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Metallic nanoparticles (NPs) are important objects of nanotechnology due to their
potential utilization in industry and medicine. Metallic NPs can be obtained through different
physics-chemical methods as well as through “green” synthesis. In this research, the thermo-
tolerant yeast Hansenula polymorpha was used as a biological tool for the “green” synthesis
of gold NPs (AuNPs) from tetrachloroaurate (TCA). The processes of TCA reduction with
yeast culture and extracellular formation of the stabile bioAuNPs were studied. The methods
of transmission electron microscopy, scanning electron microscopy, fluorescent microscopy,
UV-visible absorption spectroscopy were used to characterize the final products. The influ-
ence of various parameters, namely, time and concentration of TCA on the generation of
AuNPs, was investigated. Our findings might be eventually interesting for fundamental and
applied biological sciences, in particular, for the study of molecular mechanisms of cell pro-
tection from stress, caused by exposure to toxic compounds, as well as for the development
of the novel effective and economical methods for obtaining new nanomaterials.

Keywords: Nanomaterials, bionanoparticles of gold, “green” synthesis, yeast Han-
senula polymorpha.

Recent advances in nanotechnology have enabled the exploration of nanomaterials for di-
verse applications. Metallic nanoparticles (NPs) play a significant role in nanotechnology due to
their potential utilization in industry and medicine [15]. Metallic NPs can be synthesized through
different methods, including “green” reduction of correspondent ions [21]. Among the variety of
nanomaterials, gold nanoparticles (AuNPs) are of considerable interest due to their versatility and
potential use in chemistry, biology, and medicine. AuNPs possess numerous advantages, such as
low cytotoxicity, facile modification of their surfaces, straightforward synthetic processes and
biocompatibility [2, 5]. After cellular uptake, NPs can act as tiny, precise and powerful heaters
(thermal scalpels) to kill cancer [3, 20], and they are capable of inducing apoptosis in B-chronic
lymphocytic leukemia [13]. Such novel properties make metal NPs an ideal nanomaterial for
promising applications in biological analysis and imaging, drug delivery, environmental monitor-
ing, industrial catalysis, and electronic devices [6].

Due to their toxicity, NPs of noble metals have perspectives for pharmacology. However,
despite their increasing impact on the market, many relevant issues are still open. These include
the molecular mechanisms governing the NPs-cell interactions, the physico-chemical parameters
underlying their toxicity to different types of cells, the lack of standardized methods and materi-
als, and the uncertainty in the definition of general strategies to develop smart antibacterial drugs
and devices based on NPs [12, 19].

The biosynthesis of NPs using microorganisms as emerging bionanotechnology has re-
ceived considerable attention due to a growing need in environmentally friendly technologies [23].
Furthermore, the green synthesis of metallic NPs offer better manipulation, stabilization, and con-
trol over the crystal growth due to slower kinetics [17-18]. Many plants, polysaccharides, bacteria,
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fungi, yeasts, DNA, RNA, proteins, and polypeptides are known to produce nanostructured mineral
crystals and metallic NPs with the properties similar to chemically synthesized materials, while
exercising strict control over size, shape and composition of the particles. Biological agents secrete
a great deal of enzymes that bring about enzymatic reduction of metallic ions [4, 11, 16, 22].

The exact mechanism for the NPs “green” synthesis has not yet been elucidated in detail
[10, 14].

In our recent experiments [24], different types of mono- and bi-metallic NPs of noble
metals were synthesized by chemical methods and characterized.

In the current manuscript, we describe the methods of AuNPs biosynthesis using yeast H.
polymorpha as a reducing and protecting agent, as well as the characteristics of resulting bioAu-
NPs (further — bioNPs). We propose our conception of the extracellular “green” synthesis and
stabilization of bioNPs which is based on these results and earlier obtained data.

Materials and methods

Tetrachloroauric acid trihydrate (TCA), sodium hydroxide, inorganic salts, chloroform
and Butvar solution B-98 were purchased from Sigma-Aldrich, USA. All buffers and standard
solutions were prepared using the water purified by the Milli-Q system (Millipore).

The size and structure of NPs were studied with Atomic Force Microscopy (AFM), Scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM) and UV-Visible spec-
troscopy as described ecarlier [24].

As a tool for the “green” synthesis of AuNPs the recombinant strain of the yeast H. poly-
morpha NCYC495-pGAP1-HsARG] (leu2carl Sc:LEU2) was used. The cells were cultivated as
described in detail in our previous paper [23].

The biosynthesis of AuNPs by cell culture was performed according to the following pro-
cedure: after reaching the exponential growth phase, the cells were supplemented with TCA to
the final concentration of 0.5 — 1 mM (control cells without TCA addition) and incubated up to 5
days. Each experiment was performed in triplicate and repeated at least three times.

The process of TCA reduction to Au’ was monitored daily by sampling an aliquot of the
tested sample and recording its absorption spectrum as well as TM, AFM and SEM.

Statistic treatment of measurement’s results and the level of correlation between the val-
ues of the results obtained by different analytical methods will be calculated by Origin 8.0 and
Microsoft Excel.

Results and discussion

The first brief characteristics of the process of TCA reduction and bioNPs generation were
obtained by visual observation and UV-Vis absorption spectra (UVAS) (Fig. 1). The colour of the
cell’s suspension changed to dark red in comparison with that of the control one (Fig. 1 a, 1-2).
The spectrum of the dark red cultural liquid (CL) - supernatant after cells removal has a peak of
plasmon resonance at 540 nm (Fig. 1, b, 1), which is specific for AuNPs [1]. At the same time, the
color of precipitated cells also changed (Fig. 1, a, 1*) — as a result of AuNPs accumulation inside
the cells and formation of NPs-modified cells (further — cell-NPs).

To get the quick estimation of the sizes of metallic particles synthesized and to study their com-
position, SEM microscopy and XRM analysis were performed (Fig. 2). Fig. 2, a-b proves the gen-
eration of a large amount of individual spherical NPs in the cell culture, cultivated for 2 days in the
presence of | mM TCA. XRM analysis of these NPs based on SEM data (indicated by the arrow in Fig.
2, b) proves the appearance outside the cells of Au® with characteristic peaks Ka at 2.1 keV (Fig. 2, ¢).

The more complex Au’-containing structures on the surface of the cells, clusters with the
size of 2 to 2.5 um, are demonstrated in Fig. 2, d-f. The sizes of these clusters ranged from 50 to 100
um. XRM analysis of these NPs based on SEM data (indicated by the arrow in Fig. 2, e) proves the
appearance of Au’ (Fig. 2, g). The cluster was reported to consist of glutatione, nitrate reductase and
other proteins involved in bioreduction and stabilization of the formed bioNPs [9, 11].

Thus, the SEM and XRM results demonstrate the generation of AuNPs outside the cells in
cell culture, incubated with TCA under growth conditions.
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Fig. 1. BioNPs formation: @ — images of the cells suspensions (/, 2) and of the pellets of the corresponding
cells (1% 2%); b — UVAS of CL (/, 2) and control solutions (3, 4). The cells were cultivated in the
presence of 1 mM TCA (7) and without its addition (2); water solutions of initial 1 mM TCA (3) and
the chemically synthesized AuNPs (4)
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Fig. 2. Characteristics of bioAuNPs, synthesized “in vivo”(cultivated for 2 days in the presence of 1 mM
TCA): SEM micrographs (a, b, d-f) and X-ray-spectral characteristics (c, g).
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The exact size of the extracellular bioNP was estimated by the AFM method: the values of
the average diameter were in the range of 20 — 40 nm (data not shown).

We assume that AuNPs synthesis takes place outside the cells due to TCA reduction with
organic metabolites of yeast culture followed by bioNPs formation and stabilization. Then bi-
oNPs penetrate through the cell wall and accumulate inside the cell. The results of TEM analysis
have confirmed this suggestion (Fig. 3, a—Db). It is worth mentioning that bioNPs, being in a rath-
er high concentration (1 mM) after the penetration into a cell, cause the loss of cells-NPs ability
to grow in agar medium (Fig. 3).
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Fig. 3. Characteristics of the cells-NPs (b, ¢) in comparison with the control cells (@, ¢): Cells-NPs as well

as conterol cells were cultivated during 4 days in the presence of 1 mM TCA (b) and 0.05 mM TCA,
then aliquots of resulted cells were analysed by TEM (a, b) and growth ability (c)
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In our previous research we have demonstrated that chemically synthesized NPs of noble
metals [24], being in minimal concentration, proved to be non-toxic for the cell: under 3-day
cultivation with 0.06 mM NPs, the yeast cells did not significantly affect either the dynamics of
growth or enzyme (arginase) activity in cell free-extracts. We have demonstrated that the NPs
uptake by cells was dependent on the concentration of NPs, exposure time and particles sizes.
According to SEM- and TEM studies, AuNPs were shown to accumulate inside the cell [24].

It is worth mentioning that our conception of the extracellular formation of bioNPs is
based on our previous results. It was discovered that the yeast Pichia guilliermondii is able to
reduce chromate extracellularly with the formation of stable soluble Cr(III or V)-biocomplexes -
bioNPs of Cr,0, [7-9].

Fig. 4 (a-d) demonstrates the generation of the spherical clusters formed during bioreduc-
tion. According to the data of X-Ray spectral microanalysis (Fig. 4, e-f), these clusters consist of
organic molecules which enveloped the AuNPs. The sizes of the clusters ranged from 6 to 10 pm.

It should be mentioned that the images in Fig. 4, ¢ and d are identical, differing only in the
shooting mode on SEM device: in Fig. 4, d micrographs are presented in the “compo” mode. This
mode allows differentiating the nature of components: all organic atoms do not shine, although
inorganic (AuNPs) ones glow brightly. These results were confirmed by the X-Ray spectral anal-
ysis (Fig. 4, e, f). The XRM data of AuNPs (which are glowing brightly in Fig. 4, d) have proved
the formation of Au’-containig compounds (Fig. 4, e). The dark grey color of the spherical cluster
presented in Fig. 4, ¢ corresponds to the molecules which contain atoms of C, O etc (Fig. 2, e).

Thus, the yeast Hansenula polymorpha was shown to be a promising tool for the develop-
ment of a simple cost-effective method to obtain gold bioNPs by reducing toxic TCA

We have demonstrated the extracellular generation of bioAuNPs of different sizes (20-40
nm) and shapes by the yeast H. polymorpha. The optimal conditions (concentration of inorganic
ions and incubation time) required for the AuNPs formation were chosen. The nanosize and struc-
ture of NPs were proved using scanning, atomic force and transmission microscopy. The advan-
tage of the “green” approach consists in the rapid growth of yeasts with a high-yield generation
of AuNPs outside the cell, providing for the economic efficiency of the method.
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Fig. 5. SEM images (a — d) of Au-clusters formed extra-cellulary after cells growth in the presence of TCA
during 4 days. X-ray-spectral characteristics (e, f) of the samples, indicated by red and green arrows,
respectively
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APIKIAXKAMU HANSENULA POLYMORPHA

H. Cracrwoxk!, I. Taiina'”, P. Cepxus?’, M. T'onuap'

"wemumym 6ionoeii knimunu HAH Yrpainu
eyn. [pacomanosa, 14/16, Jlvsie 79005, Yrpaina
2Jlvsiscokutl nayionanvhull ynisepcumem imeni leana @panka
eyn. /lpacomanosa, 50, Jlvsie 79005, Vrpaina
e-mail:*galina.gayda@gmail.com

Hanouactunku meraniB (HU) e BaxmBuMHU 00’€KTaMM HAaHOTEXHOJIOTIH 3aBISKU
NIepCIIeKTUBAM IXHBOTO 3aCTOCYBaHHs y HpPOMHCIOBOCTI # MemuuuHi. Meranesi HYU
MOXYTh OyTH OTpHMaHi DPi3HUMH (i3UKO-XIMIYHIMH METOJAMH, a TaKOK «3EICHHM»
CHHTE30M. Y JaHOMY JTOCIIIKCHHI TepMOTOepanTHI ApiKIKI Hansenula polymorpha 6yno
BHUKOPHCTAHO SIK O10JIOTIYHUH 1HCTPYMEHT JUIS «3€JICHOTO» CHHTE3y HAaHOYACTHHOK 30J10Ta
(AuHY) 3 Terpaxnopaypary (TXA). Byno mocnipkeno npouecu pexykuii TXA npiaKoBoro
KyJABTYpOI0 Ta (OpMyBaHHS MO3aKIITHHHUX cTabinpHHX OioAuHY. Xapaxrepuctuky
KiHIIEBOTO IPOAYKTY OYJI0 311iHICHEHO i3 3aCTOCYBaHHSIM METO/IB TPAHCMICIHHOT JIeKTPOHHOT
MIKpPOCKOMIil, CKAaHYIO4Ol eJIEKTPOHHOI MIKpPOCKOIii, (IyOpecueHTHOI MIiKpOCKOIii,
Y®-Buaumoi ancopOuiiiHoi crekTpockomii. Byno BUBYEHO BIUIMB pi3HUX IapaMeTpiB,
30KpeMa, yacy Ta koHmeHTpaiii TXA, va ¢popmyBanus AuHY. Hamri pesyasraté MOXKYTh
OyTH IiKaBUMH JUIs (yHIAMEHTAJIbHOI Ta MPHUKIAJHOI O10J0TiYHOI HAyKH, OCOOIMBO IS
JOCTIDKEHb MOJICKY/SIPHHX MEXaHi3MiB 3aXHCTy KIITHHH Bil CTpecy, CIPHYMHEHOTO
TOKCHYHOIO CITOJYKOIO, @ TAKOXK ISl pO3pOOKM HOBUX €(DEKTHBHHX i EKOHOMIYHO BHTiTHUX
METO/IIB OZIepYKaHHS HOBHX HAaHOMaTepiamiB.

Kniouogi cnosa: nanomarepiann, 0i0HAHOYACTHHKH 30JI0Ta, “3€NEHHI” CHHTE3,
npixmxi Hansenula polymorpha.
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Hanouactuupsl metayuioB (HY) sBisOTCS BaKHBIMH 0OBEKTAMU HAHOTEXHOJIOTUH
Omaromapsi HEpCHEeKTUBAM HX HCIOJIB30BAHUS B IPOMBIIUIEHHOCTH M Memuiuae. HY
METaJUIOB MOXKHO IIOJy4aTh PA3IUYHBIMH (H3UKO-XMMHUYECKMMH METOJAMM, a TaKKe
«3€TIeHBIM» CHHTE30M. B TaHHOM HCCIIe0oBaHMM TEPMOTOJICPAHTHBIC APOXOKU Hansenu-
la polymorpha 6bln HCTIONB30BAaHBI KaK OMOJIOTMYECKUH MHCTPYMEHT JUIS «3EJEHOr0»
cuHTe3a HaHouacTHI 30s10Ta (AuHY) u3 Terpaxmnopaypara (TXA). Beumm u3yueHsI mporieccs
penykimn TXA npoxokeBoil KymbTypoil M (GopMHpOBaHHE BHEKJICTOUHBIX CTAOMIBHBIX
6noAuHY. Koneunnii mpoayKT XxapaKTepH30BalH, HCHOIB3YSI METOABI TPAaHCMHCCHOHHOM
ANEKTPOHHON MUKPOCKOITHHU, CKAHUPYIOLIEH 3EeKTPOHHONU MUKPOCKOMHUH, (IIyOpECeHTHOM
MHKpocKkorny, Y®-Buaumoil ancopOIMOHHOH crekTpockonuu. Beuio m3ydeHo BimstHHE
PAa3IMYHBIX [TAPAMETPOB, B TOM YHCIIEe BpEeMEHH U KoHLEeHTpamu TXA, Ha GpopMupoBanue
AuHY. Hamm pe3ynsraTel MOTYT OBITH HHTEPECHBI IS (PyHAAMEHTAIBHON M MIPUKIIAQIHON
OMONIOTUYHON HAayKH, OCOOCHHO I MCCIENOBaHHI MOJICKYISPHBIX MEXaHH3MOB 3alllHThI
KJIIETKH OT CTpecca, BBI3BAHHOTO TOKCHYECKHM COCIMHEHHEM, a Takoke IS pa3paboTKu
3} (EKTHBHBIX U SKOHOMHYECKH BBITOJIHBIX METO/IOB IOJIYYEHUsI HOBBIX HAHOMATEPHAJIOB.

Knrouesvie crosa: nanomarepualibl, OMOHAHOYACTHUIIBI 30JI0Ta, “3€JICHBIA” CHHTE3,
npoxoxu Hansenula polymorpha.



