NTEGRA Aura NT-MDT microscope
(Zelenograd, Moscow Region) with a resolution of 3 A. All mea-
surements were carried out in the tapping mode using platinum-
coated silicon conducting cantilevers. The radius of curvature
was ~30 nm.

The absorption spectra were recorded on a Specord M-40
spectrometer. For rutin-stabilized gold NP (1:1), IR spectra
were also recorded. For this purpose, a drop of the solution was
placed on a paraftin substrate, dried, and examined using a Per-
kin—Elmer-spectrum-100 IR spectrometer. The nanoparticles
were precipitated using a Heinz Janetzki centrifuge (Engels-
dorf—Leipzig, 8000 rpm). The separated NP were washed with
water for 10 min. Gold in the precipitate and in the supernatant
was quantified by atomic absorption spectroscopy using an
A.A.S.-3 Carl Ceiss Jena spectrometer. Commercial rutin, quer-
cetin, luteolin, HAuCl, - 4H,0 (Sigma), sodium citrate (chemi-

cally pure grade), KMnO, (chemically pure grade), KI (chemi-
cally pure grade), and doubly distilled water were used.

Results and Discussion

The Au—rutin NP were studied in most detail. The
absorption spectra of the NP obtained at different Au : rutin
ratios are presented in Fig. 1. According to experimental
data, by varying the Au : bioflavonoid ratio, it is possible
to obtain gold NP of different size. The stability of the
obtained solutions and the NP size depend considerably
on the bioflavonoid concentration. As can be seen from
Fig. 1, upon an increase in the rutin concentration, the
maximum of the NP plasmon absorption peak shifts to
longer wavelengths from 530 to 580 nm. However, this
shift is not uniform. When the Au : rutin ratios are 12: 1,
4:1,2:1,and 1 : 1 (see Fig. 1), the spectra have a clear-cut
absorption maximum at 529.7, 530.6, 532.7, and 533.7 nm,
respectively. The position of the maximum regularly shifts
to longer wavelengths. According to published data,34 this
corresponds to an increase in the nanoparticle size from
43to 51 nm. For Au : rutinratiosof 1 : 2and 1 : 8 (see Fig. 1),
the spectra are characterized by broad absorption with
a maximum at ~570—580 nm, which attests to the pres-
ence of larger NP (~100 nm). The presence of the long-
wavelength shoulder at ~700 nm and diffuse absorption at
all wavelengths attest to a nonuniform composition of the
NP caused apparently by their aggregation. Indeed, solu-
tions of NP obtained with an excess of rutin with respect
to gold are unstable and partly precipitate. Note a change
in the color of the NP solution; upon an increase in
the rutin concentration, the color changes from red to
blue-violet. The absorption spectra of gold NP stabilized
by quercetin and luteolin with the Au : bioflavonoid ra-
tio of 1:1 differ little from the absorption spectra of
gold NP with rutin (Fig. 2). According to the position of
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Fig. 1. Absorption spectra of rutin-stabilized gold NP at different
Au : rutin ratios (10 mmecell): 1: 1(1),2:1(2),4:1(3),12:1(4),
1:2(5),and 1:8(6).
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Fig. 2. Absorption spectra of gold NP stabilized by various
compounds: (/) Na citrate (Zsigmondy sol), (2) rutin (1: 1),
(3) quercetin (1 : 1), (4) luteolin (1 : 1) (10 mm cell).

the absorption maximum, the Au—rutin and Au—querce-
tin NP have similar sizes, while the Au—luteolin NP are
larger.

A distinctive feature of the Au—rutin NP obtained at
1:1,2:1,and 4 : 1 ratios is the high temporal stability. As
follows from the spectral data (Fig. 3), a slight decrease in
the optical density without shift of the plasmon peak max-
imum occurs during the first month of storage of a solu-
tion of NP.

Atomic force microscopic images of rutin-, quercetin-,
and luteolin-stabilized gold NP were obtained (Fig. 4).
These data can be used for direct observation of the topog-
raphy of gold NP and evaluation of their size uniformity.
For the Au—rutin and Au—quercetin NP, the size distri-
bution is more uniform and the predominating particle
diameter, 40—50 nm, corresponds to the value calculated
from spectral data. Conversely, Au—luteolin NP are less
uniform in size (50—150 nm).

L5 F
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Fig. 3. Time variation of the absorption spectra of 1: 1 rutin-
stabilized gold NP (0 mm cell): (/) 1 h, (2) 2 days, (3) 1 month,
(4) 6 months, (5) 9 months.
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Fig. 4. Images of gold NP stabilized by rutin (@), quercetin (b),
luteolin (¢) deposited from an aqueous solution onto single-crys-
tal silicon surface.

Figure 5 presents the IR spectra of paraffin-supported
films, which were obtained by drying a colloid solution of
gold NP at an Au : rutin ratio of 1 : 1 (curve 3). For com-
parison, the IR spectra of the substrate (curve 1), a film of
an aqueous solution of rutin (curve 2), and a film of washed
NP (curve 4) are shown in the same figure. The IR spec-
trum of NP (see Fig. 5, curve 4) shows four broad absorp-
tion peaks at 1065, 1375, 1649, and 3379 cm~!. All of
these, except for the peak at 1375 cm™!, have analogs as
one or several bands in the spectrum of rutin (curve 7).
Thus, the IR spectra of the Au—rutin NP bear some re-
semblance to the IR spectra of pure rutin, suggesting the
presence of modified rutin molecules in the ligand shell of
gold NP.

The IR spectrum of a solution of nanoparticles (see
Fig. 5, curve 3) reflects the characteristic features of both
spectra (rutin and NP) and can be considered as some
superposition thereof. This means that rutin occurs in two
forms in a colloid solution of NP: in the ligand shell of the



Synthesis and study of gold nanoparticles Russ.Chem.Bull., Int.Ed., Vol. 60, No. 3, March, 2011 429
1 A

[y i

*

5

3

’M f

1655/1608
1301 1066

1

1649 1065

3500 3000 2500 2000 1500 1000 v/cm~!

Fig. 5. IR spectra of the paraffin substrate (7), rutin (2), a solu-
tion of gold NP stabilized by rutin (3) and separated by centrifu-

gation (4).

NP and in the dissolved state. The positions of individual
peaks in curves 2 and 3 almost coincide. The greatest dif-
ferences are observed in the peak intensity in the OH vi-
bration region. For a solution of NP, this peak is more
pronounced and an additional peak appears at 3214 cm~1.
This peak, although shifted to lower frequencies, also oc-
curs in the NP spectrum as a shoulder at 3195 cm™!.

According to chemical analysis data, in sols at
Au:rutin = 1:1 and 6:1, most of gold (84 and 89%,
respectively) occurs within the NP that precipitate upon
centrifugation. The optical absorption spectra of the su-
pernatant do not show the characteristic plasmon peak.
This attests to almost complete precipitation of NP. Dur-
ing precipitation, partial coarsening of the particles takes
place, as indicated by the shoulder at 650 nm in the optical
spectrum of the precipitate (Fig. 6).

The presence of modified rutin within the NP implies
its stabilizing function. The estimated fraction of surface
atoms in ~40 nm sphere-like gold NP (<3%) provides the
conclusion that a small portion of bioflavonoid (several
percent relative to the gold content) can serve for stabili-
zation of the gold NP.

Thus, from the set of obtained results, it follows that
this procedure provides bioflavonoid-stabilized gold NP
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Fig. 6. Absorption spectra of Au—rutin NP before and after
centrifugation (3 mm cell): (/) Au—rutin sol (1 : 1), (2) superna-
tant fraction of the Au—rutin sol (1 : 1), (3) precipitate of the

Au—rutin sol (1:1), (4) supernatant fraction of the Au—rutin
sol (6 : 1), () rutin, (6) HAuCl,.

in high yield, these particles being apparently similar to
those formed with time in the methane-oxidizing catalytic
system. Preliminary experiments dealing with the catalyt-
ic properties of fractionated solutions of NP demonstrated
that the supernatant fraction is much more active in the
NADH oxidation than the precipitated fraction contain-
ing coarse gold NP. This activity is even an order of mag-
nitude higher than the activity of previously studied
Au—bioflavonoid systems.16

This result is of interest from the standpoint of analysis
of active site structure. Since the supernatant fraction does
not show a plasmon absorption peak, it can contain only
soluble complexes or gold clusters. In other words, it is
quite probable that the role of active sites in this system is
played by some polynuclear Au complexes containing
a bioflavonoid. Considering this hypothesis. one can at
least understand why a 5-fold change in the gold content
induces only a slight change in the methane oxidation
properties.16:17 This fact provides conclusion concerning
the mechanism of formation of gold NP with intermediate
formation of polynuclear gold complexes. Both the chem-
ical analysis data and the invariability of the height of the
plasmon peak (see. Fig. 1) upon the change in the Au : rutin
ratio from 12 : 1 to 1 : 1 indicates that neither the number
nor the size of the NP formed are affected significantly by
the rutin concentration in the system.

Consider the possible reasons and consequences of this
unexpected finding. All of the bioflavonoids used have two
hydroxy groups in the ortho-position of ring B and can be
considered as derivatives of pyrocatechol, which is a two-
electron reducing agent. It is known33 that its analog,
hydroquinone, reduces Au'l! to the metal even in cold
solutions. According to potentiometric titration data,30
Aul ion is formed as the first intermediate. This suggests
that under the action of Au!!! the bioflavonoid molecule in
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solution would be oxidized with transformation of the cat-
echol ring B to the quinoid form, and hence complete
reduction of Au'!! to the metal according to this reaction
requires 1.5 equiv. of the bioflavonoid. Since an almost
quantitative yield of Au® is attained for an Au : bioflavonoid
ratio an order of magnitude lower than 1.5 : 1, for inter-
preting the experimental data, it is necessary to consider
other Au' reduction reactions.

According to some published data, primary alco-
hols,37=39 diols and polyols,22—25 dextrin,2! and cellulose
can reduce HAuCl, to NP at elevated temperature.22 This
indicates that the disaccharide residue of rutin could be
involved in the reduction of HAuCl,. However, the ap-
proximately equal yields of gold NP of similar size irre-
spective of the excess of Au are observed also for quercetin
and luteolin, i.e., for bioflavonoids devoid of saccharide
residues. In particular, in the case of luteolin, the yields of
NP are equal for Au : bioflavonoid ratios of 1 : 1and 15 : 1.
Therefore, one must accept that Au!ll is reduced to the
metal first of all through oxidation of substituted aromatic
rings of the bioflavonoids. Reaction of this type is known
for the enzyme quercetin 2,3-dioxygenase,*® which cata-
lyzes C—C bond cleavage of the pyrone ring C to give CO
and oxidized product P.

OH
HO ‘ O

The final oxidant in this reaction is oxygen, which
binds to the metal atom of the Cu!! quercetin complex in
the enzyme active site according to the peroxo type and
subsequently oxidizes the quercetin ligand.41

Considering the stoichiometry of complete oxidation
of bioflavonoids (for example, the oxidation of the luteolin
molecule C;504H,, to CO, and H,0 requires 29 oxida-
tion equivalents [O]) shows that at a Au : bioflavonoid
ratio of < 20 : 1, complete oxidation of the variable frac-
tion of organic molecules can provide for the conversion
of all Aulll jons to Au®. The non-consumed bioflavonoid
molecules can remain in the initial form.

Thus, the presence of organic molecules in the system
at relatively large excess of Au can in principle ensure the
reduction of all Au ions. However, this brings about the
question of why equal yields of Au® are formed despite
considerably different reactant concentrations and chem-
ically different reducing agents, although the intermedi-
ates and reactions involving them that occur during deep
oxidation of bioflavonoids vary a lot. The simplest expla-
nation is to assume the formation of a primary strong
oxidant in the H,O—HAuCl;—bioflavonoid system, which

can oxidize the organic molecules through subsequent
reactions. This is based on the fact that the standard
electrode potentials, Au*/Au of 1.85 V (see Ref. 42) and
Au3t/Au of 1.627 V (see Ref. 43), are rather high. There-
fore, the oxidizing ability of gold ions suffices for the oxi-
dation of water not only to oxygen

O,+4H"+4e=2H,0

(the standard redox potential is 1.28)% but also to hydro-
gen peroxide. Under the experimental conditions, the pro-
ton concentration is 2.5+10~* mol L~!. Thus it follows
that the redox potential of water oxidation to hydrogen
peroxide

H202+2H++29=2H2O

in view of the standard value of 1.78 (see Ref. 44) is equal
to 1.55 V. This conclusion is supported by direct calcula-
tion of the change in the standard free energy AG,9g upon
the reactions

4 AuCl,~ (H50 solv) + 6 Hy0 (1) =
=4 Au(s)+305,(g) + 12 HCI (H,0 solv) +
+ 4 Cl~ (H,0 solv), (D)

2 AuCl,~ (Hy0 solv) + 6 Hy,O (1) =2 Au (s) +
+ 3 H,05 (H50 solv) + 6 HCI (H,0 solv) +
+ 2 Cl~ (H,0 solv) 2)

(1, s, and g are the liquid, solid, and gaseous state, respec-
tively, solv is solution) taking into account thermodynam-
ic data,*5 which gives —73.6 and —3.8 kcal mol~! for
Egs (1) and (2), respectively. Since in both reactions the
number of species increases, they become more favorable
at higher temperature. In view of these data, we carried
out experiments on the detection of H,0, after the forma-
tion of gold NP using two procedures: titration by KMnO,
and K1 in acid medium.46

The control experiments demonstrated inapplicability
of the former procedure, as rutin is oxidized with KMnO,
with consumption of 10 equiv. of KMnO, per rutin mole-
cule. The accuracy of the KI procedure is much lower,
because the amount of hydrogen peroxide was estimated
by comparing the color of a starch solution in the sample
studied with the color of samples with specified H,0,
concentration. The control experiments showed the ab-
sence of the reaction of rutin with KI. After the formation
of gold NP, no Au!! ions able to react with KI are present
in the system (see Fig. 6). Under these conditions, the
formation of I, indicates the presence of other oxidants.
This procedure demonstrated the formation of an oxidant
in an amount corresponding to from 0.05 to 0.4 equiv. of
H,0, per mole of Au. In view of the high value of the
normal redox potential of 1,2-quinone (+0.78 V), one can
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conclude that this amount contains a contribution caused
by oxidation of iodide ions by 1,2-quinone derivatives
known to form in the system. However, comparison of the
data obtained at different Au : rutin ratios (1: 1,4 : 1, and
6 : 1) for constant [Au] indicates that the amount of the
oxidant formed in the system only increases with a de-
crease in the rutin concentration, and at a 6 : 1 ratio it is
twice as high as the rutin concentration. This explicitly
attests to the formation of either free hydrogen peroxide or
Au peroxo complexes (either individual or on the NP sur-
face), which decompose on treatment with sulfuric acid
under conditions of the analytical experiment to give H,O,.
Then the increase in their yield following a decrease in the
content of the substrate being oxidized, i.e., rutin, is quite
reasonable and expectable. Thus, direct experiments con-
firm that oxidizing species are formed in the system after
exhaustion of the primary Au!!! oxidant; this is in a quali-
tative agreement with the features of the mechanism of
gold NP formation.

The full mechanism of NP formation in the presence
of bioflavonoids is complicated, and currently only some as-
sumptions can be made. Most pronounced is the differ-
ence between the stabilities of the NP obtained with an
excess and deficiency of rutin. Since the capability of NP
for association depends on their charge4’—49 (although
even charged NP can enlarge, despite the Coulomb repul-
sion%?), first of all, it is necessary to consider how the
composition of the system can affect the NP charge. When
rutin is present in excess, it is less likely to be deeply oxi-
dized than when present in deficient amount; in the latter
case, these reactions occur necessarily. It is also probable
that the sequence of intermediates of the deep oxidation of
rutin includes organic acids with a chelate unit (see the
above example). These acids in the dissociated form may
act as NP stabilizers ensuring the formation of charged
and, hence, more stable NP at Au : rutin > 1: 1.

For elucidating the nature of the catalytic action of
bioflavonoids in the formation of NP, quantum chemical
modeling was performed. The calculations were carried
out by the density functional theory using nonempirical
PBE functional and extended basis set for the SBK pseudo-
potential. The computing was done by the PRIRODA
program suite3! at the Joint Supercomputer Center of the
Russian Academy of Sciences. As we previously showed
theoretically, in water, Au! forms binuclear 1 : 1 complex-
es with quercetin (QcH) Au,Qc,(H,0),. The calculation
shows that association of these complexes

=

2 [Au,Qc,(H,0),] [Au,Qc,(H,0),], 3)

produces a tetranuclear complex (Fig. 7). Due to the au-
rophilic interaction between the gold atoms of binuclear
fragments, all of the Au—ligand bonds are elongated by
0.02 A. The energy release is 10.2 kcal mol~!. Ifit is assumed,

according to Trouton s rule, that the translational entropy

Fig. 7. Structure of the tetranuclear Au complex according to
PBE DFT calculations. The bond lengths are in A.

of vaporization of a solution is 21 cal mol~! deg!,

then using the calculated statistical sums for the dimer
and the tetramer in the ideal gas state, the equilibrium
constant (K) of reaction (3) can be estimated as 10. Thus,
in the presence of quercetin (and, apparently, other biofla-
vonoids), the formation of chain of Au atoms able to act as
NP nuclei is thermodynamically favorable. Meanwhile, at
~20 °C, when the NP formation in the Au—bioflavonoid
system is substantially retarded, the flexibility of Au-chain
nanostructures is very important. It allows their thermo-
dynamically favorable transformation to ring structures.
For this process with retention of the number of particles,
the entropy changes little, and the equilibrium constant is
an order of magnitude greater than K. This gives a non-
trivial result, namely, the equilibrium number of short
chains with dangling ends is relatively small and depends
only slightly on the gold concentration in the system. This
conclusion is in qualitative agreement with the observed
regularities if one assumes that exactly the terminal gold
atoms in the polynuclear chain-type gold complexes open
for the reactions with the substrates are the catalytically
active sites.

Meanwhile, the formation of polynuclear Au! com-
plexes creates necessary conditions for realization of a high
redox potential of these ions in chemical reactions, as only
simultaneous reduction of several Au™ ions to Au® may
provide the multielectron oxidation of water molecules.
As an example, we considered the addition of two coor-
dinated water molecules in the binuclear complex
Au,Qc,(H,0), at the Au—O bonds. This reaction gives
binuclear HOAu—AuOH hydroxo complex containing two
quercetin molecules as ligands and is accompanied by only
a slight increase in energy (by 8.1 kcal mol~!). This struc-
ture provides necessary conditions for the formation of
both the Au’—Au® fragment and hydrogen peroxide.
Elucidation of the mechanism of water oxidation requires
further experimental and theoretical studies.
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Thus, relatively uniform and highly dispersed gold NP
were obtained for the first time using the bioflavonoids
rutin, quercetin, and luteolin as both the reducing agents
and the stabilizers. A combination of the spectral method
and atomic force microscopy was used to estimate the size
and stability of the NP and to observe for the first time the
topology of their surface. It was found that the NP size
depends on the reducing agent concentration. In particu-
lar, at [HAuCl,] = 2.5-10~% mol L~!, the decrease in the
rutin concentration from 2.5+10~% to 5- 10~ mol L~! in-
creases the probability of formation of small-size gold NP
and stabilizes the system. Note that during the formation
of gold NP in the presence of rutin, free or bound H,0, is
produced. Theoretical analysis confirms the possibility of
this process.

The development of new methods for NP preparation
and their physicochemical investigation would provide
a better understanding of the nature of nanosized effects
and ordering of supramolecular structures and would ex-
tend the scope of applicability of gold NP in medicine,
pharmacology, biology, and chemistry. A promising trend
is studying the catalytic properties of the obtained systems
in alkane oxidation reactions under mild conditions.

The authors are grateful to A. V. Ivanov (Institute of
Problems of Chemical Physics, Russian Academy of Sci-
ences) for quantification of gold in the samples.
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