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The properties of double-stranded DNA liquid-crystalline dispersion particles formed as a result of the
phase exclusion of these molecules from water-salt solutions of poly(ethyleneglycol) are considered. For the first
time a generalized approach to the creation of ‘“rigid” particles (nanoobjects) from DNA liquid-crystalline
dispersion particles was formulated. It is based on the joining all DNA molecules forming a single dispersion
particle as a result of sharp decrease in their solubility and formation of the high-molecular mass, integrated
(gel-like, “rigid”) structure. The physicochemical variants of this approach include sharp decrease in solubility
of adjacent double-stranded DNA molecules ordered in quasi-nematic layers of liquid-crystalline dispersion
particle due to their “salting-out” under action of cations of rare earth elements, or ‘“cross-linking” of
neighboring DNA molecules by synthetic nanobridges consisting of alternating molecules of an antibiotic —
daunomycin and bivalent copper ions. The nanotechnological variant is based on incorporation of small size gold
nanoparticles in “free” space between DNA molecules, which are ordered in quasi-nematic layers of liquid-
crystalline dispersion particle. This process results in creation of gold clusters in “free” space between adjacent
DNA molecules. It is accompanied by increase of interaction between DNA molecules via gold nanoparticles and
by decrease in a solubility of dispersion particle. The formed high molecular mass “rigid” structures are
incompatible with the initial aqueous polymeric solution and have unique properties. Practical application of
“rigid” DNA particles for medicine and biosensorics is demonstrated.

Key words: double-stranded DNA, DNA liquid-crystalline dispersions, DNA-based nanostructures,
circular dichroism, absorption spectroscopy, atomic force microscopy, small-angle X-ray scattering, gadolinium
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B o0630pe copmynuposan obwuii noodxo0 K CO30aHUIO «IICECMKUXY NPOCMPAHCMBEHHBIX CIPYKIMYD
(HAHO0OBEKMOB) C UCNONIB30BAHUEM UYACTMUY HCUOKOKpUCTALIUYECKUX Oucnepcuii 0gyxyenoyeynou [HK u
CUHMEMUYEeCKUX NOJUHYKIEOMUO08, 00pa3yiowuxcst 6 800HO-CONIe8bIX PACMEOPAX HEUMpPAalbHO20 NOAUMepd -
NOAUIMUAEH2AUOTIA. DMOM NOOX00 OCHOBAH HA Yieme noHudxceHus pacmeopumocmu monexyn JHK, obpazyrowux
yacmuyy oucnepcuu, npusodsaujeli K ux 00beOUHeHUur U QOPpMUPOBAHUID UHMESPUPOBAHHOU (2e1e00pa3Holl)
«IHCECMKOILY BbICOKOMONEKYTAPHOU CMPYKMYpbl. DUBUKO-XUMUYECKUE BaAPUAHMBL OAHHO20 HO0X00d BKIIOUAIOM
NOHUdICEHUe pacmeopumocmu 0gyxyenouveunvix monexyi JHK, ynopsoouenHvix 6 K8a3UuHeMamuyeckux Crosx
yacmuysl HCUOKOKPUCIIATLIUYECKOU OUCNEPCUU, BCAeOCmEUe UX «BbICATUBANUAY HOO Oelcmaeuem KamuoHo8
PEOKO3EMENbHBIX DINIeMEHMO08 UM «CUWUBAHUSLY 8 pe3yIbmame CO30aHUsL UCKYCCMEEHHbIX HAHOMOCHIUKOS,
COCMOAWUX U3 YEPeOYIOWUXCS MONEKYL AHMUOUOMUKA AHMPAYUKIUHOBOU 2PYNNbl — OAYHOMUYUHA U UOHO8
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osyxeanenmmuou meou. Hanomexnonocuveckuii eapuanm npeonazaemo2o nooxo0a OCHOBAH HA UHKOPNOPAyuu
HaHoOYacmuy 30710mMa Mano2o pasmepa (~ 2 HM) 6 «c80000HOe» npocmpancmeo medxcoy monexyramu JHK,
VHOPAOOUEHHIMU 8 KEAZUHEMAMUYECKUX CNOAX YACMUYbl ICUOKOKPUCHALIUYECKOU Jucnepcuu. Imom npoyecc
npuBooUm K opMuposanuio JUHEUHbIX KIACMepo8 U3 HAHOYACMUY 30]10Md MedcOy COCeOHUMU MONEKYIaAMU
HHK. Obpa3zosanue xknacmepog conpogoicoaemcs yseaudernuem zaumooeticmeus mexncoy monexynamu JHK u
KaK c1e0cmeue 9mo2o NOHUNICEHUEM PacmeopUMOCuy Yacmuy JHCUOKOKpUcmainuieckol oucnepcuu. Ilonyuennvie
npu nomMowu paspabomanHo2o nooxooa «ocecmkuey npocmparncmeennvie cmpykmypwl JHK (nanoobvexmut)
HecoemMecmumbl ¢ UCXOOHBIM 800HO-NOJIUMEPHBIM PACMEOPOM U 001A0AI0M YHUKATbHBIMU (PUSUKO-XUMUYECKUMU
ceovicmeamu. [Ipodemoncmpupoana 603M0OHCHOCL NPAKMUYECKO20 UCTOAb308ANUS IMUX CMPYKMYP 6 obnacmu

OuoceHcopuxu u meouyuHe.

Knroueswie cnosa: osyxyenoueunas /[HK, oscuoxkoxpucmaniuuecxue oucnepcuu J{HK, nanocmpykmypol

Ha ocunoge JIHK, «kpyeo6oii Ouxpousm,

CNneKmpocKonust nocjioulerusl,

aAMOMHO-CcUl06asl MUKPOCKONUAL,

Majuloyenoeoe paccesiHue peHmeeHo8blx Jzyqeﬁ, UOHbL ZaaOJZI/lHM}Z, CuiueKku, cuHmemudecKkue HAHOMOCMUKU,
HAaHodYacmuyvl 3010ma, HeﬁmpOH-wx@amHaﬂ mepanusi, 6MOC€HCOPMKCI.

Some parameters and properties of the DNA
liquid-crystalline dispersion particles
formed in aqueous-salt-poly(ethyleneglycol)
solutions

It is known that the phase exclusion of rigid,
linear, double-stranded (ds) DNA molecules with a
molecular mass smaller than 1x10° Da from the
aqueous salt solutions of some polymers, for instance,
poly(ethyleneglycol) (PEG), is accompanied by the
formation of nucleic acid (NA) dispersions. The phase
exclusion efficiency depends on a number of factors
indicated in Fig. 1. Two factors, the molecular mass
and solubility of ds DNA molecules, are especially
important. The higher the molecular mass of DNA, the
lower the compatibility of this molecule with the PEG
solution, and the higher the phase exclusion efficiency.
The lower the solubility of DNA molecules, the higher
their immiscibility with a PEG solution and the higher
the phase exclusion efficiency.

Each dispersion particle can be conventionally
treated as a drop of a concentrated DNA solution. The
structure and properties of the dispersion particle are
determined, in addition to the ionic strength, pH and
temperature of the solution, by its “critical” osmotic
pressure [1, 2].

A dispersion particle cannot be taken in hand,
seen or placed on the surface of a membrane filter
since, in the absence of the “critical” osmotic pressure
of the solution, the spatial DNA molecule packing
must change so that the DNA molecules will
transform from the condensed state into the initial
isotropic one.

Theoretical estimates based on the application
of various methods (sedimentation analysis, scattering

of UV irradiation, dynamic light scattering, etc.) have
shown that for ds DNA molecules with the molecular
mass (0.6-0.8)x10° Da, the mean diameter of
dispersion particles is close to 500 nm. The molecular
mass of one dispersion particle reaches ~ 10'° Da, i.c.,
a particle contains approximately 10* DNA molecules
[3,4].
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Fig. 1. Formation of a liquid-crystalline dispersion as a

result of phase exclusion of linear double stranded DNA

molecules with a molecular mass of (6-8)x10° Da from a

PEG-containing aqueous salt solution [3]:
1 — ds DNA molecules at a PEG concentration in solution below
the “critical” value, 2 — A particle of DNA liquid-crystalline
dispersion formed at a PEG concentration above the “critical”
value (P is the pith of the helical twist of the spatial structure of a
dispersion particle), 3 — A quasinematic layer of DNA molecules
(the cross (®) at the center denotes the rotation axis of the helical
structure; the rectangular box and arrows correspond to the
osmotic pressure (IT) of a PEG-containing solution)
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Dispersion particles have several characteristic
features. First, a polymer is not contained in dispersion
particles. Second, neighboring DNA molecules are
separated by a distance of 2.5-5.0 nm, i.e., particles
have properties typical for crystals. Third, the
concentration of DNA in dispersion particles (or
packing density of DNA molecules) is very high and it
depends on osmotic pressure of PEG-containing
solution (or PEG concentration in solution). For
instance, at Cpgg = 170 mg/ml Cpna is equal to
299.98 mg/ml; at C pgg = 300 mg/ml Cpna is equal to
484 = mg/ml.

We can accept that the maximal density of ds
DNA molecules in the dispersion particles can be
achieved at their hexagonal packing [5-7]. However,
this packing (Fig. 2) does not correspond to structure
of a true crystal, because there are disordered water
molecules between the ds DNA molecules. The ds
DNA molecules possess some disorder around their
positions; they can slide and bend with respect to each
other, as well as rotating around their long axis. This
corresponds to the “liquid” character of the ds DNA
molecules packing. These facts allow one to describe
such particles using the term “liquid-crystalline
dispersion (LCD) DNA particle”.

Fig. 3 shows image of DNA molecules (B-
form) spatial packing in a LCD particle [8]. These
images were obtained by computer simulation based
on the results of the analysis of the experimental small

angle X-ray scattering curves from DNA phases
formed at concentrating of dispersion particles due to
low-speed centrifugation.

Fig. 2. Hypothetical scheme of the hexagonal packing of
linear ds DNA molecules in a dispersion particle formed in
an aqueous salt PEG solution [8]:
® _ Schematic images of PEG molecules; the arrows indicate the
quasinematic layers of DNA molecules. The three main directions
of the hexagonal array permit one to define quasinematic layers in
the structure. Arrows show one type of layers. Quasinematic
layers, even with a constant distance between them, can be rotated
by a small angle with a change in the osmotic pressure or
temperature, which leads to the formation of a spatially twisted

(cholesteric) structure with abnormal optical activity

Fig. 3. Image of the spatial packing of DNA molecules (B-form) in a LCD particle (side view (A) and front view (B))
obtained by computer simulation [8]
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The minimization of the excluded volume of
neighboring linear, rigid, ds DNA molecules induces
the parallel, unidirectional (nematic-like) alignment of
ds DNA molecules in a so-called ‘“quasinematic”
layers (Fig. 2) [9—-12]. The distance between ds DNA
molecules is determined by a balance between
repulsive intermolecular forces and the compressing
osmotic pressure of the PEG solution. Besides, ds
DNA molecules possess several levels of chirality
(helical secondary structure of ds DNA molecules,
helical distribution of counter-ions near the DNA
surface as well as asymmetry of C-atoms in sugar
residues). The chiral and anisotropic properties of ds
DNA molecules favor helical twisting of neighboring
molecules. In this case, unidirectional alignment of the
ds DNA molecules in dispersion particles competes
with the tendency of these molecules to form a
spatially twisted (cholesteric) structure.

All these properties of DNA LCDs were taken
into account in the development of the
phenomenological theory of circular dichroism (CD)
of small-size LCD particles [13]. This theory
described and predicted many features of the CD
spectra of DNA LCD particles. The formed DNA
LCDs are “colored” because DNA molecules contain
chromophores (nitrogen bases) that absorb UV
irradiation. In this case, theory [13, 14] predicts an
appearance of an intense (abnormal) band in the CD
spectrum located in the region of absorption of the ds
DNA chromophores (nitrogen bases). The presence of
this band is the univocal indication of the macroscopic
(cholesteric) twist in the orientation of quasinematic
layers formed by ds DNA molecules with a
characteristic spatial pitch (P). The P value typical of
ds DNA cholesterics is about 2500 nm and the twist
angle between quasinematic layers is equal to 0.5°.
Hence, the terms ‘“cholesteric liquid-crystalline
dispersion (CLCD)” or “DNA cholesterics” have been
used to describe this disperse system [3, 13].

The analysis of the dependence of an abnormal
band in the CD spectrum upon PEG concentration (or
osmotic pressure of PEG solution) in solutions used
for DNA phase exclusion allows one to discriminate
different structural states (phases) of DNA molecules
(Fig. 4). The comparison of the structural parameters

of the phases obtained after low-speed centrifugation
of ds DNA particles (Table) and calculated above
DNA concentrations to well-known parameters of the
liquid-crystalline (LC) phases formed as a result of
increase in ds DNA concentration in aqueous salt
solutions and presented in Table 6 of [7] allows one to
assume two modes of ds DNA molecule packing in
dispersion particles. Namely, at osmotic pressure from
1 to 10 atm there is the twisted (cholesteric-like)
packing of ds DNA molecules. For these dispersion
particles an abnormal optical activity is typical (Fig.
4). At osmotic pressure more then that of 10 atm (PEG
concentrations ~ 240-300 mg/ml) there is
unidirectional hexagonal alignment of ds DNA
molecules. The hexagonal LC phase devoid of
abnormal optical activity [7].

The above statements have been verified by the
results obtained with the help of small-angle X-ray
scattering (SAXS) and specific textures of thin layers
typical of these phases [15].

Thus, studies of the physicochemical properties
of DNA CLCD particles have given fairly detailed
information on the conditions of their formation and
factors that can be used to control their properties.
This information provides the basis for approaches to
the transformation of “liquid” DNA CLCD particles
into “rigid” structures.

The goal of the present review is the
consideration of various approaches to creation of
rigid DNA constructions of practical importance in the
frame-work of the general concept on low solubility of
the integrated (gel-like) structure, which includes all
DNA molecules in the content of dispersion particle.
The transformation of “liquid” particles of the DNA
LCD into gel-like (“rigid”) structures seems to be very
interesting from the physicochemical and very
attractive from the practical stand-point. This is due to
the fact that the resulting rigid particles could be
characterized not only by an ordered structure with a
regular arrangement of neighboring ds DNA
molecules but also by the high reactivity toward
chemical, including biologically active compounds
(BACs). Such particles are used in bioengineering,
biosensorics and medicine.
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Fig. 4. A — The CD spectra of the aqueous salt solution of linear B-form DNA (curve 1, left ordinate) and DNA LCDs
formed in aqueous salt solutions with different concentrations of PEG (curves 2—5, right ordinate) [15]:
1 — Cpeg =0, 2 — Cpgg = 120 mg/ml (IT = 2.062 atm), 3 — Cpgg = 130 mg/ml (TT = 2.479 atm), 4 — Cppg = 170 mg/ml (IT = 4.616 atm),
5 — Cpeg = 200 mg/ml (IT = 6.987 atm). Cpya = 30 pg/ml, 0.3 M NaCl + 0.002 M Na'-phosphate buffer. AA = (A — Ag)x107 optical units,
L=1cm, T=22°C.

B — Dependence of the amplitude of the band in the CD spectra of DNA and DNA LCDs (A= 270 nm) upon PEG
concentration (the osmotic pressure of the PEG solutions are plotted on the upper abscissa, and the solution concentrations
are indicated on the lower abscissa axis):

Cpna = 30 pg/ml, 0.3 M NaCl + 0.002 M Na'-phosphate buffer. AA,;0x10™ optical units; L = 1 cm; T = 22 °C. Cppg™ and Cppg™" — the
“critical” and the “limit” PEG concentrations, which necessary for existence of the DNA cholesteric LCDs, are shown

Table. Structural characteristics of the LC phases of DNA formed at different PEG concentrations

S,
Sample Spar, NI d ,nm L,nm Ad (the area under
of DNA phase (£ 0.1 nm-1) (0.1 nm) (£3.0 nm) (+0.01) the peak expressed
in relative units)
Cholesteric LC
DNA 1.9 33 21 0.13 0.0070
(170 mg/ml)
Hexatic
LC DNA 23 2.7 91 0.07 0.0047
(250 mg/ml)
Note: S, — the wave vector (s = 4nsinf/A; 20 — the scattering angle; A — the X-ray wavelength equal

0.1542 nm); d - the periodicity of the structure (the interhelical distance); L — the crystallite size; A/ d - the degree of disorder (A — the

mean square deviation of distances between neighboring regularly packed structural elements; d - the periodicity of the structure (the
interhelical distance)). Concentrations of PEG (mg/ml; in parentheses) are indicated in the first column.

Formation of “rigid” spatial structures from DNA physicochemical approach exist for preparing rigid

LCD: Physicochemical approach spatial structures from DNA CLCD particles: (i) the

salting out of DNA molecules ordered inside DNA

When estimating the properties of liquid DNA  CLCD particles (Fig. 5, B), and (ii) the cross-linking

particles, taking into account the polymer chemistry, of neighboring DNA molecules inside DNA CLCD
one would note that only two variants (Fig. 5) of the  particles (Fig. 5, C).
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Quasinematic layer of “liquid”
ds DNA particle existing at
certain osmotic pressure.

Fig. 5. A — Structure of quasinematic layer formed by ds DNA molecules in particle of LCD:
DNA molecules are ordered and the mean distance between these molecules is expressed as d value, which depends on osmotic pressure of
solvent (thick red frame is symbol of osmotic pressure). Between DNA molecules there is a “free” space. The low molecular mass
chemicals or BACs (“guests”) can easily diffuse from outside into “free” space of quasinematic layers.
B — Hypothetical scheme of transformation of a liquid structure of quasinematic layer formed by ds DNA olecules

into rigid state as a result of salting-out of these molecules:
The multivalent cations (R", “guests”) diffuse into layer and form insoluble complexes with the DNA phosphate groups. Concentration of
sodium cations is decreased, but concentration of “guests” is sharply increased in a quasinematic layer. Close approaching of all insoluble
ds DNA molecules results in formation of integrated DNA structure, which can exist at low (if any) osmotic pressure of the solvent (shown
as thin red frame).

C — Hypothetical scheme of transformation of a liquid structure of quasinematic layer formed by ds DNA molecules
into a rigid state:

The crosslinks (nanobridges) are formed both between DNA molecules in one and neighboring quasinematic layers. At certain nanobridges
amount and their rigidity the integrated structure that includes all ds DNA molecules is formed. The formed rigid spatial structure is

capable of existing under a very low osmotic pressure of solution (shown as thin red frame)

Salting-out of DNA molecules inside CLCD particles

One can note, that the most useful method to
determine the character of ds DNA molecule packing
within small-size CLCD particles at their small
concentration in PEG- containing solutions is circular
dichroism (Fig. 4) [13].

Fig. 5, B illustrates the results of the first
approach [16] to the formation of rigid DNA particles.
The idea of the first variant to the design of rigid DNA
particles has been formulated as follows:

The neighboring ds DNA molecules with
phosphate groups neutralized by sodium cations are
resided in quasinematic layers of CLCD particles in
the “dissolved” state, and there is free space between
them. Multiply charged cations can diffuse in this free
space, displace sodium cations from the hydration
shell of DNA and efficiently neutralize the negative
charges of the DNA phosphate groups. It is
accompanied by drastically lowering the solubility of
DNA molecules (so-called “DNA salting-out”). The

interaction even between poorly soluble neighboring
(ds DNA-multiply charged cation) complexes can lead to
the formation of an integrated, (gel-like), structure
involving all DNA molecules ordered in the quasinematic
layers of the CLCD particle. This very high-molecular
mass, gel-like (“rigid”) structure is incompatible with a
PEG solution and can exist in the absence of the osmotic
pressure of the PEG-containing solution”.

From the physicochemical point of view, this
approach is based on the initiation of gelation of DNA
molecules. Such process should occur inside a
nanometer-sized CLCD particle as a result of the
decrease in the solubility of all ds DNA molecules.

For salting-out ds DNA molecules in the
quasinematic layers of CLCD particles, multiply
charged lanthanide cations are of special interest [17,
18]. Such cations efficiently neutralize the negative
charges of the DNA phosphate groups, the complexes
of the cations with the phosphate groups being nearly
insoluble (for example, the solubility constant of
gadolinium phosphate is ~10'* M).
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Taking into account the possible practical use
of the resulting rigid structures, gadolinium salts (in
particular, GdCl;) have been selected as the source of
a basic multi-charged cation.

It was shown [17, 19] that the amplitude of the
negative abnormal band in the CD spectrum of the
cholesteric DNA LCD formed in PEG-containing
solution increases at a high gadolinium concentration,
at which Na" ions are replaced by gadolinium (Gd*")
cations in nearest environment of ds DNA molecules

(Fig. 6).
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Fig. 6. The CD spectra of the ds DNA CLCD in the absence
and presence of GdCl; in solution [3]:
1 — initial CLCD of ds DNA (Cggciz = 0); 2 — 0.025 mM;
3-05mM; 4-1.0mM; 5-2.92 mM GdCl;. Cpnp = 10 pg/ml;
Cpeg = 170 mg/ml;  Cnao;=0.3 M. AA = (AL — AR)X 10°¢ optical
units, L=1 cm.
Inset: The dependence of the amplitude of the abnormal negative
band in the CD spectra (A = 270 nm) of the CLCD formed by
(DNA-Gd*") complexes upon r, value. r, is the ratio of the total
CdCl; molar concentration to the molar concentration of the DNA
bases. Cpna = 10 pg/ml;  Cpgg = 170 mg/ml;  Cyue = 0.3 M.
AAy7x10° optical units; L =1 cm

Ds DNA molecules, whose phosphate groups
form complexes with Gd** ions, lose their solubility.
Hence, the DNA molecules are salted-out into CLCD
particles. It means that the treatment of the ds DNA
CLCD by GdCl; is accompanied not only by
neutralization of phosphate groups of the DNA
molecules by Gd** ions, but by a significant attraction
between the neighboring DNA  molecules.
Disappearance of the fluidity of the ds DNA CLCD
particles proves a short-range attractive interaction
between the charged DNA molecules arising from
interlocking Gd*" ions, sometimes called as
“counterion crosslinks”.

The disappearance of the “fluidity” of DNA
molecules and the enhancement of interaction between
neighboring DNA molecules in quasinematic layers
results in the formation of an integrated structure. The
very high-molecular mass of such structure and its
insolubility makes this system incompatible with the
PEG-containing solution. Hence, “liquid” DNA CLCD
particles are transformed into “rigid” (gel-like)
constructions (“rigid” particles) [20].

The disappearance of the “fluidity” of DNA
molecules and the enhancement of interaction between
neighboring DNA molecules in quasinematic layers
results in the formation of an integrated structure. The
very high-molecular mass of such structure and its
insolubility makes this system incompatible with the
PEG-containing solution. Hence, “liquid” DNA CLCD
particles are transformed into “rigid” (gel-like)
constructions (“rigid” particles) [19].

This fact is confirmed by immobilization of
rigid particles on the nuclear membrane filter surface .
Fig. 7 (4 and B) shows the images of ds DNA CLCD
particles after their treatment with GdCIl; and
immobilization on nuclear membrane filter obtained
by atomic force microscopy (AFM).
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Fig. 7. Left panel: AFM images of the particles of CLCD
formed by (DNA-Gd*") complexes and immobilized onto
the surface of the nuclear membrane filter (PETP). The dark
spots are pores in the nuclear membrane filter. Two sites on
the PETP filter are shown (A and B).

Right panel: Size distribution of the ds DNA CLCD
particles treated by GdCl; (1) and the pores (2) in the
membrane filter.

Cpna = 1.07 pg/ml; Cpgg = 17 mg/ml; Cnycp = 0.3 M;
CGdCl3 =0.23 mM [3]
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The presence of single individual particles
(Fig. 7, A and B) testifies that the “liquid” character of
the DNA packing in these particles is disappeared and
each particle has a “rigid” spatial structure.
Fig. 7, C demonstrates the size distribution of these
particles as well as the pores in the filter. The average
size of particles is within 450-500 nm, i.e. this size of
the ds DNA CLCD particles after gadolinium
treatment coincides with the mean diameter of initial
ds DNA CLCD particles [3]. The particles have shape
of the spherocylinders and the diameter of particles is
close to their height.

An existence of independent particles speaks in
favor of an appearance of noncompensated positive
surface charge on the CLCD particles. This, in turn,
prohibits a quick coalescence of these particles. ((One
can note that the precipitation of these rigid particles
(process demanding time) results in formation of a
pellet. However, its easy stirring with supernatant is
accompanied by full restoration of abnormal optical
properties of these particles (Fig. 6, curve 5)).

Because each phosphate group of the DNA
molecules, carrying one “effective” negative charge, is
neutralized by Gd®" ion [20], which carries three
positive charges, this means that the altered surface
charge distribution makes an additional contribution to
the chiral interaction between adjacent (ds DNA-Gd*")
complexes in the particles [21, 22]. In this case one
can expect that the pitch of the spatial twist of
cholesteric structure formed by the ds DNA is changed
as a result of interaction of Gd’" ions with these
molecules [17].

Therefore, particles of the CLCD of the ds
DNAs whose phosphate groups are neutralized by
Gd*" ions become poorly soluble and can exist in the
absence of osmotic pressure of the PEG-containing
solution. The osmotic pressure of the aqueous salt
PEG-containing solution is not required for supporting
the spatial structure of CLCD particles formed by (ds
DNA-Gd*") complexes.

Thus, the first variant enables the design of
rigid DNA  particles suitable for practical
manipulations.

Practical application of “rigid” particles formed
by (DNA-Gd’*) complexes

An application of rigid particles formed by
(DNA-Gd*") complexes as gadolinium carriers in the
neutron capture therapy was described and

experimentally tested in a set of our papers [4, 17, 19,
23-33].

Gadolinium neutron capture therapy (Gd-NCT)
utilizes the following nuclear capture reaction of '*'Gd
by thermal neutron irradiation [34]:

"Gd + nth — "*Gd + yp-rays + internal
conversion electrons — '**Gd + y-rays + Auger
electrons + characteristic X-rays (Fig. 8).

Thermal neutron flux

¢ Auger electrons

[ —
Quanta G )

{ Cell nucleus '

Fig. 8. Schematic representation of the radiation processes
caused by the neutron capture in the DNA CLCD particle
containing gadolinium ions

According to the accepted point of view, the
success of Gd-NCT therapy depends, first, on a high
accumulation of Gd*" in the tumor [35].

A potential of the rigid (ds DNA-Gd’*") particles
as biomaterial for Gd-NCT, is based on a few facts:

1. the formation of these particles can be easily
checked by the CD spectroscopy or by the AFM;

2. a long-term stability of the physicochemical
properties of these particles allows one to manipulate
with these particles;

3. this biomaterial has a higher concentration of
'Gd (the local concentration of Gd** in these
structures may reach 40 %) compared to other known
Gd-carriers such as, for instance, Gd-chelate
complexes [35-38].

It was shown [19] that that the irradiation of
Chinese hamster ovary (CHO) adherent cells (Fig. 9)
by the thermal neutron fluence (5x10"' neutron/cm?)
within 1 h results only in minor (if any!) changes in
the CHO cells and does not influence their ability to
grow. However, the irradiation of CHO cells in
presence of rigid particles results in full absence of a
live CHO cells.
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Fig. 9. The images of CHO cells monolayers taken after
120 hours of cell processing by light microscope (Leica
DMI4000):

A — The image without the thermal neutron irradiation and without
gadolinium carrier. B — The image with thermal neutron irradiation
without gadolinium carrier. C — The image after 30 min of the thermal
neutron irradiation with gadolinium carrier. Scale bar= 100 um

The presence of strongly deformed cells
(collapsed cells) allows one to suppose, that although
concrete reasons for an appearance of these cells were
not investigated carefully, that irradiation of CHO
cells in presence of (ds DNA-Gd’") rigid particles is
accompanied by a few processes:

1. disintegration of genetic material of these
cells;

2. deformation and destruction of lipoprotein
membrane as a result of possible retention of
Gd*"-containing particles in lipoprotein membrane of
CHO cells;

3. penetration of small fraction of (ds DNA-
Gd*™) rigid particles into the CHO cells inducing
additional destruction of these cells.

In conclusion, one can say that the obtained
results [24, 25, 30] showed that rigid (ds DNA-Gd*")
particles have a potential as a novel nanobiomaterial
with high concentration of gadolinium for NCT.

Cross-linking of neighboring DNA molecules inside
CLCD particles

Based on the general considerations of polymer
physics, we can assume that there is the second
approach (Fig. 5, C) for the transformation of a
dispersion particle from the liquid to the rigid state.

The basic idea of this approach can be
formulated in the following way:

The neighboring ds DNA molecules with
phosphate groups neutralized by sodium cations are
resided in quasinematic layers of CLCD particles in
the "dissolved" state, and there is free space between
them. The molecules of chemical substances
(“guests”) entering the free space due to diffusion can
form chemical cross-links between DNA molecules in
neighboring quasinematic layers of CLCD particles.
Such a cross-linking can result in the formation of an
integrated (gel-like) structure involving all DNA
molecules ordered in the quasinematic layers of
CLCD particles. The integrated structure having a
very high molecular mass will be incompatible with a
PEG-containing solution. This means that the cross-
linking of neighboring DNA molecules will lead to the
transition of CLCD particles from the liquid to the
rigid state.

Again, the use of DNA CLCD nparticles is
practically interesting because it allows one to control
the minor changes in the spatial structure of these
particles induced by inside and outside factors.

This approach is similar, in fact, to gelation due
to the formation of unordered, artificial chemical
cross-links between neighboring molecules of
polymers. However, in our case, gelation should be
realized in such a way that the fixed distance between
neighboring ds DNA molecules in quasinematic layers
in one CLCD particle does not change, and the spatial
helical structure of DNA CLCD particles is preserved.
Therefore, we are dealing with a rather specific inside
a particle gelation process with nanometer-scale
parameters.

From the theoretical point of view, it is obvious
that in order to form the cross-links both between
neighboring ds DNA molecules in the same
quasinematic layer (Fig. 5, C) and ds DNA molecules
in neighboring layers, these molecules should have the
reactive groups for cross-links formation . These
groups maybe formed by metal ions specifically fixed
in a groove (grooves) on the DNA surface or by
chemical groups in the content of planar compounds,
which form the complexes with ds DNA molecules.
Taking into account the steric location of the DNA
reactive groups (in particular, the N-7 atoms of
purines) in the grooves on the surface of the ds DNA
molecules, it is evident that two neighboring ds DNA
molecules must be sterically “phased” to realize the
cross-linking of the same reactive groups) [39].
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Taking into account that the distance between
ds DNA molecules in the CLCD particles (2.5—
5.0 nm), depending on osmotic pressure of a solution)
the chemical cross-links have been named as
"nanobridges” [40].

One can define a few requirements to the
properties of nanobridges which should be created
between ds DNA molecules. The nanobridges should:

1. to have the extended spatial structure remaining
flat on distance of 2.5-5.0 nm;

2. to be formed from water-soluble substances;

3. to be formed in a aqueous polymeric solution of
high ionic strength;

4. to be stable under conditions of low ionic
strength of solution.

The compounds chosen as building blocks for
nanobridges should:

5. to be chemically or biologically significant;

6. to have an absorption band in visible region of a
spectrum;

7. to settle down perpendicularly long axis of
DNA molecule. In this case one can expect an
appearance of an additional abnormal band in the CD
spectrum located in absorption region of the
nanobridge chromophores [13, 14].

Besides, at creation of nanobridges between
neighboring ds DNA molecules:

8. the mutual ordered arrangement of DNA
molecules in CLCD particle should not be broken;

9. the general spatial structure of CLCD particle
should remain constant;

10. the forming integrated structure, which
includes all ds DNA molecules and nanobridges,
should exist in solutions with low osmotic pressure.

All these points mean that the formation of
cross-links (nanobridges) between ds DNA molecules
ordered in CLCD particle is a delicate process that
requires a number of conditions.

The detailed analysis of the properties of
compounds that can be used as components for
extended nanobridge formation made it possible to
choose the molecules of the anthraquinone
(anthracycline) group (Fig. 10).

On the one hand, anthracylines contain the
chemical groups with high reactivity (ketone oxygen,
peri OH groups, Fig. 10, II) [41]. These compounds,
owing to their chemical structure, can form chelate
complexes with bi- and trivalent metals ions [41-44].
The chelation process may result in formation of flat
polymeric bridge involving a few anthracycline

molecules (Fig. 10, IV) linked by bivalent metal ions
[39].
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Fig. 10. Examples of chelate complexes of bivalent cations
with flate aromatic compounds

Analysis of the various anthracyclines that
differ by the presence and the location of aglycone
substituents has shown that one of the basic
prerequisite for the formation of extended flat
complexes is the presence of reactive oxygen atoms at
the positions 5, 6 and 11, 12 (or 1,2) of anthracycline
aglycone (Fig. 10, III) [45].

The chelate complexes with bivalent copper
ions attract special interest because of the specific
electron structure of a bivalent copper ion [46]. The
chelate complexes with copper ions may contain up to
10 (ten) repeating subunits; that is, under certain
conditions, they can form extended spatial planar (flat)
structure [43, 47]. This means that the water-soluble
antibiotics of the anthracycline group form flat, rigid,
chelate complexes with metal ions.

On the other hand, the anthracyclines can
interact with ds DNA molecules by different modes
[48—50]. These compounds, in particular, daunomycin
(DAU) can intercalate between the bases pairs of
DNA or synthetic polynucleotides of B-family only.
The reactive groups of DAU become unavailable for
chemical reactions upon intercalation. However, DAU
and its analogs can form so-called “external”
complexes with nucleic acids of B- and A-families. In
this case, DAU molecules may be disposed in
proximity to DNA molecule surface and the reactive
groups of DAU prove to be available for chemic
reactions, for instance, for chelate formation.
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Hence, the problem is reduced to the formation
of chemical cross-links (nanobridges) with adjustable
properties between neighboring ds DNA molecules
fixed (due to constant osmotic pressure of the used
PEG-containing solution, Cpgg = 170 mg/ml) at an
interhelical distances about 3.5 nm in quasinematic
layers in structure of CLCD particles without
significant change in the total spatial organization of
CLCD particles.

The details of the technology of treatment of
DNA CLCD with DAU and a copper salt are
thoroughly described in the literature [45, 48, 51-53].

Formation of nanobridges was realized
according to scheme shown in Fig. 11.The DNA
CLCD was obtained by mixing equal volumes of
water—salt DNA and PEG solutions (Fig. 11, curve 1).

AA

0

~ 500 nm
-1,000
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-3,000
-4,000
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Fig. 11. The CD spectra of DNA CLCD (curve 1) and
CLCD of DNA successively processed by DAU (curve 2)
and CuCl, (curve 3) solutions [18]:

Cpna~ 5.5 pg/ml; Cpgg = 170 mg/ml; 0.3 M NaCl + 0.002 M
Na*-phosphate buffer; Cpay=27.3x10°M; Ccur =9.9x107° M.
AA = (A—AR)x107® optical units, L=1cm. A(AA) is the extra-

amplification of the abnormal band in the CD spectrum

Fixed volumes of DAU solution were subsequently
added to the DNA CLCD (Fig. 11, curve 2). The
amplitude of the intense negative band at A ~ 270 nm
indicates the left-handed twist of the spatial structure
of CLCD. It remains practically unchanged at any
reasonable DAU concentration added to the CLCD.
An addition of DAU to the DNA CLCD is
accompanied by an appearance of a new band located
in the absorption region of DAU chromophores
(A ~ 500 nm). The amplitude of this band grows with
increasing DAU  concentration, reaching an

equilibrium value at the DAU concentration that
corresponds to the maximal extent of the DNA
saturation by DAU molecules and does not change
upon further growth of DAU concentration. The
negative sign of the band at A ~ 500 nm reflects an
intercalation of DAU molecules between the nitrogen
base pairs of DNA molecules, fixed at a particular
distance due to the osmotic pressure of a PEG solution.

The addition of CuCl, solution to the DNA
CLCD treated by DAU (Fig. 11, curve 3). with an
equilibrium band amplitude at A ~ 500 nm results in
an amplification of both this band and the band located
in the UV region of the spectrum.

It should be noted that no substantial alterations
in the CD spectrum in the DAU absorption region
were observed when CLCD composed of ds RNA
molecules (A-family) were treated with DAU. The
lack of a strong CD band in the region of DAU
absorption indicates that no intercalation complex is
formed between DAU and RNA. The treatment of
CLCD formed by RNA or ds poly(A)xpoly(U) and
triple-stranded polyribonucleotide poly(A)*2poly(U)
molecules (all belong to A-family), where
intercalation of DAU is not possible at all, by DAU
and Cu”" ions is accompanied by changes in their CD
spectra which are similar to shown above for ds DNA
case (Fig. 11,curve 3).

It was marked above that the “external”
complexes formed by DAU molecules are acceptable
for chemical reaction, for instance, for formation of a
chelate complex with Cu®" ions. Because amplification
of the optical properties of isotropically located
chromophores is impossible, the results shown in
Fig. 11 (curve 3) suggest that the (DAU-Cu®") chelate
complexes should be specifically ordered near the
surface of nucleic acid molecules in the content of the
particles of CLCDs. The direction of the long axis of
the bridges, formed by (DAU-Cu®") complexes, is
perpendicular to the direction of the long axis of the
nucleic acid molecules.

Thus, the reason for the increase in the
amplitude of band in the CD spectrum of CLCD of ds
DNA successively treated by DAU and CuCl, is the
formation of cross-links (nanobridges) between
neighboring DNA molecules.

One can add that the theory [13] predicts that
when the chelate complexes (nanobridges) between ds
DNA molecules in quasinematic layers are specifically
oriented in respect to the long axes of ds DNA
molecules, one can expect an appearance of an intense
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band in the CD spectrum located in absorption region
of the DAU chromophores (Fig. 11). The direction of
the long axis of the bridges, formed by (DAU-Cu*")
complexes, proves to be perpendicular to the direction
of the long axis of the nucleic acid molecules,
although the orientation of DAU molecules is close to
that of the nitrogen base pairs.

It was shown that multiple dilutions of PEG-
containing aqueous salt solution do not lead to an
appreciable decrease in the specific abnormal optical
activity of the DNA CLCD treated by DAU and
CuCl,, meaning that the mutual orientation of
neighboring DNA molecules is not violated even
outside the “boundary” conditions (Fig. 4, B). It means
that the osmotic pressure of solution is not the main
factor affecting the character of packing DNA
molecules in a CLCD particle. Hence, neighboring ds
DNA molecules are indeed cross-linked, and cross-
links stabilize the spatial structure of the CLCD
particles.

Thus, the reason for the increase in the
amplitude of band in the CD spectrum of CLCD of ds
DNA successively treated by DAU and CuCl, is the
formation of cross-links (nanobridges) between
neighboring DNA molecules.

The efficiency of the formation of nanobridges
depends on concentrations of both DAU molecules
and copper [53, 54]. Due to the presence of the
nanobridges between neighboring DNA molecules, the
spatial structure of CLCD particles remains stable for
a long time (months) at PEG and NaCl concentrations
significantly below those at which the CLCD particles,
not stabilized with nanobridges, can exist [55].

Consequently, the created structure can exist
not only in solutions with low ionic strength, but also
in solutions with a very low (up to zero) concentration
of PEG, i.e., under the conditions of a low osmotic
pressure of the solution.

The theoretical evaluations [39, 51, 56-59]
showed that one nanobridge can include from four to
six ions. The direct magnetometric estimation of Cu*"
cations [60] in the content of ds DNA CLCD particles
demonstrated that one nanobridge between ds DNA
molecules fixed in the content of CLCD particles
formed at Cpgg = 170 mg/ml can contain from four to
six copper ions. (The calculation of the number of
Cu”" ions in the content of the nanobridges is based on
the measurement of the magnetic susceptibility
(magnetic moment) of a Cu®" ion being in the d ° state

with four reactive oxygen atoms at the nanobridge
formation [46]).

Consequently, the experimental data and the
results of theoretical calculations allow one to accept
that a nanobridge [...-Cu*-DAU-Cu*"...Cu*"-DAU-
Cu*"...] contains six ions of bivalent copper.
Nanobridges are flat chelate complexes. (See the
structures in Fig. 12, where panel A depicts a
nanobridge (view along the DNA molecule axis) and
panels B and C show a more detailed structure of
nanobridges between ds DNA molecules that link
DNA molecules located both in one layer and in
adjacent layers. For the sake of simplicity, the
nanobridges are turned 90° relative to their actual
orientation). The stabilization of the polymeric chelate
complex is reached here by “bridging” the chelate

DAU-DNA] between two neighboring DNA
molecules, whose mutual orientation is fixed in the
structure of CLCD particle.

Fig. 12. The structure of nanobridges formed between two
adjacent DNA molecules fixed in the spatial structure of
CLCD particles [18]:

A — Structure of chelate complex between DAU molecules and
copper ions, B — Shematic top view of nanobridges between two
DNA molecules, C — Side view of nanobridges between DNA-1
and DNA-2 molecules (for simplicity, nanobridges are turned 90°

with reference to their standard position)
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The emergence of chemical cross-links
(nanobridges) between neighboring DNA molecules
results in the formation of three dimensional, high-
molecular mass, integrated structure which includes all
ds DNA molecules. This structure is incompatible
with PEG-containing solution. The stability of this
structure is determined by the number and properties
of nanobridges rather than the properties of the initial
PEG-containing solution [61].

The AFM images of rigid particles are shown in
Fig. 13, 4, B. Examination of the size distribution of
113 particles showed that the particles have a shape
reminiscent of a prolate cylinder, and although their
sizes vary from 300 to 700 nm, they have an average
diameter of about 500 nm (Fig. 13, C). Consequently,
the size of the formed CLCD particles with ds DNA
cross-linked with nanobridges coincides with the size
of the initial DNA CLCD particles calculated
theoretically for the case of solutions with the constant
osmotic pressure (see above).
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Fig. 13. 2-D (A) and 3-D (B) images of CLCD particles
with DNA molecules cross-linked with nanobridges and
their size distribution (C) [3]

The AMF results allow one to estimate several
parameters of rigid DNA particles [4]. It was shown
that one rigid DNA particle contains approximately

1.6x10* DNA molecules and the molecular mass of
one rigid particle amounts to (1.0-1.2)x10" Da, i.e., it
is close enough to the molecular mass of initial DNA
CLCD particles formed in the course of the phase
exclusion.

The unique spatial structure of bridged DNA
CLCD nparticles, the variety of the building blocks
(DNA  molecules, copper ions, anthracycline
molecules) and the dependence of their properties on a
number of factors (temperature, concentration of the
polymer, and copper and anthracycline concentration)
make it possible to manipulate the properties of this
structure.

Thus, the second variant of gelation allows one
to transform “liquid” DNA CLCD particles to rigid
state and allows one to prepare rigid DNA particles
that can be also suitable for manipulations.

Note that the both scenarios considered above
cover, in fact, all the approaches for producing rigid
DNA particles that are possible in the framework of
the physical chemistry of polymers.

Practical application of “rigid” particles
formed by cross-linking of DNA molecules with
nanobridges

Rigid particles can be used as carriers of
biologically active compounds (BACs) in the content
of nanobridges in medicine and biosensorics. An
application of rigid particles was as biosensing units
for detection on a few compounds of practical
importance was described and experimentally tested in
a set of our papers [62].

The main idea of sensing BAC based on the
following facts. It is known that action of BACs
(“guests”) on nanobridges between ds DNA molecules
ordered in quasinematic layers of CLCD particles
formed in PEG-containing solutions results in two
processes: 1) disintegration of structure of bridges
accompanied by disappearance on abnormal negative
band in the visible region of the CD spectrum and ii)
conservation of initial structure of DNA CLCD in
solutions of certain PEG-osmotic pressure. These facts
allow one to detect concentration of “guests” under
various conditions (Fig. 14).
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Fig. 14. A rigid DNA particle as an integral sensing
element (bosensng unit):
I — III — substances to be analyzed

For instance, recently [63] such biosensing
units have been used for determination of heparin
concentration (Fig. 15) and easily discrimination
between heparin samples having different molecular
masses.
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Besides, one can immobilize the rigid particles
formed by cross-linking of DNA molecules with
nanobridges in the content of transparent polymeric
film and use this object as a biosensing unit with long-
term stability [64].

Hence, the physicochemical approach based on
gelation of the adjacent ds DNA molecules inside the
CLCD nparticles allows one to obtain rigid DNA
particles of practical importance.

Formation of “rigid” spatial structures
from DNA liquid-crystalline dispersion particles:
Nanotechnological approach

The development of nanotechnologies opened
up the possibility for a new way to form rigid ds DNA
particles. Here, a few remarks are necessary for the
beginning.

1. In a few reviews [65-68] has been shown
that nanoparticles (NPs) of different origin not only
are compatible with LC phases of low molecular
compounds but, under certain conditions, can induce
the formation of new LC materials having novel
properties [69].
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Fig. 15. Kinetics of degradation of the biosensing unit based on DNA rigid particles under heparin action (A) and its
analytical sensitivity to heparin (B):
A — Kinetic curves characterizing the change in the amplitude of the band in the CD spectrum (A = 510 nm) of the

biosensing unit versus the time treatment with heparin:

Chicparin (Hg/ml): 1 -0; 2-0.25; 3-0.5; 4-1.0; 5-1.5; 6-2.; 7-3.0; 8-4.0. AAs10x10° optical units; L =1 cm

B — The calibration curve for determination of the heparin concentration using biosensing unit based on DNA rigid
particles. (Processing time of the biosensing unit treatment with heparin — 10 min.):

AAs10™ ™ = (AAs1o ™ — AA 5™/ AA 1M where: AAs; ™ i AAs;o""™ — the amplitude of the band in the CD spectrum of the
biosensing unit at A = 510 nm before and after addition of heparin.
Cpna = 5.5 pg/ml; Cpgg = 170 mg/ml; 0.3 M NaCl + 0.002 M Na'- phosphate buffer; Cpay = 30.0x 10 M; Ceucrn = 4.0x10° M.

The 6th International Standard of Unfractionated Heparin (NIBSC code: 07/328), provided by the Laboratory for Biological Standards of
the WHO (National Institute for Biological Standards and Control, UK) was used to prepare the calibration solution
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2. From the point of view of nanotechnology,
gold nanoparticles (AuNPs) attract the greatest interest
[70, 71].

Gold (Au) is the element with the electron
configuration 5d'’6s’. The gold atom contains one s-
electron in the outer shell; the next shell, comprising
ten d-electrons, is unstable. The chemical properties of
gold are defined by light activation of 5d-electrons and
by the tendency to acquire an additional electron to
complete the 6s°-level and “prevent” the loss of the
existing electron [65].

Following [72, 73] we assume that a AuNps
with diameter ~2 nm consists of 150 atoms. (There is a
perception [74] that a AuNP with diameter of 2.3 nm
represents an octahedron and consists of 300 atoms
(Fig. 16)). A rough estimate shows that in the case of a
2 nm particle size, about 60 % of the atoms are surface
atoms with uncompensated valence [75]. Hence,
valence electrons become more accessible for binding
of ligands [76, 77].
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Fig. 16. Formation and properties of gold nanoparticles

The presence of surface layers of Au (100) and
Au (111) in the spatial structure of the AuNPs
determines the difference in their polarity [78] the
efficiency of the dipole—dipole interaction between
adjacent AuNPs, the efficiency of self-assembly
AuNPs of different forms, and the efficiency of ligand
binding. It means that small-size AuNPs have a high
propensity to interact with different substances.

It is important that the monodentate ligands
weakly bound to the surface of the AuNPs may be
replaced by polydentate ligands [65, 79—-83].

Gold nanoparticle can also change form as a
“jelly,” undergoing structural deformation depending
on the type of substrate on the surface [75].

3. Study of the interaction between AuNPs and
single-stranded linear DNA molecules was started in
the pioneering works by Mirkin and Alivisatos in 1996
[84—89]. These studies have shown that molecules of
single-stranded DNA after interaction with the
positively charged molecules containing AuNPs can
hybridize with complementary single-stranded DNA.
In the formed ds hybrids AuNPs are fixed near the
surfaces of DNA molecules and the aggregates
possess planar structure consisting of alternating ds
DNA molecules and AuNPs (... - ds DNA-Au-ds
DNA-Au-ds DNA-...).

4. The formation of aggregates from a
neighboring AuNP near the surface of the DNA leads
to the strengthening of the so-called band of localized
surface plasmon resonance (SPR) band) in the visible
absorption spectrum (A ~ 500 nm) [65, 71]. The SPR
band can be shifted to the “red” or “blue” zone
depending on a number of parameters (distance
between particles, size and shape of formed
aggregates, dielectric constant of media, presence of
interlayers between adjacent AuNPs, etc.) [73]. Hence,
AuNPs have a unique set of chemical and physical
properties depending on their size, shape, structure,
and dielectric environment, etc.

5. The results obtained by application of the
physicochemical approaches showed that ions or
molecules of BACs (“guests™) can enter the free space
in quasinematic layers of ds DNA CLCD particles due
to diffusion and transform these molecules into
insoluble state.

Points 1-5 permit us formulate the idea of the
nanotechnological approach to the formation of rigid
DNA particles in the following way:

The neighboring ds DNA molecules with
phosphate groups neutralized by sodium cations are
resided in quasinematic layers of CLCD particles in
the dissolved state, and there is free space between
them. Golden nanoparticles comparable in size to the
distance between neighboring ds DNA molecules can
fill this free space due to diffusion. The fixation of
single AuNPs between nearby ds DNA molecules or
the formation of extended Au-clusters between them
means that the action of AuNPs on ds DNA CLCD
particles causes their metallization. Besides, single
NPs and especially their clusters are playing the
role of a homogeneous medium through which an
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enhancement of the interaction between ds DNA
molecules in quasinematic layers occurs. As a result,
the physical cross-linking of neighboring metallized ds
DNA molecules takes place. Under these conditions,
an integrated structure, which includes virtually all
the ds DNA molecules of one CLCD particle, is
formed. The solubility of metalized integrated(gel-like)
structure having a high molecular mass lowers, it
becomes incompatible with the PEG-containing
solution. The stability of the integrated structure is
determined not by the properties of the initial PEG-
containing solution but by the number of single AuNPs
and Au-clusters contained in the structure. The rigid
(insoluble) metalized structure can exist even in the
absence of a high solution osmotic pressure. This
means that ds DNA CLCD particles undergo the
transformation from the liquid to rigid state.

The CD spectra of CLCDs formed by two types
(families) of NAs and treated with AuNPs are
displayed in Fig. 17. This Figure needs a few
comments.
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Fig. 17. CD spectra of CLCD of ds DNA (curves 1-4) and
CLCD of ds poly(I)xpoly(C) (curves 1'=57)
doped with AuNPs (2 nm) [54]:
1 — Camxp = 0; 2 — Caunp = 0.07x10'; 3 — Caunp = 0.26x10™;
4 — Camp = 0.82x10™ particle/ml. Cpya = 9 pg/ml;  Cpgg =
150 mg/ml; 0.27 M NaCl + 1.78x10° M Na-phosphate buffer
1" = Caunp = 0; 2" — Caunp = 0.16x10"™; 3" — Caunp = 0.33x10";
4" = Caup = 0.66x10™; 5% — Cpmp = 0.82x10" particle/ml.
Cpo]y( I )xpoly( C ) = 9 pg/ml; Cpgg = 170 mg/ml; 0.27 M NaCl +
1.78x10° M Na'-phosphate buffer. AA = (A — Ag)x10™ optical
units; 1=1cm

1. One can see that in the CD spectra of f both
types of dispersions the abnormal bands are appeared
(curve 1 and curve 17). These bands univocally testify
the spatially twist of neighboring quasinematic layers
in dispersion particles, hence, cholesteric mode of
molecules packing is typical of these dispersions.

The negative abnormal band in the CD
spectrum shows that the right-handed ds DNA
molecules (B-family) form the CLCD with left-handed
spatial twist. The positive abnormal band in the CD
spectrum demonstrates that the right-handed ds
poly(I)xpoly(C) molecules (A-family) form the CLCD
with right-handed spatial twist [3, 14, 60].

2. One can see that the amplitudes of abnormal
bands drastically decreases upon increasing the AuNP
concentration in the polymer containing solution (the
zeta-potential of AuNPs fall in the range of — (30—
40) mV, i.e., AuNPs carry a negative charge). In the
case of ds DNA CLCD the amplitude of the abnormal
band begins to decrease from the “critical”
concentration of AuNPs, amounting to approximately
1000 AuNPs per ds DNA CLCD particle.

The higher the concentration of AuNPs in
solution, the greater the decrease in abnormal band in
CD spectra of CLCDs. (Here a comment is in order.
Any possible aggregation of independent AuNPs
outside of the CLCD particles cannot induce any
change in the CD spectrum in the region of absorption
of nitrogen bases).

3. The observed decrease in the amplitudes of
abnormal bands indicates the binding of AuNPs with
the ds DNA (or ds poly(I)xpoly(C)) molecules
forming the quasinematic layers in the CLCD
structure.

4. As noted above, the binding of AuNPs by
DNA molecules in the quasinematic layers can cause
the layers to tend toward a parallel arrangement. A
decrease in the optical activity points to the untwisting
of the spatial helical structure of CLCD particles
formed of ds DNA (B-family) or poly(I)xpoly(C) (A-
family) molecules, i.e., the nematization of their
structures, irrespective of the features of the secondary
structure of these molecules.

Hence, doping of ds DNA CLCD (or ds
poly(I)xpoly(C)) molecules with AuNPs of small size
(2 nm), carrying a negative charge, demonstrates that
these AuNPs can interact with ds nucleic acid
molecules in the PEG-containing solution of high
ionic strength (0.3 M NacCl).



22 JKuok. kpucm. u ux npakmuy. ucnonwvs. / Lig. Cryst. and their Appl., 2017, 17 (4)

The interaction between negatively charged
AuNPs and ds nucleic acid molecules tightly packed
in CLCD particles leads to a disturbance of the spatial
structure of these particles and causes a decrease in
abnormal band in the CD spectrum. This spectral
change can be described as unwinding of the
cholesteric spiral, i.e., cholesteric — nematic phase
transition.

Noticeable changes both in the visible and in
the UV spectral regions are observed after DNA
CLCD particles have been treated with AuNPs
(Fig. 18).

0.6

0.4

0.2

300 400 500 600 700 800
A /nm

Fig. 18. Development of SPR band in the absorption
spectrum of AuNPs added to ds DNA CLCD [18]:

SPR band amplitude was taken at different time: 1 — 1 min;
2 — 10 min; 3 — 23 min; 4 — 46 min; 5 — 148 min; 6 — 1320 min.
Cpna = 9.8 pg/ml; Cppg = 150 mg/ml; Cagnp = 0.17x10" particle/ml;
0.3 M NaCl + 0.002 M Na'-phosphate buffer.

Inset: Dependence of the location of SPR band maximum in the
absorption spectrum of DNA CLCD doped with AuNPs versus time

Fig. 18 shows, as an example, the results
obtained at Cpgg = 166 mg/ml. After the doping of ds
DNA CLCD the amplitude of weak band at ~500 nm
(curve 1) increases with time (curves 2-6), and its
maximum shifts from A ~ 500 nm (curve 1) to A ~ 530 nm
(curve 6). The emergence of band at ~500 nm reflects
the development of the surface plasmon band typical
of AuNPs [65, 71].

The band in the UV spectral range corresponds
to the absorption of DNA nitrogen bases. According
to the theoretical calculations [84] similar changes in

bands located in the UV and visible region of the
absorption spectrum correspond to the increase of the
volume fraction of AuNPs in ensembles formed by
these particles.

The “red” shift of the SPR band is due to the
change in AuNPs cluster size [90]. The dependence of
the position of the SPR band peak on the size of the
linear clusters formed by AuNPs in DNA CLCD
particles was obtained in [91-94]. Using results of
these papers the size of linear AuNP cluster formed
after 148 min should be ~ 35 nm.

The inset in Fig. 18 shows the dependence of
location of maximum of SPR band in the absorption
spectrum of DNA CLCD treated with AuNPs versus
time. It is important to note, that AR (up to the
moment of its saturation) is proportional to t' value.

We can accept that the position of SPR band is
connected with the size of AuNPs clusters and the
displacement of this band reflects the increase in their
size [65, 71]. The analysis of this process theoretically
performed by Lifshitz and Sleozov [95] has shown
that the size (R) of the spherical cluster increases
proportionally to t'* value. Application of Lifshitz and
Slyozov approach to the description of the growth of
the cylindrical cluster shows that the length (L) of the
cylinder is growing proportionally to t"* value
(independent of the cylinder radius). This theoretical
evaluation fits quite well the experimental curve
shown in inset in Fig. 18, which illustrates the change
in the location of the SPR band in time. This curve
means that between ds DNA molecules ordered in
dispersion particles, the linear AuNP clusters
(ensembles) between neighboring ds DNA molecules
in quasinematic layers of CLCD particles linear AuNP
are forming [96, 97].

Various versions of fixation of AuNPs (AuNP
(A) and AuNP (B)) and AuNP clusters (AuNPs 11-15
and AuNPs 5-10) between ds DNA molecules fixed in
quasinematic layer are shown in Fig. 19. These
clusters can cross-link neighboring ds DNA molecules
and stabilize the spatial structure of CLCD particles,
thus providing the formation of rigid ds DNA CLCD
particles.

For the final verification of the assumption on
linear AuNP cluster formation, structural analysis of
phases formed of ds DNA CLCD treated by AuNPs
was performed [98].
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Fig. 19. The hypothetical scheme of spatial positions of
different size (A, B) AuNPs near of ds DNA molecules
forming a quasinematic layer [18]:

Numbers on AuNPs show various modes of location of these
particles. Red rectangular frame shows osmotic pressure of PEG-
containing solution; d — distance between axes of neighboring
DNA molecules. & —the rotation axis of the helical structure

The results obtained by the SAXS method and
the results of calculation of possible size of AuNP
clusters made by the program GNOM [99, 100] allow
one to suggest a hypothetical model for fixation of

AuNPs between ds DNA molecules in quasinematic
layers. According to this model (Fig. 20), initial
AuNPs have average diameter (size) of about 2 nm.
These AuNPs form linear clusters with average length
13—15 nm and clusters with maximal length of ~40-50 nm.
Formation of Au-clusters between ds DNA molecules
can perturb mutual orientation of neighboring
quasinematic layers [101].

The literature data describing the properties of
AuNPs [65, 71] and the properties of ds DNA CLCD
particles [3, 4] allow one to consider two hypotheses
on the possible mechanisms of interaction between the
negatively charged AuNPs with ds DNA molecules.
Such interaction can be realized within the frame-work
of the chemical or the physical mechanism.

The chemical mechanism means that in
solutions of high ionic strength the polydentate
interaction between the nitrogen-containing groups
(N3 and N7 of adenine and guanine) of the nitrogen
bases of the DNA molecule and AuNPs located close
to it. In the fame-work of this hypothesis about the
possibility of binding of AuNPs with ds DNA
molecules one can consider the possible sites of
fixation of AuNPs near the ds DNA molecules in the
quasinematic layer.

Fig. 20. The hypothetical model of location of linear Au-clusters in the free space between DNA molecules
forming the quasinematic layers in structure of CLCD [18]:
A —side view; B — end view

Firstly, AuNPs of any size (Fig. 19, 4 and B)
can interact with both the surface of DNA molecules
and pairs of nitrogen bases of DNA end groups of the
quasinematic layers, forming complexes with them
(ensembles). Binding of even a small number of
negatively charged AuNPs by DNA molecules
(especially with the terminal groups of these
molecules) causes the formation of dipoles (Fig. 19,
AuNPs 1-2 and 3-4). The dipoles
(DNA + AuNPs) in adjacent quasinematic layers will

be arranged in parallel. The binding of negatively
charged AuNPs, having no significant effect on
strength (steric, etc.), determines the tendency of
neighboring DNA molecules toward the parallel
arrangement and can cause changes in the
contributions (including anisotropic contributions to
the van der Waals interaction) defining the helical
twist of neighboring quasinematic layers of DNA
molecules. In this case, the helical twist of
neighboring quasinematic layers will be broken and
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the twist angle between these layers (~0.5°) may apply
to the 0 value, which is equivalent to the untwisting of
the cholesteric helical structure of the CLCD particles,
followed by the disappearance of the abnormal band in
the CD spectrum of the these particles. The AuNPs,
the size of which is comparable with the free space
between the ds DNA molecules in the quasinematic
layers (Fig. 19,4), can diffuse between these
molecules. Effective interaction between adjacent
AuNPs can be realized through the DNA molecule. In
this case, there is an opportunity not only for the
spatial fixation of individual AuNPs , but also for the
formation of different linear ensembles from
neighboring AuNPs (Fig. 19, AuNPs 5-10 and AuNPs
11-15). The spatial structure of the AuNPs may be
deformed, adjusting to the spatial parameters of the ds
DNA molecules to maximize interaction. To ensure
the interaction of the DNA with the negatively
charged AuNPs, the DNA secondary structure can
become disturbed and/or the water molecules may be
displaced from the hydrate shell of DNA.

The physical mechanism is based on binding
(concentrating) of negatively charged AuNPs on ds
DNA molecules in aqueous solution when AuNPs are
polarized in the electrostatic field of the DNA
molecule. As for details of mechanism of interaction of
negatively charged AuNPs with ds DNA molecules
under high ionic strength of solution, one can add that
the phenomenon of attraction between bodies carrying
like charges was known since W. Thomson paper [102].

In last 20 years this phenomenon was tested for
many situations theoretically and experimentally
[103—110]. The physical explanation lies in charge
redistribution on the two particles owing to their
mutual polarization: attraction arises as the particles
approach each other. Keeping this in mind, the system
(DNA + AuNP) was carefully studied in a few papers
[111-113]. It was shown that negatively charged
AuNPs are undoubtedly be bound to free, linear ds
DNA molecules in water-salt solutions of high ionic
strength. It was shown that negatively charged AuNPs
are undoubtedly be bound to free, linear ds DNA
molecules in water-salt solutions of high ionic
strength.

Thus, there are good reasons to suppose that in
solutions of high ionic strength, negatively charged
AuNPs can interact with the ds DNA molecules. The
binding of negatively charged AuNPs with ds DNA
molecules under any mechanism is dynamic in nature
and AuNPs can diffuse along DNA molecules, being
fixed in the sites of the most durable binding.

It can be assumed that the efficiency of the
AuNPs interaction with ds DNA molecules depends
on several factors: the sequence of nitrogen bases in
the DNA molecules, especially the secondary
structure, and the size (diameter) and shape of the
AuNPs.

The incorporation of AuNPs into quasinematic
layers of ds DNA CLCD particles and their spatial
rdering 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. The dipoles of
neighboring (DNA—AuNPs) complexes tend to be
arranged in parallel mode, and it can induce a change
in the helical twist of neighboring quasinematic layers.
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
AuNPs doping.

The formation of linear clusters of AuNP in the
free space between the ds DNA molecules results in
the interaction between them being realized via
AuNPs. An  integrated  structure [...DNA
(AuNP),...DNA (AuNpAu),...DNA ...](n, m =1, 2,
etc.) is formed and includes nearly the all of the DNA
molecule of a single particle. Physical linking of
neighboring ds DNA molecules in quasinematic layers
occurs (it is similar to gel-formation). Furthermore, the
presence of single AuNPs and extended clusters of
AuNPs in the quasinematic layers of DNA molecules
leads to reduced solubility of the formed structure. The
integrated structure, having a very high-molecular
mass, is incompatible with the water-salt solution of
PEG. The stability of this structure is determined not
by the properties of the PEG solution, but by the
number and properties of the individual AuNPs and
Au-clusters in its composition. This means that the
transition of the DNA CLCD particles from the
“liquid” state to the “rigid” (metalized, insoluble) state
happens. The transition of ds DNA CLCD particles to
the rigid state opens up the possibility for the
immobilization of rigid particles on the surface of the
nuclear membrane filter and the study of their
morphology by AFM.

Fig. 21 shows the various images of the rigid
particle formed as a result of the processing of DNA
CLCD particles by AuNPs. The height of the ds DNA
CLCD particles produced as a result of physical
linking of neighboring DNA molecules that are fixed
in the quasinematic layers of clusters from AuNPs is
about 400 nm.
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Fig. 21. 2-D (A) and 3-D (B) AFM images of three
successive positions on the surface of a nuclear membrane
filter (PETF) of the single metallized particle obtained as
a result of treatment of DNA CLCD particles with gold
nanoparticles [18]:
Metallized DNA CLCD particle move over the surface of a membrane
filter during the approach of an AFM cantilever (positions 1 — 2 — 3)
and can be fixed at certain places on the filter

The principal difference between rigid particles
of ds DNA derived by means of the physical linking
and rigid particles prepared as result of the chemical
gelation inside the particles is that they are weakly
bound to the surface of the nuclear membrane filter.
Indeed, Fig. 21 shows that metallized ds DNA CLCD
particle, i.e., DNA CLCD particle treated with AuNPs,
move over the surface of a membrane filter during the
approach of an AFM cantilever and can be fixed at
certain places on the filter. This movement of
metallized ds DNA CLCD particles may be of interest
from the nanotechnology point of view because it
opens opportunities for the creation of a matrix with
specific properties.

The above results showing that extremely low
concentrations of AuNPs (a few AuNPs on a ds DNA
molecule corresponds to a total concentration of
AuNPs of 10'? particle/ml) causes a disturbance of the
spatial structure of the ds DNA CLCD particle are of
great interest from a biological point of view.

In conclusion one can say that although the
produced integrated (gel-like) ds DNA structures have
almost constant spatial parameters, they differ not only
in the content of chemically important substances or
BAC:s, but also in their specific properties. Considered
approaches allow one to obtain the “rigid” ds DNA

CLCD particles with different properties, which can
find various (sometimes unexpected) applications.

Conclusions

A general physicochemical approach to
transformation of the ds DNA cholesteric liquid-
crystalline (CLCD) dispersion particles to “rigid” state
was formulated. This approach takes into account very
low solubility of high-molecular mass, integrated, gel-
like structure that includes all ds DNA molecules
ordered in quasinematic layers of the spatial structure
of the CLCD particles. The main variants of decrease
the solubility of ds DNA molecules and induction of
the integrated structure, which is incompatible with
polymer containing solution, are exemplified. The
“liquid” character of ds DNA packing in dispersion
particles disappears, and particles with a “rigid”
structure (“rigid” particles) are appeared. It opens up a
possibility for immobilization of the “rigid” particles
on a surface of nuclear membrane filter and evaluation
of their physical parameters. A new possibility for
formation of “rigid” ds DNA particles is offered by the
nanotechnological approach. Binding of negatively
charged Au-nanopartices to ds DNA molecules
ordered in the CLCD particles (in a high salt solution)
initiates transformation of “liquid” structure of
dispersion particles into “rigid” state. These
“metalized” DNA particles are weakly bound to the
surface of membrane filter. This enables their
controlled movement over the filter surface and
fixation at the required sites on the filter, which can be
of nanotechnological importance.
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