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Microscopic size particles of the cholesteric double-stranded DNA (RNA) liquid–crystalline dispersions, containing the ions of the
lements in their content, have been obtained for the first time. The properties of these particles differ from those of classical DNA c
oticeably. The local concentration of the rare earth elements in a particle reaches 200 mg/ml. The particles of the liquid–crystalline dif

he (DNA–gadolinium) complex maintain the properties for a long time. The combination of the microscopic size of particles, high conc
f gadolinium in particles and their stability opens a way to practical application of this new biomaterial.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Neutron capture therapy (NCT) is a cancer treatment that
tilizes nuclear neutron capture reaction (NCR) of radiation-
roducing elements administrated in vivo by thermal neutron

rradiation[1].
In the “classical” version of NCT,10B-compounds are typi-

ally used as radiation-producing elements. These compounds
ere delivered to tumor intracellularly in order to obtain an
ntitumor effect, because10B emits �-particles whose ranges
re equal to (about 10�m) a cell diameter or shorter.10B-NCT
as successfully used for patients suffering from malignant

Abbreviations: CD, circular dichroism; dsNA, double-stranded nucleic acid;
CD, liquid–crystalline dispersion; NA, nucleic acid
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melanoma and other diseases. However, developers of NC
still interested in other radiation-producing elements to m
NCT more effective.

The current attention to radiation-producing element
essentially focused on gadolinium for its favorable proper
even though extensive studies have been reported on the
elements.

Gadolinium neutron capture therapy (Gd-NCT) utilizes
following NCR of 157Gd by thermal neutron irradiation[2]:

157Gd+ nth → 158Gd+ γ-rays + internal conversion electro

→ 158Gd + γ-rays + Auger electrons

+ characteristic X-rays

NCT with 157Gd has a few advantages over10B typically
used as radiation producing element in NCT:

141-8130/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijbiomac.2005.10.001
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(i) 157Gd has the highest thermal neutron capture cross-section
(255,000 barns) among naturally occurring isotopes (i.e. 66
times larger than that of10B).

(ii) The �-rays induce DNA single- and double-strand breaks
and this process is accompanied by the disintegration of
the DNA structure; hence, it results in cell killing[3,4].
The�-rays at157Gd-NCR are long-range (>100�m), and,
in contrast to�-particles in the case of10B-NCT, they can
affect tumor cells extensively, even if157Gd presents extra-
cellularly in tumor tissue[5].

Besides, Auger electrons increase the amount of DNA
double-strand breaks[6]. Due to large total kinetic energy of
these electrons, they increase the possibility of hitting the tumor
cells by intensive destruction of DNA in neoplastic cells[7,8].

Hence, the�-rays and Auger electrons thus generated yield
a tumor killing effect[8,9].

The success of gadolinium neutron capture therapy depends
on a high accumulation of Gd in the tumor[10]. Therefore,
the first problem here—a sufficient concentration of gadolin-
ium could be retained in the tumor tissue during neutron irra-
diation after intratumoral injection. The second problem is
the toxicity of free gadolinium, because gadolinium ion is
strongly toxic even at low doses at its administration to tissues
[11–13].

For this reason, it is necessary to use ligands that form stable
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The rare earth salts (99.99% of purity) were purchased from
the Institute “Giredmet” (Moscow, Russia).

The absorption spectra of all solutions were taken on a spec-
trophotometer (“Specord M40”, Germany) and the CD spectra
were recorded by a portable dichrometer SKD-2 (manufactured
by the Institute of Spectroscopy of the RAS, Troitzk, Moscow
Region). In all cases, the quartz cells with 1 cm optical path have
been utilized.

The morphology of the dsDNA LCD particles treated by
GdCl3 was examined using a commercial Atomic Force Micro-
scope P47-SPM-MDT (produced by NT-MDT, Russia). To iso-
late these particles, the solution in which they were formed was
filtered through a poly(ethyleneterephtalate) (PETP) nuclear
membrane filter with size of pores of 0.15�m (produced by
the Institute of Crystallography of the RAS), that allowed us to
immobilize particles; filters were dried in air for no less than 1 h.

To estimate the number of Gd3+ ions in the content of the LCD
particles, the magnetic properties of the dsDNA LCD treated by
GdCl3 have been measured and total magnetic moment of Gd3+

ions was determined. The dsDNA LCD after GdCl3 treatment
was centrifuged (5000 rpm; 40 min; 15◦C), the obtained pellet
was flushed a few times by a distilled water to erase the extra
amount of nonspecifically absorbed GdCl3 and utilized as a sam-
ple for the further analysis. (The treatment of the dsDNA LCD
by nonmagnetic LaCl3 and formation of the corresponding pellet
was used as a control for the magnetic measurements.)
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he chelate complexes of gadolinium with polymeric molec

14–16] nanoparticles of various origin[10,17,18]have bee
roduced as potent constructions for targeting a site and

rolled release of a drug. Biodegradable, biocompatible chit
anoparticles[19] have recently received considerable atten
s systems capable of retaining gadolinium in the tumor t
uring a Gd-NCT trial.

Thus, a key factor in the success of the current Gd-NCT
s the use of molecular constructions by means of which Gd
e delivered efficiently and retained inside tumor tissues a
ells during thermal neutron irradiation.

In the present paper, the particles of the cholesteric ds
or ds synthetic polyribonucleotides used as a sterical m
f dsRNA) liquid–crystalline dispersions, highly loaded by
are earth elements, were obtained. The goal of this stud
o develop Gd-enriched dsDNA (RNA) liquid–crystalline c
truction as a potential biomaterial for Gd-NCT.

. Materials and methods

The formation of the cholesteric LCD based on dsDNA
ynthetic polyribonucleotides as a result of the phase se
ion from PEG-containing water–salt solutions was describ
etail earlier[20,21]. In physicochemical sense, the initial s

em was composed of isotropically distributed in poly(ethy
lycol)–water–salt (NaCl) solution, liquid–crystalline partic

ormed by dsNAs.
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The magnetic properties of the samples were measur
agnetic field of 71.29 mT (712.9 Oe) at sample position b

uperconducting interferometer device (SQUID-magnetom
roduced by D. Mendeleev University (Moscow, Russia)[22].
he sample was characterized magnetically before and
agnetic filed introduction within temperature range from 4

o room temperatures. The cooling to helium temperatures
arried out at zero magnetic field (ZFC), then a magnetic
as introduced, and temperature was increased to 100 K
mount of quanta (M) of magnetic flux through the pellet
sDNA LCD treated by GdCl3 was measured continuously d

ng this procedure. TheM value is proportional to the magne
oment (Pm) of the sample used. In our case, Gd3+ ions bounde

o the dsDNA molecules in the content of the LCD play
ole of the magnetic centers[2]. The cooling to helium tem
eratures was repeated, but already at a nonzero magnet
FC). Again, the amount of quanta (M) of magnetic flux throug
ample was measured continuously during this procedure

The temperature dependence of magnetic moment, Pm
cteristic of the pellet of dsDNA LCD treated by LaCl3, was
easured for comparison.
The concentration of the gadolinium in the dsDNA L

articles was additionally checked by the neutron activa
nalysis[23]. The solution in which they were formed was

ered through a nitrocellulose filter (Sigma, USA; the siz
ores is 0.20�m), that allowed us to immobilize particles

he structure of this filter. The total mass of the DNA co
lexed with gadolinium was 300�g. The determination of th
NA concentration in the obtained filtrate showed that here
oncentration of the DNA molecules is practically zero.
lter containing all the dsDNA LCD particles was flushe
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few times by a distilled water to erase the extra amount of
nonspecifically absorbed GdCl3, dried in air for no less than
1 h and utilized as a biosample (BS) for the neutron activation
analysis.

BS was irradiated by 14.8 MeV neutrons using the neu-
tron generator NG-400[24]. The fast neutrons beam with a
flux of 2× 109 neutron cm−2 s−1 was produced using stationary
titanium–tritium targets[25]. For the purposes of signal calibra-
tion and flux monitoring, two pure standard samples, Gd-3 and
Gd-4, were irradiated as well. In the neutron beam, the BS was
placed between two standard samples. The fast-neutron irradia-
tion of the samples (during the timeTI ) leads to neutron-induced
reaction160Gd(n,2n)159Gd, the reaction cross-section is 1.75
barns. The�-decay of radioactive159Gd nuclide (its half-life
is 18.6 h) generates the�-rays with a typical line at 363.6 keV.
After a cooling down of samples (during the timeTC) the �-
activity of all samplesA was measured; the measurement time
wasTM. For this aim we have used the gamma-spectrometers
based on the 200 cm3 coaxial HPGe detector IGC-45 (ORTEC)
with the energy resolution of 2.2 keV and relative efficiency of
45.5% at 1.33 MeV (60Co).

3. Results and discussion

3.1. The CD spectra of the linear nucleic acids treated by
the rare earth ions
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Fig. 2. The CD spectra of the linear ds poly(I)× poly(C) in the absence and in the
presence of GdCl3 in solution. (1) Initial linear ds poly(I)× poly(C); (2) 30�M;
(3) 60�M GdCl3. Cpoly(I) × poly(C) = 12�g/ml; CNaCl = 0.5 mM; �A = AL − AR

(×10−6 optical units).

spectrum were observed earlier at interaction of multivalent ions
with dsDNA[26,27].

The changes in the CD spectra of dsDNA are explained within
the framework of idea about a high flexibility of the secondary
structure of these molecules, i.e. the secondary structure can be
altered as a result of complex formation of the rare earth elements
with nitrogen bases and/or phosphate groups[28,29].

The minor changes in the amplitude of the positive band in
the CD spectrum detected in the case of the ds poly(I)× poly(C)
LCD, treated by the rare earth salts (Fig. 2), reflect, probably,
an existence of more rigid secondary structure of polyribonu-
cleotides of A-family.

3.2. The CD spectra of the cholesteric LCD of nucleic acids
treated by the rare earth ions

In Fig. 3, as an example, the CD spectrum of the initial dsDNA
LCD is compared with the CD spectra of this dispersion treated
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In Fig. 1, as an example, the CD spectra of the linear dsD
reated by GdCl3, are shown.

As a result of interaction of Gd3+ ions with DNA, the ampli
ude of the positive band (λ ∼ 280 nm) in the CD spectru
ecreases and at certain concentration of GdCl3 (≈25�M) the
and changes its sign. The similar alterations of the shape
D spectrum are observed after addition of La3+, Nd3+or Sm3+

ons. It should be noted that this optical effect takes plac
oncentration of the rare earth ions comparable with the ds
oncentration in solution. The analogous changes in the

ig. 1. The CD spectra of the linear dsDNA in the absence and in the prese
dCl3 in solution. (1) Initial linear dsDNA; (2) 10�M; (3) 20�M; (4) 30�M;

5) 40�M; (6) 50�M; (7) 60�M GdCl3. CDNA = 30�g/ml; CNaCl = 0.5 mM;
A = AL − AR (×10−6 optical units).
fig. 3. The CD spectra of the LCD of dsDNA in the absence and in the
nce of GdCl3 in solution. (1) Initial LCD dsDNA; (2) 0.25 mM; (3) 0.5 mM
4) 1 mM; (5) 1.48 mM; (6) 2.92 mM GdCl3. CDNA = 10�g/ml; CNaCl = 0.3 M;

PEG= 170 mg/ml;�A = AL − AR (×10−6 optical units).
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Fig. 4. The CD spectra of the LCD of ds poly(I)× poly(C) in the absence and
in the presence of GdCl3 in solution. (1) Initial LCD ds poly(I)× poly(C);
(2) 0.25 mM; (3) 0.37 mM; (4) 0.5 mM; (5) 0.75 mM; (6) 1 mM GdCl3.
Cpoly(I) × poly(C) = 10�g/ml; CNaCl = 0.3 M; CPEG= 170 mg/ml; �A = AL − AR

(×10−6 optical units).

by GdCl3. The amplitude of the intense (abnormal) negative
band (λ ∼ 270 nm) in the CD spectrum, characteristic of the ini-
tial cholesteric dsDNA LCD, is increased, and its maximum is
displaced to the red area of the spectrum. The change in the
shape of the CD spectrum testifies that the Gd3+ ions (as well as
La3+, Nd3+ or Sm3+ ions) interact with dsDNA in the content of
particles of the LCD.

Similar pronounced changes in the shape of the CD spectrum
are observed for ds poly(I)× poly(C) LCD with the abnormal
positive band in the CD spectrum (Fig. 4). It should be noted that
the increase in the amplitudes of abnormal bands in the CD spec
tra occurs within a very short time, more exactly, simultaneously
with the LCD treatment by the rare earth salts.

Hence, despite the different signs of abnormal bands in the
CD spectra, the treatment of the LCDs of dsNA by rare earth
ions is accompanied by similar changes in the amplitudes o
these bands. However, the concentration of GdCl3 or Sm(NO3)3
necessary to induce the changes in the CD spectrum of the LC
formed by poly(I)× poly(C) is approximately three times lower
in comparison to that of the DNA LCD.

It should be noted that complexes between the rare earth ion
and the phosphate groups have a low solubility[28,29], and the
particles of the dsNA LCD treated by these ions begin slowly
to precipitate. This process is accompanied by decrease in th
amplitude of the abnormal band. However, the intensive shaking
of the solution containing the obtained pellet results in a full
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mechanism of amplification of the abnormal band in the CD
spectra of the LCD of the dsNA molecules.

In the framework of the theory[30] that describes the abnor-
mal optical properties of the particles of the initial cholesteric
LCD formed by dsNA molecules, one can expect that there are
two main reasons responsible for amplification of the abnormal
band in the CD spectra.

The first reason is related to the modification of the mode of
the dsNA molecules packing in the content of particles of their
LCD. To prove this assumption, the dsDNA were treated first by
various concentrations of GdCl3 and from these molecules the
LCDs were formed.Fig. 5 shows that this treatment is accom-
panied by a full disappearance of the intense band in the CD
spectrum of the LCD formed by these molecules, but the treat-
ment does not influence the capability of these molecules to form
the LCD, which scatters the UV-irradiation.

Comparison ofFigs. 1 and 5shows unequivocally that
gadolinium ions can easy induce the alteration of the dsDNA
secondary structure in the case of the linear DNA molecules.
Such an alteration prevents the formation of the cholesteric LCD
from so-modified DNA molecules. This is typical of violation
of regular character of the secondary structure of nucleic acids,
induced by their complex formation with several metals[26,27].

However, in the case of the preformed cholesteric LCD
from DNA molecules, one can observe a quite different effect.
Because separation of chains of the dsDNA molecules in the
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The above-obtained results speak in favor of the assum
hat the amplification of the abnormal bands in the CD sp
s connected to the cause, which differs from the above-te
auses for the alteration of the shape of the CD spectra of
sNA. Because the increase in the amplitudes of the abn
ands is observed at the rare earth ion concentrations, exce

he concentration necessary for alteration of the shape o
pectra (Figs. 1 and 2) characteristic of the linear dsNAs, o
an put forward the following supposition: there is a spe
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ontent of particles of the LCD is impossible due to the ste
easons[31,32], the alteration of the dsDNA structure, induc
y gadolinium treatment, is “transformed” into the chang

he mode of spatial packing of the neighboring DNA molec
n these particles. Hence, the first reason is the change
itch of the cholesteric structure of the dsNA LCD as a resu

nteraction of gadolinium ions with these molecules.
The second assumption is the increase in the diameter

nitial cholesteric LCD[30] particles induced by the rare ea
on’s interaction.

To check the probability of these reasons, it was neces
rst, to estimate the concentration of the rare earth ions i

ig. 5. The CD spectra of the LCD particles formed from the initial dsD
nd then treated by CdCl3, and from dsDNA pretreated by CdCl3. (1) LCD

ormed from initial dsDNA; (2) LCD treated by GdCl3 (2.92 mM); (3) LCD
ormed from initial dsDNA pretreated by GdCl3 (2.92 mM).CDNA = 10�g/ml;

NaCl = 0.3 M; CPEG= 170 mg/ml;�A = AL − AR (×10−6 optical units).
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Fig. 6. Temperature dependence of the magnetic susceptibility (χ) for the pellets
formed by dsDNA LCDs treated by GdCl3 or LaCl3. Curves 1 and 2 are results
of the theoretical calculations; (�) the results of the measurement for the pellet
formed by DNA LCD treated by GdCl3 and (�) the results for the pellet formed
by dsDNA LCD treated by LaCl3. Theχ value is expressed in 10−6 erg/Oe2.

content of the LCD formed by dsNA molecules and second, to
evaluate the diameter of these particles.

3.3. Magnetic properties of Gd3+ ions fixed on the dsDNA
molecules ordered in the spatial structure of the LCD

Taking into account similarities in the “optical behavior” of
all rare earth ions, and considering the specific magnetic prop-
erties of gadolinium ions, the concentration of these ions in the
content of the dsDNA LCD was estimated as an example.

The temperature dependence of the magnetic susceptibilitie
(χ = Pm/H) for the pellets formed by cholesteric dsDNA LCDs
treated by GdCl3 (and LaCl3) was measured.

Fig. 6shows that there is a significant difference in the mag-
netic properties of the pellets formed by dsDNA LCDs and
treated by GdCl3 or LaCl3, respectively.

This corresponds to differences in the magnetic properties o
these ions. It is known that the magnetic susceptibility contains
the contributions both from paramagnetic and diamagnetic cen
ters. In our case, the paramagnetic centers are only Gd3+ bounded
with the dsDNA in the content of LCD. The diamagnetic contri-
bution is expected to be caused by the “rest water” molecules in
the case of Gd3+-containing sample or La3+ ions, because these
ions are nonmagnetic and important for the diamagnetic par
of susceptibility. The diamagnetism in the first case was taken
into account at calculation of a “pure” paramagnetic Gd3+ ions
i
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perature dependence of the magnetic moment was equal to
99.6× 10−6 erg K/Oe2, the number (N* ) of Gd3+ ions was eval-
uated as 7.64× 1018. (The magnetic measurements showed that
the concentration of Gd3+ ions in a solution obtained after the
washing of the pellet of the DNA LCD treated by GdCl3 was
insignificant. This confirms that Gd3+ ions are tightly bounded
to the DNA molecules.)

The above-obtainedN* value was used to perform a few
practically important estimations. Let us denote the molecu-
lar mass of one dsDNA molecule asmDNA. This value was
about 8× 105 Da for the sample used ormDNA is equal to
1.33898× 10−18 g. Taking into account all the experimental
conditions, as well as 100% precipitation of the DNA LCD
treated by GdCl3 in the course of centrifugation, one can say
that the number of DNA molecules in the pellet,NDNA, is equal
to 2.98735× 1015.

Consequently, there are (N* Gd3+)/NDNA = 2557 Gd3+ ions
per each dsDNA molecule. As the number of helical turns in
dsDNA molecule is equal to (8× 106)/(6.6× 103) ≈ 120, so
2557/120≈ 21.3 Gd3+ ions are located on each turn of DNA
helix. Because each turn of the DNA helix carries 20 nega-
tively charged phosphate groups, one can suppose that under
conditions used one Gd3+ ion is bounded approximately to one
DNA phosphate group, i.e. each phosphate group of the DNA
molecules, carrying one “effective” negative charge, is neutral-
ized by Gd3+ ion, that carries three positive charges.
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The number of paramagnetic centers (N* ; N* = 3× k ×

cw/µeff), i.e. the number of Gd3+ in 4f7-state, was calculate
rom the temperature dependence of magnetic suscept
33], which was measured in the temperature range from
o 300 K, i.e. in the temperature range with a linear depend
f χ upon 1/T. It should be noted thatCcw value was obtaine
ccording to an equation:χ =χ0 + Ccw/(T − θ) and application
f the fitting procedure to the theoretical curve and experim
ata (seeFig. 6).

Taking into account that an effective magnetic momen
ne Gd3+ ion in a sample (µeff) was estimated to be 7.94�B,
nd the Curie–Weiss constant (Ccw) obtained from the tem
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.3.1. Neutron activation analysis of the dsDNA LCD
articles added with GdCl3 (BS)

The concentration of gadolinium was additionally chec
y neutron activation analysis of the dsDNA LCD particles.
esults of analysis performed on the neutron generator NG
f the Institute for Nuclear Research of the RAS (Moscow)
resented inTable 1.

The amount of gadolinium in the BS,mGd, was obtained from
he equation

Gd = m34 · ABS

A34
· T 34

M

T BS
M

· η (1)

herem34 is the total mass of samples Gd-3 and Gd-4;ABS
ndA34 the measured activity of the BS and the total activit
tandard samples Gd-3 and Gd-4, respectively;T 34

M andT BS
M the

easurement times for the standard samples and the BS, r
ively; η = 1.086 is the correction coefficient, compensating
ifference of values of timesTC andTM for different samples
rovided the decay of159Gd is taken into account.

Using Eq.(1), the amount of gadolinium in the BS was e
ated asmGd = 128�g. (Note that this concentration is high

able 1
nduced�-activity of irradiated samples

ample Mass,m (g) TI (min) TC (min) TM (min) Relative activity,
A (counts)

d-3 0.331 15 20 15 66714
d-4 0.353 15 20 15
S 0.032 15 45 120 92
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than the gadolinium density in all samples, used for NCT earlier
[17,34].)

Taking into account the experimental conditions and the
amount of the DNA in the sample (300�g; see Section2),
a very simple calculation shows that the obtained amount of
gadolinium (128�g) corresponds approximately to one atom of
gadolinium per one phosphate group of the DNA molecule.

Hence, the results of determination of Gd3+ ions concentra-
tion in the content of DNA LCD particles treated by GdCl3
obtained by magnetometric and neutron activation analysis are
very similar. Under used experimental conditions (see Section
2), this result is evident, because it reflects the saturation binding
of Gd3+ ions to phosphate groups of the DNA molecules.

The obtained data correspond to the data on the saturation
binding of gadolinium to nucleotide pairs of pBR 322 plasmid
DNA published earlier[4].

However, multivalent Gd3+ ions are not simply agents to
screen the long-range electrostatic interaction. These ions play
a complex role in DNA–DNA interaction. Indeed, an appear-
ance of noncompensated positive surface charge on the dsDNA
molecules will induce an additional attraction between the
neighboring DNA molecules. (The physical origin of this attrac-
tion mediated by strong correlation interaction is related to either
electrostatic or entropic contributions.) Besides, an appearance
of the surface charge on the LCD particles can result in the sta-
bilization of the spatial structure of these particles after their
t tion
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Fig. 7. (A) AFM image of the dsDNA LCD treated by GdCl3 and immobilized
onto the surface of the nuclear membrane filter (PETP).CDNA = 1.07�g/ml;
CNaCl = 0.03 M; CPEG= 17 mg/ml; CGdCl3 = 0.23 mM. (The dark spots are
“pores” in the nuclear membrane filter.) (B) Size distribution of the dsDNA
LCD particles treated by GdCl3 (1) and the pores (2) in the membrane filter.
CDNA = 1.07�g/ml; CNaCl = 0.03 M;CPEG= 17 mg/ml;CGdCl3 = 0.23 mM.

One can summarize the results shown above as the follow-
ing. The treatment of the dsDNA LCD by the rare earth salts,
in particular by GdCl3, is accompanied not only by neutraliza-
tion of phosphate groups of the DNA molecules by Gd3+ ions,
but by a significant attraction between the neighboring DNA
molecules. Disappearance of the fluidity of the dsDNA LCD
particles proves a short-range attractive interaction between the
charged DNA molecules arising from interlocking Gd3+ ions,
sometimes called as “counterion cross-links”. An existence of
independent particles speaks in favor of an appearance of non-
compensated positive surface charge on the LCD particles. This,
in turn, prohibits the coalescence of these particles and the cre-
ation of a uniform phase, i.e. is accompanied by the stabilization
of spatial structure of individual particles of the LCD. Indeed,
it was shown that despite a slow precipitation of these particles
with accompanying disappearance of abnormal optical activity,
the simple shaking results in a full restoration of their optical
activity. In addition, the thermal “training” of the pellet of the
dsDNA LCD particles, treated by GdCl3, is not accompanied
by obtaining a homogeneous phase with a reference cholesteric
texture. Hence, surface properties of the obtained LCD particles
differ from the initial particles of cholesteric DNA LCD, which
reatment with GdCl3. This means that, as a result of interac
f gadolinium ions with the dsDNA in the content of the LC
articles, these particles can lose their ability to coalesc
his opens a gate for their visualization by AFM.

.4. Visualization of particles of the dsDNA LCD treated by
dCl3

It should be noted that the particles of initial cholest
sDNA LCD do not exist at all in the absence of the osm
ressure of a solvent and their immobilization on a memb
lter and, hence, the visualization is just impossible.

Fig. 7A shows the AFM image of dsDNA LCD particl
fter their treatment with GdCl3 and immobilization on nuclea
embrane filter, andFig. 7B demonstrates the size distribut
f these particles as well as the pores in the filter.

First of all, one can see that these particles exist as
endent, individual objects. Second, the visualization of s
articles (Fig. 7A) testifies that at treatment of particles
sDNA LCD by GdCl3, the “liquid” character of the DNA
ackaging in these particles is disappeared and the pa
ave a rigid spatial structure. Third, the mean size of part
akes 4500–5000̊A, i.e. the mean diameter of the dsDNA LC
articles after gadolinium treatment coincides with the m
iameter of initial cholesteric dsDNA LCD particles[20,21].

Hence, the results of AFM measurements allow one to
ose that the neutralization of phosphate groups of ds
olecules by the rare earth ions is not accompanied by alte

n the mean size of the LCD particles and the second reas
xplain the amplification of the abnormal band in the CD spe
ust be rejected.
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generate at thermal training a cholesteric phase characterized
by the “finger-print” texture, easily recorded by the polarizing
microscope[21]. Although the pellet of the LCD DNA particles
treated by GdCl3 scatters the X-rays intensively, a specific maxi-
mum on X-ray scattering curve, conforming to the mean distance
between dsDNA in the LCD particles, does not exist (in contrast
to the pellet of the initial cholesteric dsDNA LCD character-
ized by 31–32̊A Bragg reflection[20,21]). This, again, can be
explained in the framework of supposition about the “isotropic”
behavior of the obtained LCD particles, i.e. their incapability to
form the homogeneous phase.

It is necessary to add that taking into account that the mean
distance between the initial dsDNA molecules in the particles of
the LCD is characterized by the Bragg reflection of 31–32Å, one
can estimate the local concentration of the dsDNA molecules in
the content of the LCD particles as 400 mg/ml. If we accept that,
according to the magnetometric measurements, each phosphate
group of the dsDNA is neutralized by one gadolinium ion, then
in this case, according to the carried out calculations, the local
concentration Gd3+ ions in the content of particles of dsDNA
LCD can reach 200 mg/ml.

3.5. The possible reasons for amplification of the amplitude
of the band in the CD spectra of the dsNA LCD treated by
the rare earth ions
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Fig. 8. The theoretical dependence of the maximal amplitude of the band
(λ = 270 nm) in the CD spectra of the poly(I)× poly(C) LCD, treated by GdCl3,
upon the pitch (P) value. The black points correspond to the experimentally mea-
sured�A values.Cpoly(I) × poly(C) = 10�g/ml; CNaCl = 0.3 M;CPEG= 170 mg/ml.

(1 cm);D the diameter of the particle;δ = ε1 − ε2 the dielectric
anisotropy of the cholesteric LC;ε1, ε2 = ε3 the principal values
of the tensor of dielectric permittivity;s =±1, depending on the
sense of twist of the cholesteric structure.

The expression(2)was used to describe the optical properties
of the dsNA LCD particles treated by GdCl3, in particular, the
influence ofP value on abnormal optical activity of the dsNA
LCD. Assuming that in the case of the dsRNA LCD,D value of
particles is about 0.4�m, the initialP value is about 3�m and
the initial�A value is 3600× 10−6 optical units, the theoretical
curve (Fig. 8) for (�A–P) relationship was calculated. This curve
shows that the decrease inP value is accompanied by the increase
in �A value, i.e. the smaller the pitch of a cholesteric structure,
i.e. the greater the twist, the more intense is the amplitude of an
abnormal band in the CD spectrum.

The experimental meanings of�A, i.e. the observed ampli-
tudes of the abnormal band in the CD spectra of the LCD formed
by poly(I)× poly(C) LCD and treated by GdCl3, correspond
fairly well to the theoretical curve (Fig. 8).

Besides, taking into account the known concentration of
gadolinium, one can find a correlation between theP values
and gadolinium concentration in solution (Fig. 9).

Hence, in the case, when the secondary structure of initial
molecule is not altered, the “P-effect”, i.e. an amplification of
the band as a result of the alteration of the helical twist of the
cholesteric structure of the dsRNA LCD, is evident.

ere
sec-
et-
.
e can
The results of the CD studies, AFM and magnetome
measurements allow one to suppose that the neutralizati
phosphate groups of dsNA molecules by the rare earth ion
lead to the alteration of charge distribution on the surfac
the dsNA molecules. This provides an additional contributio
the chiral interaction between the neighboring dsNA molecu
ordered in the structure of the particles of the LCD. An a
ing contribution results in change of the helical twist of
cholesteric structure formed by the dsNA molecules comple
with the rare earth ions, i.e. in change of the pitch (P) of their
cholesteric structure. In turn, the change of theP value can resul
in the observed optical effect (Figs. 3 and 4).

Application of the theory[30] that describes the abnorm
optical properties of the particles of the cholesteric LCD form
by dsDNA molecules reveals a few interesting facts.

It is known[30] that the coefficients of transmittance (IL,R)
of waves with left (L)-circular and right (R)-circular polariz
tion (i.e. the abnormal optical activity) are described by
expression:

(IL,R)λ = exp

[
−3κ2

0DL

16ε2
0

∫ 1

−1

{
[(Reδ)2 − (Imδ)2]

(
1 + x

2 − cosx −

× (1 + y2)(1 ± sy)2x−4 dy

]
,

wherex = τD(y + τ/2κ0), τ = 4π/P is the reciprocal lattice vecto
andκ0 is the wave vector of the incident radiation.L is the thick-
ness of the “effective” dsNA layer determined from the form
L = cl/ρ, wherec andρ are the concentration and the dens
(g/cm3) of NA, respectively, andl is the thickness of the ce
sinx

)
+ 2 Reδ Imδ

(
sinx − x cosx − x3

3

)}

(2)

However, in the case of dsDNA LCD, i.e. in the case, wh
the gadolinium can considerably influence the dsDNA
ondary structure (seeFig. 1), the correlation between the theor
ical curve and the experimental meanings of�A is not so good
This discrepancy can be caused by two reasons. First, on
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Fig. 9. The theoretical dependence of theP value of the helical cholesteric
structure for the poly(I)× poly(C) LCD particles upon the GdCl3 concentration.
Cpoly(I) × poly(C) = 10�g/ml; CNaCl = 0.3 M; CPEG= 170 mg/ml.

suppose that the dielectric properties of the dsDNA molecules
(or the LCD particles) are strongly changed, and the expres-
sion(2) does not hold. Second, the dsDNA secondary structure
is altered as a result of gadolinium interaction. This alteration
is probably related to a high flexibility of the DNA secondary
structure, more exactly, with a change in the inclination angle of
the DNA nitrogen bases induced by gadolinium interaction. This
means that besides theP value decrease, there is an additional
contribution to the amplitude of the band in the CD spectra in the
case of the dsDNA LCD treated by the rare earth salts. It should
be noted that the second supposition above seems to be mo
realistic, but such an effect is not considered in the framework
of the used theory. Hence, the additional theoretical analysis i
necessary, and is now in progress.

Comparison of the experimental results and the theoretica
calculations confirms, in general, the supposition about corre
lation between the decrease inP value and the increase of an
abnormal optical activity of the LCD particles, treated by the
rare earth salts. However, there are some peculiarities of thi
process, which depend on the concrete parameters of the dsN
secondary structure, changed by these salts. This means that t
physicochemical properties of particles of dsNA LCD, added
with the rare earth salts, differ from the properties of initial
cholesteric dsNA LCD noticeably.

In conclusion, one can say that the dsNA molecules in the
content of the LCD represent complexing agents for the rare
e cre-
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particles. The calculations based on atomic model of the B-DNA
with higher order structure, which has some peculiarities of the
LCD DNA, performed in 2004[34], showed that each neutron
capture reaction in the case of157Gd atoms results in an average
1.56 DNA single-strand breaks and 0.21 double-strand breaks
in the immediate vicinity (∼40 nm) of the neutron capture. Of
course, the direct application of these results to our condensed,
liquid–crystalline system is not possible and additional calcula-
tions are necessary. But, one can expect that despite the possible
effect of “self-shielding”, the outer DNA molecules (as a min-
imum) in the particles of LCD saturated with gadolinium are
capable of emitting the irradiation that can kill closely located
tumor cells.

To check this possibility, we have attempted to estimate a
possible therapeutic effect of the BS irradiation by thermal
neutrons. The question is how much surrounding tumor tissue
will be affected by secondary radiation. In the paper[17], it
is reported that the cancer tumor growth has been suppressed
due to bio-samples with gadolinium, irradiated by thermal neu-
tron flux of 2× 109 neutron cm−2 s−1 during 1 h. In another
paper[34], authors have estimated a dose rate and DNA double-
strand breaks (DSB) probability for local tumor irradiation by
secondary Auger electrons, conversion electrons and photons
emitted due to sample irradiation by thermal neutron flux of
109 neutron cm−2 s−1. The major contribution to the dose rate
(95%) and DSB (84%) has been produced by conversion elec-
t Cl
h ,
e atter
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a
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arth ions, in particular, gadolinium. This allows one to
te the particles of dsNA LCD, which are strongly enric
y gadolinium, i.e. the formed biomaterial represents a d

or gadolinium. High abnormal optical activity of particles
sDNA LCD, added with GdCl3, high and controlled conce

ration of Gd3+ ions in the content of these particles, open a
or application of the obtained biomaterial not only in medic
as a platform for neutron capture therapy), but also in techn
as a device with stable abnormal optical properties).

One of the most serious questions, that can define the m
pplication of the dsDNA LCD particles as Gd carriers, is
uestion about the efficiency of radiation emission from t
re

s

l
-

s
A
he

t

e

al

rons and photons. Our dsDNA LCD particles added with Gd3
ave the mean size of about 0.5�m (Fig. 7). Auger electrons
mitted inside the particle, have a shorter path in the m
nd with a high probability will be absorbed in the same

icle. However, conversion electrons (average energy 46.3
nd photons (above 70 keV) have a much longer path in m
nd will not be absorbed inside the particles[2]. Taking into
ccount the fact that the conversion electrons and photon
esponsible for the major contribution to the DSB in the N
e may expect that the therapeutic effect of NCT with our

icles will not be affected by the material of these particles
he dose will be delivered to the surrounding tumor cells.
eutron generator NG-400 produces thermal neutron beam
flux of 8.5× 107 neutron cm−2 s−1. Taking into account tha

he gadolinium concentration in the new biomaterial is relati
igh, this flux is becoming to be close to the necessary t
eutic values. This means that the new biomaterial open
pportunity to carry out the effective irradiation by thermal n

rons using smaller and safer machines with a smaller flux
o reduce harmful effects of the irradiation.
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