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The application of gold nanoparticles (Au NPs) in biomedicine requires a low toxicity of
metallic nanosystems, that can be achieved through the use of amino acid tryptophan (Trp)
as reducer of gold ions and stabilizer of obtained Au NPs particles. In the work gold
colloids prepared in the presence of Trp were compared with those obtained with commonly
used reducing agent NaBH, and stabilizer SDS. As was shown by UV-vis spectroscopy,
electron microscopy and mass-spectrometry data, Au NPs were characterized by localized
surface plasmon resonance band with maxima at 540-580 nm, nanoscale dimensionality
and common trends during the fragmentation reflected as a series of intense single
monoisotopic peaks with a pitch of 197 Da that refers to the Au, clusters. In summary,
amino acid tryptophan as bifunctional agent satisfies the synthetic approach to obtain
nanosized gold.
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CTpykTypHa XapaKTepHCTHKA HAHOYACTHHOK 30JI0TA, OJEP:KaHUX TPH BHKOPHUCTAHHI
Tpunrodany. I0.Myxa, H.Bimiox, A.Xo0vxo, O.Cesepurnoscvia, I.M.€Epemenro

IOusi sactocyBamusa HanouacTokK 3ojgora (HY Au) y Giomexmuuui HeoOXifHOW yMOBOIO €
HUBBKA TOKCUUHICTH MeTAJTEeBMX HAHOCUCTEM, AKY MOMKJIWBO MOCATHYTU, BUKOPUCTOBYIOUU
mpu cuHTesl aminorucaory tpuntodany (Tpm) ax BigHOBHMK ioHiB 30s0Ta Ta crabimizaTop
yactuHok. IIposBemeHo mnopiBHaHHA Kodoigumx cucrem HY Au, ogep:aHMX y IIPHCYTHOCTI
Tpm, Ta cuHTE30BaHUX 3 BUKOpucTaHHAM BigHoBEHHMKA NaBH, i crabirisaropa SDS, meTomamu
V®-cuexrpockomnii, eekTporHoi MiKkpockoiii Ta mac-cuekrpomerpii. ITokaszano, mo gaa HU
AU XapaKTepHUMU € CMYTrU JOKaJi30BAHOTO MOBEPXHEBOTO MJIA3MOHHOTO PE30HAHCY 3 MaKCU-
mymamMu B obnacti 540—-580 um, HaHOpo3MipHicTh Ta TUTOBa (parmenralid, o Bigobpa-
JKAaeThCA AK Cepid iHTeHCHMBHUX MOHOIZ0TOMHUX TiKiB 3 KpokoM 197 IMa, aki BigHOCATHECS IO
knacrepis Au,. Takum umHOM, amiHOKHciOTa TpunTodaHy AK OipyHKIiOHANLHUI areHT €
3aI0BITLHOI0 PEYOBUHOIO JJIs1 CMHTE3Y HAHOUACTUHOK 30JI0TA.

Ons mpumenenus Hanouacturl 3ojota (HY Au) B GuoMeamnuue HeOGXOAUMBIM YCJIOBUEM
SAIBJIAETCS HUBKAS TOKCUUHOCTL METAINYECKNX HAHOCHCTEM. ITO MOMKET OLITL JOCTUTHYTO C
MMOMOIIILIO MCIOJL30OBAHNSA AMHUHOKUCIOTH Tpuntodana (TpII) B poau BOCCTAHOBUTES MOHOB
30JI0Ta U crabuimsaTopa yacTull. I[IpoBemeHo cpaBHeHMe KOJJIOUAHLIX cuctemMm HY Au, mouay-
YEeHHLIX B MPUCYTCTBUM TpHm, W CHUHTE3UPOBAHHLIX C MCIIOJL30BAHNEM BOCCTAHOBUTES
NaBH, u crabuamsaropa SDS, meTogamu YP-CIIeKTPOCKOINHY, 2IEKTPOHHON MUKDPOCKOINH H
mace-crnexkrpomerpun. Ilokasano, uro HY AU xapakTepusyOTCd MIOJOCAMH JIOKAAM30BAHHOI'O
IOBEPXHOCTHOI'O IJAa3MOHHOI'0O PE30OHAHCA ¢ MakcuMyMoMm B obuactu 540-580 mm, Hanopas-
MEPHOCTBIO U TUIIMYHON (pparMeHTan e, YTO OTPAMKAETCS KAK CePUd MHTEHCUBHBIX MOHOU-
30TOIHBIX NUKOB ¢ mrarom 197 Jla, orHocamuxca K KjacTepaMm Au,. Taxum ob6pasom, ammu-
HOKMCJOTa TpUNTodana Kak OM(DYHKIMOHAILHLIM areHT ABJAAETCS YAOBJETBOPUTEJLHLIM Be-
IIIeCTBOM [Js CHHTEe3a HAHOYACTUIL 30JI0TA.
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1. Introduction

Gold nanoparticles (Au NPs) become in-
creasingly important in a wide range of
high biomedical applications: sensing, imag-
ing, drug delivery, and therapy [1-3]. To
perform a variety of functions the surface
of Au NPs can be modified with different
agents. For the use of Au NPs in biomedi-
cine the toxicity of metal-based nanosystem
must be reduced, that can be achieved
through the use of biocompatible agents
during the synthesis.

Tryptophan (Trp), an essential amino acid,
is suitable for the synthesis of NPs as a bi-
functional reducing and stabilizing agent [4,
5]. Also, the mechanism of reaction in such a
system could be a prototype of the interaction
of Au NPs with peptides or proteins contain-
ing aromatic amino acids.

In the present work the properties of Au
NPs, obtained in the presence of Trp, were
compared with the properties of Au NPs,
prepared with the use of typical surfactant
as a stabilizer and strong reducer to show
that amino acid tryptophan as bifunctional
agent satisfies the synthetic approach to ob-
tain nanosized gold. Optical properties,
morphology and fragmentation of Au NPs
obtained in different ways were analyzed
using UV-vis spectroscopy, transmission
electron microscopy and laser desorp-
tion/ionization mass spectrometry.

2. Experimental

Three different procedures to produce Au
NPs from Au3* ions were performed in an
aqueous solution containing gold in a con-
centration of Cp, =103 M at room tem-
perature using: 1) NaBH, (Sodium borohy-
dride) as reducing agent and surfactant SDS
(Sodium dodecyl sulfate) as a stabilizer (in-
dicated as Au-NaBH,/SDS); 2) NaBH, as re-
ducing agent and Trp as a stabilizer (Au—
NaBH,/Trp); 3) Trp for both purposes (Au—
Trp/Trp). The initial components interacted
using the following molar ratios:

1) v(NaBH,):v(Au):v(SDS) = 1:1:15;

2) v(NaBH,):v(Au):v(Trp) = 1:1:1;

3) V(Trp):v(Au) = 1:1.

The absorption spectra of the colloidal
solutions of Au NPs were recorded in the
UV-visible region with a spectrophotometer,
Lambda 35 (Perkin-Elmer, United States),
in 1 ecm quartz cells.

The size and morphology of nanoparticles
were characterized with a transmission elec-
tron microscope (TEM) LEO 1530 with an
accelerating voltage of 80 kV. One micro-
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liter of colloid was placed on carbon coated
copper grids and dried at room temperature.
For the calculation of particle size distribu-
tion the program Imaged was used.

Mass Spectrometry analysis was performed
by the method of laser desorption/ionization
(LDI MS) on an Autoflex II (Bruker Dalton-
ics, Germany) mass spectrometer with nitro-
gen laser (A = 337 nm). Experiments were
carried out in reflectron mode for positive
and negative ions in the mass range from 30
to 5000 Da. Resulting mass spectra were ob-
tained by assuming the data of 200 laser
shots and processing by the software Flex-
Analysis (Bruker Daltonics, Germany).

3. Results and discussion

Absorption spectra of all obtained Au
NPs colloids contained the characteristic lo-
calized surface plasmon resonance (LSPR)
bands of gold (Fig. la). We observed the
most intense and symmetrical LSPR band
with a maximum at 540 nm for Au-
NaBH,/SDS colloid, while for both systems
containing amino acid tryptophan LSPR
bands were around 2.5 times less intense
and red-shifted to 565 (Au-NaBH,/Trp) and
579 nm (Au/Trp/Trp). At the same time,
full width at half maximum of LSPR bands
of Trp-containing systems was 2-8 times
bigger. Moreover, these bands had long-
wavelength shoulders at around 700 nm
that could be attributed to the absorbance
of aggregated particles, namely chain-like
structures built from previously formed
gold nanoparticles as was shown in [6]. The
formation of Au NPs, in this case, was ac-
companied by the precipitation of blue-col-
ored powder.

According to the TEM images (Fig. 1b),
in Au-NaBH,/SDS colloid, the size of
formed Au NPs was of 20-30 nm. In Au-
Trp/Trp system particles were formed of
approximately the same size, 20—-40 nm. In
both cases, nanoparticles had a spherical
shape. But in case, when Trp was used only
as a stabilizer, namely in the Au-
NaBH,/Trp system, synthesized nanoparti-
cles had irregular form and were the big-
gest among others in studied systems. The
aggregation of NPs occurred via splitting
along plane surfaces and was reflected as
the broadest LSPR absorption band, and
confirmed by TEM images.

The certain type of stabilizer, that covers
the surface, defines the ionization ability of
gold nanoparticles. Synthesized Au NPs
mostly decompose during the ionization
process. For all systems in mass spectra for
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Fig. 1. (a) Absorption spectra (normalized) and (b) TEM images of Au NPs in colloid:
1 — Au-NaBH,/SDS, 2 — Au-NaBH,/Trp, 3 — Au-Trp/Trp.
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Fig. 2. Mass spectra of gold colloids in the range from 1000 to 5000 Da for negative (top) and

positive (bottom) ions.

positive and negative ions, the series of in-
tense single monoisotopic peaks with a pitch
of 197 Da that refers to the average mass
of Au were observed (Fig. 2). Thus, they
correspond to the ionization of "naked”
metal clusters Au,, not covered with the li-
gand layer. More effectively this process oc-
curred in negative mode.

In general, for all studied systems, ion
intensity decreases with increasing the size
of the cluster. But there is one pronounced
feature observed in the mass-spectra of
nanoparticles. The intensity of Au, signals
alternate depending on the number of atoms
in the cluster. Namely, signals of odd clus-
ters AuU,,.s Were more intense than of even
ones Auy,. The authors of [7, 8] observed a
similar tendency for nanogold.
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The electronic system of nanoparticles in
Au-Trp/Trp, when amino acid used as reduc-
ing acid and stabilizer, increased their abil-
ity to ionize through the electron capture
(negative mode), and especially its emission
(positive mode) in comparison to other col-
loids. The most intense signals were inher-
ent to Au, Au, and Auj for all systems and
both modes.

For negative mode signals of gold clus-

ters till Au,g for Au NPs, obtained via re-
duction with NaBH,, were fixed, while for
Au-Trp/Trp system the intense pitches were
further observed. A similar trend was ob-
served in positive mode when small clusters
only till Aug for Au-NaBH,/SDS and Au-—
NaBH,/Trp were fixed.
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Fig. 3. Mass spectra of Au,,,; and Au,, clusters for negative (left) and positive (right) ions: 1 —
Au-NaBH,/SDS, 2 — Au-NaBH,/Trp, 3 — Au-Trp/Trp.

The alternation of intensities and the pe-
culiarities of Ausz and Aug clusters are con-
sistent with the stability of the cluster due
to the jellium model theory, explained in
the references mentioned above. The clus-
ters correspond to magic numbers having
extraordinary stability due to shell closing
electron counts. In its turn clusters contain-
ing an even-number of electrons possess
higher stability due to spin-spin coupling
than those having an odd number of elec-
trons bound in their electroniec shell, and
thus ionization occurs harder.

Besides signals of naked metal clusters
Au,, a series of associated repetitive signals
were present in mass-spectra, but were dif-
ferent between two modes (Fig. 3).

In the negative mode for all systems for
both odd and even clusters (Au,,.,; and
Au,,) repetitive signals with the difference
in masses of 34/36, 70/72 and 93/95 Da
were observed. They can be attributed to
fragments containing CI~ anions as these
signals had isotopic distribution typical for
chlorines: AuonCI‘, AunO(Au+CI‘)CI‘,
AunO(Na"CI—)CI—. Thus, we can conclude that
the surface of Au NPs is covered with CI-
anions as they are present in sufficient
quantity in the system due to the used in-
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itial reagent HAUCI,, and they are built into
a double electric layer of nanoparticles.

For the nanoparticles formed in Au-—
NaBH,/SDS system, the intense peak at
265 Da and smaller one at 553 Da were ob-
served in the negative mode (Fig. 4). These
peaks correspond to the ionized fragments
of stabilizer SDS. Namely, the first one re-
fers to DS™ (288 — 23 = 265) and the second
— to (SDS)DS™ (288 + 265 = 553). Thus, a
number of molecules of stabilizer remain
after centrifugation on the surface of the
nanoparticle.

For the system containing Trp as a bi-
functional agent, a clear difference was
seen from mass-spectra in the positive
mode. Namely, the repetitive intense peaks
with Au, +[107/109]" (Fig. 3) were ob-
served. This fragment, supposedly, refers to
the ionized moiety of oxidized Trp, as simi-
lar peaks were present in the low mass re-
gion for centrifuged NPs, and especially for
supernatant of Au-Trp/Trp (Fig. 4).

Mass spectrum of control solution of
tryptophan in the negative mode is charac-
terized by the presence of the signal with
203 Da that corresponded to ionized (depro-
tonated) Trp. Mass spectrum in positive
mode consisted of peaks with 243 Da and
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Fig. 4. Mass spectra of gold colloids (normalized) in the range to 650 Da for negative (top) and
positive (bottom) ions for centrifuged NPs (left) and supernatant (right).

227 Da that belong to fragments [Trp+K*]*
and [Trp+Na*]t, accordingly. The peak with
130 Da corresponds to ionized indole moiety
CgHgN™ [9]. This moiety was fixed for all
samples containing Trp in positive mode,
evidencing the presence of untransformed
amino acid in the system.

798

For Au NPs systems containing Trp mass
spectra were analyzed and interpreted in ac-
cordance with [10]. There were a series of
peaks (146, 158 Da) that can be attributed
to sequential fragmentation of kynurenine,
tryptophan metabolite formed in redox reac-
tion with gold.
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4. Conclusions

In conclusion, it was shown that as the
result of all applied synthetic methods
nanosized gold was formed, confirmed by
electron microscopy. All colloidal systems
were nanosized and characterized by absorp-
tion bands of localized surface plasmon
resonance of gold. All studied nanoparticles
had a similar trend during ionization proc-
esses. Therefore, Au NPs with inherent
characteristics can be generated through the
use of amino acid Trp instead of commonly
used reducers and stabilizers.

The way for improving the stability of
Au NPs prepared in the presence of Trp
was developed in [11]. The method was
further applied for preparation of Au-con-
taining nanosystems with anticancer effect
[12, 13], that finally resulted in effective
nanosystem with pronounced antitumor
and antimetastatic effects in vivo [14].
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