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ABSTRACT. Gold nanoparticles capped with citrate anions were synthesized and 
characterized by UV-Vis spectroscopy; a strong absorption is identified at about 528 nm, 
corresponding to the surface plasmon resonance (SPR). The gold nanoparticles were 
analyzed by transmission electron microscopy (TEM) and TEM images indicate a mean 
gold nanoparticle size of 14 nm. The colloidal gold aqueous solution is stable in time, 
indicating a good electrostatic stabilization of gold nanoparticles through the adsorbed 
monolayer of citrate anions on gold nanoparticle surface. The interaction between the 
citrate capped gold nanoparticles in aqueous solution and various amino acids was 
investigated monitoring their UV-Vis spectra. Some of the tested amino acids, like glycine, 
isoleucine and asparagine, showed little interaction with gold nanoparticles. However, 
other amino acids, such as lysine, arginine, glutamic acid, histidine, cysteine and 
methionine, presented an absorption decrease of the colloidal gold solution at 528 nm and 
a bathochromic shift of the absorption maximum. At higher amino acid:gold molar ratios a 
new, large absorption band appears in the range of 600 to 700 nm, which increases in 
time. As a consequence of the assembly formation of gold nanoparticles, the color of the 
colloidal gold solution changes from red to blue. Further, TEM and atomic force 
microscopy (AFM) images evidenced the arrangements of gold nanoparticles mediated by 
amino acids. The analysis of AFM images indicate a close packed and an almost 
equidistant arrangement of gold nanoparticles coated by amino acids, especially for 
cysteine, arginine and lysine. These arrangements indicate a stabilization effect, mediated 
by these amino acids bonded to gold nanoparticle surface.  

 
 
 

INTRODUCTION 
There is increased current interest in the area of nanotechnology due 

to the outstanding physical and chemical properties of nanoparticles with 
potential applications in optoelectronic devices, non-linear optics and 
biosensors, just to name a few. One of the aims in nanotechnology is the 
organization of nanoparticles in thin films with the ability to modify and control 
the size and separation as well as the interactions between particles. 
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Consequently, the optical and electronic properties of these assemblies can be 
tailored. Strategies are developed and explored for assembling metallic 
nanoparticles and biological molecules, in order to develop new materials for 
electronics and optics, and for biomedical and bioanalytical areas, such as 
controlled drug delivery, medical diagnosis and biosensors [1-6].  

Among biological molecules, amino acids are important organic 
compounds to be used in biofunctionalization of gold nanoparticles, as 
protective layers and for their assembly in thin films. Functional groups 
such as -SH and –NH2 present a high affinity for gold, and since amino 
acids contain some of these groups, they are expected to stabilize gold 
nanoparticles. Their capacity of generating structural diversity was recognized 
[7], and gold surfaces capped with amino acids are considered to represent 
the simplest models for protein surfaces [8].  

There are relatively few reports on surface modifications of gold 
nanoparticles with amino acid molecules, and no systematic study of amino 
acid interactions with gold nanoparticles is available [9]. The binding of 
cysteine and lysine to gold nanoparticles was reported [10], and a review 
on amino acid interactions with metallic nanoparticles was given [11]. Some 
amino acids were used as reduction and capping agents for silver or gold 
nanoparticles, e.g. lysine [12-14], tryptophan [14, 15], aspartic acid [13, 16], 
tyrosine [14, 17], arginine [14, 17], cysteine, leucine and asparagine [18], 
and also the dipeptide glycyl-tyrosine [17]. The S-Au interaction in cysteine 
capped gold nanoparticels was discussed [18-21] and the binding of 
cysteine to Au was compared with that of leucine and asparagine [20]. 
Gold-silver nanocomposites were prepared from gold nanorod seeds in 
amino acid solutions: arginine, cysteine, glycine, glutamine, glutamate, 
histidine, lysine, and methionine [22].   

Amino acids can be adsorbed on the particle surface already during 
the formation of particles, using the amino acid itself as reduction agent [14-
18], or in a latter stage, by ligand exchange reactions or binding on the former 
adsorbed stabilizing molecules. In this way homogeneous monolayers or 
heterogeneous, mixed layers can be obtained. A pentapeptide was also used 
as a ligand on gold nanoparticles [23]. Cysteine adsorbed on a gold surface 
was used to immobilize protein molecules [24-26].  
 Previously, we have focused on the synthesis and physicochemical 
properties of citrate anions capped gold nanoparticles and on their 
organization in thin films on hydrophobic glass plates [27-30]. Surface 
functionalization of gold nanoparticles has been accomplished using a 
globular protein, extracted from aleurone cells of barley [27]. How citrate 
anions, capping agents of gold nanoparticles, are involved in the interaction 
between surface-modified gold nanoparticles and proteins is an important 
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question to be answered. An answer can be obtained by a systematic study 
of amino acids binding to gold nanoparticles.  

This work is a follow-up to our ongoing research projects on the 
binding of amino acids and peptides to the gold colloidal nanoparticles. It deals 
with the synthesis of gold nanoparticles of controlled size and shape and with 
the functionalization of gold particles with different organic molecules, e.g. nine 
amino acids and two peptides. The interaction between gold nanoparticles and 
said organic molecules is observed by UV-Vis spectroscopy. Further, the 
deposition and organization of gold nanoparticle assemblies, in the presence 
of cysteine, arginine and lysine, are investigated by TEM and AFM. 
  

EXPERIMENTAL PART  
Materials 
A colloidal gold solution was prepared by HAuCl4 reduction with 

sodium citrate, in a variant of the Turkevich method, as adapted from [31]. 
The tetrachloroauric (III) acid was purchased from Merck (high purity above 
99.5 %). The trisodium citrate dihydrate (Na3C6H5O7·2H2O) was obtained 
from Sigma Aldrich (high purity above 99%). All chemicals were used 
without further purification. Deionized water with resistivity of 18 MΩ·cm 
was used in all experiments and it was obtained from an Elgastat water 
purification system. 200 mL 0.005% (w/w) HAuCl4·3H2O solution stirred 
vigorously was refluxed. To the boiling solution 15.3 mg trisodium citrate 
(Na3C6H5O7·2H2O), solved in a minimum amount of water, was added. After 
colour change, the heat was turned off and the solution was allowed to cool 
overnight to room temperature. The gold content in the final colloidal 
solution is 25 mg/L. The resulting solution of colloidal gold particles was 
stored in a brown bottle and kept at 4 oC.  

The solid L-amino acids were purchased from Sigma and used 
without further purification. They were dissolved in deionized water. The 
amino acids used in this investigation, their three letter code, one letter 
code and the concentrations of their solutions (put in parentheses, in mol/L) 
were the following: L-glycine, Gly, G (0.41); L-isoleucine, Ile, I (0.1); L-
glutamic acid, Glu, E (0.1); L-asparagine. Asn, N (0.5 M); L-cysteine, Cys, 
C (0.001; 0.01; 0.1); L-methionine, Met, M (0.2; 0.4); L-lysine, Lys, K (0.01; 
0.1; 0.54); L-arginine, Arg, R (0.01; 0.1); L-histidine, His, H (0.01; 0.1). 

 
Methods 

 The UV/VIS absorption spectrum of the solutions was studied using 
a Jasco UV/VIS V-530 spectrophotometer with 10 mm path length quartz 
cuvettes in the 190 – 900 nm wavelengths range. 
 The investigated mixtures were obtained from the gold colloidal solution 
(cAu) and the amino acid solutions (concentration cAA), by successive removal of 
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small amounts of the previous mixture and adding of equal amounts of amino 
acid solution. The gold and amino acid contents in the resulting mixtures and 
their ratios, used in most of the determinations, are given in Table 1.  

 

Table 1.  
Gold: amino acid ratios in the investigated mixtures. ( cAu = concentration of the 

gold colloidal solution; cAA = concentration of the amino acid solution) 
 
Gold content reported to cAu Amino acid content reported to 

cAA 
Content Au : AA ratio 
reported to (cAu/cAA) 

0.833 
0.695 
0.579 
0.482 
0.402 
0.335 
0.321 
0.214 

0.167 
0.305 
0.421 
0.518 
0.598 
0.665 
0.679 
0.786 

5 / 1 
2.2 / 1 
1.4 / 1 
1 / 1.1 
1 / 1.5 
1 / 2 

1 /2.1 
1 / 3.7 

 
The colloidal gold nanoparticles suspension in the absence and in 

the presence of amino acids was deposited and air dried on the specimen 
grid and observed with a transmission electron microscope (TEM: JEOL – 
JEM 1010). TEM specimens consist of carbon or collodion coated copper 
grids. TEM images were recorded with a JEOL standard software.  

Atomic force microscopy (AFM) investigations were executed on the 
gold nanostructured films made from gold nanoparticles functionalized with 
amino acids using a commercial AFM JEOL 4210 equipment with a 10 x 10 (x-
y) µm scanner operating in tapping (noted ac) mode [32-34]. Standard 
cantilevers, non-contact conical shaped of silicon nitride coated with aluminum, 
were used. The tip was on a cantilever with a resonant frequency in the range 
of 200 - 300 kHz and with a spring constant of 17.5 N/m. AFM observations 
were repeated on different areas from 30 x 30 µm2 to 250 x 250 nm2 of the 
same gold film. The images were obtained from at least ten macroscopically 
separated areas on each sample. All images were processed using the 
standard procedures for AFM. The sizes of nanoparticles were measured 
directly from AFM 2D-topographic images and their 3D-views. The thickness 
(vertical distance) variations were estimated from vertical linear cross sections 
and height distributions on AFM images [32-34]. AFM images consist of 
multiple scans displaced laterally from each other in y direction with 512 x 512 
pixels. Low pass filtering was performed to remove the statistical noise without 
to loose the features of the sample. All AFM experiments were carried out 
under ambient laboratory conditions (about 20 oC) as previously reported [34].  
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RESULTS AND DISCUSSION 
Characterization of the colloidal gold solution 

 The visible absorption spectra of the gold colloidal aqueous solution 
presents a well-defined absorption band with a maximum at the wavelength 
λmax = 527 – 528 nm. This value is characteristic for plasmon absorbance for 
nanometric Au particles. The wavelength was not significantly modified, during 
a year after preparation, thus suggesting the stability of the colloidal solution.  

The size of the gold colloid particles has been measured by TEM 
imaging. Two representative TEM images of these particles are given in 
Fig.1. The particles show mostly spherical or elliptical shape, just a few 
triangles, pentagons or hexagons are observed. From the sizes of a great 
number of particles, measured on the TEM images, an average size 
(diameter) of 14.2 nm with a standard deviation of 2.6 were calculated as 
well as the extreme values of the sizes, from 8.5 to 24 nm. From the 
average size, the approximate average mass of a particle (considered 
spherical) is estimated as 2.9·10-17 g, the number of gold atoms in a particle 

 
Fig.1. TEM images of gold nanoparticles 

 

 
Fig.2. Histogram of size distribution for gold particles 
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is 8.8·104 and the number of particles per cm3 of solution is 8.6·1011. The 
histogram providing the size distribution of gold nanoparticles, obtained 
from TEM images is given in Figure 2. For comparison, the curve indicating 
the expected normal distribution was added. 

The colloidal gold solution proved as very stable in time, without 
observable modifications in the UV-Vis spectrum for a year after preparation. 
This indicates electrostatic stabilization via citrate anions bonded on the 
gold nanoparticle surface. Therefore, the citrate capped gold nanoparticles 
are negatively charged. 

 
Interactions with amino acid solutions 

 The UV-Vis spectra of the amino acids present no adsorption 
bands in the range of wavelengths investigated here. For instance, the 
absorption maximum for arginine lies at 194 nm, for glycine under 190 nm, 
methionine presents a shoulder at 198 nm.  

Adding of some of the amino acids produces no or little modification 
in the UV-Vis spectra of the gold colloidal solution. Besides the lowering of 
the absorbance due to the dilution of the gold solution, the absorption 
maxima are lightly shifted towards longer wavelength. This shift is due to 
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the change in the dielectric constant in the adsorption layer, the increase of 
the average refractive index of the environment surrounding the nanoparticles, 
and to the size increase of particles by the adsorbed layer [3]. For a glycine 
solution the maximum shift was 3 nm (Fig.3a), for an isoleucine solution 2 nm 
(Fig. 3b) and the same shift is observed for the asparagine solution (Fig. 3c). 
The shift does not change in time, i.e. the gold solutions with added amino 
acids remain stable in time (see, for instance Fig. 3b). We can assume the 
zwitterionic amino acid molecules to be settled by the –NH3

+ group on the 
negative charged gold nanoparticle surface, while their –COO- group 
contributes further to the negative surface charge of the nanoparticles.  

By adding the 0.2 M and 0.4 M methionine solution there are also only 
small shifts in the absorption maximum, but after four days a second absorption 
band appears at higher wavelengths, partially overlapped with the initial 
absorption band, with a shoulder at about 620 nm (Figs. 4a, b). For a higher 
colloidal gold concentration, the second band is more distinct, with a peak at 618 
nm (Fig.4c). The new band is characteristic for the aggregation of nanoparticles. 
As a matter of fact, it is known that the apparition of the broad peak at longer 
wavelengths in the UV-Vis spectrum comes from the coupling of surface 
plasmon resonance (SPR) of two adjacent nanoparticles and it is an indication 
of the anisotropic optical properties of the gold nanoparticles aggregates [35]. 

Fig.4. Optical spectrum of colloidal gold solution with added 0.2 M (a) and 0.4 M 
(b) methionine solution at different ratios and after 4 days, and for a higher gold 

content with 0.2 M methionine solution (c) 
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This tendency towards aggregation is much more pregnant when a 
sufficiently concentrated lysine solution is added (Fig.5). For a very diluted 0.01 
M lysine solution (Fig. 5a) the plots look like those in Figure 3, with a small shift 
of the absorption band maximum. For a more concentrated 0.1 M solution (Fig. 
5b) the shift towards higher wavelengths is much more important, and for higher 
quantities of lysine added the band becomes larger, suggesting an increasing 
aggregation of the nanoparticles. With a very concentrated (0.54 M) lysine 
solution, the band for aggregates appears at once (maximum at about 634 nm), 
while the 528 nm band for individual gold particles decreases and is observed 
only as a shoulder in the spectrum. The maximum of the broad absorption band 
continues its shift towards higher wavelengths in time (Fig. 5c). The color of the 
solution changed from reddish to blue. This kind of color change as an effect of 
aggregation is a well-understood phenomenon [36-38]. When the interparticle 
distance in the aggregates decreases to less than about the average particle 
diameter, the electric dipole–dipole interaction and coupling between the 
plasmons of neighboring particles in the aggregates results in the bathochromic 
shift of the absorption band. It has been used to study molecular recognition 
processes using gold nanoparticles in solution [39].    
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Fig.5. Optical spectrum of colloidal gold solution with added 0.01 M (a) and 0.1 M 

(b) lysine solution at different ratios, and with 0.54 M lysine solution in time (c) 
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 Lysine adsorption on gold nanoparticles has been investigated [40], 
using 13 nm diameter gold particles and a 7·10-4 M L-lysine solution at pH = 
10.7. The UV-Vis spectrum showed a SPR peak at 520 nm, similar to that 
we found for citrate coated nanoparticles. The result is similar to our data, 
using the most diluted lysine solution (Fig. 5a). By adding a condensing 
agent, the authors [40] observed that particles aggregated by the formation 
of peptide bonds between two lysine molecules adsorbed on different 
nanoparticles. In the UV-Vis spectrum the SPR band of Au was shifted to 
527 nm and a new broad peak appeared at 633 nm. The spectrum is 
similar to that obtained by us at high concentrations of the lysine solution.  

 
A similar behavior is observed in colloidal gold solutions with 

arginine. For a 0.01 M concentration of the arginine solutions and small 
added amounts, the maximum of the gold nanoparticles absorption is only 
slightly shifted, but at the 1.4:1 gold / arginine solution ratio the new band 
for particle aggregates appears, initially as a shoulder. By further adding 
arginine, the band broadens and its maximum shifts to 640-650 nm 
(Fig.6a). The time evolution of the aggregation is shown in Fig. 6b for the 
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Fig.6. Optical spectrum of colloidal gold solution with 0.01 M arginine solution in 
different ratios (a) and time evolution (b) and with arginine solutions of different 

concentrations (c). 
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colloidal Au / 0.01 M arginine solution ratio 1/2. The maximum is shifted 
further towards longer wavelengths. The adding of a more concentrated 
(0.1 M) arginine solution leads directly to the formation of the aggregates 
and to the colour change of the solution (Fig. 6c). 

Likewise, a 0.01 M histidine solution leads to aggregation beyond a 
certain added quantity (Fig. 7a); the maxima of the new bands are in the 
wavelength range 670-690 nm. The 0.1 M histidine solution produces 
aggregation already at the first added amount (Fig. 7b); the maximum of 
the new band is found at about 700 nm. 

 
Glutamic acid in a 0.1 M solution also initiates the aggregation of gold 

nanoparticles and the effect is increasing in time (Fig.8). It is interesting to 
mention that aspartic acid, closely related to glutamic acid, was used in the 
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Fig.7. Optical spectrum of colloidal gold solution with 0.01 M histidine solution in 

different ratios (a) and with histidine solutions of different concentrations  (b) 

400 500 600 700 800
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

685 nm

543 nm

668 nm

538 nm

640 nm
533 nm

531 nm

529

528

A
bs

or
ba

nc
e,

 a
.u

.

Wavelength, nm

 Au
 Au-Glu 5/1
 Au-Glu 2.2/1
 Au-Glu 1.4/1
 Au-Glu 1.1/1
 idem, 20 min

 
Fig.8. Optical spectrum of colloidal gold solution with 0.1 M glutamic acid 

solution in different ratios 
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reduction of chloroaurate ions and it was shown that this acid was strongly 
bonded to the nanoparticle surface and stabilized them efficiently [16]. 

Cysteine has the strongest effect from all the investigated amino 
acid solutions. Already a 10-3 M solution (Fig. 9a) added to the colloidal 
gold solution leads to a rapid aggregation, the peak for the broad band at 
longer wavelength surpasses rapidly the peak of the initial non-aggregated 
gold particles and the maximum wavelength goes above 700 nm. The 0.1 
M cysteine solution (Fig. 9b) leads to the color change in blue of the gold 
solution at the first amount added. From Fig. 9b is also evident the time 
evolution of aggregation. 

 
These results support the observations about the interaction of cysteine 

with gold nanoparticles [19]; based on the analysis of FT-IR and Raman spectra, 
the authors affirm the existence of covalent interaction of sulphur and gold. The 
formation of a covalent bond Au-S is also assumed by other authors [21, 41]. It 
was suggested [38] that the positively charged amine group in cysteine (-NH3

+) 
should interact with the negative charge on the surface of other gold 
nanoparticles through electrostatic binding, thus forming assemblies.  
 The band broadening and the shift of the surface plasmon band was 
shown to reflect the advanced aggregation of gold nanoparticles with 
decrease in pH and increase in electrolyte concentration [19].  
 The band broadening and the shift of the surface plasmon band was 
shown to reflect the advanced aggregation of gold nanoparticles with 
decrease in pH and increase in electrolyte concentration [19].  

Further, we studied also the effect of two peptides on colloidal gold 
solutions. The dipeptide glycil-glycine (GlyGly) was added as a 0.4 M 
aqueous solution to the colloidal gold solution. The UV-Vis spectra are 
shown in Fig. 10 for the wavelengths range 250-800 nm (a) and 400-800 
nm (b). The dipeptide solutions present an increased absorbance toward 
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Fig.9. Optical spectrum of colloidal gold solution with 0.001 M (a) and 0.1 M (b) 

cysteine solution in different ratios. 
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lower wavelengths, with a shoulder at about 320 nm. For this reason, unlike 
the other investigated systems, here the absorbance does not decrease 
continuously with diminishing of gold content and the absorption maximum 
is shifted towards lower wavelengths. The absorption band of gold 
nanoparticles is not affected and no aggregation takes place. 

 
Similarly, a pentapeptide, alanyl-alanyl-alanyl-alanyl-alanine (Ala5) 

seems to have little effect on the gold nanoparticles (Fig. 10c); the plots are 
similar to those in Fig. 3.   

The binding of amino acids with the gold nanoparticle interface may 
be achieved through the amine function. The binding could occur through 
the electrostatic interaction of the protonated amine group (-NH3

+) with the 
surface bonded negatively charged citrate anions. On the other hand, a 
direct bonding of the amine group to the gold surface can not be excluded. 
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Fig.10. Optical spectrum of colloidal gold solution with 0.42 M glycyl-

glycine (GlyGly) solution 
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Fig.10c. Optical spectrum of colloidal gold solution with 0.007 M 

pentapeptide (Ala5) solution. 
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TEM images for gold nanoparticles with an 0.001 M cysteine 
solution show mostly linearly arranged assemblies of nanoparticles (Fig. 
11), while for the nanoparticles with a 0.1 M lysine solution (Fig.12) and a 
0.01 M arginine solution (Fig. 13) the assemblies are more complex.  

 

 
 

 
 
AFM images for assembled gold nanoparticles are shown in Fig. 14 

with cysteine, in Fig. 15 with arginine, and in Fig. 16 with lysine. The atomic 
force microscope allows simultaneous acquisition of multiple images, such as 
topography and phase images, under tapping mode operation. The assembly 
of gold nanoparticles, mediated by the amino acid was deposited on planar 
hydrophobic glass or positively charged glass surfaces. Then, the assembly 
was observed by AFM under tapping mode and the structural features are 
visualized in Figs. 14-16. For instance the two-dimensional topographic image 
for lysine mediated gold nanoparticles assemblies (Fig. 16a) shows the 

 
Fig. 13. TEM image of gold 

nanoparticles capped with  arginine 
(0.01M), Au:Arg (1:1). 

 
Fig. 11. TEM images of gold nanoparticles functionalized with 0.001 M cysteine solution 

 
Fig.12. TEM image of gold nanoparticles 

capped with lysine (0.1 M), Au:Lys 1:1 
ratio. 
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morphology of an almost ordered structure within domains, with small defects 
at domain boundaries. For the assembly of gold nanoparticles mediated by lysine, 

 

immobilized on glass surface, individual gold nanoparticles are visible from 
2D-topography (Fig. 16a) and 3D-view (Fig. 16c). The phase image (Fig. 16b) 
shows also that the assembly of gold nanoparticles mediated by lysine is 
almost compact. All AFM images were acquired with high resolution as 
described elsewhere [44].  

a            b 

 

 
     cc c

 
Fig.14. AFM images of the assembly of gold nanoparticles functionalized by 
cysteine. Scanned areas 1 x 1 µm2.  2D-topography (a); 3D-view (b); cross 

section profile (c) along the arrow in panel a. 
 

b
d

c
a

 
Fig. 15. AFM images of the assembly of gold nanoparticles functionalized by 
arginine. Scanned area 1 x 1 µm2.;  2D-topography (a); phase image (b); 3D-

view (c); cross section profile (d) along the arrow in panel a. 
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The AFM images (Figs. 14-16) evidence the organization of gold 

nanoparticles functionalized with cysteine, arginine and lysine, respetively, within 
an almost compact network of aggregates, in substantial agreement with the 
UV-Vis spectroscopy. Also, the gold nanoparticles appear almost ordered both 
in AFM images and in cross section profile in substantial agreement with TEM 
images. For example, with cysteine (Fig. 14) it is observed a tendency of linear 
arrangements, in good agreement with TEM observations (Fig. 11). 

In order to rationalize the behavior of the investigated amino acids 
versus gold nanoparticles we use a Venn diagram (Fig. 17), grouping 
amino acids according to their properties [45, 46]. The amino acids found to 
interact strongly with the gold nanoparticles and to initiate their aggregation 
were noted with “+”, and those which give only slight shifts of the UV-Vis 
absorption band with “-“. Most of the amino acids involved in the 
aggregation of gold nanoparticles fall in the class of “polar” amino acids, 
defined as those with side-chains that prefer to reside in an aqueous 
environment. For this reason, one generally finds these amino acids 
exposed on the surface of a protein [46]. All the “charged” amino acids 
present such strong interactions: both the amino acids that are usually 
positive (protonated) at physiological pH: lysine (K), arginine (R ) and 
histidine (H), and those that are usualy negative (i.e. de-protonated) at 

                            a                                 b                                         c

d

Fig.16. AFM images of the assembly of gold nanoparticles functionalized by 
lysine. Scanned area: 1 x 1 µm2. 2D-topographic (a) and phase (b) and 3D-

view (c); (d) cross section profile along the arrow in panel a. 
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physiological pH: glutamic acid (E) and aspartic acid (D). The last one was 
reported to bind also strongly to the gold nanoparticles [5]. Cysteine (C ) is 
probably bonded to the gold nanoparticles by its thiol (-SH) group, as was 

 
 

suggested by the study of 1H NMR spectra [19,20]. All these amino acids, 
after their adsorption on the gold particles, have still two functional groups 
free to form bonds between particles. A possible mechanism of amino acid 
bindings to gold nanoparticles and the formation of particle aggregates are 
shown for cysteine in Fig.18. Methionine was labeled as “±” in the Venn 
diagram because it leads to aggregation only in time (Fig.4). The S-atom 
seems to be responsible for this activity. Glycine (G), isoleucine (I) and 
probably alanine (A), having only two functional groups, are probably only 
adsorbed on the gold nanoparticles (by the amino group) and stabilize these 
gold nanoparticles. Asparagine (N), having one –COOH group blocked by 
formation of the amide group (CONH2) has a similar behavior as the last ones.  

 
Fig. 17. Venn diagram grouping amino acids according to their properties (adapted 

from [45]) A – Alanine CS-H – Cysteine CS-S cystine D – Aspartic acid E – Glutamic acid 
F – Phenilalanine G – Glycine H – Histidine I – Isoleucine K – Lysine L – Leucine 

M – Methionine N – Asparagine P – Proline Q – Glutamine R – Arginine S – Serine  
T – Threonine V – Valine W – Triptophan Y - Tirosine 
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CONCLUSIONS 
These data indicate that the binding of amino acids to the gold 

nanoparticles can lead to the self-assemblies almost well organized, 
particularly for amino acids possessing additional functional groups, such as 
amine, imidazole, thiol or thioeter besides the alpha-amine. The correlation 
between physical and chemical properties of amino acids, such as 
hydrophobicity and, acidity or basicity in various protolytic equilibria, and their 
molecular structure is in substantial agreement with their assembly effect on 
the gold nanoparticles. This effect could be explained primarily through the 
zwitterion-type electrostatic interactions between the charged amine and acid 
groups of the tested amino acid adsorbed/bound to different gold nanoparticles.  

The affinity of gold nanoparticles towards amino acids can also lead 
to the development of new detection methods for analytical purposes, 
medical diagnostics and biosensors and to potential controlled drug 
delivery applications. On the other hand, the use of amino acids both in the 
functionalization of gold nanoparticles and in the cross-linking of amino acid 
capped gold nanoparticles leading to stable self-assemblies are promising 
ways to the synthesis of nanostructured biomaterials. The stabilization of gold 
nanoparticles through amino acids is also important for the understanding of 
complex phenomena involved in the formation of new biomaterials by binding 
of proteins with gold nanoparticles with important implications in nanoscience 
and nanotechnology. Another interesting possibility is covalent cross-linking of 
amino-acid capped nanoparticles by formation of amide bonds across 
nanoparticles. These types of studies are in progress in our laboratories. 
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                                 a                                                            b 
Fig. 18. A model of cysteine binding to citrate capped gold nanoparticles (a) 

and of bonds formation between gold nanoparticles (b) 
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