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a b s t r a c t
Gold nanoparticles (Au NPs) were functionalized by cysteine (Cys), ␤-amyloid peptides (Cys0 Aˇ1-28 ,
Cys0 Aˇ1-40 , Aˇ1-42 ) and a pentapeptide fragment (Leu-Pro-Phe-Phe-Asp-OH (LPFFD-OH)). Optical absorption spectra of these systems were recorded and the plasmon resonance maximum values (max ) of the
UV–vis spectra together with the transmission electron microscopy (TEM) images were also analysed.
Both TEM images and the appearance of a new absorption band between ∼720 and 750 nm in the visible spectra of the Au–cysteine and Au–LPFFD-OH systems most probably indicate that upon addition
of these molecules to Au NPs-containing aqueous dispersions formation of aggregates is occurred. The
wavelength shift between the two observed absorption bands in cysteine- and pentapeptide-modiﬁed
Au NPs systems are  = 185 and 193 nm, respectively. These results suggest that the monodisperse
spherical gold nanoparticles were arranged to chained structure due to the effect of these molecules. For
conﬁrmation of the binding of citrate and cysteine onto the plasmonic metal surface 1 H NMR measurements were also performed. 1 H NMR results may suggest that the citrate layer on the metal surface is
replaced by cysteine leading to a formation of organic double layer structure.
In the presence of ␤-amyloid peptides the aggregation was not observed, especially in the
Au–Cys0 A␤1-40 and Au–A␤1-42 systems, however compared to the cysteine or LPFFD-OH-containing gold
dispersion with Cys0 A␤1-28 measurable less aggregation were occurred. The spectral parameters clearly
suggest that A␤1-42 can attach or bind to the surface of gold nanoparticles via both the apolar and the
N-donors containing side-chains of amino acids and no aggregation in the colloidal gold dispersion was
observed.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Numerous methods for preparation of noble (Au, Ag) nanoparticles (NPs) are found in the literature [1,2]. It is also well-known
that the spectral parameters of NP-containing dispersions also
depend on the size and shape of the particles [3,4]. For example, in the case of Au NPs (particle diameter ∼10–20 nm) the
observed absorbance maximum (max ) in the visible spectrum is
∼525 nm [1,2]. Parallel with enlargement of the size and/or formation of aggregates, a red shift of the band or appearance of other
new plasmon band at higher wavelength can be also observed
[1,3].
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The interaction of gold and silver nanoparticles with
biomolecules has been intensively studied for many years
[5,6]. Since metal nanoparticles emit surface plasmon oscillations
in the visible wavelength range, their optical properties attract
intense scientiﬁc and technological interest [7]. In most cases
citrate-based gold nanoparticles were used in numerous biological
studies. These nanoparticles are stabilized by a citrate ligand
layer through electrostatic interactions. Due to the only electrostatic effects of citrate adsorption binding of proteins and other
biomolecules on the NPs surface is possible [8].
Among other research groups, Zhong et al. [9] showed that gold
nanoparticles reduced and stabilized by citrate have a negatively
charged surface and preferentially bind to molecules including
thiol, amine, cyanide or diphenylphosphine functional groups. They
also observed that the reactivity of the amino group of amino acids
was pH-dependent. Binding of ␣-amino groups is preferential at
especially low pH, while the role of this group is negligible at neutral and high pH. Further investigations of this research group also
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showed that dibasic amino acids can be used to cross-link Au colloids at high pH [9].
Aryal et al. [10] prepared approximately ∼12 nm gold nanoparticles by borohydride reduction. For the spectroscopic identiﬁcation
of S–Au binding in aqueous medium, UV–vis, Raman, NMR and
FT-IR spectroscopy techniques were performed. These spectroscopic results clearly showed that the thiol moiety of cysteine is
a very effective site to interact with gold. Due to this interaction
cysteine-capped gold nanoparticles are formed [10]. In addition,
the electrolyte induced aggregation of different amino acid-capped
gold nanoparticles (l-cysteine, l-leucine, l-asparagine) was also
investigated. Due to the increase of electrolyte concentration and
decrease of pH, both the red shift and the broadening of surface
plasmon band parallel with the increase in the ﬂocculation parameter suggested that an aggregation of gold nanoparticles occurred.
The 1 H NMR spectra demonstrated that the sulfhydrile group of cysteine and amino moiety of leucine and asparagine also represent a
measurable interaction with Au nanoparticles [11].
Porta et al. [12] applied two dipeptides (Gly-Lys and Gly-Cys)
and two 15 amino acid-long peptides (GK15 and GC15) as capping
agents for preparation of monolayer-protected gold nanoparticles.
The capped-NPs were characterized by TEM images, UV–vis, NMR
and IR spectroscopy. Formation of Au–citrate-GC15 bioconjugates
(red sol) was observed during the reaction of citrate-capped gold
dispersion with GC15. However, NMR and IR studies conﬁrmed the
presence of capping agents in bioconjugate but did not indicate a
well-deﬁned interaction of GC15 with gold [12].
Gold surfaces are also suitable for studying peptide-peptide
or peptide-protein interactions using surface plasmon resonance
(SPR) spectroscopy. It is also well-known that Alzheimer’s ␤amyloid (1-42) peptide (A␤1-42 ) is capable for interaction with
numerous intracellular and extracellular molecules; however, the
relative contribution of these interactions to the toxicity of A␤ is not
clearly understood. In order to characterize the complicated mechanisms and also the effects of interactions between A␤1-42 and the
above mentioned molecules, numerous groups have focused their
research on these investigations.
Several A␤ peptides can be immobilized on gold surfaces
[13–17]. The kinetics of amyloid aggregation (from monomers to
ﬁbrils) and also the effect(s) of metal ions in the case of aggregation
process were also extensively investigated [18–21]. Interactions
between gold surfaces-immobilized A␤-peptides and gangliosides
[22], ﬂavonoids [23], tau-protein [17] and alcohol dehydrogenase
[24] were also studied in previous literatures. A␤-peptides coupling
onto gold surface are potent bioconjugates to study the binding
of different drug candidates on A␤ species [13,25]. In an excellent
review, the application of SPR for the analysis of A␤ interactions and
ﬁbril formation in Alzheimer’s disease research was summarized
[26]. In this report, interaction of A␤1-42 with small biomolecules
and proteins was investigated. Despite of the efforts, a detailed
mechanism of interaction of A␤1-42 with gold nanoparticles is not
fully resolved, yet. For determining the binding afﬁnity of novel
drug candidates onto toxic A␤1-42 aggregates, a well characterized
aggregation state of A␤1-42 immobilized on gold nanoparticles is
extremely important as well.
In the work presented here, size-controlled gold nanoparticles (reduced and stabilized by citrate) were prepared in aqueous
dispersions. The interaction of the cysteine (Cys), LPFFD-OH pentapeptide (peptide inhibitor iA␤5-OH [27]), cysteine modiﬁed
␤-amyloid (1-28) (Cys0 Aˇ1-28 ), ␤-amyloid (1-40) (Cys0 Aˇ1-40 ) and
A␤1-42 on gold nanoparticles were studied. In order to determine
the effects of these biomolecules with Au NPs the shift of plasmon resonance maximum values detected in the UV–vis spectra
together with the TEM images were analyzed. NMR spectroscopy
was used to study the interactions between small molecules and
citrate-stabilized gold NPs-containing dispersion.

2. Materials and methods
LPFFD-OH, Cys0 A␤1-28 , Cys0 A␤1-40 , A␤1-42 biomolecules were
prepared in our laboratory by applying methods reported previously [28]. l-Cysteine (≥99.5%) was purchased from Fluka and used
without any further puriﬁcation.
2.1. Preparation of gold nanoparticles
0.24 cm3 , 0.05 M HAuCl4 × 3H2 O (Sigma–Aldrich) was diluted
with 58 cm3 MilliQ water and brought to boil, while kept under
vigorous stirring. Sodium citrate (Reanal, Hungary) (1.71 cm3 ,
0.035 M) was added to this solution and the dispersion was stirred
for 30 min (Au:citrate molar ratio was 1:5). During the reduction, the colour of the sample was changed from faint yellowish
to wine-red. The sodium citrate was applied as reducing agent
but this molecule also stabilizes the gold nanodispersion yielding a negatively charged gold surface. Due to this negatively
charged double layer, stable Au NPs-containing aqueous dispersion was formed and aggregation did not occur. For observation of
the gold nanoparticles, UV–vis measurement was performed. The
absorbance maximum of the plasmon band appearing in the spectrum was at max ∼ 530 nm, which result is in good agreement with
the earlier ﬁndings in the literature [1,2].
2.2. Measurement methods
A diode array spectrophotometer (Ocean Optics Chem 2000UV–vis) was used for characterization of the effects of Cys,
LPFFD-OH, Cys0 A␤1-28 , Cys0 A␤1-40 and A␤1-42 with gold nanoparticles at  = 200–850 nm wavelength range using an 1 cm quartz
cuvette.
Particle size distribution was determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS ZEN 4003 apparatus (Malvern
Instrument, UK). The measurements were recorded at 25 ± 0.1 ◦ C.
Since the zeta-potential studies were performed in aqueous solution, the Smoluchowski approximation was used to calculate the
zeta-potentials with the aid of the electrophoretic mobility values.
Transmission electron microscope (TEM) images were recorded
on a Philips CM-10 TEM instrument at 100 kV accelerating voltage.
The microscope was equipped with a Megaview II digital camera. Samples were analyzed on Formvar-coated copper grids. The
size distribution of the particles was calculated by using UTHSCSA
Image Tool 2.00 software.
1 H NMR measurements for cysteine and Au NPs–cysteine systems have been performed on Bruker Avance 500 instrument at
298 K. The spectra were acquired with the WATERGATE solvent
suppression pulse scheme. Noble metal NPs to cysteine ratio was
1:50 and the analytical concentration of Cys was 10 mM in all samples, while the pH was adjusted to 6.0.
3. Results and discussion
It is well-known, that for preparation of Au NPs, parallel with the
change of the Au:citrate ratio, the size of the particles is controllable. In this work, an 1:5 Au:citrate molar ratio was used yielding
Au NPs with dAu = 13.6 ± 4.7 nm average diameter, as was proven
by TEM images. Formation of these nanoparticles was also followed by DLS measurements. The average particle diameter was
18.21 ± 4.3 nm measured by this method. The Zeta-potential of
the prepared gold dispersion at pH = 6 was also determined, and
the value ( = −41.8 ± 2.01 mV) was in good agreement with the
earlier ﬁndings in the literature [29]. This potential value was
also conﬁrmed the formation of negatively charged surface in this
citrate-stabilized gold dispersion at pH = 6.
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Fig. 1. UV–vis spectra recorded for the Au–cysteine 1:5 system as a function of pH (a) and the spectra of Au–cysteine 1:5 system registered at pH ∼ 3.5 at different time (b)
(cAu = 0.4 mM, ccitrate = 2 mM and cCys = 2 mM).

3.1. Surface modiﬁcation of gold nanoparticles by cysteine
Before characterization of the effect of ␤-amyloid peptides with
gold nanoparticles, we started to investigate the effect of smaller
biomolecules like cysteine and the LPFFD-OH pentapeptide. In the
case of Au–cysteine system, the registered UV–vis spectra at different pH values are presented in Fig. 1a. As it can be seen in
Fig. 1a, only one plasmon resonance band with max at 529 nm
exists above pH ∼ 6, but the presence of a new band at ∼715 nm
is observed at acidic pH. This new band in the spectra suggests
the formation of aggregates of gold nanoparticles due to the electrostatic interaction of the negatively charged carboxylate and
positively charged amino groups. Above pH ∼ 6, parallel with the
deprotonation of the ammonium group, the aggregation is not
observed.
Fig. 1b presents the spectra recorded for 1:5 Au–Cys ratio at 3.5
in different time points. The spectrum with the largest absorbance
maximum corresponds to the original spherical gold NP-containing
dispersion. After addition of cysteine to the dispersion the change
in the UV–vis spectrum with time was registered. As it is shown in
Fig. 1b, two seconds after the administration of Cys, a new plasmon
maximum starts to increase, while the peak at ca. 530 nm gradually decreases. Most probably the cysteine molecules are binded
to the surface of gold nanoparticles via their thiol groups, while
electrostatic interaction between the protonated amino group
and deprotonated carboxylic moiety occurs as well. This interaction is demonstrated also in Fig. 1b. The wavelength distance
between the two observed band (max1 = 530 nm, max2 = 715 nm)

is  = 185 nm, which suggests that the nanoparticles are arranged
in chains by the effect of the cysteine molecules and dominance of
the chain-like aggregated structure is persistent in this system at
pH ∼ 3.5. Comparison of TEM images of Fig. 2a and b it can be seen,
that by adding cysteine to the stable gold dispersion, formation of
the above mentioned aggregates occurs, which is also conﬁrmed
by the change in the colour of the sample (from pink to blue).
In order to characterize the binding of the cysteine molecule to
gold surface, 1 H NMR measurements were performed. The spectra of the citrate-stabilized gold aqueous dispersion (1) and the
cysteine molecule (3) can be seen in Fig. 3. This ﬁgure also shows
the spectrum of the Au–Cys system (2). The registered spectra for
this Au–Cys system showed that the intensity of the signals of the
citrate–CH2 (assigned with C) substantially decreased and broadened due to the addition of cysteine while there was no change in
the intensity of the cysteine signals. These experimental ﬁndings
may suggest that most of the citrate molecules on the gold surface are replaced by cysteine yielding the formation of a “double
organic layer” structure in the applied concentration. One possible
schematic representation of this “double organic layer” structure is
presented in Fig. 4.
3.2. Surface modiﬁcation of gold nanoparticles by ˇ-amyloid
peptides and a pentapeptide
Citrate-stabilized surface of gold nanoparticles were also modiﬁed with a pentapeptide Leu-Pro-Phe-Phe-Asp (LPFFD-OH). This
molecule cannot form covalent bonds with the surface; only elec-

Fig. 2. TEM images of the prepared citrate-stabilized gold nanodispersion before (a) and after (b) addition of cysteine at 46,000× enlargement (a: cAu = 0.4 mM, b: cAu = 0.4 mM,
cCys = 2 mM).
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Fig. 4. Schematic representation of the formation of organic double layer structure
after addition of cysteine to citrate-stabilized gold dispersion.

Fig. 3. Representative 1 H NMR spectra of citrate-stabilized gold nanodispersion (1),
cysteine (3) and Au–cysteine system (2) (cAu = 0.2 mM, ccitrate = 2 mM, cCys = 10 mM)
Letter A relates CH, B for CH2 protons of the cysteine, while C relates CH2 protons of
citrate.

trostatic interaction is possible with the gold particles, because the
surface of the nanoparticles is negatively charged. The amino group
of LPFFD-OH is protonated under the acidic conditions applied, thus
they can be bound to the negatively charged gold surface [30].
Alternatively, the aromatic ring of phenylalanine might interact
with the surface. The UV–vis spectra of LPFFD-OH modiﬁed gold

nanoparticles were registered and similar experimental ﬁndings
were observed as in the case of the Au–cysteine system (Fig. 5a).
The wavelength difference between the two plasmon maximum
is quite similar for LPFFD-OH ( = 193 nm) than in case of the
Cys-containing system ( = 185 nm, Fig. 1b), thus considerable
structural difference could not be observed. In order to investigate
the effect of the LPFFD-OH in gold dispersion containing cysteine, mixed ligand–Au systems were also studied. When LPFFD-OH
was added to a cysteine-containing nanodispersion, the difference between the two plasmon maximum was ∼213 nm (Fig. 5b).
Although the second band at 743 nm became narrower and more
intensive, the spectral parameters suggest that the presence of
LPFFD-OH did not reduce the formation of aggregates considerably.

Fig. 5. UV–vis spectra of Au–LPFFD-OH (a) and Au–LPFFD-OH–cysteine systems (b) at pH ∼ 3.57 (a: cAu = 0.135 mM, cLPFFD-OH = 0.134 mM, b: cAu = 0.135 mM,
cLPFFD-OH = 0.134 mM, cCys = 0.636 mM).

Fig. 6. TEM pictures of Au–LPFFD-OH (a) and Au–LPFFD-OH–cysteine systems (b) at different enlargements (a: cAu = 0.135 mM, cLPFFD-OH = 0.134 mM, b: cAu = 0.135 mM,
cLPFFD-OH = 0.134 mM cCys = 0.636 mM).
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Fig. 7. UV–vis spectra of Au–Cys0 A␤1-28 (a) and Au–Cys0 A␤1-28 –LPFFD-OH systems (b) (a: cAu = 0.127 mM, cCysA␤(1-28) = 0.0135 mM, b: cAu = 0.127 mM, cLPFFD-OH = 0.022 mM,
cCysA␤ (1-28) = 0.0135 mM).

TEM images of the above mentioned systems are shown in
Fig. 6. The gold nanoparticles are arranged by the LPFFD-OH
molecules (Fig. 6a), and they are placed separately from each other
at 4.4 ± 2.9 nm, indicating a loose, randomly organized state. On
the other hand, chain-like structures can also be observed for both
systems (marked by red dashed lines in Fig. 6a and b).
Comparison of TEM images represented by Fig. 6a and b, it is
also well demonstrated that the aggregation of the particles results
in a coherent structure in the mixed system, but in the system containing only LPFFD-OH, direct linking points between the particles
were not observed.
Beside the cysteine and LPFFD-OH, interaction of gold nanoparticles with large biomolecules like ␤-amyloid peptides was also
investigated. A␤1-28 and A␤1-40 cannot form covalent bonds with
gold. On the other hand, if they are modiﬁed by cysteine, they can
bind to Au surface via thiol function. Fig. 7a represents the spectra of
the Au sol (black line) and the Au–Cys0 A␤1-28 system (grey line) at
∼9.5:1 noble NPs to peptide ratio. Comparison of the spectra of the
cysteine- (Fig. 1b) or LPFFD-OH-containing gold dispersion (Fig. 5a),
signiﬁcant differences were observed in the spectra. The second
plasmon maximum appeared at max ∼ 595 nm, while the band
corresponding to the citrate-stabilized gold dispersion was shifted
from ∼530 nm to ∼550 nm and these bands were overlapped with
each other in the spectrum. As it can be seen in Fig. 7a,  is
65 nm. When LPFFD-OH was added to the Au–Cys0 A␤1-28 system,
the observed spectrum (Fig. 7b assigned with grey line) showed

a similar trend to that of the Au–Cys0 A␤1-28 system. Namely, 
is 71 nm, but the band is somewhat narrower. These results clearly
suggest that in these systems the formation of chain-like aggregates
is not dominant. Instead of the chain-like arrangement of the gold
nanoparticles, the presence of the larger aggregates is favoured.
This theory was conﬁrmed by TEM images. Images represented in
Fig. 8a and b. clearly demonstrate a dominant association in these
systems. A␤1-28 is substantially longer peptide than LPFFD-OH, and
due to the polyelectrolyte–polyelectrolyte interaction between the
side-chains of the amino acids, intermolecular association of the
peptide chains is favoured resulting in an enhanced aggregation of
the nanoparticles.
Interaction of gold nanoparticles with cysteine modiﬁed
amyloid-␤ 1-40 molecules (Cys0 A␤1-40 ) was also studied. As it can
be seen in Fig. 9a, the presence of the second band could not be
observed, however the absorption band of the Au NPs (assigned
with black) was shifted from ∼ 520 to 538 nm in the spectrum
(grey line) registered 30 min later after the addition of the peptide
to gold dispersion. These results strongly suggest that formation
of the aggregates was not dominant and presumably Cys0 A␤1-40
could stabilize the NPs by binding to gold surface via thiol moiety.
Comparison of the shifts between the bands observed in the
spectra one can conclude, that parallel with the increase in size
of the biomolecules (from cysteine to Cys0 A␤1-40 ), the wavelength
distance is gradually decreases and the formation of aggregates is
hindered. The shift was about 185 nm in case of cysteine, while ␤-

Fig. 8. TEM images of Au–Cys0 A␤1-28 (a) and Au–Cys0 A␤1-28 –LPFFD-OH systems at different enlargements (b) (a: cAu = 0.127 mM, cCysA␤(1-28) = 0.0135 mM, b: cAu = 0.127 mM,
cCysA␤(1-28) = 0.0135 mM, cLPFFD-OH = 0.022 mM).
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Fig. 9. UV–vis spectra of Au–Cys0 A␤1-40 (a) and Au–A␤1-42 systems (b) (a: cAu = 0.13 mM, cCysA␤(1-40) = 0.0127 mM, b: cAu = 0.13 mM, cA␤ (1-42) = 0.0035 mM).

Fig. 10. TEM pictures of citrate-stabilized gold dispersion (a) and Au–A␤1-42 systems (b) (a: cAu = 0.13 mM, b: cAu = 0.13 mM, cA␤ (1-42) = 0.0035 mM).

amyloid, which contains more than 40 amino acids, caused only a
∼18 nm plasmonic shift.
The direct interaction between A␤1-42 (peptide without cysteine) and gold particles was also measured and the observed shift
was only ∼5 nm (Fig. 9b). As it can be seen, the second band corresponding to the presence of aggregates does not exist. This effect
might be due to the size of molecules, namely large biomolecules
can compass gold NPs around whereby the aggregation would be
inhibited. A␤1-42 molecules without cysteine can bind to the surface of gold nanoparticles via both the apolar and the N-donors
containing side-chains. TEM images of gold NPs in the absence
(Fig. 10a) and the presence of amyloid 1-42 (Fig. 10b) can be seen
in Fig. 10. Signiﬁcant difference between the images of dispersions containing monodisperse gold NPs either with or without
Au–A␤1-42 could not be observed. By the comparison of the TEM
images (Figs. 2b, 6, 8 and 10b), it can be concluded, that formation of
aggregates could be detected in most cases, except in the Au–A␤1-42
system. These results suggest that stable Au–A␤1-42 bioconjugates
are formed at the applied concentrations (Au:A␤1-42 ∼ 37:1 molar
ratio).

the case of cysteine functionalization, 1 H NMR spectra were also
recorded to characterize the position of the citrate and cysteine
on the gold surface. Results strongly suggest that in the cysteineand LPFFD-OH containing gold dispersions, formation of aggregates
with chain-like structure is probable. Due to the addition of cysteine
to citrate-stabilized gold aqueous dispersion, the citrate molecules
are replaced by cysteine resulting in the formation of a organic
double layer structure.
Parallel with the increase of the size of the biomolecules (from
cysteine to ␤-amyloid peptides), the degree of aggregation is gradually decreases. In the case of Au–A␤1-42 systems, the aggregation
process is completely eliminated.

4. Conclusions
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