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The stable colloidal solutions of monometallic and bimetallic gold and silver nanoparticles
(NPs) have been obtained in the presence of amino acid tryptophan. For the synthesis of bimetallic
composition the metals were used in a molar ratio of Ag:Au = 3:1, 1:1 and 1:3. The only one plasmon
resonance band in absorption spectra was located between the bands inherent to the individual metals
and it was characteristic for “alloy” type bimetallic AgAu NPs. The position of its maximum strongly
depends on the Ag:Au molar ratio. The surface of all synthesized nanoparticles carries a negative
charge due to the stabilizing shell consisted of amino acid. In the paper we usedUV/visible
spectroscopy and dynamic light scattering method to analyze the effect of experimental procedure on
the properties of obtained NPs.

Introduction

Gold and silver nanoparticles (NPs) can be applied as well or in combination with
other objects for targeting, imaging and therapy[1-4]. Their bimetallic composition could act
more effectively in cancer treatment due to synergetic effect. Also, the toxicity of bimetallic
NPs can be greatly decreased through the use of essential amino acid as reducing and
stabilizing agent [5]. Here we used tryptophan for reduction of metal ions and also for
stabilization of NPs in the colloid.

The formation of gold and silver NPs in the presence of tryptophan is strongly
influenced by the acidity of initial components as we showed earlier [6, 7]. Based on the
previous study here we used initial reagents with the best combination of pH for the synthesis
of stable bimetallic “alloy” AgAuNPs. The aim was to analyze the influence of experimental
procedure on final properties of colloids synthesized in three series using the same
concentrations and metal ratios of the components.

Experimental

Colloidal solutions of mono- and bimetallic silver and gold NPs were obtained via
chemical reduction of silver nitrate and tetrachlorauratic acid (AgNOs; and HAuCls, Merck,
Germany) with amino acid tryptophan (Trp, SC12-20120713, China). The components
interacted in a molar ratio M : Trp =1:1. The concentrations in the resulting solution used
were C(M) = 10*M. The initial metal molar ratios in bimetallic composition were 3:1, 1:1 and
1:3. For all colloids, the initial solutions of the components were adjusted to required pH that
was 4 for gold and 10 for silver. Amino acid was used in an anionic state that exists in
alkaline medium. Initial solutions of the components of 2x10*M were mixed in equal
volumes when stirred and heated continuously to boiling. The series of samples obtained
when (I) metals were injected into the heated solution of Trp one by one, silver before gold,
(IT) metals were injected simultaneously into heated solution of Trp, (II) metals were heated
and injected simultaneously into heated solution of Trp.

The pH measurements were performed using a pH-meter [-160MI. As a working
electrode, a glass electrode was used. Silver chloride electrode served as a reference one.

The absorption spectra of the colloidal solutions of Ag (Au) NPs were recorded in the
UV-visible region with a spectrophotometer Lambda 35 (Perkin-Elmer, United States) in 1
cm quartz cells.
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The particle size distribution function and zeta potential measurement were studied by
a laser correlation spectrometer Zeta Sizer Nano S (Malvern, UK) equipped with a correlator
(multi-computing correlator type 7032 ce) by the method based on the scattering of light on
any micro-objects. The information signal from the random movement of nanoparticles was
analyzed by multi-channel spectrum analyzer and colorimeters. 1 ml of studied suspension
was placed in a cylindrical optical glass cell with a diameter of 10 mm located in the
thermostatted sample holder of the laser correlation spectrometer. Registration and statistical
processing of the scattered laser light at 173° from the suspension (helium-neon laser LGN—
111 was used with a power output of 25 mW and wavelength of 633 nm) were performed
three times for 120 seconds at 25°C. The resulting autocorrelation function was treated with
standard computer programs PCS—Size mode v 1.61.

Results and discussion

The phenomenon of localized surface plasmon resonance (LSPR) causes a bright red
color of gold nanoparticles (NPs)[8]. Colloids of monometallic nanosized gold obtained in the
presence of the amino acid tryptophan (Trp) were also red colored. In UV-vis spectra,
absorption band maxima of Au NPs were located near 525 nm. Meanwhile, silver NPs with
intrinsic yellow coloration had LSPR band near 420 nm. Three series of samples of bimetallic
AgAu NPs synthesized with the same content of reagents but with some difference in
experimental procedure are indicated as (1), (II) and (III) as described above.

Zeta potential measurements of all tryptophan-capped Ag, Au and AgAu NPs showed
that surface of synthesized nanoparticles carried a negative charge (Table 1). It led to the
stability of colloids during a year even when stored light at room temperature.

In absorption spectra, the only one band maximum is characteristic for “alloy” type
NPs when Ag’ and [AuCly] ions are simultaneously reduced. It is located between the
maxima inherent to the bands of individual metals and depends on the composition of the
particle [9]. It is shifted from silver to gold gradually according to decreasing Ag:Au molar
ratio (Table 1). The coloration of colloids also changed from yellow, then orange to red.

Table 1. Positions of absorption band maxima and zeta potentials of synthesized

nanoparticles

N Csinllg!fﬂ/[ A max, NIM zeta potential, mV
1 II III I II III

1 Ag NPs 417 | 425 | 416 | 27 | 21 -23

2 AgAu (3:1) 441 | 434 | 438 | 21 | -26 -26

3 AgAu (1:1) 494 | 469 | 464 | -13 | -29 -26

4 AgAu (1:3) 508 | 498 | 496 | -25 | -11 -21

5 Au NPs 526 | 523 | 527 | -20 | -21 -15

No significant difference was observed between A .« positions of bimetallic AgAu
NPs when initial solutions of metals injected simultaneously to the reaction mixture both
previously heated (III) and not heated (II). But adding solutions of HAuCly after AgNO; to
the mixture (I) caused the red shift of A ,x for all three ratios compare to (II) and (III).
Moreover, for (I) a long-wavelength shoulder appeared, the most prominent for the ratio
Ag: Au = 3:1 (Fig. 1a). Despite the reduction by tryptophan is not immediate and can take a
long time (few days with heating), the possible explanation of this phenomenon can be the
formation of NPs of core-shell type because metals were added sequentially[10]. Also, the
longitudinal LSRP absorption [11] of aggregated particles influenced on the interpretation of
UV/vis spectra.
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Fig. 1. Optical spectra of colloidal solutions of monometallic NPs and bimetallic composition
with different metal molar ratios (a), where different series are indicated as (I) dash-dot
line, (II) dash line and (III) solid line; polydispersity in colloidal solutions reflected as
the particle size distribution by intensity basis (b), where different series are indicated as
(I) square, (Il)circle and (III) triangle.

Broad LSPR bands in the spectra of all nanoparticles with different metal ratios
indicated polydispersity in colloidal solutions. We suggest that it can be the aggregation of
small NPs occurring due to cross-linking of particles through tryptophan during the synthesis.
The existence of small particles is confirmed by the characteristic position of LSPR band.
Polydispersity in colloids was evidenced by the dynamic light scattering (DLS) data. Intensity
basis suggested the formation of a wide range of structures up to several hundreds of
nanometers for all bimetallic AgAu NPs (Fig. 1b).

For colloids obtained from all previously heated initial solutions (III), LSPR
absorption bands were the narrowest and the most symmetrical, as well as the size distribution
of particles by intensity indicated the smallest particles among other series (Table 2). One
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more finding is that according to DLS, the more content of gold in bimetallic composition, the
smaller aggregates formed.

Table 2. Size distribution of bimetallic nanoparticles by DLS

N Ag:Au d, nm (more than 60%) d, nm (more than 30%)
molar ratio I 11 11 I 11 11
2 3:1 140-300 100-250 70-220 160-220 140-190 100-160
1:1 60-220 50-250 50-220 100-190 100-190 80-140
4 1:3 40-250 50-220 20-120 90-160 90-140 30-80

The properties of bimetallic NPs with different metal ratios are affected by the
mechanism of reduction for two metals. Probably higher red-ox potential of gold caused faster
oxidation of amino acid (reduction of metal) and thus smaller particle formation. However,
donor-acceptor complex formation with amino acid plays a key role because in aqueous
solution adjusted to high pH Trp exists in anionic form and has a nonbonding pair of electrons
on the nitrogen atom of the amino group and deprotonated carboxylic group -COO-. Thus, the
whole process is very complicated. Donor-acceptor complex with metal on the surface of one
NP is formed simultaneously with the charge-transfer complex one with indole moiety on the
surface of another NP causing the aggregation in the system.

Conclusions

Reduction of the noble metal with tryptophan leads to the formation of large
aggregates of NPs in the system for both mono- and bimetallic NPs. The heating of all initial
solutions, as well as simultaneous injection of metal to the reaction mixture, causes the
formation of the smallest aggregates of bimetallic NPs.
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BIMETAJIBHI HAHOYACTHUHKHA CIIJIABY 30JI0TO/CPIBJIO CHUHTE30BAHI
Y HPUCYTHOCTI TPUIITO®AHY
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CmabinbHi Kon0iOHI po3uunu Hawouacmuumox (HY) cpibna ma 3onoma ma ix
Oimemaniuni komnosumu 3i cniegionoweHuam memanie Ag:Au = 3:1, 1:1, 1:3 cunmesosami y
npucymuocmi aminokuciomu mpunmoghany. B cnekmpax noenunanms npucymus auue ooHa
cMyea  NONUMAHHA — NAA3MOHHO20 pe3oHancy HY, xapakxmepuna 0na OimemanvbHux
HanouacmuHox cnuasy AgAu, pozmawiosama Mmixc cmyeamu IHOUBIOYATbHUX MemAalis.
Tlonoowcenns makxcumymy noSIUHAHHA OYHCe 3aNeHCUMb 80 MOIbHO20 chiggioHowenHs Ag: Au.
Ilosepxna 6cix cumme306anux HAHOUACMUHOK MAE He2AMUBHUL 3aps0 3ad PAXyHOK
cmabinizyiouoro  obonouku aminokuciomu. Ilpoanmanizoeano 6naue excnepumMeHmanrbHux
Memoouxk Ha eracmusocmi odepxcanux HY 3a oonomocoio Y@ /eudumoi cnexmpockonii i
Memoody OUHAMIYHO20 CE8IMN0PO3CItOBAHHSL.

BUMETAJIVIMMECKUE HAHOYACTHUIbI 30JIOTO/CEPEBPO THUIIA
CILIAB, CUHTE3UPOBAHHBIE B ITPUCYTCTBUU TPUIITOPAHA
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Cmabunvubie Koanouonvie pacmeopvl Hanoyacmuy (HY) cepebopa u 3010ma, a max
JIce UX OumemanIuyeckue KOMHO3Umsl ¢ COomuoueHuem memannos Ag:Au = 3:1, 1:1, 1:3
CUHMESUPOBAHBL 8 NPUCYMCIMBUU AMUHOKUCIOMbL mpunmogana. B cnexmpax noziowenus
npUCymcmeyem molbKo 00HA NOAocd NAA3MOHHO20 pe3onanca HY, xapaxmephnas 0na
oumemaniuueckux Havouacmuy cniaéa AgAu, naxooswascs medxncoy nonocamu HY
omoenvublx Memannos. Ilonojcenue ee Makcumyma CUTbHO 308UCUM  OM  MOIbHOZO
coomnowenus Ag:Au. Ilosepxnocms 6cex CUHMESUPOBAHHBIX HAHOYACMUY — UMeem
ompuyamenvuslll  3aps0  3a  cuém  cmabuauzupyiower.  000I0UKU  AMUHOKUCTOMB.
Ipoananuzupoeano enusHUe IKCREPUMEHMATLHBLIX MeMOOUK Ha ceolicmea noaydenuvix H4 ¢
nomowvio Y D/6UOUMOL checmpoCcKonuu u Memooa OUHAMUYECKO20 C8eMOPACCeUBAHUS.
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