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ABSTRACT

Au-nanoparticles (size about 2 nm, but not 5 or 15 nm) are capable of effectively incorporating into quasinematic lay-
ers of particles of cholesteric liquid-crystalline dispersion formed by double-stranded nucleic acid molecules of various
families (DNA and poly(l)xpoly(C)). This Au-size-dependent process is accompanied by a decrease in amplitudes of
abnormal bands in the CD spectra specific to initial cholesteric liquid-crystalline dispersions and simultaneously by an
appearance of plasmon resonance band in visible absorption spectrum. The study of properties of particles of choles-
teric liquid-crystalline dispersion treated with Au-nanoparticles by means of various physico-chemical methods demon-
strates that incorporation of Au-nanoparticles into quasinematic layers of these particles results in two effects: i) it fa-
cilitates reorganization of the spatial cholesteric structure of particles, and ii) it induces the formation of Au-clusters in
the content of particles. It is not excluded that these effects represent a possible reason for genotoxicity of Au-nanopar-
ticles.
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1. Introduction veral research groups, no general conclusion can be
drawn at present [5-8]. It is connected (maybe) to the fact
that the functioning of the nanomaterials in living cells
was tested in quite different biological test-systems and
the estimation of the mechanism (or mechanisms) of this
process is a complicated problem [9,10]. This means that
great importance is attached to creation of simple model
systems to test the effects of nanomaterials under rea-
sonable conditions. Despite the fact that in vivo condi-
tions are different from in vitro, one of these model sys-
tem is the so-called “cholesteric liquid crystals” and
“cholesteric liquid-crystalline dispersions” of ds DNA
molecules [11]. Indeed, the physico-chemical properties
of ds DNA cholesteric liquid-crystalline dispersions
(CLCDs) reflect some properties of these macromole-

Understanding how nanomaterials affect live-cells func-
tions is the principal aim of nanobiotechnology [1]. Al-
though applications of various nanomaterials (nanoparti-
cles or quantum dots) have shown promising potential
for medicine, the fundamental interactions and effects of
nanomaterials in living systems for the most part remain
unknown. This depends mainly on the solution of two
problems: 1) there are many nanomaterials with strongly
different properties; 2) an adequate, “coordinated” sys-
tem to test nanomaterials is not elaborated. For instance,
it was suggested that biological effect of Au-nanopar-
ticles on spatially organized double-stranded (ds) DNA
structures in vitro and in vivo is similar to the effect of
mutagenic molecules [2,3]. One can stress that the inter-

action of metal nanoparticles with native single- or dou-
ble-stranded nucleic acid molecules is a well-known
phenomenon [4]. Although, the cytotoxicity of Au-nano-
particles in vitro and in vivo has been examined by se-
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cules in biological objects such as chromosomes of pri-
mitive organisms (for instance, chromosomes of the Di-
noflagellate, etc.) and DNA containing viruses [12].
Hence, this test-system is not only of nanotechnological,

JBNB



462 A Dual Effect of Au-Nanoparticles on Nucleic Acid Cholesteric Liquid-Crystalline Particles

but of biotechnological interest. Here one can add, that
due to the high local concentration of the ds DNA mole-
cules and their ordered arrangement in particles of
CLCD, the low-molecular-mass chemical and biologi-
cally active compounds quickly diffuse into the content
of particles of CLCD and interact with ds DNA mole-
cules forming different complexes [11]. This process in-
duces an appearance peculiarities (specific for these
compounds) in the circular (CD) spectra [13]. This
means that every particles of the CLCD was considered
not only as an effective “adsorber” but as a sensing unit
[14] for the low-molecular-mass compounds as well.

However, to the best of our knowledge, the interaction
of nanoparticles added to solutions containing particles
of CLCDs (PCLCD) formed by ds DNA molecules has
not been investigated so far.

The goal of this work is the study of the effects in-
duced by Au-nanoparticles in the DNA PCLCDs using
various physico-chemical methods.

2. Materials and Methods

Three colloidal gold solutions (hydrosols) with spherical
nanoparticles of different sizes were used in our study.
The spherical Au-nanoparticles were synthesized ac-
cording to previously reported methods [13-15]. The first
hydrosol was prepared by Turkevich et al. [15] method
and contained particles with average diameter of about
15 nm. The second one, with Au-nanoparticles of 5.5 nm

in size, was synthesized according to Natan et al. [16].
Finally, hydrosol containing quasi-metallic Au-nanopar-
ticles with sizes of 2 - 3 nm was synthesized as described
in [17]. The average size of Au nanoparticles in stock
preparations was estimated by means of dynamic light
scattering and by electron microscopy. The particle num-
ber concentration was equal to 10"%; 10"”; and 10" cm,
respectively. Stock Au-nanoparticle solutions were stored
in dark in refrigerator at 4°C and used 2.5 month after
their synthesis.

Calf thymus ds DNA preparation (Sigma, USA) was
used after additional purification and depolymerization
(molecular mass of 0.3 - 0.7) x 10° Da.

Ds poly(I)xpoly(C) preparation (Sigma, USA, lot
023K4032) was used without additional purification.

Poly (ethylene glycol) (PEG; Serva, Germany; mole-
cular mass 4,000 Da) and cyanine dye SYBR Green I
(SG; Sigma, USA) were used without extra purification.
SG concentration in solutions was measured spectropho-
tometrically [18]. SG stock solution was stored at 4°C in
dark.

Water-salt solutions of DNA, PEG and NaCl were
made in phosphate buffer (pH ~7.0) and then filtered
through membrane filters (Millipore, USA) with pore dia-
meter 0.8 pm to remove possible mechanical impurities.

Schemes of control tests (1 and 2) and performed ex-
periments are shown below:

Control 1: ds NA CLCD dilution
Linear ds NA phase separation with high with water
molecules I 170 mg/ml PEG; 0.3 NaCl — abnormal results in formation
optical activity of isotropic ds NA
solution

Control 2:

Linear ds NA phase separation dilution ds NA CLCD

molecules ’ 170 mg/ml PEG; 0.3 NaCl ’ with water e with high
to 150 mg/ml abnormal optical
of PEG activity is still

Experiments: existing

ds NA CLCD Treatment with Methods used to study properties

with high —> Au-nanoparticles of treated ds NA CLCDs:

abnormal leads to dilution of CD-, OD-spectroscopy;

optical activity of PEG to150 mg/ml

The method of preparation of control cholesteric liquid-
crystalline dispersions (CLCDs) of nucleic acids (NA)
(control 1) in PEG-containing water-salt solutions is de-
scribed in [11]. This method was used for preparation of
dispersions and phases of ds NA CLCD treated with Au-
nanoparticles (see “Experiments” above).

Absorbance spectra were taken by spectrophotometer
Cary 100 Scan (Varian, USA); and the CD spectra, using
portable dichrometer CDS-2 (produced by Institute of

Copyright © 2011 SciRes.

confocal microscopy; AFM; SAXS

spectroscopy of the RAS, Troizk, Moscow region) [19].

The fluorescence “images” of particles of the ds DNA
CLCD treated with Au nanoparticles were obtained by
the confocal microscope “Leica TCS SP5”.

The morphology of the ds DNA CLCD particles
formed in PEG-containing solutions and treated with Au-
nanoparticles was examined by AFM. These solutions
were filtered through a poly(ethylenetherephtalate) (PETP)
nuclear membrane filter with size of pores of 150 nm
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(produced by the Institute of Crystallography of the
RAS). This procedure allows one to immobilize particles
on the surface of the filter. Then the filters, containing
obtained samples, were dried in air for no less than 1 h.
The samples were measured on a scanning probe micro-
scope SmartSPM (produced by AIST-NT Co, Zeleno-
grad, Moscow region, Russia) in semicontact mode. The
fpN10 silicon probe with resonance frequency around
250 kHz was used. The initial amplitude of the probe
was fixed at 100 nm. The scanning frequency was varied
from 2 to 10 Hz; the number of pixels was 256 x 256 and
512 x 512.

Pellets (~3 mg) obtained after low speed centrifuga-
tion of the DNA CLCD treated with Au nanoparticles,
were investigated by SAXS. SAXS measurements were
performed on the diffractometer AMUR-K (developed at
the Institute of Crystallography of the RAS, Moscow)
[20]. Technical details of SAXS experiments are de-
scribed in [20,21]. The analysis of characteristic Bragg
peaks on the small-angle scattering curves was made by
the program PEAK [22].

3. Results and Discussion

The CD spectra of ds DNA and ds poly(I)xpoly(C)
CLCDs treated with Au-nanoparticles (diameter ~ 2 nm)
are compared in Figure 1.

First of all, one can see that the formation of the liquid-
crystalline ds NA dispersions (compare curve 1 and 1')
induced by the high concentration of PEG in water-salt
solution is accompanied by an appearance of intense
(abnormal) bands in the CD spectra located in the region
of absorption of NA nitrogen bases( A ~270 nm). Ac-
cording to the theory [11,13], the appearance of these
abnormal (negative or positive) bands unequivocally tes-
tify the macroscopic, cholesteric, twist of neighboring
NA molecules in particles of dispersion formed as a re-
sult of their phase exclusion from PEG-containing water-
salt solutions. The negative sign of the band in the CD
spectrum proves the left-handed cholesteric twist of the
right-handed DNA molecules (B-form, curve 1), whereas
the positive sign corresponds the right-handed choles-
teric twist of the right-handed poly(I)xpoly(C) molecules
(A-form, curve 1") in the formed particles. Hence, the
abnormal bands in the CD spectrum (Figure 1) located
in the absorption region of the nitrogen bases of the NA
molecules is the direct evidence for the formation of the
particles characterized by helically twisted spatial struc-
ture [18-20], or a so-called cholesteric structure of parti-
cles and the term CLCD (cholesteric liquid-crystalline
dispersion) was used to signify these particles.

In the physicochemical sense, the systems under in-
vestigation are PCLCD of the ds NA molecules that are
distributed isotropically in the water-salt solution of PEG.

Copyright © 2011 SciRes.
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Figure 1. The CD spectra of ds DNA CLCD (curves 1-4)
and ds poly(l)xpoly(C) CLCD (curves 1'-5') treated with
Au-nanoparticles (2 nm). 1: Cpano-au = 0; 21 Crane-au = 0.07 x
10" particle/ml; 3: Chano.au = 0.26 x 10™ particle/ml; 4:
Crano-au = 0.82 x 10 particle/ml; Cpna = 9 pg/ml; Cpgg =
150 mg/ml; 0.27 M NaCl + 1.78 x 10® M Na-phosphate
buffer. 1': Chano-au = 0; 21 Crano-au = 0.16 x 10 particle/ml;
3': Crano-au = 0.33 x 10™ particle/ml; 4': Cpano.au = 0.66 x
10 particle/ml; 5': Chanoau = 0.82 x 10™ particle/ml,
Cpmy(.)xpo.ygc) = 9 pg/ml, Cpgg = 170 mg/ml; 0.27 M NaCl +
1.78 x 10° M Na-phosphate buffer. AA = (A_ — Ag) x 10°°
optical units; L =1 cm; T = 22°C. In all cases, the CD spec-
tra were taken after 3 h of treatment.

These particles do not exist in the absence of high os-
motic pressure (x, dyne/cm?) of the solvent (for instance,
in the water-salt solution, where lgn value is about 6)
[11]. Note that the particles of the low-molecular-mass
ds NA dispersions are “microscopic droplets of concen-
trated NA solutions”, and due to “liquid” mode of pack-
ing these particles cannot be “taken in hand” or “directly
seen”. (The estimations have shown that in the case of ds
DNA molecules every PCLCD has a mean diameter
about 500 nm; it contains about 10* ds DNA molecules
fixed on distances within 2.5 - 5.0 nm (depending on
osmotic pressure of the solvent [11,12]).

Figure 1 shows that in both cases the amplitudes of
abnormal bands in the CD spectra drop. The higher the
concentration of Au-nanoparticles in solution, the greater
is decrease in abnormal band in CD spectra of CLCDs of
both types of nucleic acids.
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Figure 1 needs a few comments. First of all, the am-
plitude of the abnormal band in the CD spectrum de-
pends mainly on helical twisting of quasinematic layers
of NA in cholesteric structure of PCLCD [11,13]

Secondly, the theory [23] predicts that the change in
the efficiency of interaction between ds NA molecules in
quasinematic layers must be accompanied by changes in
the parameters of the spatial helical structure of CLCD
particles and in the value of amplitude of an abnormal
band in the CD spectra. This means that the decrease in
the amplitudes of abnormal bands in the CD spectra
(curves 2 - 4 and 2' - 5') is connected with the change in
the extent of helical twisting of quasinematic layers in
structure of PCLCD formed by any type of ds NA mole-
cules, i.e., B-family for DNA and A-family for poly(I)
xpoly(C). This effect reflects only one process, i.e., an
incorporation of Au-nanoparticles into PCLCD formed
by ds NA molecules (Figure 1).

Thirdly, any possible aggregation of independent Au-
nanoparticles outside of PCLCD can not induce the
change in the real value of the abnormal band in the CD
spectra in the region of absorption of NA molecules.

Finally, the changes in amplitudes of abnormal bands
in the CD spectra represent a unique criterion for incor-
poration of Au-nanoparticles in quasinemtic layers for-
med by ds NA molecules in PCLCD.

The efficiency of decrease in the amplitudes of ab-
normal bands for the CLCDs formed by ds DNA or poly
(Dxpoly(C) molecules (Figure 1) depends on the size of
Au-nanoparticles and the time of treatment with Au-
nanoparticles. For instance, if the diameter of the Au-
nanoparticles is 2 nm, abnormal band amplitude de-
creases by 75% after 4 hours of treatment, but in the case
of 15 nm Au-nanoparticles, it decreases only by 20%
[21]. This fact allows one to suggest that the incorpora-
tion of Au-nanoparticles in the content of PCLCD is de-
termined by the distance between ds NA molecules
packed in the quasinematic layers under used conditions
(150 mg/ml of PEG) [11] (compare Control 2 and Ex-
periments above). Au-nanoparticles with the size about 2
nm are capable of diffusing between ds NA molecules,
because this size is close enough to the distance between
ds NA molecules under used conditions (concentration of
PEG, etc.) [21]. However, Au-nanoparticles with the
sizes equal to 5 nm and 15 nm are too “big” in compari-
son to the distance between ds NA molecules in quasi-
nematic layers, hence these particles do not diffuse ef-
fectively into content of ds NA PCLCD.

Explaining the results shown in Figure 1 one can take
into account the following.

The first experiments [24,25] demonstrated that Au-
nanoparticles can be assembled near DNA molecules
forming supramolecular structures. Later it was shown
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that an assembly of the Au-nanoparticles is accompanied
by formation of planar superstructure consisting of re-
petitive neighboring linear DNA molecules and Au-
nanopartices. These results unequivocally show that lin-
ear, rigid, ds DNA molecules after interaction with Au-
nanoparticles form planar superstructures of type (...-
Au-DNA-Au-DNA-Au-DNA-Au-...), despite the aniso-
tropic properties of initial ds DNA molecules [4, 26-29].

Hence, on one hand, Au-nanoparticles enforce ds DNA
molecules to be organized into planar superstructures, in
which neighboring DNA molecules are not only closely
packed, but collaterally located.

On the other hand, it is well known that neighboring
ds DNA molecules packed in quasinematic layers of PC-
LCD are helically twisted due to the anisotropic pro-
perties of these molecules [11].

Comparison of these two circumstances means that
immobilization (incorporation) of Au-nanoparticles in ds
NA quasinematic layers will, indeed, results in untwist-
ing of neighboring ds NA layers. This explains the
changes in the CD spectra in Figure 1. Indeed, the steric
limitations resulting from both dense packing of ds NA
molecules in quasinematic layers and fixed PEG concen-
tration in solution prevent the spatial separation (denatu-
ration) of the two strands of the neighboring ds NA
molecules [11]. In this case both the incorporation of Au-
nanoparticles into quasinematic layers of PCLCD and
their ordering near ds NA surfaces must be “trans-
formed” by this or that way into the changes in the en-
ergy of interaction between neighboring NA molecules
in quasinematic layers. Hence, Au-nanoparticles can in-
duce a transition from cholesteric structure of ds NA
PCLCD that has high abnormal optical activity to a cer-
tain structure, having very low (if any!) abnormal optical
activity. For this process the differences in the secondary
structure of various ds NA molecules, are not important.

This means that the changes in the CD spectra (Figure
1) clearly demonstrate that Au-nanoparticles are incor-
porated in the structure of PCLCD. These changes in the
CD spectra depend only on presence of Au-nanoparticles
in the content of quasinematic layers of the PCLCD. The
concrete peculiarities of the mechanism of interaction of
Au-nanoparticles with ds NA molecules are not impor-
tant for this effect.

Additional study of visible absorption spectra of Au-
nanoparticles opens a way to evaluate the size of the as-
semblies formed by these particles under various con-
ditions [30-37].

Figure 2 shows that the pronounced changes in the
visible optical spectrum were observed at the treatment
of the ds DNA CLCD with Au-nanoparticles. (The simi-
lar results for ds poly(I)xpoly(C) are not shown).

First of all, this treatment is accompanied by an appea-
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Figure 2. (a) The change in the absorption spectrum of Au-nanoparticles (2 nm) at their interaction with ds DNA CLCD. 1: 5
min; 2: 12 min; 3: 43 min; 4: 109 min; 5: 230 min; 6: 1200 min after the addition of Au-nanoparticles. Cpya = 9 pg/ml; Cpgg =
150 mg/ml; 0.27 M NaCl + 1.78 x 10" M Na-phosphate buffer; Chano-au = 0.82 x 10 particle/ml; T = 22°C; (b) The correlation
between the position of SPR band and size of Au-nanoparticles. Curve 1-open squares-experimental data from Figure 2(a);
curve 2: filled squares [32]; curve 3: filled circles [36]; curve 4: triangles [37].

rance of absorption at 4 > 505 nm (surface plasmon
resonance (SPR) absorption band) [30,32]. The plasmon
resonance is responsible for the pile-violet color of solu-
tion containing ds DNA CLCD treated with Au-nano-
particles. This resonance is definitely absent in the initial
DNA solution and only slightly defined at A ~ 505 nm in
colloid solution containing Au-nanoparticles with the
size about 2 nm. This means that the immobilization of
Au-nanoparticles in the content of ds DNA CLCD par-
ticles (Figure 2) brings Au-nanoparticles close together.
This results in modifying their local environment and
changing the position of the SPR band, because the SPR
absorbance is sensitive to local environment [35]. Se-
condly, the intensity of the SPR band is gradually in-
creased and the maximum of this band is shifted from A
~ 505 nm to A ~ 550 nm with time.

Comparison of our data (Figure 2(b), curve 1) to a-
vailable numerical data [30-34,36,37], concerning the
correlation between position of the maximum of the SPR
band and the size of Au-nanoparticles shows that in our
case the change in the SPR band reflects the increase in
the size of Au-nanoassemblies from 2 to about 50 nm. Of
course, this is a very simple estimation, that does not
take into account such factors as real shape of Au-assem-
blies, local dielectric constant or local refractive index
[38].

The comparison of the SPR band typical for PEG con-
taining water-salt solutions added with 5 nm Au-nano-
particles to analogous solution containing PCLCD for-
med by ds DNA molecules showed no changes in the
SPR band amplitude. The absence of changes in the SPR
band was detected in the case of PCLCD treated with 15
nm Au-nanoparticles as well (data are not shown). These

Copyright © 2011 SciRes.

results confirm once again that “big” Au-nanoparticles
do not incorporate into the structure of quasinematic la-
yers of PCLCD.

Here one can add that due to the spherical symmetry
of individual Au-nanoparticles used by us the formation
of assemblies from these particles is a significant prob-
lem. But, Figure 2 shows that the ds DNA molecules,
ordered in the quasinematic layers, provide, as templates,
the necessary symmetry-breaking mechanism to form
extended linear structure from Au-nanoparticle fixed
between neighboring ds DNA molecules. Finally, after
20 hours one can detect the formation of dark-violet pre-
cipitate in the tested solution. The intensive stirring of
the solution containing the pellet permits to restore its
optical properties and to measure its optical spectrum.
Curve 6 in Figure 2 demonstrates the presence of plas-
mon resonance band located at A ~ 545 - 550 nm. Close
similarities between the shapes and position of the SPR
bands (curves 6 and 5) show that the dark-violet precipi-
tate consists of isolated ds DNA PCLCD, which, in its
turn, contain extended structures (about 50 nm) formed
by Au-nanoparticles. This result shows that the spectral
changes in the visible optical spectrum are induced by
the processes that take place, mainly, within isolated ds
NA PCLCD treated with Au-nanoparticles, but not be-
tween neighboring PCLCD.

(The curves of the diminishing in the amplitudes of
abnormal bands in the CD-spectra and the increase in the
SPR bands for ds DNA and poly(I)xpoly(C) CLCDs
treated with Au-nanoparticles showed that there are two
different processes: i) quick drop in the amplitudes of the
CD bands due to incorporation of Au-nanoparticles into
quasinematic layers of ds NA PCLCD, and ii) relatively
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slow shift of the SPR band due to assembling of neigh-
boring Au-nanoparticles (formation of Au-clusters) in
the content of ds NA PCLCD. These two independent
processes start simultaneously but differ in their veloci-
ties).

Hence, the comparison of Figure 1 to Figure 2 speaks
in favor not only incorporation of Au-nanoparticles, but
formation of Au-clusters, growing with time [30-34], in
the content of ds NA PCLCD.

At fixed osmotic pressure and ionic strength of a PEG-
containing solution the formation of insoluble pellet (see
above) shows that Au-clusters, located in quasinematic
layers and interacting (independently on mechanism) by
this or that way with ds NA molecules, results in the de-
crease in the solubility of these molecules. In this case
the transition of whole PCLCD into insoluble (“rigid”)
state takes place. Besides, the formation of a multi-layer
sandwich-like structure consisting of alternate Au-clus-
ters located both between template ds DNA molecules
and ds DNA molecules in neighboring qusinematic la-
yers would lead to an additional contribution to the en-
ergy of stabilization of these “rigid” PCLCD [27,39].

The transition of PCLCD into a “rigid” (insoluble)
state takes place at definite concentration of Au-clusters.
To check this we have used a scheme from “Materials
and Methods” (see Controls 1, 2 and Experiment). It is
known [11] that ds DNA CLCD exists only at high os-
motic pressure of solvent determined by high concentra-
tion of PEG. Hence, the dilution of ds DNA CLCD
formed in PEG-containing solution with water solution
to concentration of PEG much below “critical” value is
accompanied by disintegration of the ds DNA PCLCD
and formation of ds DNA isotropic solution. This process
is usually accompanied by sharp decrease in the ampli-
tude of an abnormal band in the CD spectrum. However,
if the structure of PCLCD is stabilized, as a result of in-
teraction with Au-nanoparticles, and can exist even at
very low osmotic pressure of the solution, dilution proc-
ess does not accompanied by disintegration of the struc-
ture of ds DNA PCLCD. In this case the disappearance
of an abnormal band in the CD spectrum does not take
place.

Figure 3 demonstrates the results of dilution of ds
DNA CLCD treated with different concentration of Au-
nanoparticles (size about 2 nm). One can see that at low
(<0.26 x 10" particles per ml) concentration of Au-par-
ticles added to ds DNA CLCD the process of its dilution
is accompanied by disintegration of PCLCD, by forma-
tion of isotropic ds DNA solution and, hence, by disap-
pearance of an abnormal band in the CD spectra. How-
ever, since “critical” (C®Nano-au) concentration of Au-
nanoparticles about 0.26 x 10" particles per ml, two-
times dilution leads only to twice decrease in concentra-
tion of PCLCD and, hence, only in two-fold decrease in

Copyright © 2011 SciRes.
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Figure 3. The dependences of the AAyz-values in the CD
spectra for ds DNA CLCDs upon concentration of added
Au-nanoparticles (2 nm; curve 1) and for these dispersions
treated with Au-nanoparticles and then 2-times diluted with
water (curve 2). 1: Cpya = 27 pg/ml; Cpeg = 150 mg/ml; 0.27
M NaCl + 1.78 x 10~ M Na-phosphate buffer. 2: Cpya = 13
pg/ml; Cpeg = 75 mg/ml; 0.13 M NaCl + 0.89 x 10° M
Na-phosphate buffer. AA,7;0x107° optical units; L = 1 cm; T
= 22°C. C*Nano-auv—the “critical” concentration of the Au-
nanoparticles. In area “I” the dilution of ds DNA CLCD is
accompanied by full disintegration of particles, and final
CD amplitude tends to zero; in area “I11” the dilution results
only in decrease in total concentration of PCLCD, and final
CD amplitudes are equal every time to one half of initial
values.

the amplitude of an abnormal band (compare curves 1
and 2). The molecular circular dichroism (expressed as
Ag value; Ae = AA/Cpna pep X L) [11] remains practi-
cally constant for these cases. This result unequivocally
means that since definite concentration of Au-nanopar-
ticles their interaction with ds DNA molecules provides
the conditions necessary for transition of ds DNA CLCD
particles into a “rigid” state. (One can add that dilution of
ds DNA CLCD treated with big Au-nanoparticles (size
of 5 nm and 15 nm) is accompanied under all conditions
by full disintegration of PCLCD and by formation of
isotropic solutions of ds DNA molecules. The obtained
result shows again that “big” Au-nanoparticles do not
penetrate into the content of PCLCD and in- teract with
ds NA molecules).

Hence, the interaction of Au-nanoparticles (2 nm) with
neighboring ds DNA molecules leads to the formation of
a spatially fixed structure of the CLCD. The stability of
this structure is determined by the number and properties
of Au-clusters rather than the properties of the initial
PEG-containing solution. This means that a new struc-
ture would persist even in the absence of the high osmo-
tic pressure of the solution. In this case it appears a pos-
sibility to investigate the properties of a new-formed
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structure. (Here one can remind again, that a “liquid”
mode of spatial packing of ds DNA molecules in the
PCLCD prevents their immobilization on the surface of
membrane filters. However, if poorly soluble (or insolu-
ble) PCLCD consisting of molecules of the (ds DNA-Au)
complexes are formed, the immobilization of these parti-
cles on the surface of the nuclear membrane filter be-
comes possible and the size and shape of these particles
can be investigated).

For this purpose, the insoluble PCLCD formed by (ds
DNA-Au) complexes were immobilized on the surface of
a nuclear membrane filter and the AFM images of these
particles were registered. As an example, Figure 4 de-
monstrates the images (2D and 3D) of ds DNA PCLCD
treated with 0.82 x 10" Au-nanoparticles per ml. The
shape of the particles is close to elongated spheroids.
One can stress that this shape is very similar to the shapes
of the rigid PCLCD formed as a result of formation of
nanobridges between neighboring ds DNA molecules, or
decrease in solubility of ds NA molecules as a result of
their treatment with the salt of rare-earth elements [40].
In the shown case, the sizes of particles are varied from
0.1 - 0.2 um to 0.7 um with 0.4 - 0.5 pm as the average,
which is in good agreement with the data on the particle
size theoretically calculated for the solutions with a con-
stant osmotic pressure for the initial ds DNA CLCD.
This means that the initial size of the PCLCD was not
practically changed at interaction of Au-particles with ds
DNA.

Figure 4 confirms as well that ds DNA PCLCD
treated with Au-particles exist as independent, nonsolu-
ble, objects. The presence of single particles (Figure 4)
testifies that at treatment of ds DNA PCLCD by Au-
nanoparticles the “liquid” character of the DNA packing
in these particles is disappeared and the formed particles
have a “rigid” spatial structure. Besides, standard sizes of

20 pm

rigid PCLCD formed by (ds DNA-Au) complexes speaks
against aggregation of Au-nanoparticles outside PCLCD.

In favor of existence of ds DNA PCLCD in PEG-
containing solutions as independent objects speaks the
results obtained with confocal microscope. The ds DNA
PCLCD formed in PEG-containing solution (170 mg/ml
of PEG) was added with Au-nanoparticles and then was
additionally treated with dye “SYBR Green”. This com-
pound is capable not only of intercalating between nitro-
gen bases of ds DNA, but also of retaining its high
fluorescence, being incorporated even into content of
PCLCD formed by ds DNA in PEG-containing solution.
As an example, Figure 5 shows the fluorescence “im-
ages” of particles of the ds DNA PCLCD treated with
Au-nanoparticles and existing in solution.

These images obtained by the confocal microscope
demonstrate that particles of the ds DNA CLCD treated
with Au-nanoparticles exist as isolated objects. The
mean fluorescence “diameter” of these particles is simi-
lar to mean diameter detected for initial ds DNA CLCD
particles treated as well with “SYBR Green”. This indi-
cates no deformation of the ds DNA secondary structure
due to interaction with the Au-nanoparticles. The data
shown in Figure 5 are important. They confirm that an
appearance of the SPR band is connected with the as-
sembling of Au-nanoparticles realized within individual
particles of ds DNA CLCD, in the other words, with
formation of Au-clusters between neighboring ds DNA
molecules in quasinematic layers of PCLCD.

Taking into account the above results, it was interest-
ing to apply SAXS for investigation of phases formed by
ds DNA CLCD treated with Au-nanoparticles.

SAXS permits to probe an internal structure of the ob-
ject at resolution from about 1 to 100 nm, and can pro-
vide valuable structural information both about nano-
scale inhomogeneities (particles or clusters) and about

Figure 4. The AFM-images of the ds DNA CLCD particles treated with Au-nanoparticles (2 nm) and immobilized on the
surface of a nuclear membrane (PETP) filter (2D: left panel; 3D: right panel). Cnano.au = 0.82 x 10** particle/ml. (Dark spots

are holes in the filter).

Copyright © 2011 SciRes.
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5 um

Figure 5. The fuorescence “image” of PCLCD formed by ds
DNA in PEG - containing solution and treated with Au-
nanoparticles (2 nm) and then with SG. Cpya = 9 pg/ml;
Cpec = 150 mg/ml; 027 M NaCl + 1.78 x 10° M
Na-phosphate buffer; Cano-au = 0.82 x 10™ particle/ml; Csg
=4.11x10°M; T =22°C.

the internal ordering in the sample. The size and shape of
the scattering objects can be obtained from the portion of
the scattering pattern close to the primary beam (central
scattering), while the internal structure is determined
using information containing in scattering profiles at
higher scattering angles and Bragg peaks [41-44].

Small-angle scattering curves of samples obtained
from these phases are shown in Figure 6.

The cholesteric liquid-crystalline phase of initial ds
DNA was used as a control sample (curve 1). First of all
one can see that samples treated with Au-nanoparticles
have diffuse Bragg maxima. Comparison of these curves
shows that the interhelical distances (diy;) between ad-
jacent ds DNA molecules in the analyzed samples con-
taining Au-nanoparticles does not increase relatively to
Au-free ds DNA CLCD sample. This means that the dis-
tance between neighboring quasinematic layers is not
changed as a result of incorporation of Au-nanoparticles
into structure of ds DNA CLCD. One can say that local
concentration of ds DNA molecules remains constant
and structural transition due to change in concentration
of ds DNA is impossible. Secondly, one can see that the
higher Au content in the sample, the lower the amplitude
of the Bragg peaks due to their flattening and broadening,
which indicates that the ordering is diminished. Taking
into account unchanged concentration of ds DNA mole-
cules, this fact shows that the distortion of ordering of ds
DNA molecules in neighboring quasinematic layers in

Copyright © 2011 SciRes.
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Figure 6. The small-angle X-ray scattering curves of the ds
DNA CLC phase (curve 1, control) and of the phases con-
taining various concentrations of Au-nanoparticles (curves
2-4). 1 - Cpna = 27 pg/ml, Cpeg = 150 mg/ml, 0.27 M NaCl +
1.78 x 10 M Na-phosphate buffer, Cnano-au = 0; 2 = Cnano-au
= 0.07 x 10" particle/ml; 3 — Cpanoaus = 0.33 x 10
particle/ml; 4 — Cyano.au = 0.66 x 10** particle/ml. Solvent,
see conditions for curve 1.

PCLCD is increased. This result correlates with the CD
spectra shown in Figure 1, which gives evidence for a
decrease in spatial ordering of ds DNA quasinematic
layers when concentration of Au nanoparticles is in-
creased. Hence, one can repeat again that the incorpora-
tion of Au-nanoparticles into structure of quasinematic
layers of ds DNA PCLCD conditions for collinear loca-
tion of ds DNA molecules, i.e., this process is accompa-
nied by untwisting of neighboring layers. Finally, sam-
ples containing Au-nanoparticles are strongly scattering
at very small angles, i.e., in the region of the central
scattering, which points to a presence of sufficiently
large polydisperse scattering objects (clusters of Au-na-
noparticles).

The viewpoint about possible linear arrangement of
Au-nanoparticles and the results of size calculation of
Au-clusters made by the program GNOM [45] allows
one to suggest a hypothetical model reflecting the incor-
poration of Au-nanoparticles between ds DNA molecules
in quasinematic layers (Figure 7).

According to this model, initial Au-nanoparticles have
average diameter (size) of about 2 nm. These nanoparti-
cles form linear clusters with an average length 13 - 15
nm and clusters with a maximal length of ~40 nm. For-
mation of Au-clusters between ds DNA molecules in-
duces violation of mutual orientation of neighboring qua-
sinematic layers. Under these conditions the helical
twisting of these layers in the structure of PCLCD is de-
creased. Thus, the results of SAXS speaks in favor of the
statement noted above, according to which the decrease
in amplitude of an abnormal band in CD spectrum of ds
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Figure 7. The hypothetical model of location of Au-clusters between ds DNA molecules forming the quasinematic layer in

structure of PCLCD.

DNA CLCD treated with Au-nanoparticles reflects the
distortion in the arrangement of neighboring quasine-
matic layers induced by formation of the Au-clusters
between them [46]. As a result of this process, spatial
structure of PCLCD loses its helical twisting and the
transition of type ‘“helically-twisted structure-structure
without twisting” is induced. Besides, our calculations
showed that the formation of Au-cross-links connecting
neighboring ds DNA is possible. Due to the real position
of neighboring ds DNA molecules in quasinematic layers,
one can expect that in order to connect these molecules,
the ends of Au-cross-link should wrap around the ds
DNA molecules [29]. It is not excluded, that Au-cross-
links can induce an additional stabilization of the “rigid”
structure of ds DNA PCLCD.

Hence, the obtained results demonstrate that interact-
tion of Au-nanoparticles with ds NA CLCDs results in
dual effect: i) it facilitates reorganization of the initial
cholesteric structure, and ii) it induces the formation of
Au-clusters in particles of ds NA CLCD.

In conclusion, one can add, the effect of introducing
Au-nanoparticles into cytoplasm of the cell has been in-
vestigated by many scientific teams (see, for instance,
[1,3,7,46]). However, yet little is known about effect of
Au-nanopartricles at the nucleus of the cell. The cell nu-
cleus functions to maintain all processes that occur with-
in the cell, and any disruption within the nucleus would
subsequently affect the cell’s DNA, thereby disturbing
the highly regulated cell cycle. Here can remind that ds
DNA CLCD particles reflect some structural and abnor-
mal optical properties of Protozoa chromosomes. High
efficiency of interaction of Au-nanoparticles with ds NA
CLCDs allows one to suggest that PCLCD formed by ds
NA molecules can, indeed, be considered as “molecular
sponges”, easily “absorbing” nanoparticles of fixed size,
interacting by this or that way with ds NA molecules. In
the case of Au-nanoparticles such interaction is accom-

Copyright © 2011 SciRes.

panied by a strong change in the spatial structure of ini-
tial PCLCD of ds NA.

Therefore, the results of this study support the state-
ment, according to which the distortion of mutual orien-
tation of neighboring quasinematic layers formed by ds
DNA molecule in spatial chromosome structure, induced
by fixation of Au-nanoparticles between fragments of
this molecule, can be one of the reasons for genotoxicity
of these particles [2,3].
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