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Abstract

The negatively charged gold nanoparticles (nano-Au) in solutions of high ionic strength interact with free, linear double-stranded (ds) DNA or synthetic
poly(ribonucleotide) (poly(I)xpoly(C) or poly(A)xpoly(U)) molecules or with these molecules ordered in spatial structure of the cholesteric liquid-crystalline dispersion
(CLCD) particles formed as a result of their phase exclusion from solutions containing poly(ethylene glycol). However, the consequences of these interactions are
differing noticeably. If first to pretreate free ds nucleic acid (NA) molecules with nano-Au and then to create the dispersion, the orientationally ordered structures do
not form. This leads to disappearance of abnormal band in the circular dichroism spectra at very low concentration of added nano-Au. If to treat condensed ds NA,
i.e., ds NA in the content of CLCD particles, with nano-Au, the orientational order is remaining stable. This order evolves (from cholesteric to untwisted, nematic-
like) upon increase of nano-Au concentration. The preliminary measurements and evaluations show the analogous spectral changes are typical also for palladium
nanoparticles. The differences in nano-Au action on free and condensed ds NA molecules can result in various damaging effects in living cells and be accompanied

by various genetic consequences.

Introduction

In recent years several review papers [1-3] devoted to hybrid
materials formed by nanoparticles dispersed in liquid-crystalline
(LC) phases or lamellar structures of low molecular mass compounds.
Especially interesting in this respect cholesteric liquid crystals because
of competition between non-chiral nanoparticle aggregation and
chiral cholesteric twisting. Such hybrid materials can combine typical
electronic properties of metal nanoparticles (light absorption, electrical
conductivity, magnetism, etc.) with characteristic properties of liquid
crystals (fluidity, anisotropy, etc.)

The investigation of these materials has become the focus of
intense worldwide research, motivated by the perspective of practical
applications (display technology, drug delivery, information storage
and so on). From a more fundamental point of view, this approach
allows one to create materials with new, sometimes unexpected,
properties.

It is noteworthy that many studies in this branch of nanotechnology
are dealing to the properties of liquid crystals or lamellar phases doped
with silver or gold nanoparticles (nano-Au) due to their exceptional
optical properties [4-9]. Indeed, the chemical and physical properties
of noble metal nanoparticles depend on their size, shape, structure, and
dielectric environment [10,11].

Concerning the liquid crystals made of high molecular mass
biopolymers (e.g., of DNA molecules), such systems were handled
with nano-Au. The latter investigations have been started in 2010 [12],
although properties of linear single-stranded (ss) and double-stranded
(ds) DNA molecules containing nano-Au on their surfaces were
reported in pioneering contributions by Mirkin [13] and Alivisatos [14].
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One can note that the physicochemical properties of spatially
twisted (cholesteric) liquid-crystalline dispersions (CLCDs) of ds
DNA reflect some properties of these macromolecules in biological
objects such as chromosomes of primitive organisms (for instance,
chromosomes of the Dinoflagellate) and DNA-containing viruses
[15,16].

Hence, doping ds DNA CLCDs with nano-Au is interesting for
both biologists and researchers in the area of nanotechnology.

From fundamental point of view, the current understanding
of physical and chemical mechanisms behind CLCDs + nano-Au
properties still remains limited. Specifically, a question why linear ss
DNA can effectively adsorbs nano-Au whereas ds DNA does not, is
still poorly investigated. Besides, there is a set of papers [17-24] with
opposite statements concerning interaction of linear ds DNA molecules
with nano-Au. These inconsistencies in the literature reflect the lack of
a complete understanding of the fundamental interaction mechanism
between nano-Au and DNA molecules.

The purpose of our study is to reveal phenomena caused by the
nano-Au action on ds DNA molecules. It seems constructive to pose a
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few questions and to answer them on a general level. Namely we tried
to answer the following questions.

1) Whether nano-Au are coordinated to linear ds DNA molecules
in colloid solutions?

2) Whether (linear ds DNA-nano-Au) complex can form CLCD in
polymer-containing solution?

3) Whether nano-Au can interact with the ds DNA molecules
assembled in particles of CLCDs and alter their spatial structure?

Materials and methods

Preparation of metal nanoparticles and determination their
average sizes

Colloid solutions containing nano-Au of different sizes were used in
this study. Solutions (hydrosols) containing nano-Au with the average
diameters of 2, 5 and 15 nm were prepared by reduction of HAuCl,
according to the previously described procedures. Specifically, 2 nm
nano-Au with the number particle concentration of C = 3.5 x 10"
particle ml" were obtained by Duff method [25] 5 nm nano-Au (C =
1.3 x 10" particle ml*) were fabricated according to method described
by Khlebtsov et al., [26] Finally, 15 nm nano-Au(C = 5 x 10" particle
ml?) were synthesized according to Frens citrate protocol [27] The
numerical concentrations of all nano-Au samples were calculated using
the material balance (provided that Au is reduced completely).

Pulsed laser ablation in water was used to prepare nano-Au and
palladium nanoparticles (nano-Pd). Generation of metal nanoparticles
via laser ablation of solid target in liquid was described in details
elsewhere [28].

Bulk metallic target immersed into deionized water was ablated by
laser irradiation. For generation of nano-Au ytterbium fiber laser with
pulse duration of 70 ns, repetition rate of 20 kHz and pulse energy of
1 pJ at 1060-1070 nm was used. Focal spot on the target surface was
about 50 um in diameter with 207 mm F-Theta objective.

Nano-Pd were obtained by means of the first harmonics of Nd:YAG
Fuego laser system (Time-Bandwidth) with pulse duration of 10 ps,
repetition rate of 200 kHz and pulse energy of 500 pJ at 1064 nm. Focal
spot on the target surface was about 70 um in diameter with 150 mm
F-Theta objective. Laser focal spot was moved across the sample surface
with scanning galvo mirror system at the speed of 1000 mm s’

Ablation process leads to the reddish coloration of solution for
nano-Au and brownish for nano-Pd [29].

All nanoparticles were negatively charged. Their § -potentials at
neutral pH values were approximately — 40 mV.

The average sizes (diameters) of the metal nanoparticles in stock
preparations were verified by transmission electron microscopy
(TEM). Micrographs of nanoparticles were obtained using a Jem-
100CX electron microscope (Jeol, Japan).

Reagents and preparation of ds NA CLCDs
Nucleic acids and chemicals

A calf thymus depolymerized ds DNA (Sigma, USA) with a
molecular mass of ~(0.6-0.8) x 10° Da after additional purification was
used. A synthetic ds poly(ribonucleotides) poly(I)xpoly(C) (Sigma, lot
023K4032, USA; molecular mass ~0.3 x 10° Da) and poly(A)xpoly(U)
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(Sigma, lot 066K4015, USA; molecular mass ~0.3 x 10° Da) were used
without additional purification.

Ds nucleic acid (NA) concentrations in the water—salt solutions
were determined spectrophotometrically using the known values of
the molar extinction coefficients (smax = 6,600 M! cm™! for DNA, ¢
= 4,900 M cm™ for poly(I)xpoly(C) and ¢__
poly(A)xpoly(U)).

Poly(ethylene glycol) (PEG; Serva, Germany; molecular mass of
4,000 Da) and cyanine dye SYBR Green I (SG; Sigma, USA) samples
were used without additional purification. SG concentration in the
water-salt solutions was determined spectrophotometrically using
the known value of the molar extinction coefficient (e_ _~ 73000 M
cm™ [30]). The stock solution of SG was stored at 4°C in the light-tight
container.

Formation of ds NA CLCDs

Standard CLCDs of ds linear ds DNA or poly(ribonucleotide)
molecules were prepared according to the technology of intensive
mixing (stirring) of PEG-containing water-salt (~ 0.3 M NaCl) solution
with water-salt (~ 0.3 M NaCl) ds NA solution. Al details of this
technology can be found in [16].

‘max

= 5,740 M! cm™! for

Measurements

The absorption spectra were taken by Cary 100 Scan (Varian,
USA) spectrophotometer. The circular dichroism (CD) spectra were
recorded using a SCD-2 portable dichrometer (produced by Institute
of Spectroscopy of the Russian Academy of Sciences, New Moscow-
Troizk) [31]. The CD spectra were represented as a dependence of
the difference between the intensities of absorption of left- and right-
handed polarized light (AA; AA = (A, - A,)) on the wavelength (A).

Structure analysis of the DNA phases by SAXS

Pellet (~3 mg) obtained by slow speed centrifugation (5,000 rev.
min.?, 40 min., 4°C; centrifuge K-23, Germany) of the DNA CLCD
particles and the particles formed as a result condensation of DNA
molecules pretreated with nano-Au (~15 nm) in PEG-containing
water-salt solution were analyzed by small-angle X-ray scattering
(SAXS). The measurements were done on a laboratory diffractometer
Amur-K using a Kratky-type (infinitely long slit) geometry in the range
of the momentum transfer 0.12<s<10.0 nm™', where s=(4msin0)/\, 20
is the scattering angle, and A=0.1542 nm is the X-ray wavelength. The
experimental scattering profiles were corrected for the background
scattering from the solvent, and preliminary processed using standard
procedures [32].

The repeating distances of the periodical motifs in the crystalline

regions (d = 2m/s ), corresponding to the peak position (s__) on the
scattering patterns, were calculated using program PEAK [32].

The mean long-range order dimension, L, (the size of crystallites)
and the degree of disorder in the system

(A/ d_ ) were calculated from the standard equations as described
in [33-35].

We have used three different approaches to clarify a problem of
(ds NA-nano-Au) possible (if any) interaction:

1) doping of linear ds NAs with nano-Au;

2) condensation of (linear ds NA-nano-Au) complexes (if they are
formed);
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3) doping of CLCDs formed by linear ds NAs with nano-Au.
Results
CD spectra of linear ds NAs doped with nano-Au

Here we have used a low concentration of ds NA molecules (~10*
M) to prevent their nonspecific aggregation in solution.

To investigate if nano-Au can bound to ds NAs, CD spectra for
these biopolymers doped with nano-Au were measured first and
compared with spectra for control samples without particles.

Figure 1a shows that the amplitude of band at A~275 nm in the CD
spectrum of linear ds DNA (B-form) in the presence of nano-Au (2
nm; curves 2-3) is somewhat diminished in comparison to the free ds
DNA (curve 1).

However, in the case of linear ds poly(I)xpoly(C) (A-form) doped
with nano-Au the decrease in amplitudes of both bands in the CD
spectrum of this polymer is more noticeable Figure 1b, compare curve
1 with curves 2-5).

The observed spectral changes in both cases detected at R values
about 2-8 (R is number of nano-Au per 1 NA molecule) are not
consistent with denaturation of ds NA molecules [36].

Hence, under used conditions the small alterations in the CD spectra
of water-salt solutions containing linear ds DNA or ds poly(I)xpoly(C)
molecules doped with nano-Au can reflect a minor perturbation of the
linear, ds structure of these molecules induced by nano-Au binding.

Because the concentrations of chemically synthesized nano-Au
with diameters of about 5 and 15 nm were 10" and 10" particles ml™,
respectively, we cannot experimentally obtain high R value for these
cases and, hence, we cannot quantitatively definitely detect the changes
in the CD spectra of linear ds NAs at their doping of with such Nano-
Au.

Comparison of data obtained by us to results of [37] suggests that
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Figure 1. (a) The CD spectra of ds DNA in absence (curve 1) and presence (curves 2-3) of
different concentrations of nano-Au.
1-C o =0R=0);
=0.854x10" particle mlI"' (R =3.91);

anoaw = 1:667%10" particle ml" (R = 7.64).
Cpua = 29 pg ml'; 0.3 NaCl M + 0.002 M sodium phosphate buffer.
(b) The CD spectra of synthetic ds poly(ribonucleotide) poly(I)xpoly(C) in absence (curve
1) and presence (curves 2-5) of different concentrations of nano-Au.
1-C =0(R=0);

nano-Au

nano-Au

2-C, o a = 0.174x10" particle ml" (R = 0.285);

3-C,on = 0.517x10" particle ml" (R = 0.848);

4-C,_ . =0.854x10" particle ml" (R = 1.40);

5-C, . oa = 1.667x10" particle ml" (R = 2.732).

C oiyypoisicy =~ 30-4 g ml'; 0.3 M NaCl + 0.002 M sodium phosphate buffer.

The average size of nano-Au is ~ 2 nm.

R is the ratio of the number of nano-Au to the number of DNA (or poly(I)xpoly(C))
molecules in solution.

AAx10° optical units; [ =1 cm.
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Figure 2. (a-I) The CD spectra of LCDs formed by ds DNA molecules pretreated in
solution of moderate (~0.3) ionic strength with different concentrations of nano-Au.
I-1-R=0;1-2-R=0.083;1-3 -R =0.165; -4 — R = 0.333; [-5 — R = 0.660.
Cpua = 10 pgml?; C o o= 170 mg ml.
0.3 M NaCl + 0.002 M sodium phosphate buffer.
(a-IT) The CD spectra of LCDs formed by ds molecules of synthetic poly(ribonucleotide)
poly(I)xpoly(C) pretreated in solution of moderate (~0.3) ionic strength with different
concentrations of nano-Au.
-1 -R=0;1I-2-R=0.165; II-3 - R=10.331;
II-4 - R =0.826; II-5 - R = 1.645.
soly(ypoly(@y — 10-3 MG ml'; C,.. = 190 mg ml".
0.3 M NaCl + 0.002 M sodium phosphate buffer.
The average size of nano-Au is ~ 2 nm.
R —see Figure 1.
AAx10° optical units; [ =1 cm.

(b) The dependence of the relative amplitude band (A = 270 nm) in the CD spectra of
the LCDs formed by linear ds DNA molecules and synthetic polynucleotides pretreated in
solutions of moderate (~0.3) ionic strength with nano-Au of different sizes versus R value.
1 — DNA + 2 nm nano-Au;

2 —poly(I)xpoly(C) + 2 nm nano-Au;

3 - poly(A)xpoly(U) + 2 nm nano-Au;

4 —DNA + 5 nm nano-Au;

5 — DNA + 15 nm nano-Au;

6 — DNA + 10 nm nano-Pd (produced by pulsed laser ablation in water).
Cpua = 10 pgml?; C o o= 170 mg ml.

0.3 M NaCl + 0.002 M sodium phosphate buffer.

solypolycy — 10-3 pg mls Cpp =190 mg ml;
0.3 M NaCl + 0.002 M sodium phosphate buffer.
Coiyarpotywy = 10 g ml; Cpp = 190 mg ml;

0.3 N NaCl + 0.002 M sodium phosphate buffer.
AA = AA/AA

statement about binding of linear ds NAs with nano-Au, based only on
modifications in their CD spectra, needs additional verification.

The phase exclusion from PEG-containing solutions of linear
ds NAs pretreated with nano-Au

Here we utilize experimental approach: ‘Solution of linear ds NAs
was doped with nano-Au (of definite size) and stored within 1 h at
room temperature. Then final composition was mixed under stirring
with PEG solution. As a result, phase exclusion of ds NA molecules
(or (ds NA-nano-Au) complexes, if they are formed) takes place. After
1 h of additional exposition, the CD spectra of obtained mixture were
measured’. (One can add that the process of phase exclusion of linear
ds NAs is known since Lerman’s experiments as “y-condensation” (psi
is the acronym for polymer-salt-induced) [38,39].

In the case of linear, rigid, low molecular mass ds NAs it is
accompanied by formation of LC dispersion [16]. Particles of this
dispersion have spatially twisted or a so-called ‘cholesteric’ structure
and the term ‘cholesteric liquid-crystalline dispersion’ (CLCD) is used
to signify dispersion formed by these particles [16].

The CD spectra of CLCDs formed by ds linear DNA and ds
poly(I)xpoly(C) pretreated with nano-Au (~2 nm) are compared in
Figure 2a.
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Figure 3. Fluorescent ‘images’ of the free ds DNA CLCD particles (a) and the dispersion

particles formed in the PEG-containing water-salt solution by the ds DNA molecules

pretreated with nano-Au (¢). Both types of the DNA particles were doped with intercalating

compound — cyanine dye SG.

(b) and (d) — ‘images’ obtained after dilution with water of initial PEG solutions containing

particles shown in Figs. (a) and (c).

The scale bar corresponds to 2 pm.

(a) Cy, = 15 pgml™; C .= 170 mg ml'; 0.3 M NaCl + 0.002 M sodium phosphate buffer;

C o =49x10°M.

=15pgml’; C..= 170 mg ml"'; 0.3 M NaCl + 0.002 M sodium phosphate buffer;
anoaw = 2:3%10" particle ml; C o, = 4.9x10° M.

The average size of nano-Au is ~ 15 nm.

Ig L, relative units

6 I 1st minimum
5
4
3
2
0 1 2 3 L s 6

Wave vector (nm 1)

Figure 4. Experimental SAXS curves of phase obtained from the CLCD
formed by free, linear, ds DNA molecules in PEG-containing water-salt
solution (curve 1, control) and of phase formed in the PEG-containing
water-salt  solution by ds DNA molecules pretreated with nano-Au
(curve 2).

Arrow marks the first minimum on the scattering curve 2.

1-Cy =15 pgml’; C, .. = 170 mg ml; 0.3 M NaCl + 0.002 M sodium phosphate
buffer;

2- Cpe = 15 pgml; C

buffer; C

peg = 170 mg ml?; 0.3 M NaCl + 0.002 M sodium phosphate
=2.5%10"? particle ml! (the average size of nano-Au is ~ 15 nm).

nano-Au

First of all, one can see that the formation of CLCDs of both

types of ds NA (compare curve I-1 and curve II-1) in PEG-containing
water-salt solutions is accompanied by an appearance of abnormal bands
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Figure 5. (a) The CD spectra of DNA (a-I) and poly(I)xpoly(C) CLCDs (a-II), doped with
different concentrations of nano-Au.
(a-1):1-R=0;2-R=239;3-R=4.77;4-R=9.42;5-R=229.

Coua = 10 pgml?; C o o= 190 mg ml';

0.3 M NaCl + 0.002 M sodium phosphate buffer.

(a-II): 1 -R=0;2-R=0.72;3-R=1.44;4-R=2.85,5-R=4.23; 6 -R=6.93.
Cotytypoisiy = 12 B8 ml'; Cp, = 190 mg ml;

0.3 M NaCl + 0.002 M sodium phosphate buffer.

The average size of nano-Au is ~ 2 nm.

R - see Figure 1.

AA %10 optical units; 1 =1 cm.

The CD spectra of NA CLCDs were measured 2 hrs after of their doping with nano-Au.
(b) Dependences of the amplitude of band (A =270 nm) in the CD spectra of DNA CLCD
(curve 1) and poly (I)xpoly(C) CLCD (curve 2) doped with different concentrations of
nano-Au on the R value.

Cpoxa= 10 g ml'; Cootytypoive = 12 18 ml';

Cpee = 190 mg ml'; 0.3 M NaCl + 0.002 M sodium phosphate buffer.

The average size of nano-Au is ~ 2 nm.

R —see Figure 1.

AA,, <10 optical units; 1 =1 cm.

The CD spectra of NA CLCDs were measured 2 hrs after of their doping with nano-Au .

in the CD spectra located in the region of absorption of nitrogen bases
(A~270 nm). The appearance of these abnormal (negative or positive)
bands univocally testifies the cholesteric twist of neighboring quasinematic
layers in particles of NA dispersions [36] The negative sign of the band in
the CD spectrum proves the left-handed twist of the right-handed DNA
molecules (B-form, curve I-1), whereas the positive sign corresponds the
right-handed twist of the right-handed poly(I)xpoly(C) molecules (A-
form, curve II-1) in the formed particles [36].

Figure 2b shows that in both cases the amplitudes of abnormal
bands in the CD spectra drop. Hence, the decrease in the amplitudes
of abnormal bands in the CD spectra (curves I-2 - I-5 and II-2 - II-5)
does not depend on parameters of the secondary structure of ds NA
molecules. The higher the concentration of nano-Au in solution, the
greater is decrease in abnormal band in CD spectra of CLCDs of both
types of NAs.

The CLCDs were formed as well by ds DNA molecules pretreated
with 5, 15 nm nano-Au and with nano-Pd (the average size is about
10 nm). The CD spectra of all these CLCDs were measured and the
dependences of abnormal band amplitudes upon concentration of
nanoparticles are compared in Figure 2b (curves 4-6). One can see,
first of all, that there is strong dependence of spectral effect upon
concentration of all nanoparticle types. The higher the concentration
of nano-Au in solution, the greater is decrease in abnormal band in
CD spectra of CLCDs of NAs. Second, spectral effect depends on the
size of nano-Au, i.e., the greater the size of nano-Au, the smaller is the
critical value of R for vanishing of abnormal band in the CD spectra.
The disappearance of abnormal bands for the CLCDs takes place at
very low R values (below 1). For instance, in the case of big nano-Au
(15 nm, curve 5) it happens at R about 0.2 (i.e., at 1 nano-Au per 5 ds
DNA molecules). It is worth to note that the similar changes in the CD
spectrum occur also for linear ds DNA pretrated with nano-Pd (curve 6).
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The CLCDs have been formed by ds poly(A)xpoly(U) pretreated
with 2 nm nano-Au. Figure 2b (curve 3) shows disappearance of
abnormal band in this case, as well.

The CD spectra shown in Figure 2 demonstrate clearly that the
negatively charged nano-Au and nano-Pd must undoubtedly be bound
to initial ds NA molecules to induce the changes in abnormal optical
activity of CLCD particles. The binding process depends definitely upon
size of nanoparticles. Namely, the greater the size of nanoparticles, the
more effective changes in the abnormal optical activity of the CLCD
particles.

To confirm possible correlation between change in the abnormal
optical activity of the CLCD particles and binding of nano-Au to ds
DNA molecules the fluorescence images of the particles formed by
DNA molecules, pretreated with the most ‘effective’ nano-Au (15
nm) (obtained DNA particles were also additionally doped with
intercalating fluorescence dye — SG), were investigated. These images
(Figure 3c) were compared to the images of the CLCD formed by
initial ds DNA (Figure 3a). Then both systems were diluted with
water to diminish osmotic pressure of PEG solution and to obtain
its concentration below ‘critical’ value [16]. Figure 3b and Figure 3d
show that under these conditions (i.e., at low concentration of PEG)
the spatial structure of ds DNA CLCD is disintegrated and ds DNA
molecules are existing in isotropic (noncondensed) state. This process
results in full disappearance of fluorescence images of ds DNA CLCD
(Figure 3b). However, fluorescence images of CLCD formed by ds DNA
molecules pretreated with nano-Au exist despite of its dilution (Figure
3d). This is possible only if nano-Au are connecting neighboring ds
DNA molecules and formed aggregate from DNA molecules can exist
in absence of high osmotic pressure of PEG-containing solution.

To get more information on the properties of condensed phase
formed by ds DNA molecules pretreated with nano-Au (15 nm) we
apply SAXS.

Experimental scattering intensity profiles from the cholesteric
phase of ds DNA (curve 1, control,) and from the phase formed from
the ds DNA pretreated with nano-Au (curve 2) are presented in Figure
4. Scattering profile from the cholesteric phase formed by free linear ds
DNA molecules (Figure 4, curve 1) demonstrates characteristic Bragg
peak typical for densely packed ds DNA molecules in CLCD particles
with structural parameters shown in Table 1.

Figure 4 (curve 2) shows as well that pretreatment of linear ds
DNA with nano-Au and phase exclusion of the formed complex (ds
DNA-nano-Au) from PEG-containing solution results in: (i) the
disappearance of the Bragg maximum, i.e., in a total, even nematic-like,
disintegration of the orientational order of ds DN A molecules and spatial
structure of the CLCD, and (ii) in the emerging of the characteristic
scattering caused by big size nano-Au. The latter phenomenon allows

Table 1. Structural characteristics of the DNA cholesteric phase.

Sample s ,nm’ — L, nm —
max’ B d , nm A/d

(O-Tnm) 01 ) (3.0 nm) (*0.01)
DNA 1.9 3.4 16.0 0.15

liquid-crystalline phase
Note: S, — the wave vector (s = 4nsin0/A; 20 - the scattering angle; A - the X-ray

Wavelengthl'}:qual 0.1542 nm);

d - the periodicity of the structure (the interhelical distance);

L- the crystallite size;

Al d - the degree of disorder (A - the mean square deviation of distances between
neighboring regularly packed structural elements; ¢ - the periodicity of the structure (the
interhelical distance)).
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us to determine a size of the nano-Au using ratio: R = 4.49/s , where
s, — position of the first minimum on the scattering pattern [40]. In
our case R = 4.49/0.64 =~ 7 nm, that is, about 14 nm in diameter. The
value, which fits results of 15 nm nano-Au TEM micrographs, should
be considered as an average size due to polydispersity of the nano-Au
sample.

The results of SAXS demonstrate that 15 nm nano-Au affect
the interaction between molecules of (ds DNA-nano-Au) complex.
Instead of ordered spatial structure of ds DNA CLCD only random
disordered aggregates are formed by molecules of these complexes at
their condensation.

Hence, all obtained in this section results speak in favor of binding
of nano-Au to the ds DNA molecules. However, such complexes of (ds
DNA-nano-Au) complexes, in contrast to the free ds DNA molecules,
lose an ability to form spatially twisted structure at their condensation.
They are capable of forming only aggregates, which do not possess
abnormal band in the CD spectrum.

Doping of CLCD particles formed by ds NA molecules with
nano-Au

The CD spectra of CLCDs formed by ds NAs and doped with
different concentrations of nano-Au (2 nm) after formation of these
dispersions are compared in Figure 5a. In both cases the amplitudes of
abnormal bands in the CD spectra drop. The higher the concentration
of nano-Au in solution, the greater is decrease in abnormal band in
CD spectra of CLCDs of both types of NAs. (Here a comment is in
order. Any possible aggregation of independent nano-Au outside of
the ds NA CLCD particles cannot induce any change in the value of the
abnormal band in the CD spectra in the region of absorption of these
molecules).

The dependences of abnormal band amplitudes upon concentration
of nano-Au are compared in Figure 5b. One can see, first of all, that
there is dependence of spectral effect upon concentration of nano-Au,
expressed as R value. Second, comparison of Figure 5b to Figure 2b
clearly shows that the disappearance of abnormal bands in the case of
the formed CLCDs takes place at R values, which are much (~25 times)
higher in comparison to the case of CLCDs formed by ds NA molecules
pretreated with nano-Au. Third, the disappearance of abnormal bands
in the CD spectra indicates diminishing in twist in spatial structure of
CLCD particles. Nevertheless, spatial structure of CLCD particles with
ordered packing of 10* ds NA molecules [41] is not changed so easily
at nano-Au binding.

It is necessary to note, that doping of CLCDs formed by ds NAs
with nano-Au sizes of 5 and 15 nm is accompanied only by small (if
any!) changes in the CD spectra [42].

Figure 5 demonstrates that nano-Au of small size (2 nm) are
incorporated by this or that way into spatial structure of CLCDs
particles, i.e., such small nano-Au can interact even with ds NAs inside
of CLCD particles, despite of very tight packing of these molecules.

The CD spectra of CLCDs formed by ds NAs and doped with nano-
Au (2 nm) after their formation are compared in Figure 6a. It can be seen
that the doping of CLCDs with nano-Au reduces the amplitudes of the
abnormal bands in the CD spectra of both types of formed dispersions.
The curves characterizing the time dependences of the amplitude of
the abnormal bands in the CD spectra of DNA and poly(I)xpoly(C)
CLCDs doped with nano-Au are compared in Figure 6b (curves 1 and
2, respectively). It can be seen that the reduction of the band amplitude
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Figure 6. (a) The CD spectra of DNA (a-I) and poly(I)xpoly(C) CLCDs (a-II) measured
after different time of their doping with nano-Au.

(a-I): I-1 — 0 min; I-2 — 0.6 min; I-3 —3.5 min; I-4 — 17 min; [-5 — 120 min.

(a-II): II-1 — 0 min; I1-2 —5 min; 1I-3 — 21 min; 1I-4 — 120 min.

(b) Time dependences of the amplitude of the abnormal bands (AA,,)) in the CD spectra of
DNA (curve 1) and poly(I)xpoly(C) CLCDs (curve 2) doped with nano-Au.

Cona = 10 pgml™s €y ) = 12 pg mly
Cpee = 190 mg ml'; 0.3 M NaCl + 0.002 M sodium phosphate buffer.
Cioan = 1.67x10" particle ml' (the average size of nano-Au is ~ 2 nm).

AAX10 optical units; AA, <10 optical units; 1 = 1 cm.

occursin two stages. The duration of the first, fast stage isabout 20-40 min
(Figure 6b). The slow stage does not lead, to any significant change in
amplitudes of abnormal bands.

Hence, doping of NA CLCDs with nano-Au (2 nm; Figure 6)
demonstrates that these negatively charged nanoparticles can be
aggregated with tightly packed ds NA molecules. The interaction leads
to a ‘disturbance’ of the spatial structure of CLCD particles and causes
a decrease in abnormal band in the CD spectra. Phenomenologically,
this spectral change can be described as unwinding of the cholesteric
spiral, i.e., phase transition of cholesteric > nematic [43].

Discussion

The results presented above describe two different situations:
i) doping of free, linear ds NA molecules in solution with negatively
charged nano-Au, and ii) doping of CLCD particles formed by ds NA
molecules with negatively charged nano-Au.

1. Considering minor spectral changes shown in Figure 1 we can
suppose that negatively charged nano-Au are somehow attached to
the free, linear ds NA molecules in solutions of moderate (~0.3) ionic
strength. Note to the point that the authors of [21] showed earlier
that the amplitude of band in the CD spectrum of synthetic ds DNA
molecule (ds 25) of very low molecular mass (16.5 x 10° Da) treated
with nano-Au (with an average diameter 13 nm and concentration of
I%x10° M, i.e., Cy ~ 543 x 10™ particles ml?) is reduced compared to
the free ds form.

Because we were not in position to repeat this result, due to
pure experimental reasons, the statement concerning interaction of
negatively charged nano-Au with ds NA molecules, based on detection
of minor changes in the CD spectra, needs additional verification.

2. The decrease in amplitudes of abnormal bands of CLCDs formed
by linear ds DNA and poly(I)xpoly(C) molecules pretreated with
nano-Au (Figure 2) demonstrates that the negatively charged nano-
Au are bound to linear ds NA molecules prior to their y-condensation
to induce the shown spectral changes. The greater the size of nano-
Au, the more effective is changes in the abnormal optical activity of
the NA CLCD particles. To rationalize this observation two different
mechanisms (‘chemical’ and ‘physical’) can be proposed.
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The ‘chemical’ mechanism of nano-Au-ds NA interaction

i) Having in mind the high negative charge of ds NA molecules and
the anionic properties of nano-Au, the first question to answer is how
these particles bind to these molecules [44].

ii) Indeed since both nano-Au and ds NAs are negatively charged,
the long range electrostatic repulsion should suppress any aggregation.
However, to obtain ds NA CLCDs we are using the technology of
intensive mixing of PEG-containing water-salt (~0.3 M NaCl) solutions
with water-salt (~0.3 M NaCl) ds NA solutions was used. Under
these conditions the electrostatic repulsion between nano-Au and ds
biopolymer molecules is minimal. Hence, high salt concentration can
facilitate the close approach of nano-Au to the ds NA molecule surface.

iii) If nano-Au are sufficiently close to ds NA molecule surface, the
binding event is accompanied by a partial substitution of the stabilizing
organic anions on nano-Au for negatively charged phosphates of
the DNA, which most likely bound the nano-Au due to the high
electronegativity of the metal [44]. Besides, under these conditions,
small-size nano-Au (~2 nm) can be sterically embedded into the major
groves of ds DNA molecules, thereby causing a slight distortion in the
structural geometry of the B-DNA [45,46]. This mechanism requires
a rather strong size limitation, because nano-Au, larger than 2 nm,
would be less likely to interact with B-form of DNA or A-form of
poly(I)xpoly(C) in such a way due to sterical reasons [47].

Hence, the sterical embedment of nano-Au with sizes of 5 and 15
nm into the major groves, as a possible mechanism of (ds NA-nano-
Au) interaction must be rejected.

iv) A single nano-Au of any size can, in principle, form complexes
with nitrogen base pairs (namely, N7 atoms of purine and N3 atoms
of pyrimidine) [17,48] of ds NA. Taking into account a possibility
of deformation of spatial structure of nano-Au [49,50] chemical
interaction between nitrogen bases and nano-Au appears to be a
function of nano-Au size. In this case increasing of nano-Au size may
increase the number of free electrons to share with nitrogen bases. But
the efficiency of the formation of complexes between nitrogen bases of
ds NAs and nano-Au is again limited due to sterical location of nitrogen
bases in the spatial structure of ds NAs, and it cannot be considered as
the main mechanism of (ds NA-nano-Au) interaction.

So, one has to look for some other explanation for why nano-Au
bind to ds NA molecules. In our opinion, the ‘physical’ mechanism (see
below) is a good candidate.

The ‘physical’ mechanism of nano-Au-ds NA interaction

Taking into account that CLCDs of ds NAs were obtained at
high salt concentration that decreases the electrostatic repulsion
between nano-Au and ds molecules, we consider higher other electric
multipoles as a possible mechanism of nano-Au binding to ds NAs
[21]. One can add here, that the theoretical simulations [51-53] which
are modelling the process for “metallization” of ds DNA fragment in
an aqueous solution via nano-Au showed that nano-Au are polarized
in the intrinsic electric field of DNA molecule. For this case no special
chemical functionalization of the surface of the nano-Au is supposed
to be performed.

We advocate here the following mechanism of (nano-Au-ds NA)
interaction. The charges of the phosphate groups of ds NAs induce a
dipole in the highly polarizable nano-Au. This mechanism is quite short
ranged (~1/d*), (where d is the distance between polarization center of
nanoparticle and DNA base pair local charge). One might think that
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the Coulomb repulsion keeps the species apart at longer distances.
Under our conditions, the high ionic strength (~0.3) of the water-salt
solution screens the long-range repulsion so the nano-Au are allowed
to approach to the DNA base pair charges. At a certain distance, the
ion-induced dipole interaction takes over, resulting in a net attractive
force. This is accompanied by fixation (immobilization) of nano-Au
nearby the surface ds NA molecules. Besides, the polarizability of a
conducting sphere is proportional to the cube of the sphere radius,
resulting in a large drop in polarizability when changing from 15 nm
nano-Au to 2 nm nano-Au. This results in drop of efficiency of nano-
Au-ds NA interaction with decrease in the size of nano-Au.

If this is a case, it means that 15 nm nano-Au can be bound with ds
NAs stronger in comparison to 2 nm.

Figure 2 shows that pretreatment of ds NAs with 15 nm nano-Au
is accompanied by much pronounced drop in an abnormal optical
activity of the formed CLCDs in comparison to 2 or 5 nm nano-Au
treatment.

If negatively charged nano-Au are indeed bound to the ds NA
molecules, the next question to answer is why the amplitude of abnormal
band in the CD spectra of CLCDs formed by ds NA pretreated with
nano-Au, decreases?

Two points are important here.

1) It was shown earlier that the packing mode of ds DNA molecules
in CLCD particles is determined ‘at the moment of their ‘recognition’
[54] during the spatial juxtaposition of neighboring DNA molecules.
Spatially, this ‘recognition’ process begins to realize when the distance
between neighboring DNA molecules corresponds to 5.0-10.0 nm
[15,55-59].

The peculiarities of the ds DNA secondary structure and the
distribution pattern of ‘quest’ molecules on their surfaces define not
only their ‘recognition’ but the mode of their ordering in quasinematic
layers of spatial structure of dispersion particles. The theoretical
considerations [36] reveal that formation of the twisted structure of
dispersion particles is determined by interaction between neighboring
ds DNA molecules, which possess the ‘double’ inherent anisotropy
(related with helical structure and the presence of optically active
carbon atoms in sugar residues) of DNA molecules. As a result, each
subsequent quasinematic layer, formed by ds DNA molecules, is turned
by a certain angle (approximately 0.5°) with respect to the previous one.
The rotation gives rise to the cholesteric LC structure of a dispersion
particle. The ds DNA molecules (B-form) with a right-handed helical
twist of the secondary structure form, as a rule, particles with a left-
handed helical packing of the quasinematic layers. This is demonstrated
by the appearance of a negative CD band in the absorption region of
DNA nitrogen bases. Hence, the anisotropic character of the free linear
ds DNA molecules and sterical interaction between them specifies
helically twisted packing of these molecules in particles formed.

However, combination of shown two items can result in a distortion
of the spatially twisted structure of the CLCD particles, and hence, in
the decrease (down to full disappearance) of their abnormal optical
activity (nematization of spatial structure). This means that abnormal
band in the CD spectrum of the CLCD can be considered as a criteria,
which reflects any mode of alteration of ds DNA structure induced by
chemical or biological compounds.

2) The first experiments [13,14] demonstrated that positively
charged nano-Au chemicallylinked to ss DNA molecules do not prevent
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their hybridization. Obtained ds DNA molecules, after immobilization
on a surface of film for TEM, form planar superstructure, which consists
of a few repetitive neighboring ds DNA molecules and nano-Au. In
planar superstructure of type (DNA...Au...DNA...Au...DNA) spatial
twist of neighboring DNA molecules is absent, despite anisotropy of
these molecules [19,60,61].

Coming back to our case we can say the following. The formation
of spatial twisted structure of free ds DNA CLCD particles, as a result
of the phase exclusion of these molecules, depends on relatively
week anisotropic contribution into electrostatic or Van-der-Waals
interaction between neighboring ds DNA molecules. It can be very
sensitive to the presence of metallic nanoparticles, i.e., nano-Au.

Taking into account that at formation of CLCD particle with
ordered arrangement of ds NA molecules the ‘recognition’ distance
between these molecules is close to 5.0-10.0 nm, one can expect that if
nano-Au are indeed fixed nearby surfaces of these molecules, they must
sterically prevent both ‘recognition” and proper spatial orientation of
these molecules, which define mutual twist of ds molecules.

Besides, the facet spatial structure of nano-Au [11,62] creates
conditions under which neighboring ds DNA molecules in water-salt
solutions of high ionic strength can be assembled on various facets of
these nanoparticles [63]. This leads to disordered and uncorrelated
arrangement of ds DNA molecules on surface of nano-Au, ie., to
formation of ds DNA aggregates (Figure 7). In the framework of this
model, the greater the size of nano-Au, the effective is formation of ds
DNA aggregates.

Results of SAXS support such consideration. They showed (Figure
4) that ds DNA molecules pretreated with 15 nm nano-Au and
condensed in PEG-containing water-salt solution form aggregates
with disordered arrangement of these molecules. If this is a case, the
abnormal band in the CD spectrum typical for DNA CLCD with
spatially twisted structure must be decreased at increase of nano-Au
concentration and increase of nano-Au size. Figure 2 confirms this

Figure 7. Proposed structure of aggregate formed by a few ds DNA molecules fixed on
crystal facets of one gold nanoparticle (15 nm).
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statement, i.e., the greater the size of nano-Au, the smaller is R value of
disappearance of abnormal band in the CD spectra.

Hence, negatively charged nano-Au are undoubtedly can be bound
to initial ds NA molecules in water-salt solutions of high ionic strength
and can form (ds DNA-nano-Au) complexes. Taking into account a
possibility of uncorrelated positions of neighboring ds DNA molecules
on surface of nano-Au, phase exclusion of these complexes results
only in one process, i.e., in formation of disordered aggregates from
ds DNA molecules linked via nano-Au (Figure 7). This allows one to
suppose that spatial topography of nano-Au may play a role of ‘random
external field’, which suppresses both ds DNA molecules recognition
and formation of cholesteric structure from (ds DNA-nano-Au)
complexes. Analogous transformation of lamellar phases under
influence of nanoparticles, including nano-Au (2 nm), was considered
in [8,64].

Quite different process happens at doping of ds NA CLCDs with
high concentration of nano-Au (2 nm) (Figures 5 and 6).

Taking into account that the changes in the CD spectra of ds NA
CLCDs take place at high R values within 20-40 min (Figure 6b), it
was supposed that nano-Au with the size (~ 2 nm) comparable to the
distance between ds DNA molecules in quasinematic layers (~ 3.4 nm
) can quickly incorporate between these molecules ordered in spatial
structure of CLCD particles. (The nano-Au with the sizes equal to 5 nm
and 15 nm are too ‘big’ in comparison to the distance between ds NA
molecules in quasinematic layers, and this prevents their incorporation
into content of CLCD particles). Then, within slow stage, which does
not result in significant change in amplitude of abnormal band in the
CD spectra, interaction between adjacent nano-Au is accompanied by
formation of nano-Au clusters in the content of CLCD particles [43].

To check this scenario we made the SAXS measurements of the
phases obtained as a result of slow centrifugation of ds DNA CLCD
particles doped with different concentrations of nano-Au (2 nm)
[42]. (The CLCD phase of free, initial ds DNA was used as a control
sample). The results of SAXS measurements showed that all samples
doped with nano-Au (2 nm) possess diffuse Bragg maxima. The doping
is accompanied only by increase by 0.4-0.5 nm of characteristic size
(i.e., the distance between the ds DNA molecules arranged parallel
in quasinematic layers. The mutual position of neighboring ds DNA
molecules (and, correspondingly, quasinematic layers in ds DNA
CLCD particles) changes albeit insignificantly [42,65].

This means that doping of ds DNA CLCD with nano-Au (2 nm)
does not lead to the modification in ordering of ds DNA molecules in
the particles of CLCD.

However, the incorporation of nano-Au into quasinematic
layers of ds DNA CLCD particles and their spatial ordering between
these molecules in quasinematic layers must be ‘transformed’” by
this or that way into the changes in the total energy of interaction
between neighboring ds DNA molecules. For instance, the ‘dipoles’
of neighboring (DNA-nano-Au) complexes would tend to be
arranged parallel, which can induce a change in the helical twist of
neighboring quasinematic layers. This means that nano-Au may
change the contributions determining the helical twist of neighboring
quasinematic layers of NA molecules (in particular, the anisotropic
contribution to the van-der-Waals interaction). In this case, the twist
angle between the layers may turn to zero, which is equivalent to the
untwisting of the cholesteric structure of dispersion particles at nano-
Au doping. For this process the differences in the secondary structure
of various ds NA molecules, are not important.
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Figures 5 and 6 indeed demonstrate a quick decrease in amplitudes
of abnormal bands in the CD spectra. However, in contrast to case
shown in Figure 2, these spectral changes reflect the unwinding of the
particle spatial structure (regardless of the origin of NAs) as a result
of incorporation of nano-Au into CLCD particles formed by ds NA
molecules [36]. This effect is unique as none of the other chemical or
biological compounds can cause the complete unwinding of the spatial
structure of CLCD particles as a result of their interaction with ds DNA
molecules at the room temperature.

Therefore, the results presented above strongly suggest that the
negatively charged nanoparticles of noble metals can interact with free
ds NA molecules or with these molecules ordered in spatial structure
of the CLCD particles. This allows one to hypotesize that nano-Au can
induce different damaging effects in mammalian cells which depend
on state of ds DNA molecules. The conclusions about the damaging
effect of the small nano-Au are confirmed by experimental studies [66-
69], which demonstrated their ability to reduce the locomotor activity
of ejaculated human and bovine sperms by 25 and 22%, respectively,
as well as destroy the nuclear apparatus of mature gametes. Besides it
was suggested that the small nano-Au are highly active with respect to
the male sperm cells of mammals and humans.[66,70,71] These results
provide background to assume that the in vitro and in vivo action of
nano-Au on spatially arranged ds DNA structures is similar to that of
molecules that possess mutagenic activity.

Conclusion

Results presented above allow one to draw a few important
conclusions.

1. The negatively charged nano-Au in solutions of high ionic
strength can interact with free ds molecules of NAs or with these
molecules ordered in spatial structure of the CLCD particles. This
interaction leads to decrease in amplitude of specific bands in the CD
spectra.

2. The decrease in abnormal bands in the CD spectra
of CLCDs can be induced by two very different reasons: i)
formation of aggregates from ds NAs pretreated with nano-Au, or
ii) disappearance of twist of spatial structure of ds NA CLCD particles
doped with nano-Au.

3. The processes of dispersing nanoparticles and condensing ds
DNA do not commute. If first one disperses nanoparticles in isotropic
dilute solution of ds DNA, and then tries to condense the obtained
mixture, orientationally ordered structures do not occur. If in other
way around, one first condenses the ds DNA and only after formation
of cholesteric structure, disperses the nanoparticles, the orientational
order remains stable. This order evolves (from cholesteric to untwisted
nematic like) upon increasing of nanoparticle concentration. Our
working hypothesis is that the both procedures do not commute
due to random anchoring field created by a complex topography of
nanoparticle surfaces (facets). This random field disorients ds DNA
long axis in a dilute solution (where ds DNA can more or less freely
rotate individually). On the contrary in the condensed twisted structure
the same random field cannot rotate cooperatively ordered ds DNA.
Instead, the field disorients the nanoparticles.

4. The changes in the CD spectra of CLCDs do not depend on
methods of nano-Au synthesis, but depends on concentration and size
of used nanoparticles.

5. According to preliminary measurements and evaluations,
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analogous spectral changes are typical also for nano-Pd.

5. It is not excluded, that differences in action of nano-Au on

‘free’ and ‘condensed” ds DNA molecules can result in various
damaging effects in living cells and be accompanied by various genetic
consequences.
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