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The aim of the investigation was to study the interaction of the gold nanorods stabilized by biocompatible agents with cancer cells.
Materials and Methods. The research was carried out on gold nanorods with extinction peak about 808 nm and 4110 nm in size. Pluronic 

F127, chitosan and polyethylene glycol (PEG) solutions were used for stabilization. Optical characteristics of the solutions were investigated 
by a double-beam spectrophotometer. A cytotoxic effect of the nanoparticles was estimated by MTT assay. The interaction of the nanorods 
with eukaryotic cells was studied by two-photon luminescence microscopy and atomic force microscopy techniques. Transmission electron 
microscopy was used to perform a semi-quantitative analysis and study intracellular distribution.

Results. Stabilization of nanoparticles by Pluronic F127, chitosan and PEG resulted in the changes of their spectral characteristics with 
broadening of extinction peak and decrease of its intensity. All studied solutions of nanoparticles had the similar level of cytotoxicity. The 
nanoparticles found in cells were in the form of separate nanoparticles, larger assemblages and aggregates, the last two fractions prevailing. 
PEG-stabilized nanoparticles (after 1–3 h) and chitosan-stabilized nanoparticles (after 6 h) penetrated into cells the most efficiently. Endocytosis 
has been shown to play the main role in the internalization of nanoparticles.

Conclusion. The obtained results may lead to better understanding of the interaction process of nanomaterials with living cells, the influence 
of the stabilizing agent nature on optical properties of nanoparticles and their cytotoxic effects. Besides, the data on the accumulation of 
nanoparticles in cells will be useful when developing imaging techniques and therapy using nanomaterials.

Key words: gold nanoparticles; Pluronic F127; chitosan; polyethylene glycol; two-photon luminescence microscopy; transmission electron 
microscopy.
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In recent years nanoparticles from various materials 
are widely used in a variety of spheres of human activity. 
In the industry they have found an application as catalytic 
components [1] and sensors [2]. Due to the ability to 
generate surface plasmon resonance and the related 
resonance absorption and scattering in a wide range of 
wavelengths in the biological “tissue optical window” [3, 
4], nanoparticles are considered as theranostic agents 
[5]. They can serve as contrast agents [6] for laser 
nanosurgery [7] and cancer treatment [8], may be used 
for efficient target drug delivery [9], and also for control of 
cell functions [10]. Among a huge set of the nanoparticles 
received today, the rod-shaped gold nanoparticles are of 
great interest.

The spectrum of gold nanorods has two plasmon 

V.V. Elagin, M.L. Bugrova, E.N. Gorshkova, E.A. Sergeeva, Е.V. Zagaynova

resonance peaks. The first peak is located near a 
resonance of spherical nanoparticles (500–560 nm) 
and generally determined by the absorption of gold. 
The second peak is related to the longitudinal size of 
nanoparticles and easily adjusted by the axial ratio in a 
long-wave spectral range from 700 to 1300 nm, i.e. in 
“tissue optical window”. Nanorods are proved to convert 
electromagnetic energy of incident light into thermal 
energy [11, 12] much better compared to nanospheres. 
The abovementioned allows considering the nanorods 
as perspective agents for laser hyperthermia.

However, nanorods are known to penetrate into cells 
worse than spherical nanoparticles. B.D. Chithrani et 
al. [13] showed that cells take up nanorods 3–5 times 
less than spherical nanoparticles of the same size. 
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Moreover, short nanorods (length-width ratio is 1:1 and 
1:3) penetrate into cells better than longer ones (1:5).

The use of the appropriate stabilizing agent may 
increase an effectiveness of the nanoparticles penetration 
into cell. The nanoparticles used in biomedical 
researches are stabilized by various biocompatible 
agents for aggregation prevention, decrease in toxicity 
and extension of the circulation time of the particles in 
the body. Most often Pluronic, chitosan and polyethylene 
glycol (PEG) are used.

Pluronic F127 is the block copolymer containing 
hydrophilic polyoxyethylene blocks and a hydrophobic 
polyoxypropylene block, with molecular weight of about 
13 kDa. In dilute solutions with concentration of polymer 
above the critical micelle concentration the pluronic 
spontaneously forms micelles 30–50 nm in diameter, 
with a hydrophobic central core and hydrophilic residues 
directed towards the external surface [14, 15]. Due to this 
property, pluronic can be used for delivery of different 
drugs in the body including anticancer drugs [16].

Chitosan is a natural polysaccharide, the product of 
partial de-acetylation of chitin. Chitosan is capable to 
enhance the penetration of substances into tissues by 
opening of the dense epithelial contacts. Chitosan is also 
considered to increase cellular and intercellular transport 
in a mucous epithelium and other tissues [17, 18].

PEG is a water-soluble polymer that is widely used 
in biological researches. It is capable to decrease 
opsonization and an immune reaction of a body to 
the external agents and may prolong the time of their 
circulation. Free chains of the polymer sterically prevent 
aggregation of the nanoparticles and therefore stabilize 
them [19].

Investigation of interaction of nanoparticles with cells 
is carried out by high-resolution microscopy techniques, 
such as atomic-force microscopy (AFM) [20, 21], 
two-photon luminescent microscopy (TPLM) [22, 23], 
transmission (TEM) and scanning electron microscopies 
[13, 24]. For the quantitative assessment, atomic emission 
spectroscopy was used [25, 26]. AFM enables to detect 
the ultrastructural changes of cytoplasm membrane 
in the process of interaction with nanoparticles. An 
essential lack of the technique is possibility of obtaining 
the information only from an object surface. TPLM allows 
images of live cells to be obtained quickly and does not 
require special preparation of the samples. However, 
this technique does not allow visualization of separate 
nanoparticles or their localization in a cell, besides, 
during image acquisition it is necessary to control the 
power of the excitation laser in order to avoid melting of 
nanoparticles. TEM, on the one hand, enables to identify 
intracellular localization of nanoparticles and perform 
a semi-quantitative analysis of their content.  On the 
other hand, it requires long time and special skills for 
the sample preparation. Atomic emission spectroscopy 
enables to identify the amount of the nanoparticles 
penetrated into cells, but requires specific preparation 

of the sample and does not give any information about 
intracellular localization of nanoparticles. According to 
the aforesaid in the study AFM, TPLM and TEM were 
used.

the aim of the investigation was to study 
the interaction of the gold nanorods stabilized by 
biocompatible agents with cancer cells.

The study solved two problems: analysis of the 
influence of the stabilizing agents on spectral properties 
of nanoparticles, and the assessment of toxic effect of 
nanoparticles and dynamics of cellular uptake by high-
resolution microscopy techniques.

Materials and Methods
Nanoparticles. The research was conducted on 

commercial gold nanorods 4110 nm in size (Fig. 1, a) 
and with an absorption maximum on 808 nm (Sigma 
Aldrich, USA) (Fig. 1, b). Concentration of nanoparticles 
was approximately 5·1011 particles/ml. Before the 
experiment the nanoparticles were washed from 
cetyltrimethylammonium bromide (CTAB) by centrifuging 
at 16 000 g within 10 min and by redispersion in Milli-Q 
water with the subsequent breaking of aggregates in an 
ultrasonic bath. This procedure was repeated 3 times, 
after that sediment of nanoparticles was re-dissolved in 
the solution of stabilizing agent. Pluronic F127 with final 
concentration in the solution of 2%, chitosan — 0.2% 
and PEG with a molecular weight 6 and 40 kDa — 3% 
were used for stabilization.

Spectral properties of the stock solution of 
nanoparticles and the solutions stabilized by the studied 
agents were analyzed by means of double-beam 
spectrophotometer Specord 250 (Analytik Jena AG, 
Germany) in the range of wavelengths of 400–1100 nm.

Cell culture. Cells of human ovary adenocarcinoma 
SKOV-3 (ATCC®, HTB-77™) were grown in culture 
dishes on RPMI-1640 medium (PanEko, Russia) with 
10% fetal serum (HyClone, the USA) at 37°C and 5% of 
CO2. 1011 nanoparticles stabilized by the studied agents 
were added in culture dishes 35 mm in diameter, the total 
volume of liquid being brought up to 2 ml culture medium. 
Cells with nanoparticles were maintained in the conditions 
of the CO2 incubator within 1, 3 and 6 h, then the cells 
were triply washed from unbounded nanoparticles by 
PBS (PanEko, Russia). The cells stored for the same 
period of time and in the same conditions but without 
gold nanoparticles added were taken as control.

Cytotoxicity assessment. The influence of gold 
nanorods on viability of cells was carried out by MTT 
assay. For this purpose, cells were seeded on 96 well 
culture plates by 30 thousand cells per a well and after 6 h 
the solutions of nanoparticles were added. Cytotoxicity 
of stock solution of the nanoparticles stabilized by CTAB 
and solutions stabilized by Pluronic F127, chitosan, and 
PEG 6 kDa and 40 kDa, respectively, was investigated. 
In a plate well 5·109 and 5·1010 nanoparticles were added 
and the total amount of the liquid was brought to 200 µl 
by a culture medium. After 24 h the cells were washed 
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by 200 µl of culture media without serum, followed by 
addition of 100 µl of the MTT-solution (0.5 mg/ml), and 
plate stored in a CO2 incubator within an hour without lid. 
After that, liquid in the wells was replaced on 100 µl of 
dimethyl sulfoxide and the optical density at 570 nm by 
means of a microplate photometer SynergyMx (BioTek, 
USA) was measured. Values of optical density were 
averaged by three wells. Cells viability was represented 
as a percentage of the control ones, not treated by 
nanoparticles.

Atomic-force microscopy. By means of the AFM 
technique, changes of a relief of cell membrane induced 
treatment by gold nanorods were studied. For the 
research, cells were grown in 35 mm culture dishes 
within 24 h. Then 1011 nanoparticles stabilized by the 
studied agents were added and the total volume of liquid 
was brought to 2 ml by a culture medium. Cells were 
incubated for 6 h in the conditions of CO2 incubator and 
then fixed by 2.5% solution of glutaraldehyde on PBS 
buffer without washing free from nanoparticles.

Cell surfaces were studied by an atomic-force 
microscope  SOLVER BIO™ (NT-MDT, Russia) using 
DNP (Veeco, USA) probes with radius of curvature 
about 50 nm, constant of rigidity of 0.58 N/m, resonant 
frequency in liquid about 40 kHz. Cantilever was placed 
on a special holder and lowered in the culture dish with 
cells located on an optical microscope. Scanning was 
processed with a speed of 0.5–1 line per second, the 
coefficient of a feed-back response being from 0.5 to 
0.9. Set Point value was maintained around 55–60% 
of the initial value of oscillation frequency depending on 
the height of the studied cells. By means of the AFM 
technique, the sizes and borders of cells and nuclei, and 
quantity of the sites projecting over a membrane surface 
were assessed. In total 10 fields of view were analyzed. 
On the images presented in the work, lateral illumination 
that allows distinguishing in more detail roughnesses on 
a surface of the studied object was applied. The light 
source was located over a surface of cells at the left.

Two-photon luminescent microscopy. The penetration 
of gold nanoparticles in cancer cells was analyzed using 
Carl Zeiss LSM 510 META (Germany) laser scanning 
microscopy equipped with a femtosecond Ti:Sa 
laser. The pulse duration was 100 fs, pulse repetition 
rate — 80 MHz. In the experiments a laser was focused 
on the object by an oil immersion objective with a 
numerical aperture of NA=1.4. Two-photon excitation 
of gold nanoparticles was carried out at 810 nm 
which corresponded to the peak of the extinction 
coefficient of the gold nanorods (See Fig. 1, b). The 
excitation power was approximately 1 mW. Non-linear 
luminescence of gold nanoparticles was registered in 
the range of 501–565 nm selected according to the 
measurement spectrum of two-photon luminescence of 
nanoparticles. For visualization of cell borders we used 
a fluorescent marker of cell membranes CellMask™ 
(Life Technologies, USA), with excitation and emission 
maxima of 649 and 666 nm, respectively. For more 
information, three-dimensional images of samples 
were recorded. It should be noted that TPLM does not 
allow detecting separate nanoparticles because of the 
size and low level of luminescence signal. However, 
when agglomerates of nanoparticles are formed 
luminescence signal enhances and is easy to record 
[27]. By means of TPLM, the ability of nanoparticles 
to penetrate into cells depending on stabilizing agents 
was estimated.

Transmission electron microscopy. For the TEM-
analysis the cells containing nanoparticles and cells 
without nanoparticles were harvested by trypsin/
versene solution, washed once by PBS and transferred 
into eppendorfs. Suspension of cells was centrifuged 
for 5 min at 200 g. Cells sediment was fixed by 2.5% 
solution of glutaraldehyde on the phosphate buffer 
(pH=7.4) for 24 h followed by additional fixation by 
1% osmium tetroxide solution for 1–2 h at +4°C. The 
samples were dehydrated in high-proof alcohol from 50 
to 100%, and finally in 100% acetone. Further the cells 

b

fig. 1. Transmission electron microscopy of the nanoparticles solution (a) and extinction spectrum of the stock solution of 
nanoparticles (b)
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were placed in the mixture of epoxide resin and pure 
acetone (1:1) for 24 h at room temperature. Then the 
samples were put into the mixture of epon-araldite for 
24 h at 37°C followed by 24 h polymerization at 60°C 
[28]. Ultrathin sections (50–70 nm) were contrasted by 
uranyl acetate and analyzed by transmission electron 
microscope Morgagni 268D (FEI, USA). Nanoparticles 
in cells were visualized in 20 fields of view of 4040 
µm. By means of the TEM nanoparticles condition, 
intracellular distribution, and quantitative assessment 
was carried out. The results are presented in the form of 
summarized quantity of the nanoparticles found in cells 
in 20 fields of view.

Endocytosis research. According to the data [29, 30] 
the main role in the penetration of nanoparticles into 
cells is played by various mechanisms of endocytosis. 
For confirmation of endocytosis participation in the 
penetration of the nanoparticles stabilized by the studied 
agents, cells with nanoparticles were incubated at +4°C 
for 3 h. Endocytosis is an energy dependent process, 
so low temperature conditions 
decrease its intensity [31]. The 
presence of nanoparticles in cells 
was confirmed by the TPLM and 
TEM. Cells incubated with the same 
quantity of nanoparticles within 3 h 
at 37°C served as control.

Statistical processing of results. 
For analysis data, Statistica 
software, 10.0 was used (StatSoft 
Inc., USA). Statistically significant 
differences between control and 
experimental samples were revealed 
by Student’s t-test for independent 
samplings. Mean rate of measured 
values and the standard deviations 

were calculated. P<0.05 was considered statistically 
significant.

results
Optical properties of nanoparticles. When 

preparing the solutions of gold nanorods stabilized by 
various agents, their optical properties were analyzed. 
Stock solution of nanoparticles had expressed peak of 
absorption at 808 nm. When washing nanoparticles of 
CTAB and stabilization by studied agents the broadening 
of absorption peak and decrease in its intensity (Fig. 2) 
was observed. It is established that stabilization by 
Pluronic F127 practically does not change spectrum of 
the nanoparticles. Stabilization by PEG 6 and 40 kDa and 
chitosan led to the broadening of the peak and decrease 
in its intensity indicating the formation of aggregates of 
nanorods.

Assessment of nanoparticles cytotoxicity. Using 
MTT assay we studied the viability of SKOV-3 cells 
treated by various concentrations of nanoparticles 
stabilized by the studied agents (Fig. 3). The diagram 
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clearly shows the level of cytotoxicity of the stock 
solution of the nanoparticles stabilized by CTAB to be 
comparable with that for other solutions. Addition of 
5·109 nanoparticles with CTAB to cells reduced their 
viability by no more than 10%, after 5·1010 nanoparticles 
added the viability decreased to 70%. The nanoparticles 
stabilized by other agents also had cytotoxic effect on cell 
culture. The addition of 5·1010 nanoparticles stabilized 
by chitosan in a plate well led to death of 55% of cells, 
whereas a smaller concentration of nanoparticles did not 
affect viability. Solution of the nanoparticles stabilized 
by Pluronic appeared to be the least toxic. The death 
of the cells did not exceed 30% if 5·1010 nanoparticles 
were added. Nanoparticles stabilized by PEG 6 kDa 
reduced viability of cells by 35% in case of addition of 
5·1010 nanoparticles. The addition of 5·109 and 5·1010 
nanoparticles stabilized by PEG 40 kDa resulted in 
death of 20 and 40% of cells, respectively. Thereby, the 
nanoparticles, stabilized by chitosan or Pluronic F127 
are the most suitable for biological studies.

Change of cell membranes. The analysis of the not 
treated (control) cells showed that they are rounded with 
a clear cell boundary on a substrate, and with a smooth 
cytoplasmic membrane (Fig. 4, a). After incubation with 
nanoparticles regardless of the type of a stabilizing 
agent, the structure of cells slightly changed. They were 
more elongated, besides, the borders of cell nuclei were 
less marked on surface. The incubation of cells with 
nanoparticles led to slight decrease in the sizes of cells 
and nuclei.

The analysis of the cells that have not been incubated 
with nanoparticles showed that on cell membranes there 
are about two sites, projected over a membrane surface. 
While the cells interactied with nanoparticles the quantity 
of such sites significantly increased, and the membrane 
invaginations appeared. The size of the sites found was 
from 100 nm to 5–6 µm (Fig. 4, b). For the nanoparticles 
stabilized by PEG 6 and 40 kDa, the maximum quantity 
of the sites was 27 and 24, respectively (Fig. 5). For 
the chitosan-stabilized nanoparticles 18 sites were 
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fig. 4. Atomic-force microscopy of SKOV-3 cells: a — control cells; b — cells after 6 h of incubation 
with nanorods, stabilized by Pluronic F127. For the fine details shading at image construction the 
side illumination was used
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revealed. The least quantity (14 sites) was observed in 
the nanoparticles stabilized by Pluronic F127.

Two-photon luminescent microscopy. TPLM 
showed that the nanoparticles stabilized by chitosan 

penetrated into cells most efficiently (Fig. 6). There 
were more luminescent objects in cells compared 
to the nanoparticles stabilized by other agents. The 
nanoparticles stabilized by PEG 40 kDa penetrated into 
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fig. 7. The condition of the nanoparticles found in cells 
(for the example nanoparticles, stabilized by Pluronic 
F127 are used): a — separate nanoparticles; b — large 
assemblages; c — aggregates. The bar size — 0.2 µm 
(a and c) and 0.5 µm (b)

cells less efficiently than chitosan stabilized particles. The 
nanoparticles stabilized by PEG 6 kDa and Pluronic F127 
penetrated worse than those stabilized by other agents. 
The least amount of luminescent objects in cells was 
recorded in these nanoparticles. All nanorod solutions 
under study appear to have some common features. 
The amount of luminescent objects in cells grew with 
the increase of the incubation time. The majority of the 
nanoparticles penetrated into cells settled down in the 
part of a culture plate, which was closer to the bottom.

Transmission electron microscopy. Based on the 
microphotographs obtained by TEM, the nanoparticles 

occurrence of the nanoparticles in cells (data are presented for 20 fields 
of view)

Type of the 
nanoparticles

Incubation 
time, h

Stabilizing agent

Pluronic F127 Chitosan PEG 6 kDa PEG 40 kDa

Separate 
nanoparticles

1 2 1 7 6
3 1 0 5 0
6 8 6 14 12

Large 
assemblages

1 5 1 10 28
3 3 2 6 2
6 2 5 5 9

Aggregates 1 5 11 12 11
3 3 21 14 11
6 18 93 31 44

found in cells were divided into three types: single 
nanoparticles, large assemblages and aggregates 
(Fig. 7). Large assemblages of nanoparticles represent 
groups of a large number of single nanorods located 
closely to each other. Aggregates are groups of closely 
packed nanoparticles, inside which single nanoparticles 
are impossible to separate. It is significant that single 
nanoparticles were found in cells less frequently than 
large assemblages of nanoparticles or aggregates. 
Nanoparticles in cells were registered either free, or 
surrounded by membrane structures. The presence 
of a membrane was typical for aggregates and large 

assemblages of nanoparticles.
After one-hour incubation the amount 

of the nanoparticles stabilized by PEG 
6 kDa and 40 kDa, in cells was higher 
compared to those stabilized by other 
agents (See the Table). For example, 
we revealed 10 large assemblages of 
nanoparticles for PEG 6 kDa and 28 — 
for PEG 40 kDa. The number of single 
nanorods and aggregates was also larger 
in comparison with chitosan-stabilized 
and Pluronic-stabilized nanoparticles. 
The increase of the incubation time was 
accompanied with the growing number 
of single nanorods to 14 for PEG 6 kDa 
and to 12 — for PEG 40 kDa. The 
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number of aggregates in cells 
also increased.

The nanoparticles stabilized by 
chitosan after one-hour incubation 
are presented in cells generally as 
aggregates. After 3 h the quantity 
of single nanoparticles and large 
assemblages did not change, 
and the number of aggregates 
doubled. The time increase 
up to 6 h was still associated 
with growth of a number of 
aggregates.

The nanoparticles stabilized 
by Pluronic F127 penetrated into 
cells in the less amounts. Single 
nanorods and large assemblages 
of nanoparticles were found even 
after 6 h incubation. The number 
of aggregates in cells grew from 
5 to 18 with the increase of the 
time of interaction from 1 to 6 h.

Endocytosis research. To 
confirm endocytosis promotes 
the penetration of nanoparticles 
into cells, the cells with 
nanoparticles were incubated for 
3 h at low temperature (+4°C). 
The TPLM-analysis revealed 
no luminescent objects in cells 
(Fig. 8). This regularity was 
exhibited by the nanoparticles 
stabilized by all studied agents. 
However, the TEM found 
single aggregates and large 
assemblages of the nanoparticles 
stabilized by Pluronic F127 and 
chitosan (Fig. 9). PEG-stabilized 
nanoparticles showed the greatest effectiveness 
of penetration into cells at low temperature. It is 
significant that all aggregates and large assemblages 
of nanoparticles found in cells had no surrounding 
membrane structures.

discussion. The nanoparticles used in biomedical 
researches are coated or stabilized by various agents. 
On the one hand, a stabilizing agent has to prevent 
nanoparticles aggregation, on the other hand, it has 
to minimize the toxicity of nanoparticles. The agents 
exhibiting specific binding with particular cells or 
facilitating penetration of nanoparticles into cells are 
frequently used. However, nanoparticles may change 
optical properties after stabilization. According to 
A. Albanese and W.C. Chan [32] there is the shift 
of the extinction peak of nanoparticles to the long-
wave region and its broadening in the process of 
aggregates formation. This research also demonstrated 
the broadening of the extinction peak and its shift by 
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fig. 8. Two-photon luminescent microscopy of the cells, incubated with nanoparticles, 
stabilized by chitosan, for 3 h under standard conditions (a) and for 3 h under low 
temperature — +4oC (b)
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fig. 9. Occurrence of the nanoparticles in cells after 3 h of the incubation at +4oC and 
+37oC. The data are presented by summarized quantity of the cases of the separate 
nanoparticles, large assemblages and aggregates detection in 20 fields of view

30 nm to red spectral range proving the aggregation of 
nanoparticles in solution. Moreover, we observed the 
decrease in the peak intensity that could be associated 
with decreased concentration of nanoparticles in solution 
(the losses resulted from washing free from CTAB), 
and with formation of aggregates [33]. Formation of 
aggregates, on the one hand, is negative because the 
size of nanoparticles increases resulting in the reduction 
of their ability to penetrate into cells [13]. On the other 
hand, nanoparticles as a part of aggregate have higher 
luminescence intensity due to strengthening [27]. This 
effect can be used to develop contrasting agents based 
on plasmon resonance nanoparticles for optical imaging 
techniques.

According to A.M. Alkilany et al. [34], free CTAB 
molecules are more toxic for cells than the molecules 
adsorbed on nanoparticles surface. Authors found 
out that LD50 for cells treated by free CTAB molecules 
for 4 days was 200 nmol [34]. In the present research 
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5·1010 and 5·109 nanoparticles stabilized by CTAB were 
added to cells that equaled to 270 and 27 nmol of CTAB, 
respectively, in addition, the cytotoxicity was assessed 
after 24 h. Probably, for these reasons the decrease 
in viability appeared to be 30 and 10%, respectively. 
Analysis of cytotoxicity of the nanoparticles stabilized 
by other agents revealed no statistically significant 
differences from the stock solution. However, in the 
case of PEG-stabilized nanoparticles cells viability was 
slightly lower that might be due to worse shielding of 
CTAB molecules remained on nanoparticles surface.

Pluronic was found to facilitate the penetration of 
comparatively large molecules and large hydrophobic 
anions through a lipid bilayer [35]. Pluronic is supposed 
to accelerate the process of solute diffusion within 
lipid bilayers rather than influencing the rate of solute 
adsorption/desorption on the membrane surface [14]. 
However, in the present study, nanoparticles stabilized 
by Pluronic F127 penetrated into cells worse than the 
others. It could be due to the fact that removing CTAB 
from the nanoparticles surface induces the formation of 
nanoparticle aggregates exceeding the size of Pluronic 
micelles (30–50 nm).

The nanoparticles stabilized by chitosan penetrated 
into cells more efficiently after a long period of incubation 
in comparison with the nanoparticles stabilized by other 
agents. This result is consistent with other works showing 
that chitosan may increase cellular transport [17]. 
Moreover, using of chitosan for nanoparticle stabilization 
is perspective because chitosan molecules may open the 
dense contacts and increase the interstitial transport [18]. 
C. Manaspon et al. [15] noticed that cellular uptake of 
chitosan-stabilized nanoparticles without surface targets 
is certain to be mediated by nonspecific adsorption 
endocytosis. Positively charged nanoparticles stabilized 
by chitosan can be easily attracted to negatively charged 
cell membranes and penetrate into cells.

We found the nanoparticles stabilized by PEG 6 and 
40 kDa to penetrate well for the first hour, however, 
with the increase of the incubation period up to 6 h 
their number inside the cells grew insignificantly. A 
high accumulation level of nanoparticles during the 
first hour can be due to the fact that the nanoparticles, 
which penetrate into cells have on their surfaces PEG 
molecules, which shield CTAB molecules badly. CTAB 
is a cationic detergent that increases permeability of 
membranes [35]. The higher level of cell death after 
incubation with these nanoparticles could also confirm 
that fact. Less intensive penetration of nanoparticles 
into cells after a long-term period may be due to the 
presence of only well PEG-stabilized nanoparticles in 
the solution. Such behavior of the nanoparticles may 
be caused by neutral charge of PEG, and, therefore, 
nanoparticles interact with cell membrane inactively. 
The study of C. Freese et al. [25] with primary human 
dermal microvascular endothelial cells showed that less 
than 2.5% of initial concentration of the PEGylated gold 

nanoparticles penetrated into cells. A similar penetration 
type was observed for HeLa and PC-3 cells [36].

The significant decrease of the number of the 
nanoparticles stabilized by Pluronic F127 and chitosan 
in cells after incubation at low proves the participation 
of endocytosis in the penetration process. Accumulation 
of PEG-stabilized nanoparticles in cells did not depend 
on the temperature and thereby was not associated 
with endocytosis. These nanoparticles penetrate into 
cells probably due to unshielded CTAB molecules that 
increase membrane permeability [35].

Regardless of a stabilizing agent and the time of 
interaction, the most of the nanoparticles found in cells 
were large assemblages or aggregates. Most probably, 
aggregation occurred in the cultural medium due to 
the interaction of nanoparticles with its components. 
A.M. Alkilany and C.J. Murphy [37] showed that 
proteins from the medium are adsorbed on surface 
of nanoparticles within 5 min resulting in the change 
of a charge of nanoparticles and their subsequent 
aggregation. The presence of proteins on the surface 
of nanoparticles may also enhance the penetrations 
of nanoparticles into cells due to receptor-mediated 
endocytosis [38]. However, culture medium containing 
different components will differently affect aggregation 
of nanoparticles and their accumulation in cells [37]. 
So, C. Fang et al. [39] observed no change of size of 
iron oxide nanoparticles when added to the phosphate 
buffered saline, DMEM or fetal bovine serum. Physical 
and chemical features of a stabilizing agent are likely to 
be of great importance.

AFM revealed the sites projecting over the membrane 
surface after 6 h of interaction with nanoparticles. 
The quantity of such sites was less in Pluronic- and 
chitosan-stabilized nanoparticles in comparison with 
PEG-stabilized ones. This may be associated with an 
interaction of the nanoparticles stabilized by chitosan 
and Pluronic with membrane and their penetration into 
cells. The work of R. Guduru [40] has shown that after 
3 h of the interaction there are more nanoparticles on 
the surface of cells than after 6 h. Decrease of quantity 
of nanoparticles is explained by the author by their 
penetration into cells. Large number of PEG-stabilized 
nanoparticles on cell surface could be caused by neutral 
charge of PEG molecules and their inactive penetration 
into cells. The same result was shown by TPLM and 
TEM.

conclusion. An optimal stabilizing agent 
for nanoparticles in relation to optical properties 
preservation is Pluronic. This agent slightly changes 
extinction spectrum of the gold nanorods solution. 
Pluronic-stabilized nanoparticles also had the least 
cytotoxicity. All other studied solutions of nanoparticles 
including CTAB-stabilized ones show similar cytotoxicity, 
which is enhanced with the increase of nanoparticles 
concentration. Two stabilizing agents promoting 
nanoparticle penetration into cells can be distinguished: 
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chitosan and PEG. Chitosan-stabilized nanoparticles 
penetrated well at a long-term period of incubation. 
Penetration of these nanoparticles is associated with 
endocytosis. PEG-stabilized nanoparticles penetrated 
well at early periods of incubation (up to 3 h) including 
low-temperature conditions.
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