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Abbreviations

AFM — atomic force microscopy

Au NC(s) — gold nanocluster(s)

Au NP(s) — gold nanoparticle(s)

BSA — bovine serum albumin

DHLA - dihydrolipoic acid

DMEM - Dulbecco's Modified Eagle Medium
DMF — dimethylformamide

DNA — deoxyribonucleic acid

DPA — D-penicillamine

DPBS — Dulbecco’s phosphate buffered saline
FA — folic acid

FL — fluorescence

HOMO - the highest occupied molecular orbital
LSPR — localized surface plasmon resonance
LUMO - the lowest unoccupied molecular orbital
MES - 2-(N-morpholino)ethanesulfonic acid
PAMAM dendrimers — polyamidoamine dendrimers
PBS — phosphate buffered saline

PEG — polyethylene glycol

PL — photoluminescence

QY — quantum yield

QD(s) — semiconductor quantum dot(s)

ROS — reactive oxygen species

SPR — surface plasmon resonance

TBHP — tert-butyl hydroperoxide

UV/Vis/NIR — ultraviolet/visible/near infrared light
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1. INTRODUCTION

Cancer is the leading cause of death in the developed countries with aging populations and
worldwide. According to the statistics of WHO (World Health Organization), ~14 new
cases were diagnosed in 2012. Moreover, the 70 % increase in new cases per annum 1is
expected over the next 2 decades [1]. The increasing economic burden of cancer is mainly
due to the inefficient diagnosis of tumours at their early stage. In order to improve the
survival rates and to increase the quality of life of the diseased, it is of great importance to
design novel and multifunctional probes for the accurate early diagnosis and efficient in
situ therapy of cancer.

Nanomedicine is one of the most promising biomedical technologies of the 21 century.
It uses nano-sized tools — nanoparticles with unique properties — for the diagnosis, preven-
tion and treatment of disease. Small size, biocompatibility, unique optical and magnetic
properties make nanoparticles very promising diagnostic markers, drug delivery systems
as well as therapeutic agents in biomedicine [2, 3]. In the past decade noble metal nano-
particles, especially those synthesized from gold, attracted considerable interest due to
tuneable optical properties, low toxicity and facile surface modification with antibodies,
biomarkers and other functional molecules [4]. Therefore, gold nanoparticles have been
considered very promising contrast agents in roentgenography as well as thermotherapy
agents in targeted cancer therapy [2, 5].

Ultrasmall photoluminescent gold and silver nanoclusters composed of several atoms with
sizes up to a few nanometres is a new class of molecule-like photoluminescent probes for
biomedical diagnostics and therapy [6]. They not only exhibit excellent stability but also
high biocompatibility and low toxicity.

Optical properties and interaction with cells and organisms define the efficacy and ap-
plicability of nanoparticles in biomedical diagnostics and therapy.

However, despite the great improvement in the field of synthesis of Au NCs, photostability

of ultra-small nanoclusters and their interaction with cells remain poorly understood.



1.1. The aim of the study and objectives

The aim:

To investigate the applicability of photoluminescent Au-MES and BSA-Au gold nanoclus-

ters as fluorescent probes for cancer diagnostics.

Objectives:

L.
2. To investigate stability of Au-MES and BSA-Au NCs under UV/Vis irradiation.

3.

4. To compare the effect of Au-MES and BSA-Au NCs on viability of breast cancer

To investigate structure and spectral properties of Au-MES and BSA-Au NCs.
To compare accumulation of Au-MES and BSA-Au NCs in breast cancer cells.
cells.

To compare the effect of Au-MES and BSA-Au NCs on generation of reactive ox-

ygen species in breast cancer cells.



1.2. Scientific novelty and actuality

Annual growth of new cancer cases in Lithuania and worldwide motivate scientists from
various fields to unite for the common goal — the search of the new more effective methods
for early cancer diagnostics and treatment.

Bioimaging is one of the frontiers in biomedical sciences and has significant impact in
clinical and medical research. Optical diagnostics are widely used in biomedicine for spec-
troscopic, flow cytometry, clinical chemistry, immunology analysis, biosensors, and im-
age-guided surgery [7-11]. These methods are based on imaging using fluorescent mark-
ers.

Small organic molecules were the first and most widely used fluorescent markers. They
exhibit high quantum yield, are easily conjugated with specific molecules and are rela-
tively cheap [12]. Despite the fact that organic dyes are still widely used for bioimaging,
their application for in vivo imaging is limited due to low photostability [13, 14].
Photostability is one of the key characteristics of fluorescent markers, since UV/Vis irra-
diation is used to excite the fluorescence of the markers. Even low-intensity continuous
irradiation may result in photo bleaching and photo degradation of the fluorescent marker.
The later may have crucial impact on toxicity of the markers. Searching for the fluorescent
markers that would exhibit superior optical characteristics and better stability in compari-
son with organic fluorescent dyes, ultrasmall nanoparticles with unique properties were
considered [2, 15]. Photoluminescent semiconductor quantum dots have been investigated
as promising fluorescent markers for a while now. They exhibit high quantum yield and
are highly more resistant to photo bleaching than organic fluorescent dyes [16]. However,
QDs are usually composed of toxic chemical elements and are too large to be cleared from
the organism due to many stabilizing layers [17]. Therefore, as in early 2000 the first wa-
ter-soluble photoluminescent noble-metal nanoclusters were synthesized [6], they gained
lots of attention. Photoluminescent silver and gold nanoclusters exhibiting molecule-like
properties is a new class of fluorescent probes. Due to their facile synthesis, easy surface
modification, biocompatibility and low toxicity they are very promising fluorescent mark-

ers for biomedical diagnostics and therapy as well as for biology research. [18, 19].
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Even though photoluminescent Au NCs are usually considered to have stable optical prop-
erties, there are only a few publications on photostability of Au NCs [20-25]. It was re-
ported that under irradiation with UV/Vis light some photoluminescent Au NCs retain
their optical properties [20-22], yet others exhibit photobleaching [23-25]. In most of the
publications only changes of photoluminescence intensity and not the shape of the spec-
trum were analysed, therefore the effect of UV/Vis irradiation on photoluminescent Au
NCs remains poorly understood.

The cellular uptake and toxicity of large Au nanoparticles vary greatly depending on the
size, shape, coating ligands and surface charge [26, 27]. Yet, despite the great improve-
ment in the field of Au NCs synthesis, interaction of ultra-small photoluminescent gold
nanoclusters with cells and other biological objects lacks deeper knowledge. Therefore,
the assessment of the biocompatibility and potential toxicity of gold nanoclusters is of
major importance before their clinical application.

In this study for the first time photostability, cellular uptake, cytotoxicity, and intracellular
generation of reactive oxygen species of bovine serum albumin-encapsulated (BSA-Au
NCs) and 2-(N-morpholino) ethanesulfonic acid (MES)-capped photoluminescent gold

nanoclusters (Au-MES NCs) were investigated.
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1.3. Defended statements

1. From spectral characteristics and size measurements performed and using a free
electron gas model it was determined, that the size of the BSA-encapsulated pho-
toluminescent gold nanoclusters are no bigger than 1.3 nm and that nanocluster
consists of 29 gold atoms on average, meanwhile, 2-(N-morpholino)ethanesulfonic
acid coated gold nanoclusters are no bigger than 0.5 nm and consist of 9 gold atoms
on average.

2. Spectral properties of BSA-Au and Au-MES NCs changes under irradiation with
UV/blue light, showing that photoluminescent gold nanoclusters degrade. Degra-
dation of BSA-Au NCs is irradiation wavelength-dependent: Under irradiation with
405 nm wavelength light, gold nanocluster loses 1-2 gold atoms, while under irra-
diation with 280 nm, 3-4 atoms are lost.

3. Photoluminescent BSA-Au NCs and Au-MES NCs accumulate in cancer cells.
Smaller photoluminescent Au-MES NCs distribute diffusely within MCF-7 and
MDA-MB-231 cells including cell nuclei, while photoluminescent BSA-Au NCs
accumulate in vesicles at the perinuclear region.

4. 24 hours incubation with BSA-Au NCs did not affect viability of MCF-7 and MDA-
MB-231 cancer cells, yet Au-MES NCs induced incubation time dependent cyto-
toxicity effect on cancer cells.

5. Incubation with Au-MES NCs increased intracellular generation of reactive oxygen
species in MCF-7 and MDA-MB-231 cancer cells, while incubation with BSA-Au
NCs did not induce statistically significant increase in intracellular generation of

reactive oxygen species in MCF-7 cancer cells.
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2. MATERIALS AND METHODS
2.1. Synthesis of Au NCs
2.1.1. Synthesis of BSA-Au NCs

The bovine serum albumin (BSA)-encapsulated gold nanoclusters (BSA-Au NCs) were
synthesized according to previously reported procedure [28] with slight modifica-
tions [29]. Typically, aqueous HAuCls solution (5 mL, 37°C, ¢=5.27x103 M) was added
to BSA solution (5 mL, 37°C, ¢=7.53x10"* M) under vigorous stirring. NaOH solution
(0.5mL, 1.0 M) was introduced 2 min later, and the reaction was allowed to proceed under
vigorous stirring for 12 h at the temperature of 37 °C. After 12 hours the synthesis solution
exhibited bright red colour.

s> o
0.75 mMz.{ o 5.3 mM
2.5 ml 2.5 ml

Fig. 1 Synthesis of BSA-Au nanoclusters using BSA : Au molar ratio 1:7. Adapted from [28].

It is believed that Au atoms bond to sulphur in the cysteine (Cys) residues in BSA (Fig. 1).
Addition of reducing agent (NaOH) solution induces BSA folding into tertiary structure

and Au atoms come close and form the nanocluster.
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Fig. 2 Normalized photoluminescence intensity of synthesized BSA-Au NCs using different

BSA : Au molar ratios.

In order to find optimal synthesis conditions we tried to use various BSA to Au molar
ratios (1:2; 1:5; 1:7; 1:13; 1:25; 1:35); however, the most intense photoluminescence was
observed using the BSA:Au molar ratio 1:7 (Fig. 2). All further experiments were per-
formed using this BSA-Au NCs solution.

2.1.2. Synthesis of Au-MES NCs

AuCl,” MES 3 Au-MES NK
Qo /\°>\S/° 215h SR8, .
g + (\N \OH — ’
0 o O\) pH 6.3 37°C qj —LO d—J
0.29 M 1M q\,
1 ml 5ml

Fig. 3 Synthesis of Au-MES NCs

The gold nanoclusters capped with 2-(N-morpholino)ethanesulfonic acid (MES)
(Au-MES NCs) were synthesized according to the modified synthesis protocol of
Bao et al. (Fig. 3) [30]: 5 ml of aqueous MES buffer solution (1 M, pH 6.3, the pH value
was achieved using NaOH) was mixed with 1 ml of chloroauric acid solution (0.29 M).
Synthesis was performed under vigorous stirring for 21.5 h at the temperature of 37°C.
After the synthesis solution, the Au-MES NCs were centrifuged for 30 min (10,000 rpm
or g = 6.7 x 10°) with a “MiniSpin plus” centrifuge (WTW GmbH, Germany). The syn-
thesized colloidal solution of MES-coated Au NCs exhibited a deep red colour in the day-
light and greenish blue photoluminescence under UV light.
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2.2. Spectroscopic characterization of Au NCs

The steady state absorption and photoluminescence spectra of the Au NCs were measured
using UV-visible absorption spectrometer Varian Carry 50 (Varian Inc., Australia) and
fluorescence spectrometer Varian Cary Eclipse (Varian Inc., Australia). Hellma Optik
(Jena, Germany) quartz cuvettes (an optical path length 1 cm) were used for all optical
measurements.

Photoluminescence of BSA-Au NCs was measured using 405 nm excitation wavelength
and 10 nm excitation and emission slits. PL excitation spectra were measured at 660 nm
using 430-1100 nm emission filter.

Photoluminescence of Au-MES NCs was measured using 405 and 420 nm excitation
wavelengths, PL excitation spectrum was measured at 476 nm.

Photoluminescence and PL excitation spectra presented in the Results section were nor-

malized according to the Absorption values at the excitation wavelength.
2.3. Photostability measurements

Photostability measurements of Au NCs were performed by irradiating 2 ml of the sample
solution in a 1 cm path length quartz cuvette with an optical fibre coupled xenon (Xe) lamp
MAX-302 (Asahi spectra Inc., Japan) or a continuous wave diode laser (4 = 405 nm,
I = 50 mW/cm?). When irradiating with Xe lamp 280/32 nm, 330/8 nm, 366/11 nm,
402/10 nm, 470/7 nm and 492/14 nm bandpass filters were used (Fig. 3).

Photostability of Au-MES NCs was investigated irradiating the sample solution with Xe
lamp using 402, 330, 366, and 470 nm bandpass filters. The collimated beam irradiated
1 cm? of the cuvette surface area with a 20 mW light power. The irradiation dose was
calculated as the light intensity multiplied by the irradiation time. For all the wavelengths,
a total irradiation dose of ~100 Jem? was accumulated. The PL intensity of Au-MES NPs
was normalized according to absorbance at the PL excitation wavelength (Aex = 405 nm).
Absorption difference spectra were calculated by subtracting the absorption spectrum of
Au-MES NPs solution measured before irradiation from the absorption spectrum of

Au-MES NPs solution measured after a particular irradiation dose was accumulated.
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Fig. 4 Optical transmission spectra of the filters used for irradiation with Xe lamp

The photostability of BSA-Au NCs was measured by irradiating the sample solution with
Xe lamp using 280 nm (/ = 7 mW/cm?) and 492 nm (I = 24 mW/cm?) bandpass filters or
a continuous wave diode laser (A = 405 nm, / = 50 mW/cm?).

The irradiation dose D (J/cm?) was calculated as:

P-t
b=-% )

where P — power of the light source (mW), ¢ — irradiation time (s), and S — irradiated area
of the sample (cm?). Relative irradiation dose Dg (J/cm?) was calculated as:
_@-T)-P-t
ko S

where T — transmission of the sample at the irradiation wavelength, P — power of the light

2

source (mW), ¢ — irradiation time (s), and S — irradiated area of the sample (cm?).
2.4. Measurements of spatial characteristics of Au NCs
2.4.1. Hydrodynamic size measurements

Hydrodynamic diameter was measured using dynamic light scattering device Zeta Plus
PALS (Brookhaven Inc., USA). The method is based on photon correlation spectroscopy
of quasi-elastically scattered light. Light from the laser light source (A = 660 nm) illumi-
nates the sample in the cell and scattered light is registered in the detector fixed at some
angle with respect to the direction of the incident light beam. Small particles in suspension

undergo random thermal motion known as Brownian motion and the intensity fluctuations
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of the light scattered by the particles is measured as a function of time. The decay times
of the fluctuations are related to the diffusion coefficient and, therefore, the sizes of the
particles. Small particles moving rapidly cause faster decaying fluctuations than large par-
ticles moving slowly. The diffusion coefficient D is inversely proportional to the particle
size d:

kT

3zen(n)-d 3)

where kg is Boltzmann‘s constant, 7'is absolute temperature in Kelvins, #() is the viscosity
of the solvent. This equation assumes that the particles are moving independently of one
another.

The hydrodynamic radius is also known as a hydrodynamic unit. The hydrodynamic unit
consists of the particle itself and the layer(s) of the ions or other small molecules adsorbed
on the surface usually due to electrostatic interaction [31].

The hydrodynamic size distribution represents the average of 8 repeated measurements.
2.4.2. Atomic force microscopy measurements

Atomic force microscopy measurement were performed with VEECO dilnnova atomic
force microscope (VEECO Inc., USA) in tapping mode (1 Hz, 9.7 nm step) using silicon
nitride probes MPP12283 (Veeco Inc., USA). The samples were prepared by casting a
drop (40 pul) on a freshly cleaved mica surface spinning at 1000 rpm (spin coating).

2.4.3. Transmission electron microscopy measurements

Transmission electron microscopy (TEM) measurements were performed on electron
transmission microscope FEI TECNAI F20 (FEI) equipped with a field emission electron
gun using an accelerating voltage of 200 kV and bright field images recorded on Orius
SC1000B CCD camera (Gatan Inc.). Samples for TEM measurements were prepared by
letting a drop (40 pl) of colloidal Au NCs solution dry on a holey carbon film (Mesh
grid 400, Agarscientific, UK).
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2.5. Cell culturing

The cell lines cultivated for in vitro experiment were human breast cancer cell lines
MCF-7 and MDA-MB-231. MCF-7 cell line was purchased from The European Collec-
tion of Cell Cultures and MDA-MB-231 cell line — from American Type Culture Collec-
tion. Cells were cultured in cell growth medium (DMEM, Gibco, US) supplemented with
10% (v/v) fetal bovine serum (FBS) (Gibco, US), 100 U/mL penicillin, 100 mg/mL strep-
tomycin, and 4 mM L-alanyl-glutamine (Biochrom, Germany). Cells were maintained at
37 °C in a humidified atmosphere containing 5% of COz. For the in vitro experiments,
synthesized Au NCs solutions were filtered using a 0.02 mm syringe filter.

For intracellular imaging studies, cells were seeded into 8-chambered cover glass plate
(Nunc Lab-Tek, Thermo Fisher Scientific, US) with a density of 4x10* cells/chamber and
subsequently incubated at 37 °C in a humidified atmosphere containing 5 % of CO; for
24 hours. The cells were treated with 56 mg/mL of BSA-Au NCs and 45 mg/mL of Au-
MES NCs respectively then incubated under the same culture conditions for 24 hours. To
investigate accumulation of pure BSA, cells were incubated with 0.01 mg/mL of BSA-
Alexa Fluor 488 conjugate (Invitrogen, US) accordingly. After 24 hours of incubation the
cells were washed three times with Dulbecco’s phosphate buffered saline (DPBS, pH 7.0)
(Sigma-Aldrich, US) and then incubated with 10 mg/mL of Hoechst 33258 (Sigma-Al-
drich, Germany) solution for 30 min for staining the nuclei of the cells. After 30 min the
cells were washed with DPBS and supplemented with fresh DPBS before the subsequent
examination with laser scanning confocal microscope. Non-viable cells were stained with

propidium iodide (incubation with 1.5 uM PI solution for 10-15 min).
2.6. Confocal fluorescence imaging of Au NCs in cancer cells

The cellular uptake of Au NCs in cells was assessed using the Nikon Eclipse Te2000-U
microscope (Nikon, Japan) with the confocal laser scanning system Clsi (capable of
32 bit spectral imaging). Imaging was performed using a 60%/1.4 NA oil immersion ob-
jective (Plan Apo VC, Nikon, Japan). The BSA-Au NCs, BSA-Alexa and propidium io-
dide were excited at 488 nm with argon-ion laser and Au-MES NCs and nucleus stain

Hoechst 33258 were excited at 404 nm with diode laser. The three-channel RGB detector

21



(band-pass filters 450/17, 545/45 and 688/67 for blue, green and red channels, respec-
tively) was used. The cells were maintained at 37 °C in Microscope Stage Incubation Sys-
tem (OkoLab, Italy) in a humidified atmosphere containing 5% of CO; (0.80 NI/min O;
and 0.04 N1/min CQO3). Image processing was performed using the Nikon EZ-C1 Bronze

version 3.80 and ImageJ 1.46 software.
2.7. Cell viability assay

Cell viability was evaluated with the ADAM-MC automated cell counter (Digital Bio,
NanoEnTek Inc., S. Korea). The cells were seeded on a 12-well plate at a density of
1x10° cells/well and incubated for 24 h before the nanoparticles were applied. The old
medium was replaced with fresh medium containing BSA-Au NCs (56 mg/mL),
Au-MES NCs (45 mg/mL), MES (0.25 M) and BSA solution (0.18 mM). The BSA con-
centration was the same as when incubating the cells with BSA-Au NCs. Cells incubated
with medium alone were taken as control. After 24 h of incubation with BSA-Au NCs and
3, 6 and 24 h with Au-MES NCs the medium with Au NCs was carefully aspirated and the
cells were trypsinized and collected in the aspirated medium and then centrifuged at
200 x g for 7 minutes and resuspended in 100 pL of phosphate buffered saline (PBS)
(Gibco, UK) solution. 20 pl of cells suspension was mixed with 20 ul Accustain solution
T and 20 pl Accustain solution N (Digital Bio, S. Korea) for calculations of total and non-
viable cells respectively. The viability was automatically calculated by the ADAM-MC
software after each measurement of the total cells and the non-viable cells. The mean val-

ues of at least 3 experiments are presented.
2.8. Cellular uptake and intracellular ROS generation of Au NCs

The quantitative analysis of the cellular uptake of Au NCs and induced intercellular gen-
eration of reactive oxygen species (ROS) was assessed using flow cytometry assay.

For the evaluation of cellular uptake of BSA-Au NCs and BSA-Alexa Fluor 488 conjugate
cells were seeded into 24-well culture plates (BD Falcon, USA) (5x10% cells per well) and
subsequently incubated at 37 °C in a humidified atmosphere containing 5 % of CO: for
24 hours. The cells were then treated with BSA-Au NCs (56 mg/mL) and BSA-Alexa
Fluor 488 conjugate (Invitrogen, US) (0,01 mg/mL) for 3, 6 or 24 h. The cells were washed
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with PBS, trypsinized, and pelleted by centrifugation at 200 x g for 7 minutes and resus-
pended in a final 100 uLL volume of PBS solution for immediate analysis by flow cytome-
try.

For ROS generation analysis, after the treatment with Au NCs, MES and BSA solutions
(concentrations used were the same as for cytotoxicity determination) the cells were
washed with PBS and incubated with 5 uM CellROX Green fluorescent ROS dye (Life
technologies, US) for 1 hour and then washed with PBS, trypsinized and prepared accord-
ingly for the flow cytometry analysis. Upon oxidation, CellROX Green reagent binds to
DNA and thus its signal is localized primarily in the nucleus and mitochondria. Cells
treated with ROS inducer tetr-Butyl hydroperoxide (TBHP) (Aldrich, Germany) for 1 h
under standard culture conditions were used as a positive control (400 uM). Cells treated
only with fluorescent ROS dye represent negative control.

Flow cytometry was performed on Accuri C6 (Becton Dickinson, USA) flow cytometer.
A minimum of 10 000 viable cells per sample were collected and analysed. CellROX
Green and BSA-Alexa were visualized using argon laser (488 nm) for excitation and
530/30 band pass filter for detection. Accumulation of BSA-Au NCs was evaluated using
argon laser (488 nm) for excitation, and 670 nm long pass filter for detection. The data

was analysed with Flow Jo (Tree Star, USA) or Accuri C6 software.
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3. RESULTS AND DISCUSSION
3.1. Optical properties of Au NCs
3.1.1. Optical properties of BSA-Au NCs

Synthesized colloidal solution of BSA-Au NCs exhibited bright red colour in the daylight
and red photoluminescence under UV light. Absorption, photoluminescence (PL) and pho-
toluminescence excitation spectra of freshly synthesized BSA-Au nanoclusters are pre-
sented in Fig. 5. Absorption of Au-BSA NCs increases in short wavelength region and has
absorption band with a maximum around 278 nm, the same region where pure BSA has
an absorption peak (Fig. 5). Photoluminescence spectrum of BSA-Au NCs solution has
two bands in visible region. Peak positions of these bands are at 468 nm and 660 nm. PL
band at 640-700 nm corresponds to photoluminescence of Au NCs that are formed inside
BSA since components used for BSA-Au NCs synthesis (HAuCls, BSA) or the mixture of
those two materials does not have any photoluminescence band in red spectral region

(600-700 nm) (data not shown). HAuCls does not fluoresce at all. BSA has photolumines-

cence
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Fig. 5 Normalized absorption, photoluminescence and PL excitation spectra of BSA-Au NCs; absorption

spectrum of BSA.

band around 338 nm (Aex = 280 nm), however, pure BSA also exhibits weak fluorescence
in blue region at 468 nm (4ex = 405 nm) (data not shown). Photoluminescence excitation

spectrum of BSA-Au NCs solution (lem = 660 nm) has a band at 500 nm and a gradual
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slope to the longer wavelength region. Photoluminescence excitation spectrum does not
coincide with absorption spectrum of BSA-Au NCs. Only a slight shoulder of the absorp-
tion spectrum around 500 nm was detected.

Optical properties of BSA-Au NCs solution (absorption, photoluminescence intensity,
photoluminescence band position and width) remained stable for more than one month

(solution was kept in dark at 4°C).
3.1.2. Optical properties of Au-MES NCs

Synthesized colloidal solution of Au-MES NCs exhibited deep red colour in daylight and
blue photoluminescence under UV light. Spectral characteristics of Au-MES NCs are pre-

sented in Fig. 6.

2.0 - . 2.0
— | Au-MES NPs absorption sp.
:é Au-MES NCs PL sp. (i, =420 nm)
L | Au-MES NCs PL excit. sp. (i, =476 nm) S
> 15H S HAuUCI, absorption sp. 4115 &
5 ‘ —— MES absorption sp. ~
[ L i ! I ) -o?
8 330 nm 420 nm 476 nm 2
— 10k B A AR R W 110 ©
3 2
a —
@) o
Y R e e S e {05 ¢
e -
O : ; )
Z § \ : 1 pZd
0.0 S 0.0

200 300 400 500 600 700
Wavelength (nm)

Fig. 6 Normalized absorption, photoluminescence and PL excitation spectra of Au-MES NCs; absorp-

tion spectra of HAuCl,; and MES.

Absorption spectrum of synthesized Au-MES NPs had a main peak with a maximum at
330 nm, two peaks of lower absorbance at 290 and 475 nm, and one less expressed band
at around 390 nm. Components used for the synthesis did not have absorption bands in
these spectral regions. Photoluminescence of Au-MES NCs with a maximum at 476 nm
wavelength (Aex =420 nm) was detected. The photoluminescence excitation spectrum reg-
istered at the photoluminescence maximum (Aem = 476 nm) had a main maximum at

420 nm and another band of lower intensity at around the 260 nm wavelength. The PL
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excitation spectrum did not coincide with the absorption spectrum of Au-MES NPs. Ab-
sorption bands at 290, 330, 366 and 470 nm corresponds to absorption of non-luminescent
Au-MES NPs. Nevertheless, there is no absorption in the spectral region above 510 nm
that would indicate existence of gold nanoparticles exhibiting localized surface plasmon

resonance (LSPR) [32-34].
3.2.Size evaluation of Au NCs
3.2.1. Size evaluation of BSA-Au NCs

The size of the nanoparticles is essential for the pharmacokinetics, biodistribution and re-
nal clearance in vivo [24]. Hydrodynamic size distribution data showed that BSA-Au NCs
are quite homogeneous, with diameter around 9.4 nm. In comparison, the measured hy-
drodynamic size of pure BSA that was approximately 6.9 nm (Fig. 7). The formation of
Au NC inside the BSA results in size increase by approximately 2.5 nm.

Following a free electron gas (Jellium) model a number of gold atoms N in small gold
nanoclusters can be calculated from the PL band position with a simple relation:

Ao E, )
N=| =t )

where e is number equal to electron charge, Amax 1s wavelength at emission band maximum,
EF 1s the Fermi energy of bulk gold (5.53 eV), h is Planck‘s constant and c¢ 1s speed of
light. From the calculations, the Au NCs exhibiting PL at 660 nm consists of 29 gold atoms
on average. In literature it is reported that gold nanocluster composed of 25 atoms is less
than 1 nm in diameter [35, 36]. Formation of such nanoparticle in a protein template or
attached to the protein should not cause increase in BSA size by 2.5 nm. This indicates
that the size increase after the synthesis could be due to the transformation of the tertiary

structure of the BSA induced by formation of gold nanocluster inside the protein [37].
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tering technique (A) and topography of BSA (B) and BSA-Au NCs (C) spread on mica surface meas-

ured using atomic force microscope.

AFM measurements show that BSA dispersed on mica surface loses its prolate ellipsoid
structure with dimensions of 14 x 4 x 4 nm [38] and flattens (Fig. 7 B). Disc shape objects
0f 0.9 nm in height and 30 nm in width were observed as BSA was spread on mica surface.
Similar results were obtained in case of BSA-Au NCs, however, height of BSA-Au NCs
was slightly bigger — approximately 1.3 nm (Fig. 7 C).

The interactions and bonds of the side chains of the amino acids that form the backbone
of the protein determine its tertiary structure. Change of the surrounding medium and elec-
trostatic interaction with hydrophilic mica surface can cause changes in BSA structure
[39, 40]. Other authors have showed that adsorption of BSA on mica depends on the pH
of the solution — alkaline solution results in BSA adsorption on the surface in multilayer
[41]. In case of acidic pH, BSA covers mica surface in monolayer [42].

Measuring the hydrodynamic size of the particles using the dynamic light scattering method, the
shape of the particles are approximated as spheres. In that case BSA-Au NCs could be approxi-
mated as the 9.4 nm diameter spheres (Fig. 8). Volume of an ellipsoid can be calculated using

equation:

27



)

V:i-ﬂ-a-b-c
3

where a, b and ¢ are the radiuses of an ellipsoid (in case of a sphere a=b = c¢).

If we assume that during flattening process the volume of BSA-Au NC does not change
then compression of a sphere (a =b =c =4.7 nm) to an oblate ellipsoid of 1.3 nm in height
(a=b, ¢ =0.65 nm) leads to formation of similar structure as observed with AFM (Fig. 7).
Diameter of oblate ellipsoid produced by compressing a sphere (9.4 nm in diameter) is

~26 nm.
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0,65 nm T 12,6 nm

e ———

Fig. 8 Mathematical model, showing how a sphere of a size of BSA-Au NC would deform to the

ellipsoid, which heigth equals heigth of the BSA-Au NCs spread on mica surface measured with

atomic force microscope.

Results calculated using this model is in a good agreement with our experimental data.
BSA-Au NCs dispersed on a mica surface are slightly bigger in diameter by approximately
4 nm. This can be caused by AFM “tip imaging effect®. Due to the “tip imaging” measured
width of the objects is always slightly increased, therefore the differences in the diameter
of pure BSA and BSA-Au NCs was not so noticeable.

The height of BSA-Au NCs spread on mica surface is only 1.3 nm, therefore it possible to
conclude, that the size of gold cluster embedded into the BSA should not be bigger than
1.3 nm in diameter, because it is difficult to assume that the gold cluster can be squeezed

or deformed on the mica surface.
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The BSA-Au NCs retain their photoluminescence properties even when dried on glass
surface which shows that the Au NCs formed inside BSA are very stable even when the

conformation of the protein changes drastically.

Norm. PL intensity (a.u.)
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Fig. 9 PL spectrum of BSA-Au NCs dried on the glass surface in comparison with PL spectrum of
BSA-Au NCs in deionized water (hex = 405 nm)

3.2.2. Size evaluation of Au-MES NCs

The size of Au-MES NCs was measured using atomic force microscopy and scanning
transmission electron microscopy. The size of Au-MES NPs measured with atomic force
microscope was 0.5-10 nm in height (Fig. 10 A). Meanwhile, the size of the nanoparticles

spread on holey carbon film measured with TEM was 2-6 nm in diameter (Fig. 10 B).

Fig. 10 Topography of Au-MES NPs on a mica surface (AFM image) (A) and STEM image of Au-
MES NPs on a carbon film (B).

As it was mentioned earlier, following a free electron gas model a number of gold atoms
N in small gold nanoclusters can be calculated from the PL band position (eq. 4). Accord-

ing to the calculations, Au NCs that exhibit photoluminescence at 476 nm wavelength
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consist of ~9 gold atoms and is smaller than 1 nm in diameter. Such ultrasmall nanoclus-
ters (~0.5 nm) were observed on a mica surface with atomic force microscope. However,
no such small structure were detected in case of transmission electron microscopy, possi-
bly due to too low contrast with the carbon film.

It is reported that localized surface plasmon resonance is exhibited by Au NPs larger than
3 nm in diameter [33]. The LSPR absorption band is clearly visible as a peak in the range
between 520 and 580 nm. The LSPR absorption band position shifts to longer wavelength
spectral region as the size of the NPs increases. However, even though there were larger
than 3 nm NPs in Au-MES NPs solution, the LSPR absorption band was not detected in
the absorption spectrum. This could be due to the fact that for small particles this peak is

damped due to the reduced mean free path of the electrons [33].
3.3. Photostability of Au NCs
3.3.1. Photostability of BSA-Au NCs

Photostability of BSA-Au NCs was investigated irradiating the sample solution with three
different wavelengths: 280 nm, 405 nm and 492 nm. 280 nm wavelength was chosen due
to BSA absorption at this wavelength. 405 nm — the wavelength, used in microscopy for
PL excitation of BSA-Au NCs. 492 nm irradiation wavelength was chosen to investigate
photostability of BSA-Au NCs without directly affecting PL band at 470 nm.

The investigation of BSA-Au NCs photostability showed that the photostability depends
on the wavelength of light used for irradiation of BSA-Au NCs solution with 280 nm,
405 nm and 492 nm wavelength light induced different changes in photoluminescence
spectra (Fig. 11 A-C). Changes in absorption spectra were negligible. Independent of the
irradiation wavelength PL intensity at 660 nm decreased and the maximum is shifted to
the shorter wavelength region. There are several possible causes that could explain the
decrease of the BSA-Au NCs PL intensity at 660 nm. The first one is the photo degradation
of nanoclusters. Irradiation of the BSA-Au NCs sample with 405 and 492 nm wavelength
light caused a hypsochromic shift of the emission band from 660 to 652 nm. According to
the calculations based on Eq. 2, the hypsochromic shift of the fluorescence band by 8 nm

could reflect loss of one gold atom in a cluster. Irradiation with 280 nm light causes a

30



larger hypsochromic shift (22 nm). Such a shift could be caused by loss of 3—4 gold atoms

in Au NCs.
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Fig. 11 Photoluminescence spectra of the BSA-Au NCs in aqueous solutions after irradiation with
280 nm (A), 405 nm (B), 492 nm (C) light and photoluminescence spectrum of BSA after irradiation
with 280 nm light (D). PL emission spectra were obtained under the excitation at 405 nm. Arrows

indicate spectral changes as the irradiation dose increases.
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It is known that Au NCs composed of a specific number of gold atoms show high stability.
These numbers are called “magic numbers”. The closest magic number to 29 is 25. There-
fore, it is likely that during irradiation Au NCs degrade and more stable Au NCs composed
of 25 atoms are formed, which causes a hypsochromic shift of the PL band. Another pos-
sible explanation for the PL intensity decrease and hypsochromic shift would be the dete-
rioration of a nanoparticle coating layer. It was shown that the enzymatically generated
H>0, and enzymatic proteolysis induces degradation of BSA-Au NCs corona and causes
a hypsochromic shift and the decrease of PL intensity [35, 43]. The degradation of a na-
noparticle coating usually leads to a decrease in PL intensity [44, 45]. These two processes
(nanocluster deterioration and coating degradation) can take place simultaneously and re-
sult in a hypsochromic shift of the PL band and intensity decrease under irradiation. Irra-
diating the samples with 492 nm all the energy is absorbed only by Au NCs as BSA has
an absorption band at 280 nm, therefore, direct photo degradation of BSA is impossible.
However, other authors have showed that under UV/Vis irradiation Au NCs can generate
free radicals [46, 47] or singlet oxygen [48] which could lead to indirect degradation of
BSA.

Irradiation of BSA-Au NCs at 280 nm leads to a much faster PL intensity decrease and a
much bigger hypsochromic shift of the PL band (compared to irradiation at 492 nm).
280 nm wavelength light is strongly absorbed by both the Au NCs and the BSA coating.
In this case photo degradation of Au NCs as well as of an Au NCs coating layer (BSA)
can occur. Irradiation of the BSA solution with 280 nm light causes a decrease of the BSA
PL band at 338 nm (data not shown). This indicates that the irradiation of BSA with
280 nm light causes photodegradation or conformational changes of BSA. Degradation of
the Au NCs surface coating (BSA) makes Au NCs less protected from solvent (water)
molecules and relaxation via surface defects can increase. This suggests that the degrada-
tion of BSA strongly influences the PL properties of BSA-Au NCs. The effect of irradia-
tion on the PL band at 470 nm was completely different when compared to the PL changes
of the PL band at 660 nm. Under the irradiation of BSA-Au NCs with 405 nm light PL
intensity at 660 nm decreased by 73 % whilst at 470 nm it decreased by 54 %. Irradiation
with 492 nm light did not cause any effect on PL band at 470 nm, yet PL at 660 nm de-
creased by 80 %. Under irradiation with 280 nm light the PL intensity at 470 nm increased

more than 5 times, meanwhile PL intensity at 660 nm decreased by 71.5 %. Very similar
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results were obtained when the pure BSA solution was irradiated with 280 nm light
(Fig. 11 D): the PL intensity at 470 nm increased 10 times during irradiation. This shows
that the PL band at 470 nm is not related to the Au NCs PL but it corresponds to the photo
transformation of BSA. Irradiation of the pure BSA solution under identical conditions
causes a bigger increase in the PL intensity at 470 nm compared to the BSA-Au NCs
solution. This can be explained in two ways: 1) some of irradiation light is absorbed by Au
NCs and does not induce any BSA damage; i1) the excited state of BSA can be quenched
by Au NCs. Both of these processes reduce the photo transformation of BSA.

BSA does not absorb 405 nm light, therefore, photo transformation of BSA was not de-
tected when the samples were irradiated using 405 nm light. However, 405 nm light is
absorbed by BSA photoproduct (PL Amax = 470 nm) and could be related to their photo
degradation. This leads to a decrease of the PL intensity of the PL band at 470 nm. The
irradiation at 492 nm does not induce any changes in the PL band at 470 nm because BSA

and BSA photoproduct do not absorb light of this wavelength.
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Fig. 12 Dependence of normalized PL intensity of BSA-Au NCs at 660 nm on relative accumulated
irradiation dose (Aex = 405 nm). Relative accumulated irradiation dose refers to a dose divided by

absorbance of BSA-Au NCs at wavelength used for irradiation.

The irradiation of BSA-Au NCs in the Opti-MEM showed that the BSA-Au NCs exhibit
greater photostability in this cell culture medium (Fig. 12). The increased photostability
of BSA-Au NCs in the Opti-MEM might be caused by the formation of an additional
coating layer of BSA-Au NCs. The Opti-MEM medium contains proteins and amino acids.
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It was shown that proteins can increase the quantum yield and stability of nanoparticles

by the formation of “protein corona” around nanoparticles [44].
3.3.2. Photostability of Au-MES NCs

Under irradiation at around the maximum of photoluminescence excitation band of Au-
MES NCs (Air = 402 nm) slight decrease of absorbance of Au-MES NPs in 250-550 nm
spectral region was detected (Fig. 13) as accumulated irradiation dose increased. Absorp-
tion difference spectra revealed several distinct bleaching absorption bands with maxima
at 290, 330, 366, 420 and 470 nm. Bleaching absorption bands at 290, 330, 366 and 470 nm
corresponded to the bands in the absorption spectrum of Au-MES NPs. However, no cor-
relation in intensity of the absorption bands and the bleaching bands under irradiation with
402 nm wavelength light was observed. In addition, bleaching absorption band at 420 nm
was indistinguishable in absorption spectrum and correlated with the main photolumines-
cence excitation band of Au-MES NCs. Simultaneously, decrease of intensity of PL band
(Aex = 405 nm) with a maximum at 476 nm and hypsochromic PL band shift by 47 nm
resulting in formation of a new PL band with a maximum at 430 nm was observed
(Fig. 13 B). No PL band shift and only decrease in PL intensity at 476 nm was observed

as 420 nm excitation wavelength was used (Fig. 13 C).
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Fig. 13 Spectral changes of Au-MES NPs at Air» = 402 nm as accumulated irradiation dose increases.
Changes of absorption spectrum (top) and absorption difference spectra (bottom) (A), PL excitation
spectrum (Aem =476 nm) (dashed curve). Changes of PL spectrum (Aex=405 nm) (B). Photobleaching

of PL spectrum (Aex = 420 nm) (C). Arrows represent changes in absorbance and PL intensity.

35



0.6 [ f---ig-+--\\ -+ -+~ - {Accumulated irr. dose:| 300
o it D= 0 Jiom? .

0.5 1 D,=63uem®  |290 5

0.4 D,=189Jcm” |200
I D, = 31,5,1 Jicm’

03L47 D, = 63 Jlem’ 150

AAAAAAAAAAAA _ 2

0.2 D, = 101 Jom

0.1

0.0

......................................

0.00 R e o
-0.05F -\ TS

010} PO -
i i i i i i i i i i i
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

A Opt.d.(a.u.) Optical density (o.d.u.)

B s s Accumulated irr. dose:
~~ 200}-: ] =0 Jicm®
S L D —63J/cm
® L D = 18,9 Jlcm®
S G : | Dy=3151 Jom?
= 120 | i D =63 J/cm
2 I A D, = 101 Jiom’
o) : :
e % RENN A N
— o NN
o 40 RN i * N

0 _"i-_T--T__-I"_T"T"i-"ll"_i_"i' ------ f'"n"""f"-l

250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 14 Changes of absorption spectrum (top) and absorption difference spectra (bottom) of
Au-MES NPs at L. =330 nm as accumulated irradiation dose increases (A), PL excitation spectrum
(Aem = 476 nm) (dashed curve). Changes of PL spectrum (Aex = 405 nm) (B). Arrows represent

changes in absorbance and PL intensity.

Irradiating Au-MES NPs solution with near-UV light at 330 nm, the most intensive de-
crease of absorbance was detected at around 300 nm and 470 nm (Fig. 14). At the same
time increase of PL (Aex = 405 nm) intensity was observed, peak position remained intact.
Under irradiation of Au-MES NPs colloidal solution with 366 nm wavelength light the
most intensive decrease in absorbance was observed at around 330 and 470 nm wave-
lengths (Fig. 15 A). Distinct photobleaching bands were observed in absorption difference
spectra at these wavelengths. PL changes (Fig. 15 B-C) were similar as in case of irradia-

tion with 402 nm wavelength light.

36



A 060t i Wit i |Accumulated irr. dose:| 300
“ D,=0Jem’ =
0.5 | p,=101Jem® |250 =
041]- N D, =227 Jlem” |900 ~—

D, =35,3 J/cm
D, = 60,5 J/cm
D¢ =98,3 J/cm

0.3}/
02/
0.1}
0.0[
0.00

2
2
2
2
2

150

i =S
o O
o

PL intensity

o

-0.021-\Y

40,04 -

A Opt.d.(a.u.) Optical density (0.d.u.)

S e e s G W s G W
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

B ..... ; L ..... 150 Accumulated irr. dose:
~~ 200} 4| D,=0Jlcm’
= D, = 10,1 Jicm’
L 160 bl | D,=22,7 Jem’
> sleimases [, =883 Vem®
‘@ 120 - TUAN| De=605dem’
(o= Lo i : 2
oy : D, = 98,3 J/cm
A R 7 N\ B
1 :
N 00 0\
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)
C , : e - Accumulated irr. dose:
—~ 200}--: ' : ‘ : D, =0 Jicm’
L D, = 10,1 Jicm”
S 160} AN Dy =22,7 Jiem?
> i ANl D, =35,3 Jlem”
R A S o A S e e |  Ds=60,5Jcm’
5 s goser S | D;=983Jcm’
E oo TANT T
T A0

250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 15 Spectral changes of Au-MES NPs at A =366 nm as accumulated irradiation dose increases.
Changes of absorption spectrum (top) and absorption difference spectra (bottom) (A), PL excitation
spectrum (Aem =476 nm) (dashed curve). Changes of PL spectrum (Aex = 405 nm) (B). Photobleaching

of PL spectrum (Aex = 420 nm) (C). Arrows represent changes in absorbance and PL intensity.
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Irradiating colloidal solution of Au-MES NPs with 470 nm wavelength light no changes
in absorption and PL spectra were observed even when the maximum irradiation dose of
~100 J/cm? was accumulated (data not shown).

Discrepant changes in absorption difference spectra under irradiation at different wave-
lengths (Fig. 16) suggests that the absorption spectrum of Au-MES NPs is a superposition
of the absorption of photoluminescent Au-MES NCs and of the minimum two different

fractions of non-luminescent Au-MES NPs.
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Fig. 16 Inverted normalized absorption spectrum of Au-MES NPs (dark blue) and normalized ab-
sorption difference spectra of Au-MES NPs under irradiation at 330 nm (blue) and at 366 nm (cyan).

The appearance of the bleaching band at 420 nm in the absorption difference spectrum
(Fig. 13 A) that coincides with the maximum of the PL excitation spectrum and the sim-
ultaneous decrease of PL intensity at 476 nm (Fig. 13 B-C) revealed that photoluminescent
Au-MES NCs were irradiation-disrupted. However, a hypsochromic shift of the PL band
position and the appearance of the new PL band at 430 nm suggested that under irradiation
with 402 nm wavelength light a new type of photoluminescent NCs with a PL peak at the
430 nm wavelength were formed (Fig. 13 B). Following a free electron gas model it was
calculated that Au-MES NCs exhibiting PL at 476 nm consist of ~9 gold atoms. As the PL
band maximum has shifted to 430 nm wavelength, the number of gold atoms must have
decreased to 7.

Irradiating the sample solution at Aix=330 nm decrease of absorbance at around 300 nm
occurred simultaneously with the increase in PL intensity at 476 nm (Fig. 14) indicating
disruption of bigger non-luminescent Au-MES NPs and formation of photoluminescent
NCs from their remains. Since PL intensity in PL excitation spectrum at 330 nm is negli-

gible, irradiation at 330 nm did not directly affect photoluminescent Au-MES NCs.
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There are no results in the literature showing that low-intensity light would reduce the size
of photoluminescent gold nanoclusters, though decrease of PL intensity has been reported
for dimethylformamide (DMF)-, trypsin- and dihydrolipoic acid (DHLA)- stabilized gold
nanoclusters under irradiation with near-UV light [23-25]. However, irradiation of photo-
luminescent semiconductor QDs with UV/VIS light is well known to affect PL quantum
yield [49-51] and induce continuous hypsochromic [49, 50] or bathochromic [51] shift of
PL band indicating photo etching and aggregation of QDs respectively. However, discrete
spectral shift of Au-MES NCs suggesting a molecule-like behaviour complicates compar-
ison of photoluminescent Au NCs with semiconductor QDs that undergoes continuous
shift of PL band under irradiation with UV/VIS light.

Low-power irradiation (20 mW) used in our experiments could not induce high energy
related processes such as ablation of solid materials producing nanoclusters that can be
achieved using high-energy pulsed-lasers. However, it has been shown that low-power
irradiation with UV light can induce formation of gold nanoparticles from chloroauric
acid. Irradiation of gold nanoparticles (17-23 nm in diameter) with low-power UV light
can as well induce generation of one or a few reactive oxygen species (ROS) such as hy-
droxyl radicals (*OH), singlet oxygen ('O2), superoxide radicals (O2™) [47, 52]. Despite
the fact that Zhang and his colleagues have shown that under UV exposure of gold nano-
particles (17-23 nm in size) no gold ions were detected [52], upon irradiation with
402 nm (as with 366 nm) wavelength light size of photoluminescent gold nanoclusters
(< I nm in diameter) decreased, irradiation at 330 nm disrupted non-luminescent NPs
(< 10 nm in diameter). The greater effects on Au-MES NPs such as disruption and decrease
in size could have appeared due to increased ROS generation as under irradiation with
X-ray, smaller gold nanoparticles generate more ROS than bigger nanoparticles due to

increased surface area to volume ratio [47].
3.4. Accumulation of Au NCs in live cancer cells

To investigate internalization of BSA-Au NCs and BSA in MCF-7 and MDA-MB-231
breast cancer cells the cells were incubated with BSA-Au NCs (56 mg/mL) and with
BSA-Alexa 488 conjugate (0,01 mg/mL) respectively. After 24 hours of incubation
BSA-Au NCs were observed accumulated in vesicles inside MCF-7 cancer

cells (Fig. 17 a12).
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Fig. 17 Accumulation of photoluminescent BSA-Au NCs (Ax=488 nm) and BSA-Alexa conjugate
(hex=488 nm) in MCF-7 and MDA-MB-231 cells after 24 h of incubation, nuclei stained with Hoechst
33258 (hex=405 nm). Scale bar is 30 pm

No fluorescence at this spectral region was observed in the nuclei of the cells. BSA-Au
NCs did not accumulate uniformly, flow cytometry data showed that only 73.5% of the
MCF-T7 cells had internalized BSA-Au NCs after 24 hours of incubation (71.3% after 3 h



and 6 h of incubation respectively) (Fig. 18 A). For comparison, after 24 hours of incuba-
tion the vesicles containing fluorescent BSA-Alexa 488 conjugate were observed in all of
MCEF-7 cells (Fig. 17 b1,2).

Flow cytometry data confirmed that 100 % of the cells had internalized fluorescent BSA-
Alexa 488 conjugate after 24 hours of incubation (96.6 % and 99.5 % after 3 h and 6 h of
incubation respectively) (Fig. 18 A). Accumulation of photoluminescent BSA-Au NCs
(Aex=488 nm) and BSA-Alexa conjugate (Aex = 488 nm) in MDA-MB-231 cells was very
similar (Fig. 17 c12, di2). After 3, 6 and 24 hours of incubation 68.8 %, 70.0 % and 74.6 %
of cells had internalized BSA-Au NCs. For comparison, 89.4 %, 99 % and 100 % of MDA-
MB-231 cancer cells had internalized BSA-Alexa 488 conjugate after 3, 6 and 24 hours of
incubation respectively (Fig. 17 A). Mean photoluminescence intensity (MPI) values of
BSA-Au NCs and BSA-Alexa conjugate per cell were also analyzed. The results have
shown that MPI of the internalized BSA-Au NCs per cell does not increase over time in
comparison with MPI after 3h of incubation in both MCF-7 and MDA-MB-231 cells
(Fig. 18 B). On the contrary, MPI of the BSA-Alexa conjugate per cell after 6 and 24 h of
incubation increased respectively 1.5 and 3.9 times in comparison with MPI after 3 h of
incubation in MCF-7 cells. The difference was even higher for MDA-MB-231 cancer cells
— the MPI of the BSA-Alexa conjugate per cell increased over time 1.9 and 7.3 times after
6 and 24 h of incubation respectively.

One of the reasons of significant differences in accumulation of BSA-Au NCs and BSA-
Alexa conjugate measured using flow cytometry could be due to the modification of the
secondary structure of the BSA after labelling [37], as previously it was shown that the
size of BSA-Au NCs increased by approximately 2.5 nm compared to pure BSA. How-
ever, both BSA-Au NCs and BSA-Alexa conjugates were observed accumulated in vesi-
cles at the perinuclear region (Fig. 17) indicating endocytotic uptake mechanism. Many
authors have shown that BSA accumulates in cells via clathrin-mediated endocytosis

and/or macropinocytosis [53-55].
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Fig. 18 Accumulation of photoluminescent BSA-Au NCs and BSA-Alexa conjugate in MCF-7 and
MDA-MB-231 cells after 3, 6 and 24 h of incubation. Percentage of the cells that have accumulated
BSA-Au NCs and BSA-Alexa conjugate (A); mean PL intensity (MPI) of BSA-Au NCs and
BSA-Alexa conjugate per cell (B). Control represents autofluorescence of non-treated cells. Error
bars show the standard deviations. * show significant differences between accumulation of

BSA-Alexa 488 and BSA-Au NCs (p < 0.05); * show significant differences between the MCF-7 and

MDA-MB-231 cell lines (p < 0.05)
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Accumulation of photoluminescent Au-MES NCs was very different from accumulation
of BSA-Au NCs. After 3 hours of incubation with Au-MES NCs solution MCF-7 cells
exhibited homogeneously distributed green photoluminescence (Aex = 405 nm) in
450-500 nm spectral region that was not observed in control group, only a few non-viable
cells were stained with propidium iodide (Fig. 19). After 6 hours of incubation the PL
intensity inside the cells was higher, however, more of the cells were stained with propid-
ium iodide indicating increased cytotoxic effect. After 24 hours of incubation the photo-
luminescence intensity increased even more, however, the propidium iodide staining re-
vealed that almost all of the MCF-7 cells were non-viable. Simultaneous decrease of total

number of the cells showed high cytotoxicity of Au-MES NCs solution.

Photoluminescence

PL overlay with

Au-MES NCs Pl transmission

Fig. 19 Accumulation of photoluminescent Au-MES NCs (A= 405 nm) in MCF-7 breast cancer cells
after 3, 6 and 24 h of incubation (green photoluminescence). Red fluorescence represents propidium
iodide stained non-viable cells (A.x= 488 nm). Yellow colour in the merged pictures presents overlap

of photoluminescence of Au-MES NCs and fluorescence of propidium iodide. Scale bar is 15 pm

Accumulation of photoluminescent Au-MES NCs in MDA-MB-231 cells was very similar
(Fig. 20 c12) the PL was distributed homogeneously throughout the whole cell volume
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including cell nucleus while both BSA-Alexa 488 conjugate and photoluminescent BSA-
Au NCs were accumulated in vesicles at the perinuclear region (Fig. 20 a2, bi2).

It is known that some small, hydrophilic organic molecules, like sugars, can pass through
the cell membrane by facilitated diffusion. There are several reports showing that gold
nanoparticles, smaller than 1.4 nm in diameter can also pass through the cell membrane
and even through nuclear membrane diffusely [56]. Previously it was calculated that syn-
thesized photoluminescent Au-MES NCs consist of ~9-10 gold atoms showing that the
size of the nanoclusters should be below 0.5 nm in diameter. Therefore, the small size of
Au-MES NCs allows them to pass through the cell membrane and even through nuclear

membrane diffusely.

BSA-Au NCs BSA-Alexa 488 Au-MES NCs

Fig. 20 Accumulation of photoluminescent BSA-Au NCs (A.x= 488 nm), BSA-Alexa 488 conjugate
(Lex= 488 nm) and photoluminescent Au-MES NCs in MDA-MB-231 cells. Cells were incubated with
BSA-Au NCs and BSA-Alexa 488 conjugate for 24 h, with Au-MES NCs — for 6 h. In a;; and b,
nuclei were stained with Hoechst 33258 (A.x= 405 nm). Scale bar is 25 pm

3.5. Cytotoxicity of Au NCs

To investigate the cytotoxicity of BSA-Au NCs and Au-MES NCs, cell viability upon
exposure to these Au NCs were examined using ADAM-MC Automatic Cell Counter. As

it is presented in Fig. 21, cytotoxicity results showed no significant statistical difference

of influence of BSA-Au NCs on viability of MCF-7 and MDA-MB-231 cells after
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24 hours of incubation. Incubation with BSA solution also did not affect cell viability.
Cytotoxicity assessments by other authors found BSA-Au NCs to be non-toxic to several
other cell lines [57-60]. In contrast, 24 hours incubation time was lethal in case of incu-
bation with Au-MES NCs — cell viability of only 13.8 % and 19.5 % was calculated for
MCF-7 and MDA-MB-231 cells respectively (Fig. 21). However, at shorter incubation
times Au-MES NCs exhibited lower cytotoxicity: after 3 hours of incubation with Au-
MES NCs cell viability of MCF-7 and MDA-MB-231 cells was 78.1 % and 93.1 % re-
spectively, after 6 h of incubation - 50.9 % and 80.7 %. The cytotoxic effect of MES
solution (1 M, pH 6.3) after 24 hours of incubation was quite low, the cell viability of
MCF-7 and MDA-MB-231 cells decreased to 86.1 % and 93.6 % respectively.
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Fig. 21 Cell viability of MCF-7 and MDA-MB-231 cells incubated with BSA-Au NCs, BSA, Au-MES
NCs and MES solutions. Error bars show the standard deviations. * Show significant differences
compared to the non-treated cells (p < 0.05); * show significant differences between the MCF-7 and
MDA-MB-231 cell lines (p < 0.05)

There are quite a few reports showing that smaller nanoparticles exhibit higher toxicity
[61-63]. Other components of the synthesis such as MES have shown low toxicity in high
doses (Fig. 21), HAuCl4 has also been reported to be not toxic in low doses [64]. However,
it is difficult to evaluate the cytotoxicity of photoluminescent Au-MES NCs alone, as it is
known that during the synthesis larger, up to 10 nm in size, non-luminescent, yet non-

plasmonic nanoparticles are formed.
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3.6. ROS generation of Au NCs in cancer cells

In order to determine whether generation of reactive oxygen species (ROS) caused by
interaction of cells with Au-MES NCs plays a role in cell death induction, we used a flow
cytometry assay to detect ROS in live cells. In this study cells were treated with Au-MES
NCs and BSA-Au NCs with following incubation with CellROX Green fluorescent ROS
dye. Cells treated with 400 pug/mL of TBHP and CellROX Green were taken as positive
control, and cells treated only with fluorescent ROS dye represent negative control. The
results showed that treatment with Au-MES NCs significantly increased intracellular ROS
production (Fig. 7). After 3 and 6 hours of treatment ROS generation in MDA-MB-231
cancer cells has increased by 36.5 and 75.6 % respectively in comparison with negative
control. The effect on MCF-7 cancer cells was even higher — after 3 and 6 hours of treat-
ment with Au-MES NCs ROS generation has increased by 64.7 % and 118.2 % respec-
tively in comparison with negative control. Incubation with MES solution (0.25 M) for
24 hours induced increase in ROS production by 68.7 % and 89.2 % in MDA-MB-231
and MCF-7 cells respectively. ROS production in the MDA-MB-231 cells treated with
BSA-Au NCs for 24 hours was not significantly different from the negative control, how-
ever, in MCF-7 cells ROS generation has increased by 40.1 % in comparison with the
negative control. Similar results were obtained as the cells were incubated with BSA so-
lution — ROS generation increased by 19.8 % in MDA-MB-231, yet was not significantly
different from negative control, meanwhile in MCF-7 cells ROS generation increased

by 46.2 %.
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Fig. 22 ROS generation in MCF-7 and MDA-MB-231 cancer cells after treatment with BSA-Au NCs,
Au-MES NCs, BSA and MES. The data normalized according to the ROS generation of the non-
treated cells (Control). Error bars show the standard deviations. * Show significant differences com-
pared to the non-treated cells (p < 0.05); * show significant differences between the MCF-7 and MDA-
MB-231 cell lines (p < 0.05)

Only negligible increase in intracellular ROS generation induced by treatment with pro-
tein-encapsulated Au NCs have been reported by other authors [59] showing that proteins
serve as remarkable coating in terms of biocompatibility. On the contrary, presumably due
to ultrasmall size leading to a more widespread intracellular distribution including cell
nuclei, Au-MES NCs were found more biologically reactive than BSA-Au NCs. Such ex-
posure increased the possibility of Au-MES NCs interaction with vital cell components,
including cell DNA, therefore, the toxicity (Fig. 21) along with generation of ROS
(Fig. 22) has increased greatly over time. The generation of ROS induced by nanomaterials
can contribute to number of biological stress responses and impair basic cellular functions
leading to cell cycle arrest or even apoptosis [65, 66].

The cytotoxic effect of Au-MES NCs was more significant on MCF-7 cells than on MDA -
MB-231 cells, along with higher intracellular ROS generation, showing that MDA-MB-
231 cells are more resistant to treatment and exhibit properties of cancer stem-like cells

[67, 68].
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4.

CONCLUSIONS

Synthesized BSA-encapsulated Au NCs were composed of 29 gold atoms on average
and exhibited photoluminescence in spectral region of tissue optical window at
600-700 nm, therefore, they could be used for cancer fluorescence imaging. Mean-
while, photoluminescent Au-MES NCs were composed of 9 gold atoms on average
and exhibited photoluminescence in blue spectral region, therefore could be applicable
for in vitro imaging.

Photoluminescent BSA-Au NCs are not stable under irradiation with UV/blue light.
The shift of the photoluminescence spectrum to the shorter wavelength region shows
irradiation-wavelength dependent degradation of Au NCs. Under irradiation with
405 nm wavelength light, gold nanocluster loses 1-2 gold atoms, while under irradia-
tion with 280 nm, 3-4 atoms are lost.

Photoluminescent Au-MES NCs are not stable under irradiation with UV/blue light.
Under irradiation with 405 nm wavelength light Au-MES NCs, exhibiting photolumi-
nescence at 476 nm degrade and smaller photoluminescent Au-MES NCs
(Aem= 430 nm) are formed.

Photoluminescent Au-MES NCs distributed diffusely in MCF-7 and MDA-MB-231
cells including cell nuclei possibly due to ultrasmall size. This led to increased cyto-
toxicity and intracellular generation of reactive oxygen species in cancer cells. There-
fore, Au-MES NCs are not suitable for cancer fluorescence imaging.
Photoluminescent BSA-Au NCs accumulated in vesicles at the perinuclear region in
MCF-7 and MDA-MB-231 cells and did not induce significant cytotoxic effect, there-

fore after further investigations in vivo, could be used for cancer fluorescence imaging.
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5. SANTRAUKA (Summary in Lithuanian)
Ivadas

Onkologiniai susirgimai — daZzniausia mirties priezastis ekonomiskai i§sivysciusiose Salyse
bei pasauliniu mastu. Pasaulinés sveikatos organizacijos (angl. World Health Organiza-
tion) statistikos duomenimis, 2012 metais pasaulyje diagnozuota ~14 min. naujy véziniy
susirgimy atvejy. Prognozuojama, kad per artimiausius dvideSimt mety $is skaicius iSaugs
dar 70 % — t.y. kasmet bus diagnozuojama ~25 mln. naujy atvejy [1]. Maz¢jant vidutiniam
onkologiniy pacienty amziui, stipriai iSauga véziniy susirgimy keliama ekonominé nasta
valstybéms. Siekiant padidinti pacienty iSgyvenamumo rodiklius bei pagerinti jy gyve-
nimo kokybe biitina tobulinti ankstyvos diagnostikos metodus ir ieSkoti efektyvesniy te-
rapijos budy.

Viena 1§ geriausiai vertinamy ateities biomedicinos technologijy, nanomedicina, pasitelkia
itin mazo dydzio ir unikaliy savybiy nanodaleles ankstyvy stadijy onkologiniy susirgimy
diagnostikai bei terapijai. Mazo dydzio, biosuderinamos, fotostabilumu bei unikaliomis
optinémis ir magnetinémis savybémis pasizymincios nanodalelés yra potencialiis kontras-
tiniai zymenys, vaisty neSikliai bei terapinés medziagos biomedicinoje [2, 3]. Pastaruoju
metu dél mazo toksiSkumo bei palyginti lengvai modifikuojamo pavirsiaus sudarant jung-
tis su antiktinais, biozymenimis bei funkcinémis molekulémis ypa¢ daug démesio susi-
laukeé tauriyjy metaly (aukso, sidabro) nanodalelés [4]. Aukso nanodalelés gali buti taiko-
mos kaip rentgenografiniai Zymenys diagnostikoje bei vaizdinime, kaip termo-pazaidas
sukeliancios medZiagos onkologiniy ligy termoterapijoje [2, 5].

Fotoliuminescuojantys molekuliniai aukso ir sidabro nanoklasteriai — nauja klasé koloidi-
niy fotoliuminescuojanciy nanodariniy [6], ypa¢ patraukliy biomedicininei terapijai ir
diagnostikai bei biologiniams tyrimams [18, 19].

Biomedicininés diagnostikos ir terapijos srityje ypac svarbios nanodaleliy optinés bei erd-
vinés savybeés, sgveika su gyvu organizmu — nuo to priklauso nanodaleliy kaip diagnosti-
niy ir terapiniy medziagy efektyvumas bei pritaikymo biomedicingje praktikoje galimy-
bés.

Visgi, nepaisant didelés pazangos Au nanodaleliy sintezés srityje, molekuliniy fotoliumi-
nescuojanciy Au nanoklasteriy fotostabilumas bei sgveikos su lgstelémis mechanizmai
néra iS§samiai iStirti.
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Darbo tikslas ir uzdaviniai

Darbo tikslas:

Istirti fotoliuminescuojanéiy Au-MES bei Au-JSA nanoklasteriy pritaikymo galimybes

fluorescencinei vézio diagnostikai.
Uzdaviniai:

1. Istirti Au-MES bei Au-JSA nanoklasteriy struktiirg bei spektrines savybes.

2. Istirti Au-MES bei Au-JSA nanoklasteriy stabiluma Svitinant UV/Vis spinduliuote.

3. Palyginti Au-MES bei Au-JSA nanoklasteriy susikaupimg kriities vézinése laste-
lése.

4. Palyginti Au-MES bei Au-JSA nanoklasteriy poveikj kruties véziniy Igsteliy gyvy-
bingumui.

5. Palyginti Au-MES bei Au-JSA nanoklasteriy poveikj kriities véziniy lasteliy reak-

tyviy deguonies formy generacijai.
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Aktualumas ir naujumas

Kasmet sparciai augantis naujy onkologiniy susirgimy skaicius tiek Lietuvoje, tiek visame
pasaulyje skatina jvairiy sri¢iy mokslininkus susivienyti bendram tikslui: ieSkoma naujy
efektyvesniy ankstyvos onkologiniy ligy diagnostikos priemoniy.

Vis daugiau biomedicinos diagnostikos technologijy pasitelkia optine diagnostika. Opti-
nés diagnostikos technologijos placiai taitkomos biomedicinoje atliekant tyrimus spektros-
kopiniais, tekmeés citometrijos, klinikinés chemijos, imunologiniais metodais bei naudo-
jant jvairius biojutiklius, ir netgi chirurgijoje [7-11]. Tokiy technologijy pagrindas — fluo-
rescenciniai Zymenys.

Mazos molekulinés masés fluorescuojancios organinés molekulés buvo pirmieji ir placiau-
siai fluorescencingje diagnostikoje taikomi Zymenys. Jie pasizymi dideliu kvantiniu na-
Sumu bei yra lengvai konjuguojami su specifinémis molekulémis, taip pat — pigus [12].
Visgi, nors organiniai fluorescenciniai Zymenys vis dar placiai naudojami biomolekuléms
vaizdinti, jy taikymg audiniy vaizdinimui iz vivo ir tolimesniuose klinikiniuose tyrimuose
riboja prastas fotostabilumas [13, 14].

Fotostabilumas — vienas pagrindiniy kokybiniy fluorescenciniy Zymeny parametry, ka-
dangi UV/Vis spinduliuoté yra naudojama suzadinti zymeny fluorescencijai. Net ir mazo
intensyvumo nuolatiné¢ spinduliuoté gali turéti jtakos fluorescencijos blyskimui
(angl. photo-bleaching) bei fluorescencinio Zymens irimui (angl. photo-degradation), o
pastarasis gali turéti lemiamos jtakos fluorescuojanciy zymeny toksiSkumui. IeSkant
naujy, geresnémis optinémis savybémis pasizyminciy fluorescenciniy Zymeny, moksli-
ninky ir mediky démesys nukrypo i pastaraji deSimtmetj itin sparciai besivystanc¢ias nano-
technologijas. Itin maZo dydZio ir unikaliomis savybémis pasizymincios nanodalelés ski-
nasi kelig j biomedicing [2, 15]. Jau kurj laikg intensyviai tyrin¢jamos fotoliuminescuo-
jancios puslaidininkinés nanodalelés — kvantiniai taskai — fotoliuminescencijos kvantiniu
naSumu neatsilieka, o fotostabilumu Zenkliai lenkia organinius fluorescencinius Zymenis
[16], taciau Sios puslaidininkinés nanodalelés yra sudarytos i$ toksiniy cheminiy elementy,
o dé¢l stabilizuojanciy sluoksniy bei sgveikos su kraujo plazmos baltymais iSauges nano-
daleliy dydis apsunkina jy pasiSalinimg i§ organizmo per inksty kanalus [17]. Todeél anks-
tyvaisiais 2000 metais susintetinus pirmuosius vandenyje tirpius fotoliuminescuojancius

tauriyjy metaly nanoklasterius [6], visy mokslininky démesys nukrypo i juos.
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Fotoliuminescuojantys, j molekuliy panaSiomis savybémis pasizymintys aukso ir sidabro
nanoklasteriai yra nauja klasé¢ koloidiniy fotoliuminescuojanc¢iy nanodariniy, ypac pat-
raukliy medicininei terapijai ir diagnostikai bei biologiniams tyrimams [18, 19]. Efekty-
viam fotoliuminescuojanciy Au NK taikymui fluorescenciniam vaizdinimui labai svarbus
Ju optiniy savybiy stabilumas. Fotoliuminescuojantys Au NK daZznai minimi kaip nanoda-
riniai, pasizymintys dideliu stabilumu, taciau duomeny apie Au NK fotostabilumg néra
daug [20-25]. Literatiiroje yra parodyta, jog fotoliuminescuojantys Au NK gali pasizymeéti
fotostabilumu, juos Svitinant UV/Vis spinduliuote [20-22], taCiau yra duomeny ir apie Au
NK, kurie, veikiami UV/Vis spinduliuote, blyksta [23-25]. Visgi dauguma autoriy, pateik-
dami fotostabilumo tyrimy duomenys, pateikia tik FL intensyvuma, nenagrinédami
spektro formos poky¢iy, taip iSvengdami diskusijy dél Sviesos poveikio nanoklasterio pa-
vir§iaus dangalui ar net paciam nanoklasterio dydziui, taigi Au NK fotostabilumas bei ga-
limi jo mechanizmai néra iSsamiai iStirti.

Nepaisant itin didelio susidoméjimo Au NK pritaikymu biomedicinoje, fotoliuminescuo-
janciy Au NK susikaupimas Igstelése bei poveikis jy gyvybiniams procesams néra iSsamiai
iStirtas. Literatiiros duomenys yra gana kontroversiski, rodantys, jog Au NK susikaupimas
bei pasiskirstymas Igstelése labai priklauso nuo Au NK dydzio, pavirSiaus dangalo mo-
lekuliy, kriivio ir t.t. [26, 27].

Siame darbe pirmga kartg istirtas fotoliuminescuojanéiy jaucio serumo albumino baltyme
susintetinty aukso nanoklasteriy bei 2-(N-morfolino) etanesulfonine riigstimi dengty foto-
liuminescuojanciy aukso nanoklasteriy fotostabilumas, palygintas $iy fotoliuminescuojan-
¢iy aukso nanoklasteriy susikaupimas dviejose skirtingo piktybiSkumo bei invazyvumo
kriities vezio Igstelese (MCF-7 ir MDA-MB-231 lasteliy linijose), iStirtas jy poveikis $iy
lasteliy gyvybingumui bei aukso nanoklasteriy indukuota aktyviy deguonies formy gene-

racija lastelése.
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Ginamieji teiginiai

1. Atlikus aukso nanoklasteriy spektriniy charakteristiky bei erdviniy savybiy mata-
vimus bei pasitelkus laisvyjy elektrony dujy modelj nustatyta, kad fotoliuminescuo-
janc¢iy jaucio serumo albumine (JSA) susintetinty aukso nanoklasteriy skersmuo
yra ne didesnis nei 1,3 nm, ir jj sudaro vidutiniSkai 29 aukso atomai, tuo tarpu
2-(N-morfolino) etanesulfonine riigstimi (MES) dengti fotoliuminescuojantys
aukso nanoklasteriai yra ne didesni nei 0,5 nm, ir sudaryti i§ vidutiniskai 9 aukso
atomuy.

2. UV/mélynos Sviesos poveikyje kei€iasi Au-JSA NK bei Au-MES NK spektrinés
savybés, kurios rodo, kad Sviesos poveikyje fotoliuminescuojantys Au NK yra.
Au-JSA NK irimas priklauso nuo Svitinimo bangos ilgio: kai A = 405 nm, praran-
dami 1-2 aukso atomai, kai A =280 nm — 3-4 atomai; veikiant A =405 nm spindu-
liuote, Au-MES NK dydis sumazéja 1-2 atomais.

3. Fotoliuminescuojantys Au-JSA NK ir Au-MES NK kaupiasi lgstelése: maZesnio
dydzio Au-MES NK vézinése lagstelése pasiskirsto difuziskai citoplazmoje ir 1gste-
liy branduoliuose, tuo tarpu Au-JSA NK lokalizuoti piisleliy tipo dariniuose Igsteliy
citoplazmoje ir nepatenka j branduolius.

4. 24 val. inkubacija Au-JSA NK neturi jtakos véziniy lasteliy gyvybingumui, tuo
tarpu Au-MES NK pasiZzymi nuo inkubacijos trukmés priklausomu toksiskumu vé-
zinéms lasteléms.

5. Au-MES NK inkubuotose vézinése Igstelése iSauga aktyviy deguonies formy gene-
racija, tuo tarpu Au-JSA NK nesukelé aktyviy deguonies formy generacijos poky-
¢io MDA-MB-231 lastelése.
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Pagrindiniai rezultatai

Siame darbe nagringjamos fotoliuminescuojanéiy Au-JSA bei Au-MES nanoklasteriy op-
tinés ir erdvinés savybes bei biologinis suderinamumas siekiant jvertinti nanoklasteriy pri-
taikymo fluorescencinei diagnostikai biomedicinoje galimybes.

Optinés savybés ir jy stabilumas lemia, ar fluorescenciniai Zymenys yra tinkami biomedi-
ciniam vaizdinimui: ar jy susikaupimg bei pasiskirstyma lastelése ir audiniuose galima
jvertinti neinvaziniais optiniais metodais. Nuostoviosios spektroskopijos metodais iSma-
tavus susintetinty Au-JSA NK spektrines charakteristikas nustatyta, jog Au-JSA NK foto-
liuminescuoja raudonoje spektrinéje srityje 600-700 nm, ir pasizymi plac¢iu FL zadinimo
spektru (5 pav.). Tuo tarpu susintetinti Au-MES NK pasizymejo fotoliuminescencija mé-
lynoje spektrinéje srityje ties 476 nm (6 pav.).

Aukso nanoklasteriy erdvinés charakteristikos turi didelés jtakos jy susikaupimui bei pa-
siskirstymui lgstelése ir audiniuose. Palyginus ant zérucio pavirSiaus paskleisty
Au-JSA NK bei JSA atomo jégos mikroskopijos rezultatus nustatyta, jog jaucio serumo
albumine susiformave Au NK yra mazesnis nei 1,3 nm (7 pav.), o pasitelkus laisvyjy e-
lektrony dujy modelj apskaiciuota, jog Au-JSA nanoklasteriai yra sudaryti i§ vidutiniskai
29 aukso atomuy.

Atlikus nuostoviosios sugerties ir fluorescencijos matavimus nustatyta, jog Au-MES ND
koloidinis tirpalas néra homogeniskas jj sudaro fotoliuminescuojantys Au NK bei nefoto-
liuminescuojanc¢ios Au-MES ND. Tg patvirtino atomo jégos mikroskopijos bei elektrony
pralaidumo mikroskopijos matavimy rezultatai — nustatyta, jog koloidin; Au-MES ND tir-
pala sudaro 0,5-10 nm dydZio nanodalelés (10 pav.). Tuo tarpu pasitelkus laisvyjy elekt-
rony dujy modelj nustatyta, kad fotoliuminescuojantys Au-MES NK (FL Amax = 660 nm),
sudaryti i§ vidutiniSkai 9 aukso atomy.

Efektyviam fotoliuminescuojan¢iy Au NK taikymui biomedicinoje labai svarbus jy opti-
niy savybiy stabilumas veikiant Zadinanc¢ia UV/Vis spinduliuote. Atlikus fotostabilumo
tyrimus nustatyta, jog UV/mélyna spinduliuoté sukelia stiprius ir nuo $vitinimo bangos
ilgio priklausomus Au-JSA NK fotoliuminescencijos spektro pokycius (11 pav.). Apskai-
¢iuota, jog Au-JSA NK veikiant 405 nm bei 492 nm spinduliuote iSmatuotas 6-10 nm
hipsochrominis FL juostos poslinkis atitikty nanoklasterio sumaZz¢jimg vienu-dviem aukso

atomas. Tuo tarpu Svitinant Au-JSA nanoklasterius 280 nm spinduliuote nanoklasteriai
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sumazg¢ja net 3-4 atomais. Visgi galima ir kita FL juostos intensyvumo maz¢jimo bei hip-
sochrominio poslinkio priezastis Svitinant Au-JSA NK — tai nanoklasteriy pavirSiaus dan-
galo (JSA) pazeidimas.

Poveikis UV/mélyna spinduliuote sukél¢ stiprius ir nuo Svitinimo bangos ilgio priklauso-
mus poky¢ius ir Au-MES NK sugerties bei fotoliuminescencijos spektruose. Svitinant
402 nm spinduliuote maz¢jo Au-MES NK fotoliuminescencijos spektro smailés ties
476 nm (Azad. = 405 nm) intensyvumas, smailé slinkosi j trumpabange pusg, ties 430 nm
formavosi nauja FL juosta (13 pav.). Pasitelkus jau anks¢iau apraSyta laisvyjy elektrony
dujy modelj, buvo apskaiciuota, jog Svitinimo 402 nm spinduliuote metu i$ vidutiniSkai
9 aukso atomy Au-MES NK formuojasi mazesni, i§ vidutiniskai 7 aukso atomy sudaryti
nanoklasteriai.

Fotoliuminescuojanciy aukso nanoklasteriy biosuderinamumas buvo jvertintas iStyrus jy
susikaupimg bei poveikj dviejy skirtingo piktybiSkumo bei invazyvumo kriities vézio li-
nijy lasteliy (MCF-7 ir MDA-MB-231) gyvybingumui bei aktyviy deguonies formy gene-
racijai. Fluorescencinés konfokalinés mikroskopijos metodu nustatyta, jog fotoliumi-
nescuojantys Au-JSA NK, ir JSA-Alexa 488 konjugatas MDA-MB-231 bei MCF-7 laste-
lése kaupiasi puslelése, iSsidésCiusiose palei branduolj. Lasteliy branduoliuose Siy me-
dZiagy susikaupimo nebuvo pastebéta (20 pav.).

Fotoliuminescuojan¢iy Au-MES NK susikaupimas lgstelése labai skyrési nuo Au-JSA NK
susikaupimo. Po 3 ir 6 h inkubacijos su Au-MES NK abiejy linijy Iastelése pasizyméjo
visame lgsteliy turyje tolygiai pasiskirs¢iusia fotoliuminescencija, registruojama ir lastelés
branduolyje bei patenkancia j 450-500 nm spektring sritj (19 pav.). Manoma, kad difuzinj
pasiskirstymg nulémé itin mazas Au-MES NK dydis.

Rezultatai parode, jog Au-MES NK paveiktose Igstelése zymiai iSauga aktyviy deguonies
formy generacija bei sumaZzéja gyvybingumas, tuo tarpu lgsteliy inkubacija JSA bei Au-
JSA NK nesukélé poveikio Igsteliy gyvybingumui (21, 22 pav.).

Apibendrinant galima teigti, kad itin mazi, fotoliuminescencija mélynoje spektrinéje sri-
tyje pasizymintys Au-MES NK néra tinkami biologiniy objekty vaizdinimui, nes veikiant
mazo intensyvumo UV/Vis spinduliuote yra nestabilis, §ra. Mazas $iy nanoklasteriy dydis

lemia nespecifin] pasiskirstymg visame lastelés tiiryje jskaitant 1gstelés branduolj, dé¢l ko

55



galimai iSauga nanoklasteriy sgveika su gyvybiskai svarbiais lastelés komponentais, to-
kiais kaip DNR, o kartu — citotoksinis poveikis bei aktyviy deguonies formy generacija.
Tuo tarpu Au-JSA NK fotoliuminescuoja raudonoje spektrinéje srityje, kur audiniy optiné
sugertis yra maziausia (,,audiniy optinio skaidrumo langas‘), kaupiasi skirtingo invazy-
vumo vézinése lgstelése bei yra netoksiski. todel galéty biiti panaudoti fluorescenciniam
naviky vaizdinimui. Visgi veikiami UV/Vis spinduliuote Au-JSA NK néra stabilis, ilga-
laiké ekspozicija lemia nanoklasteriy spektrinius ir struktiirinius poky¢ius, todél siekiant
juos panaudoti biomedicininiam vaizdinimui reikeéty istirti jy fototoksiSkuma.

Viena 1§ Au NK spektriniy ir struktiriniy pokyc¢iy prieZas¢iy, juos veikiant UV/mélyna
spinduliuote, yra generuojamos aktyvios deguonies formos. Te¢siant tyrimus Sioje srityje
bty galima jvertinti aukso nanoklasteriy pritaikomumag ne tik fluorescencinéje diagnosti-

koje, bet ir fotosensibilizuotoje naviky terapijoje, pasitelkiancioje aktyvias deguonies for-

Vo vt
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ISvados

1. Au-JSA NK sintezés metu susiformuoja vidutiniSkai 29 aukso atomy nanoklaste-
riai, kurie pasiZymi fotoliuminescencija audiniy skaidrumo lango 600-700 nm
spektringje srityje, todél galéty biiti panaudoti navikiniy dariniy fluorescenciniam
vaizdinimui. Tuo tarpu Au-MES NK sintezés metu susiformuoja mazi, vidutiniskai
9 aukso atomy dydzio mélynoje spektringje srityje fotoliuminescuojantys nanok-
lasteriai, tinkami tyrimams in vitro.

2. UV/mélynos Sviesos poveikyje fotoliuminescuojantys Au-JSA NK yra nestabilis,
stebimas jy fotoliuminescencijos spektro poslinkis 1 trumpyjy bangy spektring sritj.
Au-JSA NK irimas priklauso nuo $vitinimo bangos ilgio: veikiant A =405 nm spin-
duliuote, prarandami 1-2 aukso atomai, kai Axic. = 280 nm, prarandami 3-4 atomai.

3. UV/mélynos §viesos poveikyje fotoliuminescuojantys Au-MES NK yra nestabilis.
Veikiant 405 nm spinduliuote, Au-MES NK, fotoliuminescuojantys ties 476 nm,
yra, 18 jy formuojasi mazesni, ties 430 nm fotoliuminescuojantys Au-MES NK, su-
daryti 1§ vidutiniSkai 7 aukso atomy.

4. Mazo dydzio, difuziskai véZiniy lgsteliy citoplazmoje ir branduoliuose pasiskirste
Au-MES NK pasizyméjo nuo inkubacijos trukmés priklausomu toksiSkumu bei i-
Saugusia aktyviy deguonies formy generacija lastelése, todél néra tinkami fluo-
rescencinés diagnostikos tyrimames.

5. Susikaupe puslelése iSsidésciusiose palei branduolj Au-JSA NK nesukélé toksinio
poveikio vézinéms lgsteléms, nors MCF-7 lgstelése 1émé 1Saugusig aktyviy deguo-
nies formy generacijg, todel atlikus tolimesnius tyrimus in vivo galéty biiti pritaikyti

fluorescenciniam naviky vaizdinimui.
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