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I. Introduction

Currently there is enormous interest in the design of nano-
biocomposites comprising magnetic nanoparticles (MNPs)
and nucleic acid molecules. Application of such systems is
of great importance for progress in nanoelectronics (design
of nanoscale electronic circuits, high-density data storage
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systems), biomedical diagnosis and therapy (design of
highly sensitive biosensors and innovative drugs).!

The idea of development of memory devices based on
templated MNPs dates back to the 1950s. There are two
nanofabrication strategies called the ‘bottom-up’ and ‘top-
down’ approaches.? Since the latter approach in the form
of, e.g., nanolithography is expensive and, moreover, min-
iaturization has its natural limits, the bottom-up approach
is now on demand. It is based on utilization of small
molecular building blocks to fabricate supramolecular com-
plexes by self-assembly.?

Application of DNA molecules for the design of nano-
devices is very attractive. In addition to being information
carriers, DNA molecules are characterized by the mecha-
nism of specific molecular recognition, and possess phys-
icochemical stability and mechanical rigidity.! The
possibility of high-precision manipulation of DNA-based
building blocks is due to the ability of nucleic acids to
hybridize by base pairing and to the existence of enzymes
(restriction endonucleases, ligases and polymerases) that
respectively allow one to cut, link and build the DNA-
based structures.*

Rapid advancement of ideas on utilization of MNPs in
biomedical research began in the 1960s.° Unique properties
of magnetic materials in the nano state provides the possi-
bility of detecting structures based on MNPs and to control
them by external magnetic field.®
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The possibility of manipulation and targeting of MNPs
by external magnetic field underlies magnetic separation of
biological substances and drug delivery.” Magnetic reso-
nance imaging (MRI), a widely used method of in vivo and
in vitro diagnosis, as well as magnetosensitive biosensors
based on nanoparticles owe their origin to the magnetic
properties of nanoparticles.®-° Heating of MNPs by alter-
nating magnetic field is basic to a method of treatment of
pathological cells and (mainly) malignant tissues (hyper-
thermia).!?

Conjugation of MNPs with biological molecules, in
particular, nucleic acids, allows designing various nano-
biohybrid systems that possess unique magnetic properties
and biological selectivity to improve the efficiency of
diagnosis and therapy of diseases.” $-9-11

Various approaches to conjugation of nucleic acids with
MNPs were proposed.'> A nucleic acid molecule can
directly bind to MNPs; otherwise, the formation of chem-
ical bonds requires preliminary modification of the surface
of MNPs and/or biomolecules.!? Nevertheless, prevention
of nonspecific interactions between nucleic acid molecules
and nanoparticles, as well as determination of component
ratios in complexes still remain topical for nanobiofabrica-
tion.'* Not only do regularities of interaction between
nucleic acids and MNPs underlie theoretical concepts and
methodology of the design of nanobiocomposites, and also
specify possible fields of application. Knowledge of relevant
interaction mechanisms offers prospects for nanomaterial
surface design in order to attain or suppress highly specific
binding and to control bonds between components in the
nucleic acid — MNP composites.

Assessment of biological and environmental risks is an
important step in predicting the efficiency of utilization of
nanotechnology products. Harmful effects of asbestos and
uranium oxide nanoparticles, fullerenes,!> carbon nano-
tubes %17 and products formed in internal combustion
engines !'® on living organisms are well documented.

Potential risks of nanoparticles to human health are due
to the following factors:!®

— small particle size; nanoparticles can penetrate bio-
logical barriers including the blood —brain barrier;

— large specific surface area and high reactivity of
nanoparticles; and

— poor knowledge of excretion and/or biodegradation
mechanisms.

High risks of MNPs are associated with the activation of
free radical generation due to release of metal ions from the
surface and with the damage of biomolecules, cells and
tissues by the oxidative stress mechanism.?°~22 Thereby,
research on mechanisms of the DNA —MNP interaction is
of paramount importance for assessment of the influence of
MNPs on genetic material in biological systems, which is
directly related to human safety.

In spite of the aforesaid, mechanisms of the interaction
of MNPs with nucleic acid molecules are considered frag-
mentarily (see, e.g., Refs 1, 8, 13, 23, 24).

In this review, we will briefly outline the properties of
MNPs and nucleic acid molecules and discuss modern
concepts concerning mechanisms of the interaction between
them. Also, we will present a systematic description of
methods for conjugation of MNPs with nucleic acid mole-
cules (most of them were developed in the last two decades)
and outline methods of investigation of the structure of
nanobiocomposites. Fields of application and the function-

ing principles of nucleic acid-MNP nanobiohybrid systems
will be considered, and genotoxic effects of MNPs will be
discussed.

I1. Properties of magnetic nanoparticles

Interest in magnetic nanomaterials is due to fundamental
changes in magnetic properties of ferro- and ferrimagnets
on going to the nano scale.?>-2¢ The nature of the phenom-
enon was physically substantiated by Stoner and Wohl-
farth 27 in 1948 and thoroughly considered in a number of
recent reviews.? 11-28,29

Understanding laws that govern the behaviour of MNPs
is of paramount importance for optimization of magnetic
properties and for the design of nanostructures based on
MNPs. The magnetic properties of a bulk material mainly
depend on its chemical composition, crystal structure,
magnetic anisotropy and on the presence of vacancy defects.
In contrast, the properties of nanomaterials depend primar-
ily on their size and shape.!! The size dependence of the
properties of MNPs can be used for modulation of their
magnetic parameters.3%-31

1. Size-dependent effects in magnetic nanoparticles
Superparamagnetic behaviour of MNPs is one of the most
interesting size-dependent effects (Fig. 1). The energy bar-
rier for the magnetization vector is proportional to the
product of the magnetic anisotropy by the volume of the
magnet. For a bulk material, the energy required to change
the direction of magnetization much exceeds the energy of
thermal fluctuation, whereas for MNPs, the energy of
thermal fluctuation is sufficient to induce a fast spin flip.
This magnetic fluctuation leads to zero net magnetization,
e.g. MNPs exhibit the superparamagnetic properties.!! For
instance, the temperature of the transition from superpar-
amagnetic to ferromagnetic state (blocking temperature) for
2-nm and 13-nm cobalt nanoparticles is 10 and 370 K,
respectively.

The size effect also manifests itself in changes in the
coercivity. Compared to a bulk magnet with a multidomain
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Figure 1. The size of magnetic nanoparticles and some biological

entities: a comparison.’
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structure, MNPs whose size is smaller than a critical value
have a single-domain structure with spin disorder.® In the
single-domain state, the coercivity increases with the size of
the MNP. Above some critical size, a transition to the
multidomain state occurs. In particular, the coercivity of
single-domain cobalt MNPs increases more than 4.5-fold as
the nanoparticle size increases from 4 to 8 nm.3?

The saturation magnetization of MNPs also depends on
their size. In essence, all magnetic materials have a magneti-
cally disordered (spin-glass-like) surface layer that is formed
due to reduced spin—spin exchange coupling energy at the
surface. For a bulk material, the volume of the disordered
surface layer is small compared to the total volume of the
magnet, and the surface spin canting effect can be neglected.
However, for a nanoparticle the thickness of the disordered
surface layer is comparable with its radius; therefore, the
contribution of the surface spin canting effect becomes
significant and affects the saturation magnetization.?3 For
instance, an increase in the size of a Fe;04 MNP from 4 to
12 nm causes its magnetization to increase from 25 to
102 emu g—!at 1.5 T.34

By and large, the size and shape of MNPs have strong
effect on the efficiency of magnetic separation, heating in
alternating magnetic field and MRI contrast.3>

2. Effect of the structure and composition of nanoparticles on
their magnetic properties

The behaviour of MNPs is also influenced by their crystal
structure. This can be observed in, e.g., magnetic alloys with
anisotropic crystal structure. Platinum-coated metallic
cobalt nanoparticles have cores with fcc structure and
exhibit the superparamagnetic properties (coercivity is
zero) at room temperature. On heating, they form a CoPt
alloy that has a a face centered tetragonal lattice (fct) and
possesses ferromagnetic behaviour (coercivity is 5300 (E) at
room temperature due to a high magnetocrystalline aniso-
tropy.3°

Changes in the chemical composition of MNPs may
significantly alter their magnetic properties. This influences
the MRI-contrast properties of MNPs, namely, the spin—
spin relaxation rate of iron oxide and manganese, cobalt
and nickel ferrites is 218, 358, 172, 152 litre mmol—! s— 1,
respectively.3” The magnetic properties can also be affected
by surface defects.*

A wide variety of methods for preparation of metal and
metal oxide MNPs from 4 to 100 nm in size were proposed
in the 1960s. Presently, the range of available MNPs
includes metallic (Co, Fe, Ni), iron oxide (Fe;O4 and
v-Fe,O3) and ferrite (MgFe>O4, CoFe2O4, MnFeyOy4,
LiFesOg), as well as alloys (CoPt, FePt, MnAl, SmCos,
Fe4sNd,B) 283941 and core-shell MNPs comprising metal
particles coated with graphene-like carbon,*>43 silica,4 4>
natural and synthetic polymers.#6

Oxide MNPs exhibit weaker magnetic properties com-
pared to metallic MNPs. Nevertheless, iron(I1I) oxide nano-
particles are widely used for biomedicine due to low
toxicity, stable magnetic properties, physicochemical stabil-
ity and ease of preparation.*%-47

iSee, e.g., Ref 38 and E P Naiden, VIItin, A A Magaeva,
O G Terechova, V A Kostikova, L V Zagrebin, S S Shestov Izv. Vyssh.
Uchebn. Zaved. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya
[Powder Metallurgy and Functional Coatings] (1) 3 (2011) (in Russian).

Table 1. The saturation magnetization (M) of MNPs and their
acid/base stabilities.*?

MNPs Diameter M Acid/base

/nm JAm?kg~! stability
Fe;04 10-100 30-50 low
Fe;04/Fe 9 200 "

200 172 high
C/Fe 20-30 104 "
C/Fe;sC 30 140 "
C/Co 30 162 "
C/Ni 5-100 30 —
C/CoFe 10-30 77 high

7 215 "
C/FeNi 10-30 110 —
Au/Fe — 80 medium
Au/Co — 100 —

40 135 low
Si0,/Co 50 146 "
SiO/Fe 11 160 "
SiOy/Ni 50-100 51 "

The saturation magnetization values and the acid/base
stabilities of some widely used MNPs are collected in
Table 1. All C/M and SiO»/M (M is metal) nanocomposites
possess magnetic properties. Compared to oxide MNPs, the
C/M particles possess higher acid/base stabilities, thus being
promising for biomedical applications.

One should keep in mind that MNPs are prone to form
chain-like aggregates through dipole —dipole interactions.*?
Hydrodynamic interactions between MNP chains play the
decisive role in magnetic separation, the effect of external
magnetic fields being more pronounced and the separation
time being shortened.

3. Specific features of the surface properties and modification
of magnetic nanoparticles

Nanoparticles have large surfaces area. A trend towards
minimization of the free energy and hydrophobic properties
of the surface of MNPs predetermine their agglomeration in
aqueous media.?8 38

Biomolecules are usually studied in aqueous buffers.
The pH condition, salt concentrations and temperatures of
the buffers should not differ significantly from physiolog-
ical values.?$4° Modification of nanoparticles precludes
their agglomeration and imparts hydrophilic properties to
the surface of MNPs and protects them from oxidation, acid
and basic corrosion and release of metal ions.” 22 Coating of
MNPs plays a key role for further conjugation with bio-
molecules.>?

Methods of chemical modification of the surface of
MNPs can be conditionally divided into two groups, viz.,
methods of noncovalent (nonspecific) and covalent modifi-
cation.28:39-53 In the former case, there are no covalent
bonds between organic molecules and the surface of MNPs
(adsorption, electrostatic, van der Waals, hydrophobic
interactions or hydrogen bonding occurs).”* In the latter
case, strong covalent bonds are formed.*? 55

So-called core—shell structures representing MNPs
coated with a layer of a polymer4® or inorganic mate-
rial 3%-57 are most widely used. Nanoparticles can be coated
during the synthesis or subsequently.>®
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Hydroxyl groups present on the surface of oxide nano-
particles react with molecules bearing hydroxyl, carboxyl,
phosphate, phosphonate, sulfate and sulfonate groups
through formation of hydrogen bonds or direct coordina-
tion as a result of ligand exchange.*%- 30

The surface of MNPs can be modified with both organic
(high-molecular-mass compounds and surfac-
tants) 46-49.5%.60 and inorganic compounds.®!-92 Possible
surface modifiers that are used to prepare nucleic acid—
MNP composites include synthetic and natural polymers,
namely, polyethyleneimine (PEI),3% 3.4 poly(ethylene gly-
col) (PEG),%° cationic lipids,®® dendrimers,%” dextrans (car-
boxymethyl dextran, aldehyde-aspartic dextran,
epichlorohydrin  cross-linked dextran),%%-%°  streptavi-
din7°-72 and proteins.*”-73 These polymer molecules can
directly interact with unmodified surface of MNPs or with
organic or inorganic coatings that were applied to the
surface of MNPs in advance. Polymeric coatings can be
formed directly on the surface of MNPs by copolymeriza-
tion of preliminarily adsorbed monomers.*%67-74

Modification of nanoparticle surface with low-molecu-
lar-mass organic compounds is also possible.> In partic-
ular, tetramethylammonium,’> pyrrolidone,’”® B-mer-
captoethylamine,”” hemin,’® etc., are appropriate for fur-
ther conjugation of MNPs with nucleic acids.

Currently, MNPs bearing various functional groups
(azide,”* amino,”® carboxyl,° sulfhydryl®!) on the surface
are available. These groups ensure covalent immobilization
of nucleic acid molecules in the next steps. Often, the
surface of MNPs is coated with gold ¢%%2 or silica®® for
efficient immobilization of nucleic acid molecules.

Silanization is widely wused for modification of
MNPs.8485 In this case, the coating being formed is highly
stable owing to formation of a covalent bond with the MNP
surface.’* This approach is used to impart hydrophilic
properties to the surface and to prepare MNPs bearing
various functional groups (COOH,%* SH,%¢ NH,,** alde-
hyde groups?®’) that are convenient for subsequent biocon-
jugation.

Aromatic diazonium salts are promising and convenient
reactants for the formation of reactive functional groups
(FG) on the surface of MNPs and subsequent binding to
nucleic acids. These salts readily interact with the surfaces
of many metals, oxides and especially nanostructured car-
bon with evolution of nitrogen (Fig. 2).

To this end, aryldiazonium chlorides and tetrafluorobo-
rates are routinely used.5? In contrast to the traditionally
utilized salts, recently synthesized aryldiazonium p-tosylates
ArNJTsO~ are more stable and show good solubility in
water and many organic solvents.8® These salts exhibit
enhanced reactivity towards many surfaces; in particular,
they spontaneously and rapidly react with carbon layers on

FG
Q Q
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Figure 2. Covalent modification of the surface of nanomaterials
with aromatic diazonium salts.

the surface of metal nanoparticles, in aqueous suspen-
sions,®® thus making the MNP surface coated with reactive
functional groups.

Surface modification may change the magnetic proper-
ties of MNPs.73-90-94 Electrostatic interactions between the
coating molecules and the MNP surface can enhance the
relaxation properties of the nanocomposite as compared to
those of the initial MNPs.?3-%¢ Coordination at the surface
can lead to a considerable decrease in the coercivity of
MNPs. This effect can be explained by crystal field theory.
Binding of ligands to transition metal atoms on the MNP
surface causes splitting of d-orbital energy levels and
reduction of magnetic anisotropy that originates from
spin —orbit coupling.®’

It does not always happen that surface modification
completely rules out subsequent nonspecific interactions of
the nucleic acid molecule being conjugated with MNPs.!3
Mechanisms of the interaction of the coating with the
surface of MNPs, the grafting density of the surface,
stability in time and stability in different media often remain
poorly studied.!3-22 For instance, dextrans that are widely
used for surface modification do not form strong coatings
and can be desorbed form the surface.>* %%

Surface modification of MNPs has been a subject of
some thematic reviews (see, e.g., Refs 28, 40, 51, 99—-101).

ITI. DNA molecules as components of
nanobiocomposites

The concept of self-assembly of structures underlies the idea
of using DNA as scaffold (template) for controlled arrange-
ments of nanosized building blocks.!0?

The DNA macromolecule is almost ideal material for
fabrication of structures with size from 5 nm to a few
micrometres, and very attractive as component of nano-
systems.!93 Timeliness of utilizing DNA is first of all due to
the existence of the mechanism of highly specific molecular
recognition based on the hybridization of two complemen-
tary strands.! For instance, an oligonucleotide 20 nucleo-
tide base long is sufficient to recognize a target in a genome
containing 3 x 10° base pairs.

There is a broad range of natural biomolecules (endo-
nucleases, ligases, DNA-modifying enzymes) that can be
used as tools for high-precision manipulations of DNA
molecules.4- 104,105

A DNA molecule to 40 nm long with any specified
sequence can be synthesized and amplified by the polymer-
ase chain reaction (PCR).'%¢ Double-stranded DNA mole-
cules are convenient building blocks for constructing
nanostructures because they can be linked ‘tail-to-tail’ to
form extended linear molecules or structures with more
complex architectures.!%” In 1982, Seeman '8 proposed to
use nonlinear DNA molecules for assembling ordered net-
works with specified branchings and junctions, to form
cubes,'%? triangles,!!® bilayer structures!!! and various
DNA knots.!'> At present, diverse nonlinear DNA-struc-
tures are also assembled from modified nucleotides, pro-
teins and RNAs. 113

DNA molecules can be modified with various functional
groups that specify sites for possible binding to other
molecules.!'* The DNA molecule exhibits a relatively high
physicochemical stability and mechanical rigidity of short
double helices and can therefore behave as linker between
two functional components attached to both ends.!- 13
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In biomedical nanostructures, DNA/RNA molecules
usually play the role of genetic information carriers or
provide highly specific interaction with targets, viz., com-
plementary DNA molecules, proteins and cell receptors.

1. Peculiar features of DNA molecules. How they govern
DNA interaction with nanoparticles

Knowledge of DNA structure is a key to understanding of
DNA interaction with other entities, such as molecules,
molecular ensembles (complexes) and nanoparticles.!16- 117

In solution, polymer molecules of single-stranded and
double-stranded DNA have a characteristic secondary
structure. Conformation of DNA depends on the DNA
sequence and on parameters of the medium, viz., hydration
level, ionic strength, pH, presence of metal ions, efc. A
DNA strand can form loops, hairpins, cruciform structures
as well as right- and left-hand helices of one up to four
strands.!18

A significant role in the interaction of DNA with other
molecules and supramolecular complexes is played by pro-
tonation/deprotonation of particular atomic groups, which
occurs in the range of pH values from 3.5 to 10.11°

The idea of DNA molecule as a regular and rigid
structure with fixed geometry is too simplified because
DNA molecules in solution are characterized by internal
mobility, fluctuation and local deformations.!!8

Persistent in vivo interaction of proteins, such as histo-
nes, transcription factors, polymerases, etc., with DNA
molecules plays a significant role in their functioning and
maintenance of particular conformations.!?%- 12! The struc-
ture and functions of DNA depend strongly on metal
ions.'?2 Most DNA-binding proteins and enzymes contain
metal ions as cofactors;!?3 these ions play a significant role
in for activation of enzymatic reactions involving DNA.
Optimal rates of these reactions correlate with average
concentrations of particular ions.

Magnetic nanoparticles are about 10 nm in size. This is
comparable with the size of protein molecules that interact
with DNA in vivo (see Fig. 1). The surface of MNPs is
charged and bears particular functional groups;'?* this
specifies the character of its interaction with the biomole-
cule as well as possible conformational transitions and
properties of DNA upon binding.

2. Participation of DNA atoms in interaction: the rules
Usually, peculiar features of DNA interactions with various
substances can be explained by the character of the charge
density distribution in the biomolecule and by steric acces-
sibility of particular atoms.

The largest negative charge is localized on phosphate
groups present on the surface of DNA molecule and in the
minor groove.!?3-126 Electron-donating properties of oxy-
gen atoms of the phosphate groups involved in the phos-
phodiester bond are less pronounced, being suppressed by
the free oxygen atoms bearing a partial negative charge.!?®

Amino groups of DNA bases exhibit weak acidic prop-
erties and act as proton donors in the formation of hydro-
gen bonds, whereas oxygen atoms of keto groups and
nitrogen atoms of heterocyclic bases are proton accept-
ors.116

According to calculations,!?” the largest negative charge
is localized on the N(3) atoms of purine bases and O(2)
atoms of pyrimidine bases in the minor groove, as well as on
the N(7) atoms of guanine and adenine in the major groove

of B-DNA. In GC-tracts, the potential energy minimum
responsible for the most favourable conditions for electro-
static interactions is localized in the major groove of DNA
molecule; in AT-tracts, it is localized in the minor
groove. 126127

Steric accessibility of atoms in the B-DNA molecule
characterizes the ability of particular atomic groups to
interact with other molecules and ions and decreases in the
following order:

PO(2) > N(7)(G) > O(6)(G) > N(7)(A) > OA4)(T) >
>0@2)(T) > NG)(A), O2)(C)

Endocyclic nitrogen atoms and first of all, the N(7)
atoms of purines and the N(3) atom of cytosine, have lone
electron pairs and are good ligands. However, interaction
with the N(3) atom of cytosine is sterically hindered due to
the flanking keto and amino groups.!'!'¢

Oxygen atoms of deoxyribose rarely exhibit electron-
withdrawing properties owing to steric hindrances.!?>

3. Interaction of DNA molecules with metal ions

DNA molecules have a number of metal-ion binding sites.
There are oxygen atoms of phosphate groups, hydroxyl
groups of sugars, endocyclic nitrogen atoms and exocyclic
keto groups of bases. Interactions of metal ions with differ-
ent sites of DNA molecules are specific and depend strongly
on the nature of the ions.128

Usually, DNA is present in living cells in complexes
with, e.g., Na*, K*, Mg?* and Ca?>* ions. Metal ion
binding to phosphate groups stabilizes the double helix.!?°
This type of interaction is characterized by anti-cooperative
effect because of strong Coulomb repulsion between cati-
ons.

Unlike alkali-metal and alkaline-earth metal ions, tran-
sition metal ions bind to both phosphate groups and DNA
bases.!39~132 Interaction of transition metal ions with oxy-
gen atoms of phosphate groups is accompanied by the
formation of ionic bonds between them. When these cations
interact with nitrogen atoms and keto groups of bases,
coordination bonds are formed. Amino groups of bases
are not involved in direct binding to metal ions.

Coordination to transition metal ions may destabilize
DNA molecules, reduce the helix—coil transition temper-
ature and change the molecular conformation. Complex-
ation with transition metal ions 1is favoured by
conformational fluctuation of DNA molecules.!??

X-Ray diffraction studies showed that Fe?* cation is
directly coordinated to the N(7) atom of guanine and
indirectly, through water molecules, to the O(6) atom of
guanine and phosphate groups, thus forming an octahedral
coordination complex of iron.!34-13¢ Also, simulation of
the interaction of iron cation with oligonucleotide duplex
and relevant NMR data showed that Fe?* forms coordina-
tion bonds with the N(7) and O(6) atoms of guanine, an
oxygen atom of phosphate group and N(7) atoms of two
neighbouring adenine residues.!?* According to crystallo-
graphic data, a Co®>™" ion interacting with double-stranded
DNA is directly coordinated to the N(7) atom of guanine.
In this case, filling of the coordination sphere will lead to

§ See Ref. 133 and J K Barton, in Bioorganic Chemistry (Mill Valley, CA:
University Press, 1994) p. 455.
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Figure 3. Octahedral coordination geometry of Co ion at the N7
position of guanine.!'3”
Shown are five water molecules of the hydration shell.

formation of indirect coordination bond (through water
bridge) with the O(6) atom of guanine, whereas water
molecules coordinated in axial positions will induce con-
formational change in the adjacent base pair (Fig. 3). This
unavoidably will cause significant conformational rear-
rangements in the DNA molecule.

Interaction of Mn?* with DNA bases also induces
structural transition.!3% Initiation of structural rearrange-
ment of the entire molecule favours positive co-operativity
of complexation with transition metal ions.!'?°

Water molecules play a significant role in DNA com-
plexation with metal ions because they form the hydration
shell of the ion and its complex.!?% 138 Hydrated ions
interact with hydrophilic atoms in the nucleic acid molecule
through the hydration shell owing to formation of a weak
bond (outer-sphere complex). If one or more water mole-
cules in the hydration shell ion are replaced by oxygen and/
or nitrogen atoms of the nucleic acid molecule, a direct
bond is formed (inner-sphere complex).!?> The formation of
outer-sphere complexes with DNA molecules is more char-
acteristic of Mn2?™, Co?™", Ni?>" and Zn?" ions compared to
Ag*, Cu™ and Cu?" ions (Cu?* mainly forms inner-sphere
complexes with DNA molecules).!??

Significant differences are observed for binding ions to
double- and single-stranded DNA. Double-stranded DNA
molecules are characterized by much higher density of
negative charges on the surface. In addition, in this case
some active sites of DNA bases are ‘hidden’ in the interior
of the molecule. Therefore, for double-stranded DNA the
affinity of metal ions to phosphates is higher than to
bases.!?? Preferred binding of metal cations to phosphate
groups of DNA rather than to bases as follows:*

Mg?* > Co?* > Ni?™ > Mn?* > Zn?>" > Cd?** > Cu?™

The ability of metal ions to bind to DNA underlies some
original methods of formation of MNPs from solution on
the surface of the biomolecule.”?

4 See J K Barton, in Bioorganic Chemistry (Mill Valley, CA: University
Press, 1994) p. 461.

IV. Methods of fabrication of DNA —magnetic
nanoparticle composites

There are two types of nanocomposites, namely, DNA on
MNPs and MNPs on DNA. Realization of a specified
geometry of the composite being formed is of great impor-
tance and is determined by the mechanism of the interaction
between its components. The structure of the nucleic
acid—MNPs systems can be studied using methods of
investigation of the interaction of organic molecules with
the surface of MNPs.

1. Methods of investigation of the interaction of organic
molecules with magnetic nanoparticles

Usually, the formation of a coating on MNPs is confirmed
by transmission electron microscopy (TEM) 7593, 139,140 and
atomic force microscopy (AFM).!41-143 These methods are
also used to determine the size and morphology of nano-
composites. Changes in the size of MNPs upon coating can
be detected by dynamic light scattering.’* 38 The distance
between neighbouring MNPs formed on a DNA molecule
can be found from small-angle X-ray scattering data.”>

By analyzing the adsorption isotherms, including those
measured upon variation of parameters of the solution (pH,
ionic strength, chemical composition), one can estimate the
strength of a chemical bond and make assumptions of its
nature. Data of adsorption experiments used together with
the specific surface areas of MNPs can be basic to calcu-
lations of the component ratio in the nanocomposite; they
also allow one to decide between mono- or polymolecular
adsorption layer formed on the surface.

Measurements of electrophoretic mobility and potentio-
metric titration make it possible to determine the charge of
MNPs and to calculate the number of proton-binding sites
on the surface of MNPs.30-38.144 These data are used in
simulation of mechanisms of the interaction between com-
ponents in nanocomposites.

Thermogravimetric analysis (TGA) makes it possible to
calculate the enthalpy of adsorption of organic molecules
on the surface of MNPs. The strength of the bond between
molecules and the surface can be estimated from desorption
temperatures (from mass loss).”* TGA data are also used to
calculate the grafting density and to determine the number
of adsorption layers.%0, 144,145

IR spectroscopy is widely used to confirm the formation
of nanocomposites and to determine group of atoms
involved in the formation of bonds with the surface.
Attenuated total reflectance Fourier transform IR spectro-
scopy can be used to examine samples in solu-
tion.94.139. 141, 144147

Investigations of nanocomposites by circular dichroism
help to assess conformational changes in polymer molecules
(including DNA) upon binding to nanoparticles.!4’

X-Ray photoelectron spectroscopy (XPS) provides val-
uable information on the character of bonding between the
molecule and the surface and on the nature of interacting
ligands.!3%- 141 By analyzing the photoelectron spectra one
can determine the thickness of the adsorption layer and
conformations of polymer molecules on the surface.’* XPS
data are used to calculate the atomic ratios in the nano-
composite being formed and the number of ligands bound
to a single nanoparticle.”?

Solid-state magic-angle spinning NMR spectroscopy
enables observation of high-resolution 'H NMR signals of
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organic molecules (unsaturated acids, codeine phosphate,
sulfonated heterocyclic polyfunctional ligand with imida-
zole and quinoline units) covalently bonded to iron oxide
MNPs. 48 Combining this technique with matrix-assisted
laser desorption/ionization time-of-flight mass spectrome-
try is suitable to determine local conformations of organic
molecules on the surface of MNPs.

Static secondary ion mass spectrometry (SSIMS) was
used to analyze the surface structure and the elemental
composition of the organic coating.’* Modification of iron
oxide nanoparticles with [3-(2-aminoethylamino)propyl]-
trimethoxysilane led to formation of Fe—SiO mixed clus-
ters, which confirmed that the coating is covalently bound
to the surface. The presence of an iron peak in the positive
ion SSIMS spectrum of dextran-modified iron oxide nano-
particles suggested an incomplete coverage of the surface.

Coordination of organic molecules to the surface causes
structural changes in MNP that can be detected by X-ray
adsorption spectroscopy. Bidentate coordination of organic
ligands of coating molecules with MNPs is convenient for
filling oxygen vacancies on the surface of MNPs and for
formation of octahedral configurations. Using spectro-
scopic methods, namely, X-ray absorption near edge struc-
ture (XANES) and extended X-ray absorption fine
structure (EXAFS), one can determine the local geometry
and electronic structure of atoms, as well as the coordina-
tion geometry and the oxidation state at the interaction with
adsorbents. 4% 150

Information on changes in magnetic properties of MNPs
upon binding to organic molecules can also be used for
understanding of the mechanisms of interaction between
components of nanocomposites. For instance, a decrease in
the magnetization of Fe,O3; nanoparticles bound to octade-
cylphosphonic acid was explained by changes in the spin
state of iron atoms upon coordination.!3!

Electron paramagnetic resonance studies of Fe-O3 nano-
particles coated with octyl phosphonate revealed a transi-
tion from superparamagnetic to antiferromagnetic
behaviour.?* It was concluded that this transition is a result
bridging bidentate coordination of phosphate group
between two neighbouring Fe?™ ions on the nanoparticle
surface.

In a study on the magnetic properties of y-FeoO3;— DNA
composite the observed increase in the coercivity compared
to the coercivity of initial nanoparticles was explained by
reduction in interparticle interaction upon DNA coating.!4°

Differential pulse voltammetry is used to study the
electrochemical behaviour of DNA in order to prove
structural changes in DNA upon binding to MNPs.!42

2. Mechanisms of interaction of DNA molecules with the
surface of unmodified magnetic nanoparticles

High affinity of ferrite MNPs to DNA was
reported.!42-152.153 However, studies on the mechanisms of
interaction between unmodified MNPs and DNA are
scarce.

Taylor et al.'>? investigated binding of nucleic acids to
MNPs and showed that regularities of adsorption/desorp-
tion on magnetite nanoparticles differ from those estab-
lished for classical sorbents (e.g., silica).

Byrne et al.®s studied the formation of Fe3;O4 nano-
particles by co-precipitation in a solution containing single-
stranded denatured and double-stranded native herring
DNA and concluded that nanoparticles bind to DNA

molecules through formation of Fe—O—P bonds. Also,
the interaction of nanoparticles with the double-stranded
DNA was accompanied by cross-linking of phosphate
groups, which led to DNA compaction. Binding of nano-
particles to the single-stranded DNA was more efficient
than to the double-stranded DNA.

To understand the nature of the chemical bond formed
between MNPs and DNA, it is appropriate to analyze
original publications concerning the interaction of nano-
particles with organic molecules containing similar group of
atoms. For example, detailed investigations of the interac-
tion between iron oxide nanoparticles and phosphorus-
containing organic molecules were carried out. Phosphonic
acids and phosphonates adsorbed on iron oxide MNPs are
strongly attached to their surface through mono- or biden-
tate coordination of phosphonate group to Fe*™ ions
located in octahedral sites of spinel structure.’3-%4 151 It
was concluded °° that binding of alkyl phosphonate to the
surface of an iron oxide nanoparticle is followed by the
formation of a quasi-bilayer coating, the primary layer
being covalently bound to the surface while the other layer
being adsorbed through hydrogen bonds and van der Waals
interactions.

Studies of adsorption of phosphate anion on the surface
of magnetite MNPs showed that the process depends on the
pH value of the medium and occurs through either electro-
static interactions of phosphate with Fe —OHJ or ligand
exchange (oxygen atoms of phosphate are more electro-
negative than hydroxyl groups and displace them from the
surface).!** There are also ionized surface sites capable of
coordinating phosphates. The phosphate anion is adsorbed
on the surface of a magnetite MNP as a result of the
interaction with Fe3™ in octahedral sites. The process
mainly results in binuclear complexes that can be proto-
nated.!44 154 Binding of polycyclic codeine phosphate was
also accompanied by chemisorption owing to symmetrical
coordination of phosphate group to the magnetite sur-
face.148

At physiological pH values (pH7.2-7.4), phosphate
groups of DNA molecule and the surface of iron oxide
MNPs are mainly deprotonated.!>5~ 158 Reduction of the
pH value of the medium may lead to an increase in the
grafting density of phosphate groups because of protona-
tion of both phosphate groups of DNA and the surface of
MNPs; this creates prerequisites to the formation of addi-
tional hydrogen bonds.!34 159,160

Lengthening of the DNA molecule and, correspond-
ingly, an increase in the number of phosphate groups causes
the number of potential binding sites to increase; this should
make bonds with the surface of MNPs stronger.3- 16!
However, oligonucleotides attach to the surface stronger
than polynucleotides. This is due to the fact that polymer
molecules bind to the surface through particular segments,
whereas nonadsorbed segments form loops.>* 162 Theoret-
ical schemes of adsorption of polynucleotide and oligonu-
cleotide molecules on the surface of MNPs are shown in
Fig. 4.

The conformation of polynucleotide DNA molecule on
the surface of MNPs is still to be clarified. It was pro-
posed®3 that DNA molecule can wrap around MNPs
similarly to the wrapping of the DNA around the histone
core in the nucleosome through electrostatic interactions of
phosphate groups with the surface of MNPs.
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Figure 4. Adsorption of polynucleotide (a) and oligonucleotide
(b) DNA molecules on the MNP surface.

In spite of the leading role of phosphate groups in the
bonding with MNPs, DNA bases can also be involved. For
instance, binding Nip.sZno sFe,O4 nanoparticles to double-
stranded DNA molecules leads to disruption of some
hydrogen bonds between complementary strands.'#? This
enhances the accessibility of the base atoms to the inter-
action with MNPs or is a direct consequence of participa-
tion of the nitrogenous bases in the bonding.

ATR-FTIR studies of nanocomposites of cobalt ferrite
nanoparticles with single-stranded and double-stranded
DNA showed that both oxygen atoms of carbonyl groups
of heterocyclic bases and phosphate group are involved in
the bonding.!¢3:164 Nitrogen-containing heterocyclic com-
pounds can strongly attach to the surface of Fe;O4 nano-
particles through coordination of carbonyl group to iron
ion (C=0---Fe).’®

Preparation of nanoparticles by co-precipitation onto
DNA molecule was accompanied by the formation of small
(1-2 nm in diameter) and large (5—10 nm in diameter)
nanoparticles. It was concluded that small particles are
formed upon binding of iron ions to the N(7) atom of
guanine in the major groove, whereas large particles are
formed as a result of binding of iron ions to phosphate
groups of DNA %3

Taking into account the affinity of amino groups to the
surface of iron oxide MNPs, one can assume that NH»
groups of DNA bases can participate in the hydrogen bonds
formation.*9-34

3. Nanobiocomposites: methods of preparation

Methods of conjugation of MNPs with nucleic acids can be
divided into two groups with respect to specifity of inter-
actions:

— molecular recognition where nanoparticles bind to
certain DNA/RNA bases;

— electrostatic interactions, chemical reduction, etc.;
these methods are less specific.1>

The starting point in the design of a nanobiocomposite
is the desired field of application. The key parameters are as
follows:

— orientation of DNA molecule on the nanoparticles
surface or mutual position of nanoparticles on the aligned
molecule; e.g., the arrangement of chemically modified
bases on the DNA molecule allows placing the nanopar-
ticles on the controlled distance;

— nature of the bond between MNPs and DNA mole-
cule; dissociation of this bond as a result of changes in pH
value, ionic strength or upon addition of compounds that

possess higher affinity to the binding site on the surface can
either have dramatic consequences or form the basis of
functioning of the nanobiocomposite.’

Methods of conjugation of MNPs with nucleic acid
molecules are characterized in Table 2.

Using modified nucleic acid molecules, one can achieve
strong, oriented and highly specific binding of biomolecules
to nanoparticles. Covalent immobilization is often attained
with thiolated and aminated molecules. To this end, amino,
sulfhydryl, carboxyl and azido groups are formed on the
surface of nanoparticles. Covalent bonds are formed using
traditional methods of bioconjugation and ‘click’-chemistry
approaches including carbodiimide activation, thiol —disul-
fide exchange, aldehyde—amine condensation, azide-—al-
kyne cycloaddition, etc. Bioconjugation of DNA with
nanoparticles is very often attained using cross-link-
ers, 196199

To avoid nonspecific interactions during immobilization
of nucleic acids on the surface of MNPs, unreacted func-
tional groups are blocked in different manner.’# 87.178

DNA molecules can also be bound to nanoparticles
without formation of covalent bonds, namely, through
electrostatic interactions with the surface. For instance,
positively charged ferrite nanoparticles modified with pyr-
rolidine during the synthesis form ionic bonds with A phage
DNA 200

To prepare nanobiocomposites, DNA molecules are
often immobilized on the surface of MNPs modified with
cationic lipids®® and polymers, e.g., cationic proteins,
amino acids (polylysines, polyarginines),?°! chitosan,?%?
PEIL 72 etc.?93 Yet another approach involves formation of
poly(amidoamine) dendrimers on pre-silanized surface of
MNPs.67-204 Poly(amidoamine) molecules can spontane-
ously form complexes with negatively charged DNA mole-
cules through electrostatic interactions.??> It should be
noted that the efficiency of DNA binding to PEI-coated
nanoparticles depends on the pH value of the medium.®3

The sequences and secondary structure motifs of the
biopolymer can favour binding of MNPs to DNA mole-
cules. The experimentally established dependence of the
efficiency of binding of single-stranded homooligonucleo-
tides to cobalt ferrite MNPs on the nucleotide composition
as well as preferential binding of nanoparticles to GC pairs
of double-stranded DNA suggest the ability of these nano-
particles to selectively interact with particular motifs in the
DNA structure.!90-206

One more strategy of preparation of nanobiocomposites
is to form nanoparticles directly on the DNA mole-
cule.?07-208 The essence of the method is that metal cations
M”* from the salt solution bind to DNA [—PO5, N(7)] and
subsequent increase in the pH value of the solution causes
the formation of MNPs (co-precipitation method).””-93

Often, specific binding of MNPs to DNA is attained
using high-affinity noncovalent interactions biotin—strep-
tavidin 71.72.209.210 or protein—aptamer.’® This requires
preliminary modification of the surface of MNPs and
nucleic acids with appropriate molecules.

T The first steps in fabrication of nanobiocomposites are associated with
publication of two key studies 19167 on covalent bonding of alkanethiol-
modified DNA molecules with gold nanoparticles. At present, thiolated
DNA is used for immobilization on gold-coated MNPs.%?
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Table 2. Methods for conjugation of magnetic nanoparticles with nucleic acid molecules.

Nanoparticle Surface modifier Functional group Nucleic acid Possible applications Ref.
Electrostatic interactions between positively charged nanoparticle and negatively charged DNA molecule (PO5)
FePt tetramethylammonium — double-stranded DNA (37 bp) biomedicine 75
v-Fe,O3 — — calf thymus DNA the same 140
Co B-mercaptoethylamine — poly(dC) and poly(dG) data storage 77
CoFe>04 2-pyrrolidone — A phage DNA the same 168
Fe;04 2-pyrrolidone — A phage DNA " 169
Fe,05 2-pyrrolidone — ) phage DNA " 105
Fe>03, CoFe,04 2-pyrrolidone - A phage DNA MRI contrast agent 96
Electrostatic interactions between cationic polymer coating a nanoparticle and negatively charged DNA molecule
Fe;04 APTES and PAMAM — asODN gene therapy 67
Fe;04 oleic acid and cationic lipid — siRNA " 66
Fe;04 polyacrylic acid and PEI — plasmid DNA " 170
Mesoporous SiO» PEI — plasmid DNA " 59
impregnated with Fe>O3
Fe304 Si— OH-copolymer and PEI — plasmid DNA " 171
Fe;04 PEI — plasmid DNA DNA vaccine 63
FesOq4 PEI - plasmid DNA transfection vector 172,173
Bond between thiol group and gold atom
Fe;04 Au — HS —(CH»)¢—ODN biomedicine 62
Co Au — HS —(CH»)s— ODN the same 62
CoFe,04 APTES, MPTMS and Au — N —Cys—0O—O—ODN in vitro diagnosis 82
Disulfide bond in thiol-disulfide exchange reaction
v-Fe O3 TEOS and MPTMS SH 5'-HO —(CH)s —S —S—(CH,)s— ODN the same 81
Fe;04 and y-Fe,03 TEOS and MPTMS SH N'-Lys—ODN — Ala — Ala — Cys(4-mercapto- " 86
pyridine)NH»
Fe3;04 and y-Fe; 03 TEOS and MPTMS SH 5'-S—S—ODN " see?
Phosphoramidate bond between phosphate group and amino group (carbodiimide activation)
Fe;04 APTES NH, 5'-PO4—ODN " 174
Amide bond between carboxyl group and amino group (carbodiimide activation)
Fe;04 TEOS COOH ODN—NH,-3 genotoxicity studies 83
FesOq4 SiO» COOH 5'"NH,—ODN in vitro diagnostics 175
MFe>O04 (M = Co, Mn, Fe) alkylphosphonate and oleate COOH 5'-NH;,—(CH)s—dTs—ODN the same 176
FeszOy4 carboxymethyl dextran COOH 5'-NH;—(CH,)s— ODN tumour diagnosis and therapy 80
Fe304—SiOz[Ru(bpy)s] APTES and succinic anhydride COOH 5'-NH,—dT;o—ODN tumour therapy 177
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Table 2 (continued).

Nanoparticle Surface modifier Functional group Nucleic acid Possible applications Ref.

Amide bond — aldehyde —amine condensation with Schiff base formation and reduction of imine bond

MNPs ® Aldehyde — aspartic dextran CHO ODN—NH,—-C3-3 in vitro diagnosis 178

Cross-linking using homobifunctional cross-linker (glutaraldehyde)

Fe;04 TEOS and APTES NH» 5'-NH;,—(CHz),—dA;—ODN the same 179

F€304 APTES NHz 5/-NH2—(CH2)6—dC6—ODN " 180

FC304 APTES NH2 5/—NH27(CH2)67(1A1270DN in vitro diagnosis 181

Fe;04 APTES NH> 5'"NH,— (CH3)6—dCedTa2s biomedicine see ©

Cross-linking using heterobifunctional cross-linker containing amino-(N-hydroxysuccinimide) group and sulfhydryl group

SPDP cross-linker

(Fex03),(Fe304),, dextran and epichlorohydrin NH> 5'-HS— (CH3)s—ODN, 5-ODN— (CH»);—SH in vitro diagnosis 68

(Fe203)(Fes304),r, dextran and epichlorohydrin NH» 5-HS—ODN, 5-ODN —dA»—SH the same 182

(Fe203),(Fez04),r, dextran and epichlorohydrin NH» 5'"HS—dT,—ODN " 183

Mn,(Fe203),(Fez04) cationic bovine serum albumin NH» 5'-HS—siRNA —Cy5 in vitro diagnosis and therapy 184

SIA cross-linker

(Fex03)(Fe304),, dextran and epichlorohydrin NH» 5'-HS — (CH,)s— ODN in vitro diagnosis 185

MBS cross-linker

(Fex03),(Fe304),, dextran and epichlorohydrin NH» 5'-S—S—(CH»)s—siRNA diagnosis and therapy in vivo 186

Sulfo-SMCC cross-linker

MNPs P — NH» 5'-HS—dT;,— ODN—-FAM in vitro diagnosis 187

v-Fe>O3 APTES NH» 5'-S—S—(CHy)s—siRNA gene therapy 188

Cu(I)-catalyzed azide —alkyne cycloaddition

MNPs SiO» and copolymerization N3 Alk—ODN in vitro diagnosis 74
OEGMA —N3 and OEGMA —OH

Fe;04 polyacrylic acid C=C—-CH,-0— N;—ODN the same 189

Fe;O4—NH» azidobutyrate N3 Alk—dA;o—ODN biomedicine and date seed
N-hydroxysuccinimide ester storage

M?2%/3* jon binding to DNA [—PO;, N(7)] in solution, formation of nanoparticles on DNA molecules by co-precipitation upon increase in pH

Fe304 — — plasmid DNA biomedicine 93

Fe;04 — — double-stranded herring testes DNA, double-stranded nanowires 141

A phage DNA
a-Fe>O3 — — double-stranded herring testes DNA hyperthermia 147
Fe;04 — — double- and single-stranded herring testes DNA in vitro diagnosis 95
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Table 2 (continued).

Nanoparticle Surface modifier Functional group Nucleic acid Possible applications Ref.
Coordination of functional groups and atoms of DNA molecules with M2 /3 jons on the nanoparticles surface

Bonds with PO, , C=0 and N(7)

CoFex0q4 — — double-stranded salmon testes DNA, poly(dT), ODN in vitro diagnosis 164, 190
Bond with PO, group

Fe;04 sodium silicate and Al,O3 — ODN " 179
Biotin —streptavidin affinity interaction

Fes;04 TEOS avidin 5'-biotin — ODN " 191
MNPs ® (70% iron oxide) — streptavidin 5'-biotin— ODN " 70
Fe;04 L-aspartate streptavidin 5'-biotin —ODN " 192
Fez04 Au streptavidin 5'-biotin—ODN " 192
Fez04 APTES streptavidin 5'-biotin— ODN " 192
Protein —aptamer affinity interaction

Fe304 hemin — ODN " 78
Intercalation into double-stranded DNA

Fe304 carboxymethyl dextran TO-PROI double-stranded A phage DNA " 193
Nig.5Zng.sFe>Oy4 adipoyl chloride doxorubicin calf thymus double-stranded DNA tumour therapy 142
Fe;04 phosphated starch mitoxantrone double-stranded DNA the same 194
Hydrogen bonds (Watson — Crick complementary interaction)

Fe;04 hemin ODN polynucleotide in vitro diagnosis 78
MNPs P — dT,—ODN ODN nanofabrication 195

Note. APTES stands for (3-aminopropyl)triethoxysilane; PAMAM stands for poly(amidoamine), a dendrimer; asODN stands for antisense oligo(deoxy)nucleotides; siRNA stands for small interfering
RNA; Si—OH-copolymer stands for thermally cross-linked poly[3-(trimethoxysilyl)propyllmethacrylate-p-PEG-methyl methacrylate-p- N-acryloxysuccinimide ester; MPTMS stands for (3-sulfanylpro-
pyDtrimethoxysilane; Cys stands for cysteine; O stands for 8-amino-3,6-dioxaoctanoic acid; ODN stands for oligo(deoxy)nucleotide; Lys stands for lysine; dA stands for adenine; dC stands for cytosine; dG
stands for guanine; dT stands for thymine; Ala stands for alanine; TEOS stands for triethoxysilane; Ru(bpy); stands for tris(2,2'-bipyridyl)ruthenium(i1) chloride hexahydrate (C30H24Cl.NgRu -6 H,O);
SPDP stands for 3-(2-pyridyldithio)propionic acid N-succinimide ester; Cy5 stands for cyanine fluorescent dye; SIA stands for N-succinimidyl iodoacetate; MBS stands for m-maleimidobenzoyl- V-
hydroxysulfosuccinimide ester; Sulfo-SMCC stands for sulfosuccinimidyl-4-( N-maleimidomethyl)cyclohexane-1-carboxylate; FAM stands for fluorescein fluorescent dye; OEGMA — N3 stands for azido-
modified oligo(ethylene glycol)methyl methacrylate; OEGMA —OH stands for hydroxyl-containing oligo(ethylene glycol)methyl methacrylate; and TO-PRO1 stands for fluorochrome intercalated into

double-stranded DNA.

4See S Santra, R Yapec, N Theodoropoulou, J Dobson, A Hebard, W Tan Langmuir 17 2900 (2001).
b Commercially available nanoparticles (no chemical composition specified).

¢See A del Campo, T Sena, J-P Lellouchec, I J Brucea J. Magn. Magn. Mater. 293 33 (2005).

dSee J I Cutler, D Zheng, X Xu, D A Giljohann, C A Mirkin Nano Lett. 10 1477 (2010).
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Figure 5. Structures of nucleic acid— MNP nanobiocomposites formed through various interactions.

(a) Electrostatic interactions;!%3 (b) formation of MNPs on DNA molecule;?!! (¢) covalent bonding of modified nucleic acid with functional
groups on the modified surface of MNPs in azide —alkyne cycloaddition reaction (7),7* through formation of a disulfide bond (2),}! amide
bond (3),80 use of SPDP (4),® glutaraldehyde (5) '3° and MBS (6) '8¢ cross-linking, phosphoramidate bond (7),!7# interactions of sulfonyl
group with gold coating (8);3? (d) electrostatic interaction of nucleic acid with coating the MNPs surface;%’ (e) high-affinity noncovalent
interactions between pre-functionalized surface of MNPs and nucleic acid;”® (f) intercalation of specific molecules immobilized on MNPs
into double-stranded DNA;!'93 and (g) formation of complementary hydrogen bonds between oligonucleotides immobilized on MNPs and
long single-stranded nucleic acid molecule (left) ® or between the oligonucleotide molecules (right).!3

Formation of hydrogen bonds between complementary
DNA strands is basic to the fabrication of nucleic
acid— MNP hybrid nanocomposites by self-assembly. Oli-
gonucleotides immobilized onto MNPs act as cross-linkers
between two (and more) MNPs or allow one to arrange
MNPs on a longer single-stranded DNA molecule.”’8- 195
Complementary binding of an oligonucleotide immobilized
on MNPs and target nucleic acid molecule (hybridization)
underlies the operating principles of some diagnostic
assays.74 174.178.180

Complexes of MNPs with DNA can be obtained by
functionalization of the surface of nanoparticles with mol-
ecules capable to intercalate into double-stranded
DNA 142,193,194

Possible types of nucleic acid - MNP nanobiocomposites
formed through various interactions are shown in Fig. 5.

V. Applications of DNA —magnetic nanoparticle
nanostructures

1. Nanoelectronics devices

Controlled arrangement of MNPs using DNA molecules as
template offers great prospects for the design of high-
density data storage devices, nanowires for interconnection
of functional elements of nanoelectronics devices, etc.212-213
Using MNPs 5—10 nm in diameter arranged at a distance of
5 nm from one another, it is theoretically possible to reach
an storage capacity of the order of a few Terabits per square
inch.®”

The design of such nanostructures begins with con-
trolled positioning of DNA molecules on an appropriate
substrate (e.g., mica, silanized glass, ezc.).?°° This can be
done using various methods, namely, ‘molecular combing’
(DNA strand is stretched and oriented normal to the
meniscus); hydrodynamic and electrophoretic methods
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(DNA molecule is oriented under the action of mechanical
or electric field); positioning through specific interactions
with particular surface sites (biotin—avidin, gold —thiol).16>
Often, ‘stretching’ on the surface is preceded by modifica-
tion of DNA molecule and/or surface.

To date, the greatest advances were achieved in DNA
nanowire fabrication. Metallization of DNA occurs by
coating through chemical reduction. A DNA nanowire
thus obtained had variable diameter (from 25 to 250 nm)
and exhibited the properties of a paramagnet. DNA was
immobilized by deposition onto mica treated with Crystal
Violet dye. Subsequent ‘activation’ with palladium chloride
followed by treatment with boron hydride dimethylamine
led to formation of nanoclusters on DNA. Reduction of
nanoclusters in an electrolyzer in the presence of cobalt
afforded a magnetosensitive nanowire.!43

Magnetic nanowires can also be fabricated by binding
MNPs to DNA.2!# For instance, coating of DNA molecule
with iron oxide nanoparticles gave a magnetic nanowire
10 nm in diameter. The magnetization of single-domain
nanoparticles in the nanowire could be changed using a
magnetic tip.2!3

Solution methods of formation of MNPs on DNA are
very attractive for fabrication of nanowires because it is
possible to limit the particle size. For instance, regularly
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Figure 6. AFM image of a A-phage DNA-templated Fe;04 nano-
wire aligned upon a trimethylsilane-modified Si/SiO, substrate
(inset: granular structure of the nanowire can be seen) (a); histo-
gram of the size (diameter) distribution of the nanowires (b).'4!

coated magnetic nanowires 5—6, 14—15 and 23—-24 nm in
diameter (Fig. 6) were prepared by co-precipitation of iron
oxide nanoparticles onto DNA from a salt solution.

Not only 1D, but also 2D and 3D structures can be
fabricated by positioning nanoparticles on DNA molecules.
Hybridization of poly(dC) and poly(dG) bound to 12-nm
cobalt nanoparticles by ionic bonds led to formation of a
network structure on mica surface. Individual nanoparticles
had different directions of magnetization, similar to ‘bits’ in
magnetic data storage devices.

2. In vitro biomedical studies

Magnetic nanoparticles are widely used in in vitro diagnosis.
Nanosized structures based on MNPs can bind to particular
biomolecules and thus significantly improve the sensitivity
of analysis.® 215 Unique magnetic properties of such systems
ensure ready isolation and concentration of target biomole-
cules and offers prospects for efficient real-time detection.>

Magnetic nanoparticles are widely used for magnetic
separation of biomolecules. This procedure is much less
robust compared to filtration and centrifugation.!'52 204
PEG-modified nanoparticles, either silanized or silica-
coated, were successfully utilized for isolation of
genomic >3 and plasmid DNA.2'® Application of MNPs
allows one to enhance the efficiency of DNA isolation from
biological material with low DNA content. For instance,
genomic DNA present in urine sample at a concentration of
50 x 10~ mol litre~! was isolated using carboxylated
MNPs as adsorbent.?!” DNA/RNA isolated using MNPs
is used for carrying out polymerase chain reactions, restric-
tion digestion and transfection.*4- 218,219

An interesting version of highly sensitive PCR with real-
time MRI detection (an alternative to fluorescent detection)
was proposed.!?? Carboxymethyl dextran coated iron oxide
nanoparticles were covalently bound to TO-PRO 1 fluoro-
chrome. The addition of nanocomposites to the PCR
mixture was followed by binding nanoparticles to fragments
of double-stranded DNA through intercalation of fluoro-
chrome and then by aggregation that could be detected by
light scattering and from changes in the spin—spin (trans-
verse) magnetic relaxation time. High sensitivity of the
technique led to significant reduction of the number of
PCR cycles.

The ability of nucleic acids to hybridization of comple-
mentary stands is a prerequisite to the development of a
convenient and highly sensitive method for detection of
specific DNA/RNA in biological samples. Immobilization
of a specific oligonucleotide sequence on the surface of
MNPs enables highly sensitive pathogen detection,??° as
well as detection of specific nucleic acids,'®! DNA-binding
molecules and development high-throughput genotyping
systems.?21,222

Isolation of specific nucleic acids from samples in order
to improve the efficiency of subsequent PCR-analysis is
attained using MNPs bearing an oligonucleotide sequence
complementary to the matrix RNA (mRNA) or fragment of
the DNA target (gene of interest).!78- 180,209 Magnetic nano-
particles are also used in elaboration of methods for SNP-
analysis in order to detect DNA/mRNA molecules with a
single base mismatch for diagnosis of diseases.?-223

Attempts to improve diagnostic systems based on MNPs
are aimed at enhancing the sensitivity and reducing the time
of analysis by excluding, e.g., the amplification step.??*



312 A G Pershina, A E Sazonov, V D Filimonov Russ. Chem. Rev. 83 (4) 299-322 (2014)

A method of amplification-free herpes simplex virus
DNA assay in picomolar concentration using MNPs and
fluorescent detection was developed.” An original method
for fluorescent detection of DNA with a detection limit of
<40 x 10~ 2 mol litre=! was reported.!”? Riboflavin-5'-
monophosphate was bound to the surface of Al,Os-coated
Fes;O4 nanoparticles via phosphate-Al chelation. Binding to
iron oxide nanoparticles was followed by quenching of
riboflavin fluorescence. Once DNA was added, riboflavin
was displaced in solution by the PO4 group of DNA, its
fluorescence enhanced and could be measured.!”®

Methods for targeting of nucleic acids using MNPs with
electrochemical,!”* chemiluminescent,®’- 17> surface plasmon
resonance 2% and light scattering 22¢ detection were devel-
oped.

Conjugation of MNPs with aptamers offers prospects
for the development of methods for detection of specific
proteins 227 and pathological cells.!! An approach for
ultrasensitive fluorescent immunoassay based on conjuga-
tion of biotin-labelled oligonucleotide with streptavidin-
coated MNPs was proposed.?!?

A DNA molecule immobilized on MNPs can serve as
substrate for binding genotoxic substances for isolation and
subsequent analysis.$3

Exclusion of nonspecific interaction of nucleic acid
molecules is an important step in the design of diagnostic
systems. A possible method to prevent nonspecific adsorp-
tion of nucleic acids as via electrostatic interactions with the
surface is to coat MNPs with negatively charged poly-
mers.!78:193 Potential binding sites for nucleic acids and
proteins can also be blocked by polymer molecules.”+87-175

To avoid nonspecific interactions between the immobi-
lized oligonucleotide (probe) and the surface of a nano-
particle and to eliminate steric hindrances to subsequent
hybridization, the DNA probe is immobilized using linkers.
These can be cross-linker molecules 178 or additional nucleo-
tide 177-182.183 or hydrocarbon spacers.©8-80. 186

One should take into account the fact that certain
parameters of free DNA and DNA conjugated with nano-
particles can be different.'* For instance, the melting
temperature of a double-stranded DNA formed by hybrid-
ization of single-stranded oligonucleotides attached to
nanoparticles is higher and the temperature dependence of
denaturation of the DNA helix (melting curve) is much
steeper than for free DNA in solution. Also, an increase in
the nanoparticle grafting density, as well as extension of the
spacer between the MNP surface and the probe leads to an
increase of the melting temperatures of the DNA-duplex
being formed.

3. Magnetosensitive biosensors

Progress in applications of MNPs for in vitro diagnosis is
aimed at fabricating magnetosensitive biosensors whose
surfaces are functionalized for specific recognition of molec-
ular targets. There are three types of magnetic sensors based
on MNPs depending on the physical principle underlying
the operation of the device and on the signal detection
technique.??%

1. Magnetic relaxation switch (MRS) sensors. Their
operation is based on the ability of MNPs to change the
relaxation rate of water protons of surrounding molecules.
Binding of MNPs to the target molecule produces a local
inhomogeneity of the magnetic field, the spin—spin relaxa-
tion time is shortened (or the relaxation rate increases) and

the contrast of the MRI image changes. Aggregates formed
by MNPs upon binding to the target analyte enhance
dephasing of the spins of surrounding water protons com-
pared to dephasing caused by MNPs in the dispersed
state.!”® For instance, there is a method involving MNPs
bearing two types of oligonucleotide sequences complemen-
tary to two ends of the oligonucleotide target. In the
presence of the oligonucleotide target, MNPs form large
aggregates, which can be detected by measuring the mag-
netic spin—spin relaxation time.®® Note that aggregation/
dissociation of MNPs upon binding to the target can be
initiated by varying the temperature or pH value, as well as
by increasing the concentration of the target molecules; in
all cases, a signal is produced. The size of the MNP
aggregates depends on the nature and concentration of the
target nucleic acids.??? This type of sensors is characterized
by high sensitivity and can be used to study DNA-DNA
interactions,?3? enzymatic activity 7%-185 and to target spe-
cific protein molecules (Fig. 7).182,183

A mercury sensor based on Fe3;O4 nanoparticles con-
jugated with oligonucleotides was reported.?3! In this case,
aggregation is due to the ability of mercury ions to form
cross-links between thymine bases.

Measurements are performed with NMR relaxometers
(MRI scanners); benchtop models are widely used. Recent
advances in the field include fabrication of small-size on-
chip NMR analysers.

2. Magnetic particle relaxation (MPR) sensors. Here,
signal detection is based on measurements of the relaxation
of particle magnetic moments after switching off external
magnetic field. Usually, measurements are carried out with
SQUID-magnetometers. MPR sensors enable detection of
trace amounts of specific DNA molecules present in con-
centration (3—10)x 10~ '2 mol litre=1.>32 A method for
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Figure 7. The operating principle of a MRS sensor for thrombin
detection: a schematic illustration.!$3

Magnetic nanoparticles were modified with either Thrm-A, an
antithrombin aptamer that binds to fibrinogen-recognition site
(1), and Thrm-B that binds to the heparin-binding site (2). The
addition of thrombin to the medium causes aggregation of the
aptamer-functionalized nanoparticles; this can be detected from
shortening of the spin—spin relaxation time.

CLIO is Cross-Linked Iron Oxide.




A G Pershina, A E Sazonov, V D Filimonov Russ. Chem. Rev. 83 (4) 299-322 (2014) 313

multiplex detection of specific DNA sequences in the
sample using the MPR sensor was proposed.?3? If the
sample contains the target DNA-sequences, probe ends are
closed and their ligation occurs. Then, ‘rolling circle’
amplification of DNA proceeds, resulting in single-stranded
concatemers that form a DNA coil about 1 mm in diameter.
The addition of different-size¢ MNPs functionalized with
oligonucleotides complementary to a DNA coil to the
amplification mixture is followed by their hybridization
and formation of a large aggregate. Aggregation can be
detected with a SQUID magnetometer.

Further improvement of the technique is aimed at
developing less expensive detectors, for instance, sensors
based on the Hall effect.!8”

3. Magnetoresistive sensors generate responses to the
presence of MNPs at the surface of electrodes sensitive to
changes in magnetic field.

Target molecules are detected using methods of direct
(analyte conjugated to MNPs interacts with the modified
surface of the electrode) or indirect (based on the ‘sandwich’
principle used in enzyme-linked immunosorbent assay)
interaction. In the former case, the streptavidin-—biotin
system or recognition of complementary DNA is used.??*
There are two types of magnetoresistive sensors, namely,
giant magnetoresistance (GMR) sensors and magnetic tun-
nel junction (MTJ) ones. In both cases, different-size MNPs
are used. These sensors may exhibit a sensitivity of
10— 12 mol litre=! for DNA detection.?3> The operating
principle of the GMR-sensor for detection of specific
DNA sequences (amplified by PCR) sandwiched between
an antibody at the sensor surface and a streptavidin coated
superparamagnetic particle is illustrated in Fig. 8.

Reverse primer Forward primer

LN

Streptavidin

PCR product

z&v GMR sensor

surface

Anti-fluorescein

antibodies

Figure 8. Detection of specific PCR product (DNA) usinga GMR
sensor and MNPs.*

The polymerase chain reaction is carried out using specific primers,
viz., a 5'-biotin forward primer and a 5'-fluorescein reverse primer.
The PCR product is mixed with streptavidin-coated superparamag-
netic particles. The surface of the GMR sensor is functionalized
with anti-fluorescein antibodies; the formation of an antibo-
dy—PCR product—MNPs ‘sandwich’ at the sensor surface causes
generation of a signal.

i M Koets, T van der Wijk,J T W M van Eemeren, A van Amerongen,
M W J Prins Biosens. Bioelectron. 24 1893 (2009).

In the presence of superparamagnetic iron oxide nano-
particles on the surface of a MgO-based MTJ sensor the
device generates a signal that is proportional to the cover-
age of MNPs.”! This effect underlies the design of a sensor
for detection of DNA in concentration 2.5x 10—¢ mol
litre—!. To this end, the sensor surface was pre-passivated
with SiO; and spin-coated with PEI. Then, a single-stranded
DNA probe was immobilized on the sensor surface and
hybridized with complementary target 3-'biotin-labelled
DNA. Streptavidin-coated iron oxide nanoparticles bound
to these DNA molecules at the sensor surface.

At present, MNPs are used in different types of bio-
sensors in order to enhance their sensitivity and to increase
the throughput. Improvement of composites based on
MNPs, modulation of magnetic parameters during the syn-
thesis of nanoparticles, as well as development of novel
measuring facilities predetermine high potentialities and
great prospects for future progress in this field.

4. In vivo applications of magnetic nanoparticles
Key limiting factors for in vivo applications of nanobiocom-
posites include the particle size and biocompatibility. In this
case, the prime objective in the design of coatings for MNPs
is to stay on nano scale in biological media.?3® The final
diameter and shape of the nanobocomposites are of great
importance for safe intravenously administration. These
parameters correlate with the biodistribution of the nano-
particles, rate of their accumulation in organs, the blood
circulation time, renal clearance, uptake and elimination by
the reticuloendothelial system.237-238

The optimal size of nanobiocomposites ranges from 10
to 150 nm. Penetration of large aggregates through capil-
lary walls is hampered; moreover, they can cause embo-
lism.?37 However, nanoparticles 5 nm in diameter are
excreted renally within a few minutes while required blood
circulation times for MRI-contrast agents is sufficient
longer (hours). An increase in the diameter or length of a
nanobiocomposite often leads to extension of its circulation
time.238

The cellular uptake of MNPs depends on cells vary
significantly depending on the cell type, incubation condi-
tions, surface properties, type and purity of nanomaterials.
Usually, MNPs penetrate into cells by endocytosis.?3?
However, some types of nanoparticles can penetrate the
cell membrane and nuclear membrane by passive transport
and even active transport.?4%-24! Penetration into cells
depends on the nature of ligands on the surface of
MNPs.236.242 Coating of nanoparticles and attachment of
specific ligands to the surface may favour efficient penetra-
tion into cells.?43

Positively charged nanoparticles nonspecifically bind to
cells and penetrate into them more readily than negatively
charged nanoparticles.?** The latter rapidly accumulate in
liver while neutral nanoparticles show the longest circula-
tion time.?38

Nanoparticles or structures based on them can form
aggregates in the presence of serum proteins. This reduces
the expected efficiency of cellular uptake or even causes
cytotoxic effect.??” Improved biocompatibility is attained
by coating nanoparticles with, e.g., dextran, PEG, albumin
and silica. Coating with dextran precludes opsonization of
MNPs introduced into the bloodstream by cells of retic-
uloendothelial system.*%-24> Modification of nanoparticles
with PEG reduces their uptake by macrophages; polar and
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nonpolar groups attached to the surface of nanoparticles
favour more efficient penetration through the cell mem-
brane.®> Biocompatibility of other polymers used to form
nucleic acid—MNP composites can be improved by mod-
ification. For instance, complexes of polycationic polymers
with DNA are characterized by high density of positive
charges, which leads to adsorption of negatively charged
blood proteins and may invoke cytotoxicity. Adverse effects
can be significantly reduced using copolymers with PEG.24¢
Alkylation of branched PEI improves its stability in phys-
iologocal conditions and enhances the transfection effi-
ciency.?*’ An alternative route to biocompatibility is to
confine nanoparticles or structures based on them within a
phospholipid bilayer (formation of liposomes) that can fuse
with cell membrane.?48

More detailed information on biocompatibility of
MNPs and nanostructures based on them can be found in
the literature.!3-23.249

5. In vivo studies using magnetic nanoparticles
Magnetic resonance imaging is widely used for detection of
pathologies in the body.?*® Magnetic nanoparticles influ-
ence the resonance frequency and relaxation rate of nuclear
spins of surrounding water protons, namely, signal broad-
ening occurs and the relaxation rate increases.!? The use of,
e.g., magnetite MNPs as MRI contrast agents enables
significant enhancement of the signal and improves the
sensitivity of the technique.®

Grafting of probe molecules onto the surface of MNPs
offers prospects for MRI-detection of femtomolar concen-
trations of pathological (including tumour) cells or target
molecules in organisms.” Renshaw et al.>! were the first
who proposed to use ‘molecularly targeted’ nanoparticles
and prepared a composite based on dextran-coated iron
oxide nanoparticles bearing antibodies on the surface.

Methods of application of oligonucleotide— MNPs con-
jugates for MRI detection of specific mRNAs in cells are
developed intensively.?>> Conjugation of MNPs with DNA
leads to abrupt increase in the relaxivity of proton signals in
T1-weighted MRI sequences and corresponding signal
enhancement and improved sensitivity of MRI analysis
even at low magnetic field.?®

Conjugates of DNA with cobalt ferrite and Fe>O3 nano-
particles are promising contrast agents. To improve their
biocompatibility, the system DNA-MNPs was encapsu-
lated by coating with a number of alternating layers of
cationic and anionic polyelectrolytes [polyallylamine hydro-
chloride and poly(styrene sulfonate)].??® A comparison of
the MRI phantoms obtained in water and in matrigel
showed that encapsulation led to a decrease in relaxivity of
the nanocomposites. However, tests in cell culture revealed
no differences between the MRI signals of encapsulated and
non-encapsulated nanocomposites. This is due to the fact
that cell uptake of encapsulated nanocomposites was three
times more efficient compared to non-encapsulated nano-
composites.

6. Therapy using nucleic acid — magnetic nanoparticle
composites

The idea of targeted drug delivery using MNPs was for the
first time proposed in 1978.253 Taking into account perme-
ability of biological tissues to magnetic fields, local accu-
mulation of MNPs and composites based on them in a
particular region of body (organ) and control of the

behaviour of MNPs by of alternating magnetic field seem
to be possible.

Small size of nanoparticles ensures safe parenteral
administration of nanocomposites based on them without
risk of embolism.!® An additional advantage of most drug
delivery systems based on MNPs consists in the possibility
to be detected by MRI. Targeted delivery to a certain organ
or into particular cells is possible.

Gene therapy is a promising method of treatment of
various human diseases including monogenic, multifacto-
rial, oncological, infections, degenerative and neurological
ones.>>* Targeted delivery of therapeutic nucleic acids to
cells can change gene expression as well as initiate or
suppress the synthesis of particular proteins. Practically,
gene therapy progresses towards the design of highly spe-
cific systems for delivery and stabilization of therapeutic
molecules (nucleic acids) and improvement of transfection
efficiency.?>>-23¢ Gene therapy using nucleic acid—MNP
nanocomposites to deliver DNA/RNA therapeutical mole-
cules into target cells seems to be a good alternative to viral
vectors because there is no risk of immune response and
development of infections diseases.*® Functionally active
DNA 257 and RNA molecules immobilized on MNPs were
successfully transfected into pro- and eucaryotic cells.?>8

Delivery of plasmid DNA to human respiratory epithe-
lial cells using superparamagnetic particles was reported.?>®
Experiments on transfection of small interfering RNAs
(siRNAs) conjugated with MNPs in HeLa cells were carried
out and changes in gene expression were analyzed.??3 High
level of transfection of antisense RNAs (asRNAs) immobi-
lized on MNPs was attained in the in vitro experiments with
human cancer cell line, namely, MCF-7 breast cancer
(Fig. 9), melanome MDA-MB-435 and liver carcinoma
HepG2.%7 Superparamagnetic iron oxide nanoparticles con-
jugated with plasmid encoding interleukin-12 was success-
fully used for immuno-gene therapy of murine
adenocarcinome.!”® Composites based on PEI-modified
MNPs were utilized to improve the efficiency of antimalar-
ial DNA-vaccine.%?

It should be noted that conjugation of nucleic acids with
MNPs often enhances resistance of biomolecule to nuclease
degradation.?%? This favours a solution to the problem of
abrupt reduction of the efficiency of transfected genes
owing to fast cleavage with endo- and exonucleases.

Composites based on MNPs used as transfecting agents
improve the efficiency of transfection under the action of
alternating magnetic field (magnetofection).203.261-264

It should be noted that the expression efficiency of a
gene being transfected in the complex with nanoparticles
can vary over a wide range depending on the MNPs/DNA
molar ratio and on the cell type.!”!

Nucleic acid—MNPs nanocomposites are developed as
components of drug delivery systems with controlled drug
release. A possible design for the preparation of such a
composite is as follows.!8 Iron oxide nanoparticles are
encapsulated in mesoporous silica matrix; single-stranded
DNA molecules are immobilized on the silica surface and
then hybridized with complementary molecules attached to
the MNPs. Heating of nanoparticles by alternating mag-
netic field causes denaturation of DNA-duplex. As a result,
pores on the silica surface are opened and fluorescein (used
as model drug in that study) is released. On cooling to 20 °C
complementary oligonucleotides are hybridized with each
other and pores are blocked by nanoparticles (Fig. 10).
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Figure 9. Ultrastructure visualization of MCF-7 cells using a
high-resolution transmission electron microscope (@) and a con-
focal laser microscope (b).67

(a) No MNPs—asODN added (/); after incubation with MNPs—
asODN for 0—4 (2), 4—12 (3), 12—-24 (4), 24—48 (5) and >96 h
(6); b: after incubation with MNPs—asODN for 1 (1), 3 (2), 5 (3),
7 (4), 10 (5), 15 (6), 20 (7) and 30 min (8).

In spite of the advances achieved, there are some prob-
lems that preclude wide clinical applications of drug deliv-
ery systems based on MNPs. They include risk of embolism
due to accumulation of nanoparticles in the target region, as
well as possible toxic effects. At present, it is still impossible
to suppress activation of cells of reticuloendothelial system
upon introduction of nanocomposites. High efficiency of
magnetic targeting using therapeutic complexes based on
MNPs was demonstrated on cell culture and small labora-
tory animals, but it is not always possible for humans
because very strong magnetic fields are required.?3? In this
connection, the search for and design of nanocarriers are
being in progress.

7. Multifunctional magnetic-fluorescent nanocomposites
Fabrication of multifunctional magnetic-fluorescent nano-
composites is a promising area of nanobiotechnology.
These systems are attractive because they can be simulta-
neously controlled by two independent methods based on
different physical principles. Magnetic-fluorescent nano-
composites are used for solving a number of topical
biomedical problems, such as in vitro and in vivo fluores-
cent and MRI visualization of, e.g., targeted drug delivery,
improvement of the efficiency of tumour therapy (by
combining photodynamic therapy and hyperthermia),
cytometry and magnetic separation of biomolecules, as
well as fabrication of highly sensitive chemo- and biosen-
sors, 184.265-267

A magnetic-fluorescent nanocomposite was prepared '8¢
using MNPs coated with aminated dextran and successively
conjugated with cyanine fluorescent dye (Cy5.5), peptide
[Myr-Ala-(Arg);-Cys] for efficient cell uptake of the nano-
composite and siRNA that suppresses gene expression of
green fluorescent protein (Fig. 11). In the second series of
experiments, survinin siRNA was used. The nanobiocom-
posite was used for the fluorescent and MRI detection of
siRNA delivery to the tumour.

Mesoporous SiO» Drug molecules

Figure 10. Nanogate based on MNP-modified mesoporous silica
particles for controlled drug release through DNA hybridization/
dehybridization. 188

siGFP

Figure 11. Multifunctional magnetic-fluorescent nanocomposite
for MRI and gene silencing in tumours. '8¢

Cy5.5 is a fluorescent cyanine label, MBS and SPDP are hetero-
bifunctional cross-linkers, siGFP is siRNA against green fluores-
cent protein gene expression and MPAP is a peptide serving as a
membrane translocation module.
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Another interesting example is provided by a magnetic-
fluorescent nanocomposite based on magnetite nanopar-
ticles coated with silica modified with tris(2,2'-bipyridyl)ru-
thenium fluorophore and functionalized with AS1411
aptamer that contains 26 guanine residues and can bind to
nucleolin overexpressed on the surface of tumour cells. The
nanocomposite was successfully used for fluorescent and
MRI visualization of tumours. The nanocomposite also
acted as photosensitizer for photodynamic therapy of
tumour. In addition, the G-quadruplex was intercalated
with 5,10,15,20-tetrakis(1-methylpyridin-4-yl)porphyrin
whose macromolecule could penetrate into tumour cells
upon binding the nanocomposite to nucleolin.!”?

Magnetic-fluorescent nanocomposites are also on
demand for nanoelectronics because positions occupied by
MNPs on templates can be visualized using a confocal
microscope.26°

V1. Genotoxic effects of magnetic nanoparticles

Genotoxic effects of MNPs can occur through direct
interaction with DNA (DNA binding or DNA breaks)
or indirectly (oxidative stress mediators, enzyme activa-
tors/inhibitors).?? As a consequence, DNA damage may
lead to mutations, cell malignization and apoptosis.
Nanoparticle-binding may cause a negative impact on
the structure, functioning and stability of the biomole-
Cule.22, 268,269

Experiments in cell culture showed that superparamag-
netic iron oxide nanoparticles coated with carboxy dextran
can have an impact on cytoskeleton and cell proliferation
and to alter the expression of various genes involved in cell
cycle regulation, cell signalling, genes of growth hormones
and regulation of iron homeostasis.?? Cobalt ferrite MNPs
can influence gene expression both in cell culture and in
vivo, namely, DNA damage and repair, apoptosis, carcino-
genesis, inflammation, oxidative stress and growth arrest.270
It is believed that changes in gene expression are primarily
due to oxidative stress and to the response to damage
caused by reactive oxygen species. Local changes in the
concentration of iron can also contribute to the process.??

Many researchers emphasize that toxic effect of nano-
particles is concentration dependent.?’!-272 The character of
the impact of nanoparticles on the genetic system to a great
extent depends on their physical parameters including the
size, shape, specific surface area, charge, composition and
the type of the crystal lattice.?”3

A study in fibroblast cell culture revealed that the toxic
effect of superparamagnetic iron oxide nanoparticles on
DNA depends not only on the concentration of MNPs,
but also on the nature of functional groups attached to
surface [O~ (uncoated nanoparticles), OH, COOH, NH-]
and on the charge of the MNP surface.?3¢ It was empha-
sized 23-270 that coating of MNPs significantly reduces toxic
effects. Nevertheless, genotoxic effects observed in fibro-
blasts after incubation with uncoated iron oxide nanopar-
ticles were much less pronounced than, e.g., those observed
using iron oxide nanoparticles modified with (3-aminopro-
pyDtrimethoxysilane. This was explained by the fact that
the modified MNPs bear positive charge, which favours
direct interaction with negatively charged DNA molecule.
Citrate-modified MNPs bearing a negative charge also had
a stronger genotoxic effect compared to unmodified par-

ticles; this was associated with activation of the generation
of reactive oxygen species.?3¢

DNA damage induced by MNPs mainly is a conse-
quence of generation of reactive oxygen species involving
transition metal ions. Experiments?’# revealed increased
mutation frequency of E. coli incubated with y-Fe>O3 nano-
particles due to increased concentration of Fe3™ cations in
the medium. Other transition metal ions (manganese,
cobalt, nickel) can also participate in Fenton-like reactions
that proceed as follows:?73-276

M”* + H,O, — M""!1 + OH~ + HO’

M"Jr] + H202 I I\/I"Jr + I—IJr + HOO

Damage of plasmid DNA after incubation with nickel
and cobalt MNPs 20 nm in diameter also originates from
activation of free-radical processes.?”’

Activation of inflammatory processes as a result of
oxidative stress upon inhalation of technogenic nanopar-
ticles containing transition metals (Fe, Mn) is considered
among key pathways of cell malignization.!'8-278-280 On the
molecular level, one deals with the formation of DNA
adducts, DNA breaks and oxidative damage of DNA
associated with the formation of 8-hydroxydeoxyguanosine.

Oxidative damage of DNA depends strongly on the
MNP size and on the release rate of transition metal
ions.!%-281.282 For instance, 6-nm and 10-nm-diameter
cobalt ferrite particles produced a genotoxic effect,
although at different concentrations (5x 10—¢ mol litre —!
and 5x 10~ 5 mol litre ' or more, respectively), whereas
120-nm particles appeared to be safe. This was explained
by negative effect of the cobalt ions. The proportion of
cobalt ions transferred in solution was 30% after 48 h for
the 6-nm particles (¢f. 0.01% for the 10-nm-diameter
particles). It is important that modification of the 6-nm
particles with functional groups reduced the genotoxic
effect because the proportion of cobalt ions transferred in
solution decreased to 2.45%.%83

The authors of a study?®* of the influence of cobalt
MNPs on T-lymphocytes explained the observed DNA
damage by the release of cobalt ions. When applied in
vivo, these ions can induce both direct and indirect DNA
damage, namely, DNA break, covalent cross-linking of
protein to DNA owing to production of free radicals, as
well as replacement of metal ions in ‘zinc-finger’ proteins
and metal-containing enzymes leading to their inactivation.

The experimentally found ability of Co?" and Mn?*
ions to activate DNA cleavage by topoisomerase Il can also
be a reason for DNA damage in the presence of Co- and
Mn-containing MNPs.!23.285 Transition metal ions can
disturb the functioning of DNA repair systems.?86.287
Possible pathways of genotoxic effects of MNPs are pre-
sented in Fig. 12.

It should be noted that toxic effects of MNPs on DNA
molecules and genetic system are first of all due to
specific features of nanoparticles and nanosized struc-
tures. An important role is also played by the chemical
composition, MNP size and dose. Design of nanocompo-
sites based on particular MNPs in order to solve specific
problems requires a balanced approach including opti-
mization and equilibrated between possible benefits and
adverse effects.
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Figure 12. Harmful effects of MNPs on the genetic system: possible routes to cell malignization and/or cell death.

VII. Conclusion

Nucleic acid—MNP nanobiocomposites hold great
potential for nanoelectronics and nanomedicine. In
spite of impressive advances in nanobiofabrication
achieved in the last two decades, many problems are
still to be solved. The primary goal of nanobiotechnol-
ogy is fabrication of smart hybrid nanodevices biomole-
cule —nanoparticle de novo — nanorobots, nanotools
and nanomanipulators.

In this connection, research in the fields of nano-
electronics, fabrication of relatively cheap, high-through-
put nanosized sensors with high noise immunity,
sensitivity and specifity, as well as the design of pro-
grammed nanodevices for repair of different-level bio-
logical systems become of crucial importance.

Progress in nanobiotechnology is aimed at deeper
interpenetration of nanoelectronics and biotechnology,
consolidation of the results obtained, where nanodevices
are based on biomolecules, while biological systems are
studied and controlled by nanoelectronics devices and
sensors. Generation of knowledge on the regularities of
the interaction between nanoparticles and biomacromo-
lecules underlies progress of future technologies.
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