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In this research we compared the optical properties of liquid-crystalline DNA dispersion particles formed
as a result of the phase exclusion of double-stranded (ds) DNA molecules from aqueous-salt of poly(ethylene
glycol) solutions and the phases obtained from these dispersions. It is shown that the liquid-crystalline
dispersions with cholesteric packing of double-stranded DNA molecules are characterized by an intense
(abnormal) negative band in the circular dichroism (CD) spectrum. The phases obtained from these dispersions
possess «fingerprinty texture at both room and elevated temperatures. The CD spectra without abnormal band
are found for double-stranded DNA dispersions with an initial hexagonal packing of molecules, which are formed
at room temperatures. However, the temperature increase results in the appearance of an abnormal band in the
CD spectrum of the hexagonal double-stranded DNA dispersion particles. The observed optical effect
corresponds to a new ‘“hexagonal — re-entrant cholesteric” phase transition in the case of the particles formed
by both the semi-rigid and flexible ds DNA molecules. Unlike the dispersion particles, the textures of phases
obtained from these particles do not demonstrate any attributes typical of conventional cholesterics. These
textures present anisotropic domains with beautiful colors at room and elevated temperatures. In the agreement
with the measured magnitude of the abnormal CD band, the colors can reveal a very small helical pitch well
below the values known for classical cholesterics.
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textures, hexagonal packing of ds DNA molecules in dispersion particles, cholesteric packing of ds DNA
molecules in dispersion particles, hexagonal — cholesteric phase transition.

DOI: 10.18083/LCAppl.2018.2.64

© Yevdokimov Yu. M., Skuridin S. G., Salyanov V. L., Muzipov E. R., Semenov S. V., Kats E. 1., 2018



Yu. M. Yevdokimov, S. G. Skuridin, et al. Double-stranded DNA packing in particles of LC dispersions... 65

I0. M. Esooxumoé’, C. I. Ckypuoun’, B. H. Cananoé’, 3. P. My3unoé?, C. B. Ceménoé’, E. H. Kau*

YIHAKOBKA JABYXHEINOYEYHbIX MOJIEKYJ JHK B YACTHIAX
JKHUJKOKPUCTAJJIMUECKUX IUCHEPCUI
N KUIKOKPUCTAVIMYECKHUX ®A3AX, COPOPMUPOBAHHBIX U3 3THUX YACTUL

! UacTuTyT MONTeKyIsapHOit 6ronoruy uM. B. A. Durensrapara PAH,
yin. BaBunosa, 32, 119991 Mocksa, Poccus. E-mail: yevdokim@eimb.ru
2000 «JI-Muxkpoy, ®notckas yi., 74, 125413 Mocksa, Poccus,

3 HanmoHasbHEIH MccIea0BaTenbeKuii eHTp «KypyaToBCKuil HHCTHTYTY,
1. akaf. Kypuatosa, 1, 123182 Mocksa, Poccus
* UnctuTyT Teoperudeckoit pusuxu um. J1. /1. Jlangay PAH
yn. Koceiruna, 2, 119334 Mocksa, Poccust

Ilposedeno cpasnumenvroe uszyuenue onmuuyeckux ceoticms wacmuy KK-oucnepcuii u KK-gpaz HK.
Yacmuyer JKK-Oucnepcuii ¢ xonecmepuyeckum cnocobom ynaxosku monexynr JHK obradaiom amomanvuoi
ompuyamenvbHol NoA0CoU 6 cnekmpe Kpy2ogozo ouxpousma (K/), a ¢aszvr JJHK, nonyuennvle Ha ocHoge smux
yacmuy — MeKCmypou «omneuamrkos naivyes» 6 wupoxom uumepsanre memnepamyp (om 22 oo 80 °C). B
cnekmpax K uwacmuy KK oucnepcuii ¢ eexcazounanvroul ynaxogxou monekyn HHK awmomanvuas nonoca
omcymcmeyem. (OOHAKO NoBblUleHUEe MeMnepamypsl conpogodcoaemcs nosaeienuem 6 ux KJ[ cnexmpax
anomanvHou  nonocel. Habmodaemvii  onmuueckuii  3ppexm  coomeemcmeyem — pazogomy  nepexooy
«2eKCAZOHANbHASL — B036PAMHAS XoNecmepudeckasn hazay 6 cuyuae yacmuy, 00pA308aAHHBIX KAK U3 HCECMKUX,
max u u3z eubxux ogyxyenoueunvix moaexyr AHK. Oonaxo mexcmypul ¢as, cpopmuposanuvie Ha OCHOGE IMUX
yacmuy, He coOepiCcam NPUHAKY, XapakmepHvle O0as Xxojecmepukos. Texcmypvl smux a3 npu pasHuix
memnepamypax npeocmasisaiom codol MHO2OYBemHble aHU30MpPONnHvle OoMeHbvl. He ucknoueno, umo 6
coomeemcmeuy ¢ OAHHbLIMU CHEKMPOCKONULU KPY208020 OUXPOUIMA HATUYUE MAKUX MeKCMyp NoKasvleaem, 4mo
wiaz npoCcmpaHCmMEEeHHOU CRUPATLHOL 3AKPYMKU 00pA3yeMblX 8 IMUX YCI0BUAX XOJeCMEPUKo8 3HAYUMENbHO
MeHblUle uaza, XapaKxmepHozo 05 KIACCUYeCKUX X0Aecmepurkos ogyxyenoueunsvix monexyi JJHK.

Knroueevle cnosa: uacmuyvt  HcudKoOKpucmaniuveckux oucnepcuti osyxyenoueyrnou JHK, «kpyzogoti
OUXPOU3M, AHOMANLHASL ONMUYECKAs AKMUBHOCMb, MEKCYPbl, 2eKCASOHANbHAS YNAKOBKA O8YXYENOUeUHbIX
monexyn JJHK 6 wacmuyax oucnepcuil, xonecmepuueckas ynakoeka ogyxyenodeunvix moaekyn JJHK 6 yvacmuyax
oucnepcuil, ¢pazoewlii nepexod 2eKCazoHAIbHASL — XoaecmepuiecKkas gasa.

1. Introduction buffer (with an adjustment the concentration with the

added a buffer solution).

The packing of double-stranded (ds) DNA
molecules in liquid-crystalline (LC) phases is still in a
focus of many experimental and theoretical works
(see, e.g. [1-6]). The X-ray diffraction parameters, the
thin layer textures and electron microscopy
photographs of the phases made it possible to establish
the details of the ds DNA packing in the formed LC
phases. The cascade of phases established in these
works looks as follows: isotropic phase — (blue
phase?) — cholesteric phase — columnar phase —
crystalline phase [7-12].

As a rule, ds DNA LC phases were obtained by
dissolution of lyophilized ds DNA samples (of high
and low molecular mass) in a very small amount of

It is known as well that, at room temperature,
along with the LC phases, the ds DNA liquid-
crystalline dispersion (LCD) particles can be formed
[13, 14]. The dispersions can be obtained by the phase
exclusion (condensation) of linear ds DNA molecules
from aqueous-salt-poly(ethyleneglycol) (PEG)
solutions [15, 16] or mixtures of PEG with a mineral
oil [17]. This process, depending on the molecular
mass of ds DNA molecules, is realized as the
intramolecular or the intermolecular assembling of
molecules [6—18] into the dispersion particles, driven
by packing constrains and enforced by the van der
Waals, hydrophobic and -electrostatic interactions.
Note that the particles of the low molecular mass ds
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DNA dispersions are “microscopic droplets of
concentrated DNA solution”. The LCD particles in
their “liquid-like” state exist only above some
“critical” osmotic pressure of the solution [6]. A
“liquid-like” packing ds DNA molecules in the
dispersion particles prevents their immobilization on
the surface of membrane filters.

Theoretical estimations of the ds DNA LCD
particle size, based on the data obtained by different
methods (low-speed centrifugation, UV-light scatte-
ring, dynamic light scattering, etc.), show, that for the
DNA with molecular mass about (0.6-0.8)x10° Da the
mean particle diameter is close to 500 nm, and one
particle contains about 10 DNA molecules [19].
These results were confirmed by the direct atomic
force microscopy data on the specially prepared
“rigid” (gel-like) ds DNA dispersion particles,
immobilized on the surface of nuclear membrane
filters [20].

According to the estimates, the mean size of
dispersion particle depends on: (i) the ds DNA
concentration, and (ii) the PEG concentration (i.e.,
osmotic pressure) needed for the phase exclusion
[6, 16, 21].

There is limited number of simple methods
which enable identify basic structural and physical
properties of LC phases and LCDs. For instance, the
polarizing microscope allows to observe the specific
optical pattern (texture) of a thin layer of LC phase.
The texture is determined by macroscopic orientation
of molecules (or molecular layers) in the sample; it
helps to determine the molecular structure of LC
phase. In the case of a cholesteric liquid crystals, the
quasinematic layers formed by molecules are regularly
twisted in space, giving rise to a helical structure in
which the molecules are all perpendicular to the
helicoidal axis. Between crossed polars the cholesteric
phase usually shows periodic alterations of light and
dark lines (it is a well-known “fingerprint texture”).
Hence, polarizing microscope can be used to identify
structural features of LC phase.

A very useful and robust global information
about the mode of ds DNA molecules packing within
spatially ~ distributed, independent, small size
dispersion particles can be obtained by application of
circular dichroism (CD) method [22,23]. The
“molecular circular dichroism” (expressed as Ae
value, Ag ~ 2.5 M cm™), i.e. the physical constant is
usually used for description of the peculiarities of
isolated nitrogen bases or individual DNA molecules.

The value of Ag can be calculated theoretically
[24]. On the other hand, in the case of DNA LC phase
with the cholesteric packing of molecules, the
theoretical studies [25-28] predict an appearance of an
intense band in the CD spectrum located in the region
of absorption of the chromophores introduced in this
phase. After B. Norden paper [29] this band is
expressed as AA (in optical units) and reflects a so-
called “structural circular dichroism”. Its value is
related mainly to the spatial parameters of LCD
particles (their diameter (D) and the magnitude of the
cholesteric pitch (P)). Hence, proof of the specific
mode of ds DNA molecule packing in dispersion
particles can be based on an analysis of their CD
spectra peculiarities [6,23]. In order to stress the
difference between the “molecular circular dichroism”
and the “structural circular dichroism” we utilized the
term “abnormal band” for an intense band in the CD
spectrum [30].

The study of the ds DNA LCD particles has
proven the existence (at room temperatures) of the
following sequence of phase transitions: isotropic—
cholesteric — hexagonal state driven by an increase of
the PEG concentration in a solution [6].

In the recent publications of our group [31-33]
we found that the ds DNA hexagonal phase, being
optically inactive, is transformed upon heating to a
new optically active phase, which was termed ‘re-
entrant cholesteric phase”. After the time of writing
the papers [32, 33] it seems fair to state that things
have turned out to be considerably more complicated
(and more interesting) than expected.

In what follows in this paper, we compared the
structural circular dichroism (CD) spectra of the LCD
particles formed by ds DNA molecules and thin layer
textures of phases obtained from these particles,
aiming to answer two questions.

1. Whether linear ds DNA's, which differ by
molecular mass, form the dispersion particles capable
of the “re-entrant cholesteric phase” transition?

2. Whether the “re-entrant cholesteric phase”
can be identified by thin-layer textures?

The answer to these questions is important,
because the physicochemical properties of the
dispersion particles may be significantly different.

In addition, the properties of the ds DNA
dispersion particles are interesting in own turn because
these particles allow one to get insight on the
characteristic features of the DNA packing in viruses or
chromosomes of Protozoa, which are in fact dispersed
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microsystems with somehow ordered but mobile DNA
molecules packing [2, 34].

2. Experimental
2.1. Preparation of ds DNA liquid-crystalline
dispersions

We have used several ds DNA preparations
(calf thymus (“Sigma”, USA); erythrocytes chicken
blood (“Reanal”, Hungary); salmon sperm (Russia)
after  additional  purification and  ultrasonic
depolymerization. The mean molecular mass of the
obtained ds DNA samples was determined by
electrophoresis in a 1 % agarose gel. The samples
were divided into three groups: a) with a molecular
mass of ~ 13x10° Da (M;); b) with the molecular mass
of ~ (0.5-0.8)x10° Da (M.); c) with the molecular
mass of ~ (0.2—-0.3)x10° Da (M3).

The concentration of DNA in the aqueous salt
solutions was determined using the known value of the
molar extinction coefficient (6,600 M' cm™).

Poly(ethylene glycol) (“Serva”, Germany)
sample with a molecular mass of 4,000 Da was used
without additional purification.

Initial aqueous salt solution of PEG (0.3 M
NaCl, Cprg = 600 mg ml™") was prepared by dissolving
the weighed portions of NaCl and PEG in 0.002 M
Na'-phosphate buffer (pH ~ 7.0).

Double-stranded DNA dispersions in aqueous-
salt solutions with different PEG concentrations
(120 mg ml™" < Cpgg < 300 mg ml') were prepared
according to the phase exclusion (condensation)
technology described previously [15]. According to
this method, equal volumes of aqueous salt solutions,
one of which contained DNA, and the other — PEG
(concentration of DNA and PEG solution were twice
higher than the desired final value) were mixed, and
intensively stirred during 1 min. The resulting mixture
was allowed to leave at room temperature for 24 h to
complete the formation of the DNA dispersion and
then used in the work.

The DNA concentration in the studied PEG-
containing solutions was 10-30 pg ml ™.

2.2. Optical measurements

The ultraviolet absorption and circular
dichroism (CD) spectra were recorded with Cary 100
Scan spectrophotometer (“Varian”, USA) and with

SCD-2 portable dichrometer (produced by Institute of
Spectroscopy of the Russian Academy of Sciences,
Troizk, Moscow), respectively. The CD results are
reported as AA = AL — Ar, AA being the difference in
absorption between left and right polarized light at
wavelength A [22].

In all cases the rectangular quartz cells
(“Hellma” 100 QS, Germany) with a pathlength of
1 cm were used.

The temperature in the temperature-controlled
compartment of dichrometer in the range of 20 °C to
80 °C was set by the program “Temperature control”,
which is part of the software of the device. After
setting the required temperature, a cell containing 2 ml
of DNA dispersion was heated for 10 min in a
temperature  controlled compartment, and the
registration of the CD spectrum in the wavelength
range of 250-350 nm was processed.

2.3. Polarizing microscopy of ds DNA LC phases

For polarizing microscopy the pellets (~ 2—
5 mg) of the ds DNA phases obtained by low-speed
sedimentation (5,000 rev. min', 40 min, 4 °C;
centrifuge K-23, Germany) of solutions containing ds
DNA dispersion particles were used. These particles
were formed as a result of DNA molecules phase
exclusion (Cpna = 30 pg ml') in PEG-containing
solutions (PEG concentrations is within
170 mg mI™" < Cpgg < 300 mg ml ™).

To investigate the textures of ds DNA phases
the special cell with stationary value of a sample
thickness was used. To obtain this cell, on the surface
(A) a quartz cylinder (diameter is 28 mm, height is
4 mm), a round layer by the depth 20 um (diameter is
20 mm) was engraved and the flat surface B was
formed. Around surface B a circular canal (depth is
2 mm) capable (if necessary!) to take an excess of
solution was created.

A very small piece of pellet, which represents a
condensed ds DNA phase with a minor volume of
PEG-containing supernatant, was deposited onto
central part of surface B. Then the surface A was
covered by quartz coverslip C (diameter 28 mm,
height 0.1 mm), and it invoked the “compressing” of
LC phase. As a result, ds DNA phase was spread on
surface B and an excess of solution was accepted by
circular canal. Hence, between surface C and surface
B was formed the optical cell with constant sample
thickness (20 um). This cell contained the sample of
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ds DNA phase. Additional teflon rings below quartz
cylinder and on the surface C protect the ds DNA
phase from evaporation. All construction was seated in
thermostated holder with adjustable temperature.

The ds DNA phases were observed between
crossed polars (x40) in a CX40P polarizing
microscope (“Sunny Instruments”, China).

3. Results
3.1. The CD spectra of ds DNA dispersions under
various conditions

A CD spectrum typical of classical linear ds
DNA B-form (isotropic state of DNA, domain I) is
well-known [24] and we do not plot this spectrum in
Fig. 1, 4.

The phase exclusion of ds DNA molecules with
the “standard” molecular mass from aqueous-salt-PEG
solutions (Cpgg from 120 mg ml™' to 220 mg ml™' or
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PEG osmotic pressure from 2.062 to 9.001 atm,
domain II in Fig. 1, B) [32] is accompanied usually by
formation of dispersions which possess an abnormal
(very intense) band in the CD spectrum located in the
absorption range of DNA chromophores (Fig. 1, 4,
curves 1-4). This abnormal band reflects the mode of
ds DNA molecule packing in individual dispersion
particles (a so-called “structural circular dichroism”)
[22,30]. The appearance of this band in the CD
spectrum in the absorption region of DNA
chromophores (nitrogen bases) is (according to the
theory [23]) the direct evidence of the formation of the
helically twisted spatial (cholesteric) structure of ds
DNA dispersion particles [26, 35].

The CD spectra without any abnormal band are
typical of dispersions which are obtained at ds DNA
phase exclusion under osmotic pressure of PEG
greater than 9 atm (PEG concentrations is greater than
220 mg ml™', domain 111, Fig. 1, B) [32].
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Puc. 1. A —The CD spectra of the DNA LCDs formed in aqueous salt solutions with different PEG concentration.
1 — Cpeg = 120 mg ml™! (n = 2.062 atm), 2 — Cprg = 150 mg ml™! (x = 3.422 atm), 3 — Cprg = 170 mg ml™! (n = 4.616 atm),
4 — Cpgg = 200 mg ml™! (= 6.987 atm), 5 — Cpeg = 210 mg ml™! (x = 7.839 atm). Cpna = 10 pug ml™!; 0.3 M NaCl + 0.002 M
Na'-phosphate buffer. AA = (AL — Ar)x107 optical units; L = 1 cm; T =22 °C.
B — The generalized dependence of the amplitude of the band in the CD spectra of DNA LCDs (A =270 nm)
upon PEG concentration.

Cpna =10 ug ml™!; 0.3 M NaCl + 0.002 M Na*-phosphate buffer.

AAy70x107¢ optical units; L=1cm; T =22 °C.

Cppgritical — “critical” concentration of PEG at which the formation of DNA LCDs begins. © — osmotic pressure of PEG
solution. Domain I — isotropic ds DNA solution; domain II and domain III — the existence of the ds DNA LCDs with
cholesteric and hexagonal packing of molecules in particles, respectively
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It is worth to remind that the small-angle X-ray
scattering data of the phases that were formed as a
result of the low-speed sedimentation of the ds DNA
dispersion  particles  under  different PEG
concentrations demonstrate the close dense packing of
the ds DNA molecules in dispersion formed in the
domains IT and III [32].

In the domain II (120 mg ml"' < Cppg <
220 mg ml™") the mean distance (d) between ds DNA
molecules changes from 3.8 nm to 2.8 nm; whereas in
the domain III (220 mg ml™" < Cprg < 320 mg ml™"),
the d value only slightly decreases (from 2.8 to
2.4 nm) [32].

Therefore, in the domain II, the LCD particles
formed by ds DNA molecules at room temperature
possess a structure not only with the dense packing of
the linear neighboring ds DNA molecules but also
with the spatially twisted packing of these molecules.
The ds DNA molecules spatial ordering in the LCD
particles in the domain III is significantly different
from that of in the domain II, and can be described as
the hexagonal packing with the parallel (nematic like)
alignment of the orientationally ordered ds DNA
quasinematic layers [32].

Hence, the absence of an intense band in the CD
spectra of dispersions formed in domain III points to
the hexagonal packing of the ds DNA molecules.

Thus, the phase exclusion of the ds DNA mole-
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cules at room temperature leads to the formation of
two main types of the dispersion particles depending
on the osmotic pressure of PEG solution, i.e.
cholesteric LC particles and hexagonal particles.

Fig. 1,B clearly shows that that at room
temperature there is the following sequence of ds
DNA phase transitions: isotropic (I)— cholesteric (II)
— hexagonal state (III) governed by an increase of the
PEG concentration in a solution (PEG osmotic
pressure).

We have tested the peculiarities of the CD
spectra (at various temperatures) of ds DNA
dispersions of different origin under PEG
concentrations marked by red points in Fig. 1, B.

3.2. Dispersion particles obtained from high
molecular mass ds DNA molecules

In Fig. 2 the CD spectra of dispersions obtained
from ds DNA with molecular mass M; in the aqueous-
salt solutions under conditions, which correspond to
domain II (Cprg = 170 mg ml ™', Fig. 1, B) and domain
I (Cpeg = 240 mg ml', Fig. 1, B) at room and
elevated temperatures, are compared. Long ds DNA
molecules can be easily excluded from aqueous salt
PEG-containing solutions because their length exceeds
by far the DNA persistence length and they can
therefore fold back on itself.
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Fig. 2. The CD spectra of the LCDs obtained from high molecular mass ds DNA molecules in PEG-containing aqueous-salt
solutions (A — Cpeg = 170 mg ml™!; B — Cppg = 240 mg ml™!) at different temperatures.
1-22°C,2-80°C,3—80— 22°C; Cpna =15 pg ml™'; 0.3 M NaCl + 0.002 M Na*-phosphate buffer:

AA = (AL — Ar)x1078 optical units; L =1 cm
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One can see that at room temperature the
dispersions obtained in domain II, where the
cholesteric ordering of ds DNA molecules is possible,
do not demonstrate an abnormal band in the CD
spectrum (Fig. 2, 4, curve 1). In addition, the
dispersions obtained in domain III, where the
hexagonal packing of ds DNA molecules can exist
(Fig. 2, B) do not reveal an abnormal band in the CD
spectra.

Fig. 2 clearly shows that the formation of
dispersions from high molecular mass ds DNA, by
itself, is not a sufficient condition for an appearance of
abnormal band in the CD spectrum. Indeed, many
aggregated forms of DNA molecules (for instance, the
aggregates formed by single-stranded DNA
molecules) fail to show the intense band in the CD
spectra. Any random packing of nucleic acids is
unaccompanied by any change in the amplitude of the
CD band except that produced by changes in
secondary structure [17, 24].

The heating of both types of dispersions (Fig. 2)
does not result in significant optical effect and the
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small amplitudes of the bands in the CD spectra do not
practically change at temperature rise.

Hence, we can assert that the used technology
of the phase exclusion (condensation of DNA; see
Experimental) in case of high molecular mass ds DNA
results only in formation of random aggregates from
these molecules.

3.3. Dispersion particles obtained from linear, rigid
and flexible ds DNA molecules in domain I1

Fig. 3, A shows, as an example, the dependence
of the abnormal band amplitude in the CD spectrum of
the dispersion formed by linear, rigid ds DNA
molecules (M3, molecular mass is about ~ 0.3x10° Da
(~ 500 base pairs), Cpeg = 170 mg ml™"; domain II)
upon temperature.

The high value of initial negative abnormal
band amplitude (AAz70) at room temperature reflects
the long-range spatial twisting (the cholesteric
ordering) of ds DNA molecules in the dispersion
particles obtained from these molecules.

vd

20 40 60 80 100

Temperature/°C
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Fig. 3. The dependence of the abnormal band amplitude in the CD spectrum (A = 270 nm) of the the cholesteric LCDs formed
by linear, rigid (A) and flexible (B) ds DNA molecules upon temperature.
X and Y mean the averaged values of the abnormal band amplitudes for a few LCDs after their thermal training.
Cpna =30 pg ml™!, 0.3 M NaCl + 0.002 M Na*-phosphate buffer. AA»70x107 optical units, L =1 cm



Yu. M. Yevdokimov, S. G. Skuridin, et al. Double-stranded DNA packing in particles of LC dispersions... 71

Despite the increase in temperature ds DNA
molecules cannot “leave” the limited physical volume
of dispersion particles, and separation of ds DNA
chains in these particles is impossible by steric
constrains [36]. (Note that the “melting temperature”
(Tm) of ds DNA secondary structure (i.e., temperature
at which the chains separation of linear ds DNA
molecules takes place) in the solutions used in our
experiments (0.3 M NaCl + 0.002 M Na"-phosphate
buffer (pH ~ 7.0) + PEG), is close to 95 °C [6]. The
peculiarities of this process have been carefully
investigated in a whole series of papers [36-38]).

The thermal decrease of the abnormal band
amplitude in the CD spectrum of ds DNA cholesteric
liquid-crystalline  dispersion  (CLCD)  particles
corresponds to the unwinding of the helical spatial
structure of particles formed by DNA molecules,
which is known as the “CD melting” [37]. This
process depends on the PEG concentration [4] and
occurs at a temperature below Tr.

The cooling of the dispersions formed by rigid
ds DNA molecules (molecular mass about 0.3x10° Da)
in domain II to room temperature is accompanied
usually by the recover of the of abnormal band in the
CD spectrum (point X, Fig. 3, 4) typical of initial ds
DNA CLCD. This optical effect testifies that in
dispersion particles formed at phase exclusion of rigid
DNA, the high extent of ordering (the “perfect”
ordering) of adjacent molecules is reached even at
room temperature.

Fig. 3, B demonstrates the dependence of the
abnormal band amplitude in the CD spectrum of the
CLCD obtained from flexible ds DNA molecules (Mo,
molecular mass is about is about 1.0x10° Da; Cpeg =
170 mg ml™'; domain IT) upon temperature.

Comparison of Fig. 3, 4 to Fig. 3, B makes
possible a few remarks.

i) The initial value of the abnormal band
amplitude (AAz7) in the CD spectrum of dispersion
formed by flexible ds DNA molecules is smaller
(Fig. 3, B) than that of in the the CD spectrum of
dispersion of rigid ds DNA molecules (Fig. 3, 4). It
allows one to suppose that at room temperature these
is an “imperfect” long-range ordering of the flexible
ds DNA molecules in the CLCD particles.

ii) The prominent growth of the initial abnormal
band amplitude in the CD spectrum precedes the CD
melting (Fig. 3, B). This optical effect was shown at
the first time in paper [37]. It confirms mutual
alignment (adjustment) of positions of the neighboring

flexible ds DNA molecules inside the dispersion
particles induced by temperature rise.

iii) The CD melting takes
temperature below Thp.

iv) The cooling of the dispersion particles
formed by flexible ds DNA molecules to room
temperature, which is accompanied by better ordering
of these molecules, results in significant amplification
of the abnormal band amplitude in the CD spectrum
(point Y, in Fig. 3, B).

It may be useful to keep in mind also that the
abnormal band (AA) in the CD spectrum depends
upon the spatial parameters of CLCD particles, i.e.,
their diameter (D) and the cholesteric pitch (P) (see
Addendum, Figs. A-1 and A4-2). At fixed concentration,
the number of dispersion particles in the case of
flexible DNA molecules is less that in the case of rigid
DNA molecules. However, the higher AA value (after
thermal training) in the case of CLCD particles
obtained from flexible ds DNA molecules (Fig. 3, B)
is connected, more probably (highly likely), with the
bigger size of these particles after ordering of flexible
molecules in comparison to the CLCD particles
obtained from rigid ds DNA molecules (Fig. 3, 4).

Despite  the marked  differences, the
aforementioned alterations in the CD spectra upon
heating and cooling are typical of the ds DNA LCD
with cholesteric-like ordering of molecules (the
domain II of PEG osmotic pressure [6]).

place at the

3.4. Dispersion particles obtained from linear, rigid
and flexible ds DNA molecules in domain 111

The alignment of the ds DNA molecules in the
particles formed in domain III (Fig. 1, B; Cpgg from
220 to 300 mg ml ") was investigated. We assume that
the maximal density of ds DNA molecules in the LCD
particles can be achieved at their hexagonal packing.
In this case we admit the existence of orientationally
ordered molecular layers (quasinematic layers)
according to the three main directions of the
hexagonal structure [32].

The ds DNA molecules are oriented in a plane
of these layers with a thickness of the order of the
intermolecular spacing.

In Fig. 4 the CD spectra of ds DNA LCD
obtained from rigid and flexible ds DNA molecules
(Cpr = 260 mg ml™" ; domain III) at their heating and
cooling are shown, as an example. This Figure shows
that the heating of ds DNA dispersions with the
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Fig. 4. The CD spectra of the LCDs formed by rigid (A) and flexible (B) ds DNA molecules in PEG-containing
aqueous-salt solution (Cprg = 260 mg ml™!) at different temperatures.
1-22°C, 2-80°C, 3-80°C — 22°C. Cpna =30 pg ml™!; 0.3 M NaCl + 0.002 M Na*-phosphate buffer.
AA = (AL — Ar)x107% optical units; L =1 cm

hexagonal packing of molecules formed in domain II1
(these particles do not possess an abnormal optical
activity at room temperature (curve 1 in Figs. 4, 4 and
4, B) is accompanied by the appearance of a “new
abnormal” band in the CD spectra of dispersion
particles, i.e., an amplification of band take place.

The extent of amplification of the initial band in
the CD spectrum depends on the molecular mass of ds
DNA samples. The abnormal band is not typical of
hexagonal, but of cholesteric packing of ds DNA
molecules (Fig. 1 and Fig. 3); hence, this band reflects
the hexagonal — cholesteric transition, which is
realized inside individual dispersion particles.

The heating of the ds DNA dispersion formed at
Creg = 300 mg ml™' is accompanied again by an
appearance of an abnormal band in the CD spectrum
(data not shown).

Evidently the packing of the DNA molecules in
the dispersion particles depends not only on the
energetic but also on the kinetic factors, which is why,
e.g., after the “hexagonal — cholesteric phase
transition”, a drop in the temperature of the solution to
room temperature will not result in the immediate
restoration of the initial hexagonal packing. Such
behavior seems to be quite natural for the first-order

phase transitions, where metastable structures (and
hysteresis phenomena) are possible.

Thus, the heating of the independent LCD
particles with the initial cholesteric packing of the ds
DNA molecules results in the unwinding of their
spatial helical structure. This process is accompanied
by the decrease in the optical activity. A drop in the
temperature of the solution to room temperature is
accompanied by the restoration of the initial
cholesteric structure. On the contrary, the heating and
cooling of the independent LCD particles with the
hexagonal ordering of the neighboring ds DNA
molecules results in the appearance of new cholesteric
re-entrant phase.

The averaged change of the abnormal optical
activity for LCDs obtained from a few samples of
rigid and flexible ds DNA molecules at their heating
and cooling to room temperature are compared in
Fig. 5 (curve 1 and curve 2, respectively). Comparison
of the curves obtained for various ds DNA samples
indicates that the tendency of ds DNA molecules to
form “a new optically active state” upon the
temperature rise depends definitely on the molecular
mass of the ds DNA molecules.
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Fig. 5. Dependence of the amplitude of the abnormal band
(A = 270 nm) in the CD spectra of various DNA LCDs
formed at room temperature, heated to 80 °C and cooled to
room temperature on PEG concentration.
Curve 1 — for ds DNA samples with molecular masses M3
Curve 2 — for ds DNA samples with molecular masses Mz,
Different symbols correspond to various ds DNA samples.
Cpna= 30 pg ml™!; 0.3 M NaCl + 0.002 M Na*-phosphate
buffer, AA,7x107% optical units; L =1 cm

One can note that the results of the theoretical
calculations show that the increase in the amplitude of
an abnormal negative band in the CD spectrum (AAx7o;
Fig. 5, curve 2) of the ds DNA LCDs is related to a
decrease in P value below 2,500 nm (Addendum,
Fig. A-2). It corresponds to the increase in the twist
angle between the quasinematic layers existing in the
particles of these LCDs. The high values of the
amplitude of an abnormal negative band in the CD
spectra are existing even for the ds DNA cholesterics
with the pitch below 500 nm. But, the measurement of
the last value needs the application of special methods.

3.5. The optical thin layer textures of ds DNA
LC phases

The LC phases (pellets) were obtained as a
result of the low-speed sedimentation of the ds DNA
dispersion particles formed in PEG-containing
solutions.

The ds DNA LC phases have been
“compressed” between quartz glasses of thermostated
cell and the thin layer optical textures of these phases
at various PEG concentrations and temperatures have
been compared.

We presented here a number of optical textures
we observed in thin layers of the ds DNA LC phases.
Taking into account the “compressing” technology of
preparation of thin layers of ds DNA phase, the
thermal training (i.e. an increase of their temperature
to 40—60 °C) was used [39-40].

Fig. 6 compares the optical texture of two
samples of phases obtained by sedimentation of
dispersion particles of ds DNA with high molecular
mass (My; Cpeg = 170 mg ml™' (domain II, Fig. 6, 4)
and Cpeg = 240 mg ml' (domain III, Fig. 6, B) at
various temperatures. These textures, despite different
concentrations of PEG used for formation of these
phases, contain at room temperature, only the
attributes of nonspecific, anisotropic fragments. The
increase in temperature to 60 °C does not accompanied
by an essential visual change in shown patterns.

Hence, the textures of the phases obtained from
high molecular mass DNA dispersion particles do not
allow to determine the presence of specific spatial
packing of ds DNA molecules. This result coincides
with results, which follow from Fig. 2, about absence
of spatial alignment of neighboring high molecular
mass ds DNA molecules in aggregates obtained by the
used technology of phase exclusion.

Fig. 7, A shows the texture typical of phase
obtained at sedimentation of dispersion particles of ds
DNA with molecular mass Mz (Cpeg = 170 mg ml ™,
domain II). The well-known fingerprint texture can be
observed both with parallel and crossed polars. This
texture is typical of twisted structure (cholesteric) of
liquid crystal formed by ds DNA molecules. The
cooling of the DNA LC phase from 60 °C to room
temperature does not result in the disappearance of the
fingerprint texture.

Several conclusions follow from Fig. 7, A. First,
one can see that size of cholesteric domains is much
larger in comparison to that of ds DNA dispersion
particles (~ 500 nm). Secondly, the size of these objects
indicates that ds DNA dispersion particles are capable of
merging and forming extended cholesteric LC phase.
The periodic alteration of light and dark lines in this
pattern allows us to estimate the value of the pitch (P) of
cholesteric structure formed by the ds DNA molecules.
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Fig. 6. A —

Thin layer optical texture of the ds DNA phase formed as a result of the low-speed sedimentation of the ds DNA

particles formed in PEG-containing solution (Cpeg = 170 mg ml™'). Molecular mass of DNA — Mi. Bar 50 um
B — Thin layer optical texture of the ds DNA phase formed as a result of the low-speed sedimentation of the ds DNA
particles formed in PEG-containing solution (Cpgg = 240 mg ml™"). Molecular mass of DNA — M. Bar 50 um

Fig. 7. A —

We find that the pitch is on the order 3,000 nm (within
temperature range from 25 °C to 60 °C). Because of
inhomogeneous orientation of neighboring cholesteric
domains in LC phase it is difficult to measure more
accurately the temperature dependence of the pitch
value. (According to experimental results [16] the
cholesteric pitch value seems to be independent on ds
DNA concentration, and its value is not changing with
molecular mass of ds DNA molecules. Note that

Thin layer fingerprint texture of the bulk LC phase formed as a result of the low-speed sedimentation of the
independent ds DNA LCD particles formed in PEG-containing solution (Cpeg = 170 mg ml™").
Molecular mass of DNA — M3. Bar 10 um
B — Thin layer optical texture of the ds DNA LC phase formed as a result of the low-speed sedimentation of the independent
ds DNA LCD particles formed in PEG-containing solution (Cpeg = 200 mg ml™).
Molecular mass of DNA — M3. Bar 10 um
One can see small site with fingerprint texture in the right corner of Fig. 7, B.

theoretical consideration relates the cholesteric pitch
with the length of DNA fragments [41]).

Taking into account that the distance (d)
between ds DNA molecules under experimental
conditions is close to 3.4 nm, the twist angle (@)
between ds DNA molecules in the cholesteric structure
corresponds to about 0.4°.

Hence, the thin layer optical textures of the cho-
lesteric LC phase obtained by low speed sedimentation of ds
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DNA dispersion particles in PEG-containing solution
demonstrate that the packing of the ds DNA molecules
in LC phase does not differ from that of in dispersion
particles. The results obtained for cholesteric LC phase
and for the ds DNA dispersion particles (Fig. 7, 4 and
Fig. 1) are inherently correlated. It means that both
approaches, i.e. the CD spectroscopy and the analysis
of textures, permit to detect the cholesteric mode of ds
DNA molecules packing.

Thus, under 170 mg ml"' of PEG in solution
there is no difference in the mode of the ds DNA
molecules packing in the independent dispersion
particles and in the bulk LC phase.

We have investigated also the thin layer optical
textures of LC phases obtained from the ds DNA
dispersion particles with hexagonal packing of these
molecules (PEG concentration is 200-300 mg ml™").
(It was shown above (Fig. 5) that these ds DNA
dispersion particles form the “re-entrant cholesteric
phase” at temperature rise).

The thin layer optical texture of LC phase
formed at PEG concentration 200 mg ml" (conditions,
which correspond the intermediate concentration of

PEG, Fig. 1), is dramatically different from the
previous case (Fig. 7, 4). Fig. 7, B shows the optical
texture taken with crossed polars. In contrast to the
previous case, this pattern contains only minor
fragments with fingerprint texture. Main part of this
texture has the attributes of anisotropic object, where
deep red and blue colors are present.

Similar development of colors takes place in the
case of LC phase formed at PEG concentration
240 mg ml}, i.e., under conditions, which correspond
to the hexagonal packing of ds DNA molecules
(molecular mass Ms, Fig. 8, 4). At room temperature
pattern contain only nonspecific anisotropic domains.
The increase in temperature of the thin layer is
accompanied by development of colored sites.

We observe analogous pattern for case of LC
phase formed at PEG concentration 260 mg ml, ie.,
under conditions, which correspond again to the
hexagonal packing of ds DNA molecules. At room
temperature  pattern contain only nonspecific

anisotropic domains. The increase in temperature of
the thin layer is accompanied by development of
colored sites.

Fig. 8. A — Thin layer optical texture of the bulk LC phase formed as a result of the low-speed sedimentation of the ds DNA
LCD particles formed in PEG-containing solution (Cprg = 240 mg ml™"). Molecular mass of DNA — M. Bar 20 um
B — Thin layer optical texture of the bulk LC phase formed as a result of the low-speed sedimentation of the ds DNA LCD
particles formed in PEG-containing solution (Cpgg = 300 mg ml™). Molecular mass of DNA — Ms. Bar 20 um

At the further increase of PEG concentration to
300 mg ml"' (molecular mass Ms; Fig. 8 B) the
alterations in the thin layer texture of ds DNA phase
are continued. Again, at room temperature the optical
texture typical of any known LC system is absent. The
texture taken with crossed polars demonstrates the

presence only a small amount of anisotropic sites. The
increase of temperature results in an increase of the
number of these anisotropic sites. At high temperature
the sites with blue or deep red color are appeared. In
this case the color tends to return back to that of initial
thin layer texture.
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Hence, the textures of phases formed from
independent dispersion particles with the hexagonal
packing of ds DNA molecules (domain III) do not
demonstrate even at increase of temperature the
attributes of the re-entrant cholesteric phase.

4. Discussion
4.1. The CD spectra of ds DNA LCD particles

First of all, we remind the properties of ds DNA
dispersions formed in PEG-containing solutions as a
result of phase exclusion of DNA molecules. It is
necessary specially to mark that in this case the ds
DNA dispersion particles exist as independent objects.
For these objects are important the following
peculiarities.

1. Above some “critical” osmotic pressure of
the solution, that is necessary for ds DNA
condensation, the condensing agent (PEG) is
completely excluded from the DNA-rich phase, i.e.
from ds DNA LCD particles [42—47].

2. The size (diameter) of the ds DNA LCD
particle is determined by a fine balance between the
free energy of these particles and their surface free
energy [16, 21, 46—48]. The bulk free energy of an
LCD particle tends to increase the particle size. The
surface free energy (which depends on the surface
tension of the condensed phase) tends to decrease the
interface separating the DNA-rich phase and the
isotropic solution. This competition suggests the
existence of a certain critical size of the LCD particles
below which they are unstable or do not form at all.
The average distance between the ds DNA molecules
is determined by a balance between repulsive
intermolecular forces and the compressing osmotic
pressure of the PEG solution.

The size of dispersion particles depends on osmotic
pressure of PEG, i.e., the higher osmotic pressure, the
smaller the size of dispersion particles [6, 16].

Hence, the size of ds DNA dispersion particles
formed in domain III is smaller than that of in domain II.

3. The ordering of ds DNA molecules in
dispersion particles depends, in turn, on molecular
mass of ds DNA, which determines the flexibility of
molecules [49-52].

4. The minimization of the excluded volume of
the neighboring linear, rigid (and event flexible) ds
DNA molecules is realized for the parallel (nematic-
like) alignment of ds DNA molecules (or their
segments) forming the quasinematic layers. The chiral
and anisotropic properties of ds DNA molecules favor
the helical twist of these molecules and, therefore, the

quasinematic layers. Hence, unidirectional alignment
of the ds DNA molecules competes with their
tendency to twist (to form twisted (cholesteric-like)
structure of the LCD particles).

For the rigid ds DNA molecules containing
chromophores (nitrogen bases), one can expect the
appearance of an abnormal band in the CD spectrum
(Fig. 1). Comparison of our experimental measu-
rements and results of calculations univocally testifies
to the macroscopic (cholesteric) twist of neighboring
nitrogen bases in the content of the LCD particles. In
the case of the ds DNA B-form, nitrogen bases are
rigidly fixed at 90° with respect to the long axis of the
ds DNA molecule. Hence, the twisted structure of
DNA nitrogen bases leads to the twisted location of
neighboring, linear, rigid ds DNA molecules.
Measuring of the CD spectra allows one to determine
different structural state of ds DNA molecules.

In the case of the ds DNA LCD particles (at
room temperature) the following phase transitions:
“isotropic (I) — cholesteric (II) — hexagonal state
(III)” is easy realized; it is governed by an increase of
the PEG concentration in a solution [6]. These
structural states differ by the shape of CD spectra.
Fig. 1 shows that in domain II the cholesteric
structures (with abnormal band in the CD spectra) are
characteristic of the ds DNA LCD particles. The ds
DNA dispersions particles formed in the domain III
(Creg from 220 to 300 mg ml', Fig. 1) are the
hexagonal structures of ds DNA LCD particles, which
do not possess abnormal bands in the CD spectra. The
local structure in this case consists of straight ds DNA
chains with parallel nematic alignment minimizing the
bending energy [53].

5. Due to the osmotic pressure (determined by
PEG concentration), the spatial structure of the DNA
LCD particles in a PEG-containing solution is
sterically confined (“frozen’). Nevertheless, the DNA
molecules retain some diffusion degrees of freedom,
which lead to their “liquid-like” packing in the
dispersions.

6. The increase in the temperature is
accompanied by a decrease of the PEG-containing
solution viscosity and as a result it reduces the
effective osmotic pressure [54,55]. Under these
conditions, the thermal motions of the neighboring ds
DNA molecules in LCD particles increase. As a result,
depending on density of ds molecules packing
different thermal transitions can take place, like the
melting of spatial structure of dispersion particles or
formation of a new spatial structure of dispersion
particles.
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Bearing said above in mind, let discuss result
the peculiarities of the CD spectra of dispersion
particles obtained by the technology described in
Experimental.

Fig. 2 shows that the phase exclusion
(condensation) of a very high molecular mass ds DNA
molecules (molecular mass ~ 10x10° Da) at conditions of
domain II (Fig. 2, A) and domain III (Fig. 2, B), does not
accompanied an appearance an abnormal band in the CD
spectra. The shapes of the CD spectra are typical of
random aggregates. It is not excluded that in these
aggregates ds DNA molecules or their segments can
rotate independently around their long axes and their
chiral interactions can be averaged out. An absence of
“rotational correlations” between molecules means
absence of chiral interactions [56,57]. This, in turn,
yields to the absence of abnormal optical activity for
such ds DNA aggregates [35, 58].

Hence, the specific spatial alignment of very
flexible ds DNA molecules is absent in the dispersion
particles of a very high molecular mass ds DNA
molecules at room (and higher) temperatures.

Fig. 3, A reveals that the “short”, rigid, ds DNA
molecules (molecular mass (0.2-0.3)x10° Da) form at
phase exclusion in domain II at room temperature the
dispersion particles with almost “perfect” cholesteric
packing of ds DNA molecules. Comparing Fig. 3 to
Fig. 2 demonstrates that the cholesteric packing of ds
DNA molecules, in contract to disordered or random
aggregation of ds DNA molecules, is accompanied by
an appearance of the abnormal band in the CD
spectrum. Hence, in the case of rigid ds DNA
molecules the cholesteric mode of packing is easily
realized, because in such a case there are almost no
any physical restrictions even at room temperatures.
The thermal training of dispersion particles obtained
from rigid ds DNA molecules almost does not affect
their initial ordering.

Upon decreasing the ds DNA molecular mass,
for instance, from 10x10° Da to 1x10° Da, the
molecular flexibility is also decreased. The flexible ds
DNA molecules (molecular mass (M) is equal to
(0.5-1.0)x10° Da) are spontaneously assembled during
phase exclusion (in domain II) at room temperature.
However, Fig. 3, B shows that due to virtue of kinetic
and steric restrictions, flexible molecules can not be
packed “ideally” in the cholesteric dispersion particles
(sliding or rolling of neighboring DNA segments can
induce their irregular ordering). The theoretical
calculations presented in Fig. A-3 (Addendum), show

that appearance of a finite angle between linear
neighboring ds DNA segments (which was used as an
indication of higher flexibility of DNA molecules) is
indeed accompanied by the decrease in abnormal band
amplitude the CD spectrum of dispersion particles.
Embodying “ideal” cholesteric packing of flexible ds
DNA molecules needs in this case the additional
energy to change their spatial locations to that
corresponding to their spatial twist. Some sort of
annealing process is necessary for creation of the
“ideal” packing of the flexible ds DNA molecules.
Comparison of Fig. 3, B to Fig. 4-1 (Addendum)
definitely shows that the thermal training of dispersion
particles obtained from flexible ds DNA molecules
results in their “linearization” in quasinematic layers
and the increase of the size of such particles with
subsequent increase in abnormal band amplitude the
CD spectrum.

Hence, the flexibility of independent ds DNA
molecule plays a significant role in their LC assembly,
which takes place in domain II and accompanied by
formation of dispersion particles with cholesteric
packing of molecules. It is an important factor, which
can be used to fine tune the parameters of the
cholesteric structure of ds DNA dispersion particles
and their abnormal band in the CD spectrum.

Fig. 4, A and Fig. 4, B show as , an example, the
results of the thermal training of the independent
particles with the hexagonal ds DNA molecules
packing in domain III (molecular masses M, and M3).
The heating of independent ds DNA dispersions with
the hexagonal packing of DNA molecules, is
accompanied by an wunusual optical effect: at
temperature increase an intense band arises in the CD
spectrum of the ds DNA dispersions that do not
exhibit an abnormal band at room temperature. The
sharp increase in the optical activity of the ds DNA
dispersion particles looks like a phase transition and
represents by itself univocal evidence of a change in
the spatial orientation of the ds DNA quasinematic
layers in the structure of the hexagonal dispersion
particles. It suggests that the cholesteric-like packing
reappears upon the heating of dispersions with
hexagonal ordering of the ds DNA molecules (hence,
term “cholesteric re-entrant”). This new, negative
abnormal band (usually) does not recover its initial
value upon the cooling the dispersion from 80 °C to
the room temperature.

The control experiments by the “external
chromophores”  method [19,32]  (compounds
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intercalating only between nitrogen base pairs of
B-form of ds DNA molecules) have shown that the
processing dispersions obtained in domain III after the
temperature increase (with abnormal band in the CD
spectra) by these compounds results in the appearance
of an additional abnormal band in the CD spectrum in
the visible region. This effect confirms that the
parameters of the DNA secondary structure do not
change at temperature increase [32].

Fig. 5 summarizes the results obtained for a few
ds DNA samples. Indeed, at certain temperature the
hexagonal packing (domain III) of the ds DNA
quasinematic layers in independent dispersion
particles becomes labile and in the absence of other
external influences, we can expect that instead of the
“melting” of the hexagonal structure, the stable (or
metastable) spatial, helically twisted (a new
cholesteric re-entrant) structure (with the abnormal
band in the CD spectrum) can be formed even at a
relatively high PEG osmotic pressure. Spatial twist of
the rigid ds DNA molecules is easily realized, because
of the absence of kinetic restrictions. Formation of a
new cholesteric re-entrant state depends upon PEG
concentration (the higher PEG, the higher temperature
of re-entrant state appearance).

Fig. 5 shows as well that the sharp increase in
the optical activity of the ds DNA dispersion particles
depends on molecular masses of the DNA samples.

Taking into account results obtained for ds
DNA with very high molecular mass (Fig. 2), the
difference between curves 1 and 2 in Fig. 5 clearly
shows that for formation of cholesteric re-entrant state
the”optimal” molecular mass (M) of ds DNA
molecules can be fixed within range 0.3x10° Da <
Mopt. < 1.0x10° Da.

It is not excluded that in our experimental
conditions (PEG molecular mass, ionic content, etc.)
this optimal molecular mass is related to the formation
of the independent LC particles with the relatively
narrow size distribution [20].

These conditions in combination with the room
temperature or additional thermal training of rigid of
flexible DNA molecules provide the packing of DNA
molecules into the particles of such size, which
responsible for their abnormal optical activity. Indeed,
the results of the theoretical calculations presented in
Addendum support our suggestion. They show
(Addendum, Fig. A-1) that the bigger is the size of
dispersion particles, the higher is the abnormal band
amplitude in the CD spectrum (AA value). If neigh-

boring flexible ds DNA molecules can be ordered (as a
result of the thermal training) into dispersion particles
of bigger size, then they have got a higher abnormal
band in the CD spectra. It means that the flexibility of
the independent ds DNA molecules play a significant
role in their LC assembly. Indeed, the results of
theoretical calculations (see Addendum, Fig. A-3)
show that abnormal band amplitude in the CD
spectrum depends on flexibility of DNA molecules
(expressed, for simplicity, as an inclination angle
between two neighboring DNA segments. An angle
equals to 180° means that the structure of ds DNA
molecule is rigid, because an angle between two
neighboring segments is absent).

Therefore, the physicochemical parameters of
independent ds DNA molecules, in particular, their
molecular mass and flexibility, can influence the
ability of these molecules to form the LC particles in
domain IT and in domain III. These parameters can be
used to adjust an abnormal optical activity of the
independent ds DNA particles, which are formed in
aqueous-salt-PEG containing solutions. It worth to
noting that the CD spectra of ds DNA dispersion
particles allow one to discriminate the DNA molecules
according to their molecular masses. The thermal
training of these dispersion particles can improve the
“quality” of their packing in dispersion particles or even
an appearance of the cholesteric re-entrant packing
(stable or metastable) in a certain temperature range.

4.2. The thin-layer textures of ds DNA LC phases

The situation is strongly changed in the case of
bulk LC phases, obtained from ds DNA dispersion
particles.

1). The formation of ds DNA LC phase (pellet)
includes the sedimentation of ds DNA dispersion
particles, the concentrating of dispersion particles and
the merging both the particles and the ds DNA
molecules. Hence, local concentration of ds DNA
molecules in LC phase may be higher in comparison
to the concentration of independent particles, which
have been existed in solution.

(It is not excluded, that the morphology of ds
DNA LC phase can vary depending on the method of
their preparation [59] as well as on the dynamics of
the particles coalescence [60]).

ii). The density of neighboring ds DNA
molecules packing in dispersion particles, they
diffusion mobility and their diffusion mobility (so-to-
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spear “thermal fluidity”) can lead to possibility of
spatial coalescence of neighboring particles and
formation of bulk LC phase. Own (inherent)
anisotropic properties of ds DNA molecules determine
the optical properties of bulk LC phase and even
disordered (random packed) aggregates of DNA
molecules.

iii). The interaction between neighboring ds
DNA dispersion particles (molecules) can trigger
formation of extended LC phase, whereas the
anisotropic properties typical of individual ds DNA
particles will result in formation of anisotropic
domains of different size in LC phase, their spatial
position and packing defects within LC phase.

Besides, there are additional interactions
between neighboring ds DNA molecules in the bulk
LCD phase and cover slip.

iv). In bulk LC phase with hexagonal packing of
molecules, thermal rotation of ds DNA molecules
around their long axis is suppressed and therefore the
strength of chiral interaction between nearest
neighbors is diminished [41]. A loss of “biaxial
correlations” between ds DNA molecules at the high
ds DNA concentration in the LC phase will
accompanied by the increase of the probability of
cholesteric unwinding at the cholesteric to hexagonal
transitions [21-61].

Hence, in contrast to independent ds DNA
dispersion particles, which properties are easily
adjusted by many factors, the properties of bulk LC
phase depends mainly on the mode of interaction
between neighboring ds DNA molecules inside
dispersion particles and between densely packed ds
DNA dispersion particles.

The set of thin layer textures presented in
Fig. 7,4, Fig. 8, A and Fig. 8, B needs several
comments.

First of all, the fingerprint textures of the bulk
LC phase obtained by low speed sedimentation of
independent dispersion particles of ds DNA
molecules, which possess abnormal bands in the CD
spectra (domain II), univocally confirm the cholesteric
mode of packing of these molecules at room and
elevated temperature in PEG-containing solutions.

To explain the obtained results it is necessary to
keep in mind that ds DNA dispersion particles in
domain II have dimension about 500 nm. At the
distance between the ds DNA molecules about 3.5 nm
the molecules in the dispersion particles can move
with a relatively high mobility. We suppose that under
these conditions the anisotropy of the neighboring

DNA molecules and their interactions determine their
tendency to twist (i.e., cholesteric twist is
predetermined). However, the “liquid-like” behavior
of neighboring ds DNA molecules allows the adjacent
DNA particles to stick together (to “coalescence”) at
concentration increase. According to obtained results,
the low-speed sedimentation of dispersion particles
with initial cholesteric packing of ds DNA molecules
does not influence this mode of molecules packing. It
results only in formation of local cholesteric domains
and in formation of the extended cholesteric LC phase
and the cholesteric packing of the ds DNA molecules
in LC phase is proven by the fingerprint textures.

Secondly, at room temperature the optical
textures of the bulk LC phases presented in Figs. 8, 4
and 8, B do not correspond to the textures of any
known ds DNA LC systems [8, 39]. In contrast to the
texture shown in Fig. 7, A these textures do not
contain any attributes of the cholesteric structure (in
particular, we do not see the fingerprint texture typical
of cholesterics).

The textures (Fig. 7, B, Figs. 8, 4 and &, B)
demonstrate the presence of relatively extended
anisotropic areas visible at crossed polars (but invisible
without them). At room temperature a number of such
spots is small enough, but the increase in temperature
leads to the growth of size of anisotropic areas, and we
observed the appearance of the many areas with
different colors.

Hence, the textures of phases formed from
independent dispersion particles with the hexagonal
packing of ds DNA molecules (domain III) do not
demonstrate even upon heating and thermal training
the attributes of the re-entrant cholesteric phase.

We see plausible effects leading to such behavior.

1. The presence and development of
anisotropic areas in the textures of these LC phases
(Figs. 8, 4 and §, B) in the combination with the
absence of the fingerprint texture suggests that the
helical pitch of the re-entrant cholesteric phases
typical of ds DNA dispersions at high PEG
concentrations is much smaller than that of classical
cholesterics.

Our theoretical calculations support this
suggestion (Addendum, Fig. A-2). They show that for
achievement of high value of amplitude of an
abnormal band in the CD spectrum (Fig. 5), the pitch
“re-entrant cholesteric phase” formed by ds DNA
molecules should be lower than 500 nm. However,
such pitch can not be measured by means of the
polarization microscope.
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2. There is also another reason for observation
of specific textures of bulk LC phases obtained from
the particles of domain I1L.

The matter is that initial ds DNA dispersion
particles formed in domain III have hexagonal
packing at room temperature. Dense packing of ds
DNA molecules in these particles influence mutual
diffusion of neighboring DNA molecules on the one
hand; on the other hand, high concentration of these
particles in LC pellet (phase), limits ordered
coalescence of neighboring particles. This means that
initial hexagonal packing is conserved in the formed
bulk LC phase. Investigation of the texture of such
phase yet is not described and is not explored.

Hence, we conclude that the mode of ordering
of ds DNA molecules within the bulk LC phase can
differ from that of in independent particles.

Our observations presented above suggest the
reason for the absence in LC phases the packing
modes characteristic of dispersions particles. In these
phases spatial orientation of neighboring dispersion ds
DNA particles can be more or less random. Therefore,
the direct correlation between the optical texture of
bulk LC phase of ds DNA molecules and concrete
mode of molecules packing in independent dispersion
particles not always exists.

It is worth to noting also the following
biological aspect of our results. It is well-known that
for realization of the biological activity of primitive
biological organisms, their ds DNA molecules must
possess the structure similar to that of the cholesteric
structure [5, 8, 62—65].

Our results demonstrate that there is the
“hexagonal— re-entrant cholesteric” phase transition
which is realized at elevated temperatures depending
on the peculiarities of ds DNA molecules (their
molecular mass, etc). We can speculate that this
transition is necessary in the case for thermotropic
organisms to realize their biological activity at
elevated temperatures [66].

5. Conclusion

It is shown that the thermotropic “hexagonal —
re-entrant cholesteric” phase transition is typical of the
hexagonal particles formed by the rigid and flexible ds
DNA molecules in water-salt solutions with high PEG
concentrations. This transition is accompanied by the
appearance of the abnormal band in the CD spectra of
the dispersion particles. The system cooperativity at
this transition depends on molecular mass of the DNA

molecules (provided all other experimental conditions
and external parameters are the same). The amplitude
of an abnormal band in CD spectrum of re-entrant
cholesteric phase can differ from that of “classical” ds
DNA cholesterics. Based on our findings we do
believe that the existence of re-entrant cholesteric
phase with the maximal abnormal band in the CD
spectrum is defined by the combination of the optimal
conditions (molecular mass of DNA, osmotic pressure
and temperature of solution). Our results clearly
manifest deceptively simple (but often overlooked)
observation that there are multiple local minima
(metastable states) for a cholesteric-like structure
under competing actions of thermal fluctuation
(temperature), osmotic pressure and boundary
conditions (anchoring).

The optical textures of the LC phases obtained
from dispersion with hexagonal packing of the ds
DNA molecules do not correspond to the textures of
any known ds DNA LC systems. At temperature
increase these textures do not show any specific
attributes of the cholesteric structure. This fact might
at first sight seem surprising. It manifests that upon
sedimentation of the high osmotic pressure dispersion
particles (presumably with the hexagonal initial
packing of the ds-DNA molecules) produces some
irreversible modification of the formed macroscopic
phase (texture). At high enough resolution we see also
that these textures contain extended anisotropic
domains of different size, which are demonstrated by
the “play of colors” detectable by the polarization
microscope. However we do not see a fingerprint
cholesteric texture, because the pitch calculated from
the measured value of the abnormal CD is smaller than
optical resolution. At high enough resolution we see
also that these textures contain extended anisotropic
domains of different size, which are demonstrated by
the “play of colors” detectable by the polarization
microscope.

There is significant difference between the
thermal behavior of the independent microscopic size
ds DNA dispersions and the macroscopic size LC
phases formed from these dispersions at high PEG
concentration, though both objects have initially the
hexagonal mode of ds DNA molecules packing. The
abundance of the observed textures is one more
illustration that the cholesterics display a high number
of metastable configurations in confined geometry,
due the interplay between chirality, elasticity, and
surface interactions. The results and observations of
our work can be used as a reference for future theore-
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tical, numeric, and experimental studies of ds-DNA
dispersion particles and phases. It is worth to noting
also a possibility to design new ds DNA LC materials
with unusual optical properties.
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6. Addendum

To calculate the CD spectra of the ds DNA
dispersions, a phenomenological model based on the
theory of optical properties of nonperfect absorbing
cholesteric liquid crystals [67-68] was employed
previously [30].

Recently this approach was exploited to further
develop a theoretical examination of the abnormal
optical properties of ds DNA LCD dispersion particles
in various conditions.

Double-stranded DNA  dispersions  were
considered as multicrystalline entities with an arbitrary
spatial ~orientation of independent (individual)
particles. It was assumed that single dispersion
particles have a LC order with a certain pitch of the
helical spatial structure. The ds DNA cholesteric LCD
dispersion particle is considered as an ensemble of
quasinematic layers containing absorbing dipoles. The
distance between neighboring effective layers is d and

the rotation angle between neighboring layers is A@®.
Our approach is based directly on solving
Maxwell’s equations; it does not impose principal
limitations on the size of dispersion particles, and does
not require perfect cholesteric packing in dispersion
particles. Owing to these features, the approach can be
used to address a broad range of problems in studying
the optical activities of ds DNA dispersion particles.

The used model makes it possible to study the effects
of various factors on the CD spectra of ds DNA LCDs
and estimate the dependences of amplitude of
abnormal band in the CD spectra (AA) upon the
physical parameters of dispersion particles, and their
concentration.

In Addendum we presented several results of the
advanced theoretical calculations, which are
interesting in the framework of current paper, i.e., the
theoretical dependence of the amplitude of the
abnormal band in the CD spectra (AA) upon the size
of the particles of the ds DNA cholesteric LCDs
(Fig. A-1); the theoretical dependence of AA value
upon cholesteric pitch (Fig. 4-2); and the theoretical
dependence of AA value upon the inclination angle
between neighboring segments of ds DNA molecules
ordered in quasinematic layers (Fig. 4-3).

The theoretical background of our approach is
described in [23].
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Fig. A-1. Theoretically calculated dependence of the
abnormal negative band amplitude (AAy7) in the CD
spectra of the cholesteric ds DNA LCDs upon the size
(diameter) of dispersion particles.
1 -Cpna=10pg ml’l, 2—-Cpna=30pg ml ™.
P = 2,500 nm; AA,70x10° optical units; L =1 cm
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Fig. A-2. Theoretically calculated dependence of the
abnormal negative band amplitude (AAsz;) in the CD
spectra of ds DNA LCDs upon the cholesteric pitch.
1 —Cpna =10 ugml™, 2 — Cpna =30 ug ml™'. D = 500 nm;
AA270x107° optical units; L =1 cm
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Fig. A-3. Theoretically calculated dependence of the

abnormal negative band amplitude (AAsz;) in the CD

spectra of the cholesteric ds DNA LCDs upon the

inclination angle between two neighboring segments in the

content of ds DNA molecules, forming quasinematic layer.

1- CDNA =10 ng ml’l, 2— CDNA =30 ug 1’11171. D =500 nm;
P = 2,500 nm; AAy70x107 optical units; L =1 cm
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