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ABSTRACT: Water-soluble cationic polypyridylphenylene dendrimers (WPPPDs) of different generations
and various contents of pyridyl and phenylene moieties were synthesized. Interaction of wPPPDs with DNA
resulted in the formation of polyelectrolyte complexes stable at physiological pH and ionic strength.
Noticeable contribution of hydrophobic interactions provided by phenylene groups of the dendrimer in
the complex stability was ascertained. Data obtained by turbidimetry and a sedimentation assay, as well as ¢-
potential measurements, strongly implied the inaccessibility of positively charged pyridinium groups situated
in the inner part of the dendrimer molecules for interaction with the rigid double helix. Positively and
negatively charged water-soluble nonstoichiometric polyelectrolyte complexes were prepared and phase
separations in their water-salt solutions were investigated. According to DLS measurements supported by the
sedimentation assay, the addition of wPPPD in DNA solution in a wide range of the mixture composition
(before phase separation) led to two coexisting populations of nanoparticles related to the soluble DNA/
wPPPDs complex and practically unbound DNA. The revealed spontaneous formation of nanoparticles of
the positively charged soluble DNA/wPPPDs complexes stable at ionic strength close to the physiological one
is extremely encouraging for the development of the wPPPD vehicle to deliver gene materials to the cell.

Introduction

Smce the ploneermg works by Vogtle,' Tomalia,>* and New-
kome* an interest in dendrimers and hyperbra.nched polymers has
been increased tremendously (e.g., see review articles’ 7). Den-
drimers are well-defined, highly branched macromolecules that
radiate from a core and are synthesized through a stepwise
repetitive reaction sequences. This guarantees complete shell
for each generation, leading to monodisperse polymers. The
synthetic procedures developed for dendrimers preparation allow
control over moleculdr weight, topology, cavity size and surface
modification.*'*'® The exceptional combination of structural
perfection, high density and well-defined number of terminal
groups that might be chemically different from interior ones,
facilitate the development of functional nanoscale materials with
unique electronic, optical, opto-electronic, magnetic, chemical, or
biological properties. Theg could form the basis of new nanoscale
materials and devices."

The water solubility of representatives of some dendrimer
families has been the focus of researchers that develop the
problems of delivery the physiologically active compounds to
target cell nuclei.”? 2’ Thus, the use of the most extensively
studied water-soluble polyamidoamine (PAMAM) or polypro-
pylenimine (DAB-(NH,),) dendrimers of different generations
allows one to enhance considerably the transfection activity of
plasmid DNA and oligonucleotides into cells. Such dendrimers
are commercially available and commonly exploited for the
targeting of the genetic material in vitro. Complexes of hard
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spheres (macroions) and oppositely charged linear polyelectro-
lyte have been studied extensively by theoretical modehng

and computer simulations.* ~*® The complexation in systems
containing more than two macroions has been addressed by
Nguyen and Shklovskii,****** Kunze et al.>* and Schiessel et al.*®
Wallin and Linse performed a series of Monte Carlo simulations
including determination of the free energy of the formatlon of
complexes between macroions and the polyion.*'* Computer
simulations have recently been performed on dendrimers with
charged terminal groups and oppositely charged linear chains by
Welch and Muthukumar,*” Lyulin et al.,*** and Maiti et al.* In
the most recent paper by Qamhiceh et al. the theoretical model of
the complex formation has been applied to study the structure of
DNA /dendrimer complex. Model was based on experimental
data for the formation of aggregates between DNA of different
lengths and PAMAM dendrimers of generation 4.

Desplte a numerous publications on dendrimers as potential
carrlers for delivery of biological materials (e.g., see review
article®), some key aspects of their interaction with structural
parts of the biological cell remain unknown that presents problems
in design of effective systems for targeted transport of gene
material. For the development of dendrimer gene therapy, funda-
mental study of interaction of water-soluble cationic dendrimers
with negatively charged components of the cell, specifically pro-
teins (enzymes) and nucleic acids appears to be crucial. Remark-
ably, little is known of how complex formation, i.e., the size and the
structure of the complexes, is governed by the chain stiffness and
by the chain topology of the polycations utilized, except for some
indirect evidence for dendrimers of various generations.”* >
Published papers on such investigations®**>"~>" concern DNA
complexation with different generations of dendrimers of one
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Figure 1. Third generation polypyridylphenylene dendrimer.

family. The dendrimers had one property in common, i.e., the
same order in the arrangement of charged groups within the
dendrimer molecule which was predetermined by the synthetic
approach. The lack of possibility to vary both the topology of
the functional groups and their relative content in the molecule of a
given generation is a drawback that imposes the restriction on
elaborating the criteria for preparation of effective dendrimer
carriers.

Polypyridylphenylene dendrimers (PPPDs) that were synthe-
sized by us recently® constitute the family of entirely aromatic
dendrimers that might be promising model objects for above
experiments. Figure 1 shows PPPD molecule of the third gen-
eration.

PPPDs offer several advantages over dendrimers synthesized
to date. In contrast to extensively studied dendrimers containing
flexible single bonds, the aromatic dendrimers are stiff as the
rotation is only possible around the inter-ring C—C bonds. Such
mobility does not noticeably affect the overall shape of the
dendrimers, i.e. they are shape persistent nanoparticles.®' This
endows dendrimer molecule with 3D-structure that remains
highly symmetric even in the case of high generations and also
allows the control over functionality that can be positioned in
predetermined sites of the molecule. As a consequence, one can
suggest further potential control and tunability with respect to
assembles formed by dendrimers with the partners of different
nature, specifically different biological objects. Furthermore, the
number of functional groups in PPPD molecules is specified by
the conditions of synthesis and the arrangement of these groups
can be varied deliberately from a uniform distribution to a
pronounced accumulation at the periphery or in the core of the
PPPD molecule.

There is an advantage that sets apart PPPDs from the other
rigid aromatic dendrimers and is crucial for our case. Recently,®
we have reported that alkylation of pyridyl groups in PPPDs
yielding quaternized pyridinium cations resulted in formation of
water-soluble dendrimers (WPPPDs). The use of water-soluble
cationic analogues of PPPDs might provide important informa-
tion on the influence of charge density, hydrophilic—lipophilic
balance, and topology of the dendrimer functional groups on

Macromolecules, Vol. 42, No. 24, 2009 9549

efficacy of the dendrimer interaction with nucleic acid. The data
on the topology could be of particular interest. Thus, for poly-
propylenimine dendrimers, the ability to form water-soluble
complexes with DNA has been assigned to poor availability of
protonated amino groups situated in the inner part of the
dendrimer for negatively charged phosphate groups of the rigid
double helix.”” This prevents complete neutralization of the
charges and favors the soluble complex formation. In stiff
wPPPD molecules that contain a large number of phenylene
groups, the availability of the interior pyridinium cations for the
electrostatic interaction could be particularly low and hence, the
formation of the soluble complexes is facilitated. In the current
work, this assumption is strongly supported by the experimental
data that will be discussed below. Notice that the results obtained
on studying the DNA/wWPPPD system could be particularly
promising for theoretical modeling. The point is that the reported
theoretic model investigations are based on complexation of a
polyelectrolyte with an oppositely charged spherical macroion
which are mostly considered as hard sphere. Meanwhile, more
realistic model has been proposed recently®' for the available
cationic dendrimers that should be regarded as soft spheres since
their diameter is evidently decreased upon neutralization of
the surface charges by the bound polyanion. Contrary to alipha-
tic flexible PAMAM or polypropylenimine dendrimers, aromatic
rigid wPPPD molecules possess distinct 3D-structure that re-
mains practically unchanged upon the complexing and hence, can
be actually conceived as hard spheres. A comparison of the
behavior of dendriplexes formed by the flexible and rigid den-
drimers could be crucial for verification of the developed theore-
tical models.

Herein, we report the synthesis of different generations of
wPPPDs with varied hydrophobicity and the investigation of the
dendrimer interaction with native DNA. Particular emphasis has
been placed on formation of water-soluble polyelectrolyte com-
plexes and phase separations in their solutions, specifically caused
by the added salt. It was found that even wPPPDs of younger
generations form DNA—dendrimer complexes that are stable at
physiological pH and ionic strength presumably due to noticeable
contribution of hydrophobic interactions (provided by phenylene
groups of the dendrimers) in the complex stability. Data obtained
on studying the model systems can serve as foundation for the
development of dual-purpose drugs in which the dendrimer
vehicle combines the abilities to transfect genetic material to cell
nuclei and deliver hydrophobic low-molecular-weight pharma-
ceutical agents to the cell.

Experimental Section

Materials. NaOH, HCI, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), TRIS, and HEPES buf-
fers were purchased from Sigma (St. Louis, MO). In all experi-
ments, twice-distilled water purified by Milli-Q (Millipore,
U.S.A.) was used. Dulbecco’s modified Eagle’s media
(DMEM), fetal bovine serum, L-glutamine, penicillin, strepto-
mycin, phosphate buffer saline (PBS) and lipofectamine 2000
reagent were purchased from Invitrogene, USA. Expression
plasmid pC4W-KCopGFP driven by cytomegalovirus promo-
ter was obtained from Mona Ltd., Russia. Ethidium bromide
(EB) was purchased from Sigma and used as obtained. Con-
centration of EB in solution was determined spectrophotome-
trically assuming molar extinction coefficient 5600 L mol ™
cm ™! at 480 nm.** The sodium salt of highly polymerized calf
thymus DNA (~10000 base pairs) was purchased from Sigma
and used without purification. Concentration of DNA phos-
phate groups in the solutions was determined by absorbance
at 260 nm assuming molar extinction coefficient €59 = 6500
L mol~ ' em™".%* Polypropyleneimine dendrimer DAB-NH,-16
(Astramol) of the third generation bearing 16 primary amino
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groups in the molecule was purchased from Aldrich and used as
obtained. Poly(N-ethyl-4-vinylpyridinium) bromide (PEVP)
was prepared by exhaustive alkylation of poly(4—viny1§3yridine),
DP 340 with ethyl bromide as described elsewhere.®> Samples
of polymethacrylic acid of different DP ranging from 1840 to 12
were purchased from Polysciences (U.S.A.). Sodium polystyr-
enesulfonates of different DP ranging from 1710 to 8 were
commercial samples of Serva (Germany).

Characterization Techniques. "H NMR spectra were recorded
with a Bruker AMX 600 MHz using D,O as solvent. IR
spectroscopy was performed using a ThermoNicolet AVATAR
370 FTIR spectrometer (Thermo Electron Corporation, Wal-
tham, MA).

Dendrimer Synthesis. Parent PPPDs of the first, second, third,
and forth generations as well as the PPPDs that contained
reduced amount of pyridyl groups were synthesized, purified,
and characterized as described elsewhere.®® Water-soluble ca-
tionic dendrimers wPPPDs were prepared by alkylation of
PPPDs pyridyl groups with dimethylsulfate in methanol accord-
ing to Menshutkin reaction. The course of the alkylation was
monitored by IR spectroscopy of the probes that indicated both
a successive growth in absorbance of quaternized pyridinium
moieties (v = 1640 cM™') and reduction in absorbance of
nonalkylated pyridyl moieties (v = 1600 cM~").%® The alkyla-
tion degree f3, %, was determined from '"H NMR spectra by the
ratio of signals of the protons of methyl groups and aromatic
fragments. Besides, the alkylation degree was calculated from
the content of sulfur in the dendrimers samples which was
ascertained by the elements analysis. Under experimental
conditions (4 h, 25 °C, 1072 mol- L™' pyridyl groups, and
2 x 107? mol -L™" dimethyl sulfate) the values of 3 varied for
different samples in the range of 87 £ 5%.

Spectrophotometry measurements were performed using a
Hitachi 150—20 spectrometer (Japan) in a water-thermostatic
cell at 25 °C.

Fluorescence Measurements. Fluorescence intensity 7 of the
solutions was measured using a Jobin Yvon-3CS spectrofluori-
meter (France) with water-thermostatic stirred cell holder. The
measurements were made in a capped quartz fluorescence cell
upon permanent stirring at 25 °C. The excitation and emission
wavelengths in experiments with ethidium bromide were set at
535 and 595 nm, respectively. Concentrations of ethidium
bromide and phosphate groups before titration were 1 x 107>
M and 4 x 107> M, respectively; i.e., the ratio [EB]/[P] was 0.25.

Sedimentation Assay. Solutions of wPPPD and DNA pre-
pared in 0.01 M HEPES buffer (pH = 7.2) were mixed at a given
[+]/[=] ratio (where [+] and [—] are the molar concentrations of
the pyridinium groups and phosphate groups, respectively) in the
absence or presence of sodium chloride and centrifuged (11000 g,
10 min.). Concentration of pyridinium groups in the super-
natants was determined by absorbance at 310 nm and normal-
ized to the initial concentration of the groups that was 2 x 10~*
M in all mixtures. The experiments were conducted at 25 °C.

C-Potential measurements were performed using Zetasizer
Nano-ZD (Malvern Instruments). Concentration of negatively
charged groups of DNA or synthetic polyanions was 1.6 x 107>
M before titration of their solutions with the dendrimer solu-
tion. Experiments were carried out in 0.01 M HEPES buffer
(pH = 7.2) or TRIS buffer (pH = 9) at 25 °C.

Turbidimetric Titration. Mixtures of wPPPD and DNA solu-
tions prepared in 0.01 M HEPES buffer (pH = 7.2) at a given
[+]/[—] ratio was titrated with concentrated (4 mol-L™") solu-
tion of sodium chloride. Time interval between the salt adding
was 2 min except the mixtures containing the dendrimer of the
forth generation that were titrated with 5 min interval. The
turbidity was estimated by absorbance at A = 450 nm. Con-
centration of the dendrimer pyridinium groups in all mixtures
was 2 x 10~* M. Experiments were performed at 25 °C.

Dynamic Light Scattering. Measurements were conducted
using ALV/DLS/SLS-5022F Compact Goniometer System
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from ALV-GmbH, Germany equipped with He—Ne laser
(632.8 nm, 22 mV) at angles ranging from 30° to 150° (in 15°
step) at 25 °C. The samples were prepared in 0.01 M HEPES
buffer (pH 7.0) using twice-distilled water. Concentration
of phosphate groups was [P] = 9 x 107> M. Data analysis
was performed by inverse Laplace transformation under reg-
ularization with the use of CONTIN, and the calculated diffu-
sion coefficients were extrapolated to zero scattering vector. The
hydrodynamic diameter was determined from the Sto-
kes—Einstein relationship.

AFM Imaging. AFM images were recorded on Solver P47—H
(NT-MNT Russia) in tapping mode regime at room tempera-
ture. A silicon cantilevers fpNO1 (NIIFP Russia) with 11.5
N m'™ typical spring constant and nominal tip radius <10 nm
were used. Typical working frequency was about 200 kHz. The
topography data was processed by FemtoScan program (ATC,
Russia) by flattering and lines adjusting.

Mica was used for DNA and dendrimer samples while the
sample of the DNA /dendrimer mixture was deposited on highly
ordered pyrolytic graphite (HOPG).

A 5 uL of pC4W-KCopGFP-linear DNA solution (C =
0.01 g L") containing 1 mM MgCl, was deposited on freshly
cleaved mica surface, incubated for 10 min, rinsed with Milli-
pore Milli-Q deionized water for 1 h and air dried. A 5 uL of
the dendrimer solution (C = 0.001 g L™') was deposited on
freshly cleaved mica surface, incubated for 10 min, rinsed with
Millipore Milli-Q deionized water for 1 min, and air drying.

Complex of DNA with wPPPD was prepared as follows.
Solution of the components were dissolved in HEPES (0.01M)
to the final concentration of C = 0.001 g L™ Then the DNA
solution was added dropwise under stirring into the dendrimer
solution to reach the desired charge ratio and incubated at room
temperature for 1 h. A 20 4L aliquot of the prepared sample was
deposited on a surface of freshly cleaved HOPG, incubated for
10 min, rinsed with Milli-Q water, and air dried.

High-Speed Sedimentation Assay. Sedimentation velocity ex-
periments were performed with a Beckman-E ultracentrifuge
equipped with absorbance scanner device (Beckman Coulter,
USA). An An50 Ti eight-hole rotor for 400-uL samples that
were placed in standard double-sector Epon centerpieces with
sapphire windows was used. DNA solution and solutions of
DNA mixtures with wPPPD of different composition [+]/[—]
were centrifuged (46000 rpm) under permanent scanning at 260
nm. Concentration of DNA phosphate groups in all experi-
ments was the same and equaled to 1.0 x 10~* mol-L™!. The
contribution in the absorbance of wPPPD was taken into
account, and the corresponding corrections were made. Values
of the coefficient of sedimentation were estimated from the
sedimentation patterns using computer program SEDFIT
which was developed in National Health Institute (USA). The
program is free and available on the Internet (http://www.
analyticalultracentrifugation.com/default.htm). The experiments
were conducted at 25 °C.

In Vitro Cell Transfection. Transfection experiments were
carried out using human embryonic kidney cells HEK-293
cultured in DMEM supplemented with 1% penicillin and
streptomycin, 1% glutamine, and 10% fetal bovine serum. Six
well plates were seeded with 6 x 10° cells per well 24 h before
transfection.

Lipofectamine transfection was performed according to Invi-
trogene transfection protocol. A 10 uL aliquot of 1 ug/ulL
pC4W-KCopGFP solution was dissolved in 40 uL. of PBS. Then
10 uL of lipofectamine 2000 reagent was also dissolved in 40 uL
of PBS. Then solutions were mixed dropwise by adding of
lipofectamine to DNA. The resulting complex was allowed to
stand at room temperature for 20 min. Cells were washed with
DMEM without serum, and 1500 L of culture medium per well
was added. The complex solution was then added to the wells,
and cells were incubated at 37 °Cin 95% air/5% CO,. After 24 h,
media were replaced with fresh ones. Cells were cultured for
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Table 1. Molecular Characteristics of Cationic wPPPDs

number of pyridinium groups

degree of alkylation 3, %

cationic dendrimer number of phenylene groups N Nax elemental analysis (sulfur) "H NMR data
D" 10 6 6 99 98.4
D! 4 11 12 97 98.6
D, 28 14 18 77.8 78.0
D27+ 16 27 30 90 89.3

Sa+ 40 54 66 81.8 81.1
D,!15* 88 115 138 82.6 81.9

48 h, and then collected and examined for CopGFP fluores-
cence. Fluorescence intensity of CopGFP in transfected
cells was determined using a FACSCalibur flow-cytometer
(BD Immunocytometry Systems). For measurements, cells were
collected by Trypsin-EDTA solution, washed with PBS and
suspended in 1% phormaldehyde (ICN, USA) solution in PBS.
Transfection with wPPPD of the third generation (dendrimer
D5>*) used 10 uL of pC4W-KCopGFP solution at 1 ug/uL
dissolved in 50 uL of PBS and mixed with 175 uL of 6 x 10°
mol/L dendrimer solution. The resulting complex solution was
allowed to stand at room temperature for 20 min. Further
procedures were performed as those with lipofectamine.

Results and Discussion

A series of cationic wPPPDs was synthesized as described in
the Experimental Section. For the sake of convenience, hereafter
the water-soluble dendrimer is denoted DgN+, where g is the
dendrimer generation and N is a number of positively charged
alkylated pyridinium groups that was calculated taking into
account the degree of alkylation 5. The DgN * sample notations,
the amount of phenylene groups in their molecules, values of
B, N, and N, (assuming that the dendrimer is alkylated
completely) are listed in Table 1.

These dendrimers denoted as D, "', D,>"", D;>**, and D,'°*
constitute the family of wPPPDs being the first, second, third,
and forth generations. The distribution of charges in the den-
drimers was the same and determined by the arrangement of
pyridyl groups in the molecules of parent PPPDs (Figure 1). In
the samples D;°" and D,'*", there were half as many pyridinium
cations as there are in D' and D,*>"*, respectively. The total
number of aromatic groups in both pairs, i.e., D,*" and D,''* or
D,'*" and D,*’", was the same, yet the dendrimers D,°" and
D,'*" can be considered as hydrophobic analogues of the
corresponding dendrimers D;''* and D,?"".

Formation and Stability of the DNA/wPPPD Complexes.
DNA binding with wPPPD was monitored by ethidium
bromide (EB) assay. The electrostatic binding of added
cationic partner with DNA - EB complex resulted in confor-
mational changes of the nucleic acid which eventually led to
competitive displacement of the intercalated dye. The latter
is accompanied by quenching of EB fluorescence.®”

The titration of DNA-EB complex with solutions of
dendrimers of different generations results in a linear de-
crease of fluorescence intensity 7 (Figure 2, curves 1—4). The
values [+]/[—] plotted on the abscissa are the molar ratio of
positively charged pyridinium moieties of the dendrimer to
DNA phosphate groups. The fluorimetric curves differ in the
slopes which reflect the efficacy of DNA binding with the
cationic partner.®® The least charged first generation D' is
characterized by relatively low affinity to DNA (curve 1),
whereas the consecutive 2-fold increase in a number of
charges on passing to the second (curve 2) and then third
generation (curve 3) considerably enhances the dendrimer
affinity. However, for the fourth generation, the efficiency of
the quenching noticeably decreases (curve 4).

Note that most if not all of studied to date highly charged
linear polycations bound with DNA more efficiently, the

5
[+

o
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N
w
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Figure 2. The curves of fluorimetric titration of DNA-EB complex
with dendrimers of different generations: D;''* (1), D,*"" (2), D3>*"
(3), D4 (4), and D, (5). ey 535 1M, Aepn 595nm, [P] = 4 x 107> M,
[EB]/[P] = 0.25,0.01 M HEPES (pH = 7.2), 25 °C.

complete fluorescence quenching on titration of DNA-EB
complex with the polycations solutions occurred at the ratio
[+1/[—1~1.%° Presumably, the relatively inefficient binding of
the dendrimers is to a great extent determined by the
structural features of the interacting components, namely,
the rigidity of DNA double helix and fixed spatial arrange-
ment of charges in stiff wPPPD molecule.’” Both these
factors can hamper formation of the ion pairs. It is well
documented” that four to six charged units arranged along
the chain is quite sufficient for cooperative binding of
oppositely charged flexible-chain linear polyions which bear
a charge in each repeat unit. Evidently, to ensure cooperative
interaction of DNA with wPPPDs, more charged groups in
the dendrimer molecule are required. It can be concluded
from the slopes of curves 1—3 of Figure 2 that the number of
charges is certainly greater than 11, more than 27, and close
to 54.

This assumption is supported by the decomposition pro-
files of the complexes in water-salt media (Figure 3). The
curves were obtained by fluorimetric titration of the mixture
of DNA, dendrimer and EB solutions with a concentrated
(4 mol-L™") solution of sodium chloride as described else-
where.®” /I, plotted on the ordinate is the ratio of fluores-
cence intensity of the mixture and DNA -EB solution, that
were measured at the same salt concentration. In the case of
the first generation dendrimer which binds with DNA least
efficiently (Figure 2, curve 1), the addition of even the first
portion of the salt results in a sharp increase in fluorescence
intensity (Figure 3, curve 1) that subsequently continues to
increase, indicating extensive decomposition of the DNA/
D, """ complex. In spite of the DNA/D,*’* complex is only
slightly more stable (Figure3, curve 2), there is a small initial
section in the curve characterized by insignificant growth of
the intensity and only after that a sharp fluorescence increase
occurs. The decomposition profile of the DNA/D5>*" com-
plex (curve 3) is clearly S-shaped, which is typical of decom-
position curves of cooperative systems, specifically DNA
complexes with flexible linear polyamines.®” This result is
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Figure 3. Dependences of relative fluorescence intensity of solutions
of DNA comglexes with dendrimers on salt concentration: D;''* (1),
D,”7* (2), D% (3), and D4'"** (4). The conditions are the same as in
the caption to Figure 2.

quite predictable in view of the high efficiency of D3>**
binding with DNA (Figure 2, curve 3). The initial portion
of curve 3 in Figure 3 is limited by the salt concentration of
0.22 mol-L™'; i.e., this complex remains quite stable at
physiological ionic strength (0.14 mol-L ™" NaCl).

Noteworthy that substitution of D,''>" for D3**"
(Figure 3, curves 3 and 4) does not result in a shortening of
the initial part of the decomposition curve, as could be
expected based on the data on efficacy of the dendrimers
binding with DNA (Figure2, curves 3 and 4). Conversely,
DNA complex with D' "> proved to be more resistant to the
salt action and remains stable up to 0.25 mol-L~' NaCl
(Figure 3, curve 4). Apparently, D,''*" molecule binds
cooperatively with the nucleic acid and forms the greatest
number of the ion pairs. However due to steric hindrance,
this interaction does not involve all charged groups of the
dendrimer (no more than one-third of them, as indicated by
the slope of curve 4 in Figure 2). This finding is consistent
with the data on potentiometric titration of DNA mixtures
with polypropyleneimine dendrimers®’ that indicated the
inaccessibility of amino groups located in the inner sphere
of the high-generation dendrimers for electrostatic interac-
tion with DNA.

On titration with a salt solution (Figure 3), the value
I/I, = 1 corresponding to complete dissociation of the com-
plex was attained in none of the systems. Most likely, the part
of the ion pairs that are not destroyed even at relatively high
ionic strength are stabilized by hydrophobic interactions of
the dendrimer phenylene groups with some of the interior
DNA bases which are nonpolar and therefore hyrdopho-
bic.”! This effect is pronounced in two opposite situations,
namely, in the case of relatively weak electrostatic binding of
D,'"" (Figure 3, curve 1) and on cooperative electrostatic
DNA interaction with D4''>" that contains the greatest
number of hydrophobic phenylene groups (curve 4). For
dendrimers of the second (curve 2) and especially the third
(curve 3) generations, this is manifested as //1 values differ-
ing from unity and relatively slight slope of the destruction
profiles.

Notice that DNA complexes with linear polyamine poly-
(N-ethyl-4-vinylpyridinium) bromide (PEVP) bearing alky-
lated pyridinium groups in repeat units, or with the third
generation aliphatic polypropyleneimine dendrimer DAB-
Am-16 having highly branched structure, can be destroyed
completel;/ by addition of the salt (Figure 4). Unlike the
DNA/D5>** complex (Figure 4, curve 3), for PEVP (curve 1)
and DAB-Am-16 (curve 2), the value 1/, = 1is reached upon
titration, and the curves slope steeply up. This difference
confirms the important role of hydrophobic interactions in
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stabilization of the DNA/wPPPD complex which are condi-
tioned by the presence of phenylene groups in the dendri-
mers.

The data obtained on studying the salt-induced dissocia-
tion of DNA complexes with more hydrophobic wPPPDs
are an additional support of the stabilizing effect of the
hydrophobic interactions (Figure5). By way of illustration,
structural formulas of the hypothetically fully alkylated
dendrimers of second generation D,**" and the correspond-
ing hydrophobic analogue D,'®" (note that the degree of
alkylation is not 100%, see Table 1) are given below.
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Despite a number of positive charges in the hydrophobic
analogue D2'4+ is halved, the decomposition of the DNA/
D,'"*" complex (Figure 5, curve 2) occurs at a higher salt
concentration as compared with the DNA/D,?"" complex
(curve 1), and the limiting value of I/], is noticeably lower.
Thus, the growth of a number of hydrophobic phenylene
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Figure 4. Dependences of relative fluorescence intensity of solutions of
DNA complexes with linear polyamine PEVP (1), polypropyleneimine
dendrimer DAB-Am-16 (2), and Dy>*" (3) on concentration of the
added salt. The conditions are the same as in the caption to Figure 2.
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Figure 5. Dependences of relative fluorescence intensity of solutions of
the DNA complexes with dendrimers of first and second generations
(1, 3) and their hydrophobic analogues (2, 4) on salt concentration:
D2 (1), D, (2), D' (3), and D,°" (4). The conditions are the
same as in the caption to Figure 2 .

groups in a dendrimer molecule attenuates the adverse salt
action on the complex.

The fluorescence quenching caused by the titration of the
DNA-EB complex with the least charged hydrophobic
analogue D,°" was particularly inefficient being no more
than 30% (Figure 2, curve 5). Rather low efficacy of the
electrostatic binding results in arrangement of the decom-
position profile of the DNA/D, " system in the upper part of
Figure 5 (curve 4), and hence, it is located above the profile of
the first generation D;'!'" (curve 3). Nevertheless, the gently
sloping curve 4 and relatively small limiting values of the
fluorescence intensity indicate the resistance of this complex
to the added salt. Besides, a slight opalescence of the DNA/
D,%" mixture did not disappear in the course of the titration
indicating the complex formation even at high salt concen-
trations.

Allabove findings are in favor of the complex stabilization
by hydrophobic interactions. Obviously, a large number of
wPPPDs phenylene groups capable of participation in hy-
drophobic interactions can be used, for example, for binding
hydrophobic low-molecular-weight pharmaceutical agents.
Such noncovalent immobilization appears to be the impor-
tant step in the development of dual-purpose medicines in
which the dendrimer acts both as the carrier of genetic
material and a pharmaceutical agent.

Phase Separations in Solutions of the DNA/wPPPD
Complexes. Phase behavior of the DNA/wPPPD mixtures
was investigated by sedimentation assay and turbidimetry.
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Figure 6. Fraction of D;"'" in supernatant of the D;"'* mixture with
DNA of different composition, [+]/[—], determined at different con-
centrations of the added sodium chloride, M: 0 (1), 0.036 (2), 0.08 (3),
and 0.115 (4). Other conditions are 11000 g, 10 min, A = 310 nm,
2.4 % 107* M pyridinium groups, 0.01 M HEPES (pH = 7.2), 25 °C.
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Figure 7. Fraction of D,™ " remained in the supernatant of the D,
mixture with DNA of the different composition, [+]/[—], determined
at different concentrations of the added sodium chloride, M: 0 (1),
0.036 (2), 0.08 (3), and 0.115 (4). The conditions are the same as in the
caption to Figure 6.

First generation D,''™ which interacts with DNA ineffi-
ciently (curves 1 in Figure 2 and Figure 3) is not prone to
precipitation upon mixing with the DNA solution. Forma-
tion of the insoluble complexes is noticeable only at
[+1/[—1 > 1 (Figure 6, curve 1). Further growth of a relative
content of the dendrimer in the mixture is accompanied by
insignificant accumulation of D' in the precipitate that
comprises no more than 30% at 5-fold excess of the pyridi-
nium cations. As might be expected, the addition of salt
prevents formation of the insoluble complex because of a
dissociation of the ion pairs which is particularly pro-
nounced in this system (Figure 3, curve 1). An increase of
the ionic strength results in the successive decrease of the
D, "' fraction in the precipitate (Figure 6, curves 2, 3), and
in 0.12 mol-L~" NaCl practically all dendrimer molecules
remain in the supernatant (curve 4).

The precipitation of the complex formed by the second
generation is of greater intensity (Figure 7) that checks well
with the ability of D>>’* to bind more tightly with DNA, cf.
curve 2 and curve 1 in Figure 3. In this case, the insoluble
complex formation also occurs far from the equivalent
content of the charged groups. Maximum precipitation is
attained at 3-fold excess of the pyridinium groups (Figure 7,
curve 1), i.e., at the ratio [+]/[—] & 3 which corresponds
to complete binding of the components as determined by
the fluorescence quenching (Figure 2, curve 2). An increase
of the charge ratio beyond the above value leads to a
considerable decrease of the D,?’" portion in the precipi-
tate, and at 12-fold excess of the positive charges practi-
cally all the D,”""molecules remain in supernatant.
This finding indicates formation of positively charged
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Figure 8. Fraction of D;>**remained in the supernatant of the D;>*"
mixture with DNA of the different composition, [+]/[—], determined
at different concentrations of the added sodium chloride, M: 0 (1),
0.036 (2), 0.08 (3), and 0.115 (4) The conditions are the same as in the
caption to Figure 6.

water-soluble nonstoichiometric polyelectrolyte complexes
(NPECs) in which the dendrimer plays the role of the host
lyophilizing component. Another argument in favor of this
assumption is the sensitivity of right-hand part of the curve
to the added salt. Unlike the DNA/D, """ system (Figure 6),
the addition of sodium chloride in the DNA mixture with
D,?"" at[+]/[—] > 3 shifts the curve down (Figure 7, curves
2, 3) revealing formation and accumulation of the insoluble
complex. It is well documented’” that at a certain salt
concentration, a great majority of soluble NPECs formed
by linear oppositely charged polyions undergo the realign-
ments that are accompanied by the formation of the inso-
luble complex. On further titration with the salt solution,
when the ionic strength becomes sufficiently high, the pre-
cipitation is weakened due to the increasing contribution of
another trend which acts in the opposite direction, i.e., the
growth in complex solubility that is conditioned by succes-
sive descomposition of the ion pairs by the added salt.
Accordingly, at [NaCl] > 0.08 mol-L™" the precipitate is
consecutively resolved (Figure 7, curve 4) that agrees well
with decomposition profile of the DNA/D,>"" system re-
vealed by the fluorescence measurements (Figure3, curve 2).

The results of the assay of the third generation strongly
suggest formation of positively charged NPEC if D5>** is at
relatively large excess. The addition of the dendrimer solu-
tion at [+]/[-] > 3 is accompanied by sharp increase of D;>**
portion in the supernatant (Figure 8, curve 1) that occurs
with a much higher increment as compared with the run
of analogous curve of the DNA/D,*’" system (Figure 7,
curve 1). Eventually, at [+]/[—] > 4 the insoluble complexes
are not formed at all. In other words, D;>** exhibits a
pronounced tendency to solubilize the insoluble products
of the dendrimer interaction with DNA.. These findings are in
good agreement with the growth in capability of polypropy-
leneimine dendrimers to solubilize their complexes with
DNA as one goes from younger to elder generations.’” The
addition of salt in the mixtures with large excess of D;°*" also
results in the formation of insoluble complexes (Figure 8,
curves 2, 3) that proceeds in a wide range of salt concentra-
tions (Figure 8, curve 4). A noticeable resolution of the
precipitate occurred only at [NaCl] > 0.2 mol-L™' (data
not shown) that checks well with the pronounced tolerance
of the DNA/D;>*" complex to the decomposition by the salt
(Figure 3, curve 3).

Back to Figure 7, one can see that at the early stages of the
DNA titration with D%’ (curve 1) practically all dendrimer
molecules are retained in solution, an onset of the precipita-
tion is only at 2.5-fold excess of the pyridinium groups. This
suggests that at [+]/[—] < 2.5 water-soluble nonstoichio-
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Figure 9. Fraction of D4''** in the supernatant of the D,'">* mixture

with DNA of the different composition, [+]/[—], determined at different
concentrations of the added sodium chloride, M: 0 (1), 0.036 (2),
0.08 (3), and 0.115 (4). The conditions are the same as in the caption
to Figure 6.

metric polyelectrolyte complexes with DNA as host
lyophilizing component are formed. Just as in the case of
the positively charged NPECs, i.e., in the mixture at [+]/[—]
> 3, the addition of salt in the mixtures at [+]/[—] < 2.5
exerts the unfavorable influence on the soluble complexes
(curves 2, 3). The same tendences are exhibited by the DNA/
D5>*" complex (Figure 8) with the only difference that in
order to induce the phase separation a lesser excess of Dy>*"
is required, [+]/[—] & 1.8 (curve 1). This finding checks well
with the growing efficacy of the DNA binding on passing
from second to third generation (Figure 2, curve 2, 3). Water-
soluble NPECs formed at [+]/[—] < 1.8 proved to be less
sensitive to the added salt than the 5g)ositively charged NPECs
which contain a large excess of D3>* ", cf. left- and right- hand
parts of curves 2, 3, and 4 in Figure 8. The above difference in
the salt sensitivity is inherent to NPECs formed by the host
lyophilizing component which is either longer or shorter
than the guest blocking component.”> NPECs with the
relatively long lyophilizing polyelectrolyte are thermodyna-
mically more stable. In line with this trend, upon the addition
of salt up to 0.08 mol-L™! NaCl, the positively charged
NPEC with short lyophilizing D;>*" undergoes profound
realignments and phase separations, whereas soluble NPEC
with long lyophilizing DNA remains salt insensitive, cf.
right- and left- hand parts of curves in Figure 8.

The same trends are exhibited by the DNA/D,''>" mix-
tures. For the forth generation which forms the most stable
complex (Figure 2, curve 4), the salt-induced shift of the left-
and right- hand parts of the curve down is distinct (Figure 9).
The addition of salt extends significantly the range of the
precipitation. Most likely, formation of the insoluble com-
plexes is facilitated by intermolecular hydrophobic interac-
tions that are particularly pronounced due to the presence of
numerous phenylene groups in the D4''° molecule. For the
same reason, the forth generation dendrimer is not prone to
form water-soluble NPECs on mixing of the component
solutions. From comparison of the right-hand parts of
curves | in Figure 8 and Figure 9 it follows that the 2-fold
growth in a number of phenylene groups in the molecule on
passing from the third to forth generation results in a notice-
able weakening of the lyophilizing ability of the dendrimer.

In parallel with the sedimentation assay (Figure 6—9),
phase separations in water-salt solutions of the DNA com-
plexes with wPPPDs of different generations have been
studied by turbidimetry. The data complemented each other
and gave an accurate account of the regions corresponding to
soluble complex formation. By the illustration, let us con-
sider the results of turbidimetric titration of the soluble
positively charged Dy>*"/DNA complexes with salt solution
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Figure 10. Turbidimetric titration curves of the Dy>**/DNA mixtures
of the different composition [+]/[—] with sodium chloride solution:
[+]/ [—J =4(1),6(2),12(3), and 24 (4). Other conditions are A = 450 nm,
2*10"M pyridinium groups, 0.01 M HEPES, pH = 7.2, 25 °C.

(Figure 10). The complexes of this kind are of particular
interest for targeted transport of genetic material as the
positive charge provides their binding with negatively
charged cell membrane. Judging from the sedimentation
assay, in the Dy°*"/DNA mixtures the insoluble complexes
are not formed at [+]/[—] > 4 (Figure 8, curve 1). Accord-
ingly, at [+]/[—] = 4 the turbidity of the system was quite
close to zero (Figure 10, the initial point of curve 1). How-
ever, the addition of even a first portion of a titrant was
accomplished with a sharp increase in the turbidity (curve 1)
indicating poor stability of the soluble complex in water-salt
media. As might be expected from the features of the NPEC
solutions,”* the stability increased with the rise in relative
content of the host lyophilizing component (D;**") in the
mixture. The higher the [+]/[-] ratio, the more extended the
initial part of the curve corresponding to the soluble com-
plex (Figure 10, curves 1 —4). Notice that at [+]/L—] = 24, the
complex remained soluble even in 0.1 mol-L™" NaCl solu-
tion (curve 4), i.e. at ionic strength close to physiological one
(0.14 mol-L~" NaCl). These findings are extremely encoura-
ging for preparing of soluble dendriplexes stable under
physiological pH and ionic strength.

Special consideration must be given to the revealed large
shift of regions of the insoluble complex formation from
the equimolar composition, [+]/[—] = 1. For a great major-
ity of complexes formed by pairs of linear polyelectrolytes,
the maximum precipitation occurred in the immediate vici-
nity of the charge neutralization. Moreover, this conclusion
was confirmed by studying the DNA mixtures with poly-
propyleneimine dendrimers by turbidimetry® and sedimen-
tation assay.’’ A different situation arises with the solutions
of the DNA/WPPPD complexes. If no significance could be
attached to weakly bound first generation which precipitated
noticeably only at 5-fold excess of D,''" (Figure 6, curve 1),
the precipitation of elder generations that bound with DNA
cooperatively also needs a large excess of the dendrimer.
Thus, maximum precipitation occurs at [+]/[—] ~ 2.5 for
D+>*" (Figure 8, curve 1) and at [+]/[—] & 3 both for D,*"*
(Figure 7, curve 1) and D4''>* (Figure 9, curve 1).

The pronounced shift of the insoluble complex regions to
the excess of the wPPPD charges in the mixture is attribu-
table to inaccessibility of the pyridinium groups that are
arranged in the inner part of the dendrimer for interaction
with rigid double helix. In this particular case, the complete
neutralization of the DNA phosphate groups which is
essential for the formation of hydrophobic sequences in the
complex needs the excess of the total number of the dendri-
mer positive charges. It is evident that the charges of the
inaccessible pyridinium groups therewith remain uncompen-
sated and hence, should lyophilize the complex. Judging
from the data of the sedimentation assay (Figure 7—9),
lyophilizing is not so pronounced to prevent the phase
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Figure 11. {-potential of the D3>*" complexes with DNA(1), PMA, DP
1840 (2), PSS, DP 1710 (3) and PSS, DP 77 (4) formed at the different
[+]/[—] ratios. Other conditions are 1.6 x 10> M pyridinium groups,
0.01 M TRIS buffer (pH = 9), 25 °C.

separations. The reduced solubilizing ability of wPPPDs
can be explained by the presence of numerous hydrophobic
phenylene groups in their molecules.

&-Potential Measurements. Positively charged pyridinium
groups that are buried in the wPPPD molecule are not only
inaccessible for electrostatic interaction with DNA, but
they also do not contribute to the ¢ potential of the com-
plex species. Thus, in the DNA/D;>*" mixtures, zero value
of {-potential was accomplished at the [+]/[—] ratio slightly
less than 3 (Figure 11, part 1). Notice that in the mixtures of
D;*" with synthetic polyanion, e.g. sodium poly(metha-
crylate) (PMA) (Figure 11, part 2) or sodium poly-
(styrenesulfonate) (PSS) (parts 3 and 4), the reversal of sign
of the surface charge occurred at lesser excess of the den-
drimer, namely at [+]/[—] & 2. This rise in efficacy of the
binding is attributable to easier accessibility of the D3*"
pyridinium groups to the flexible vinyl polyanions than to
rigid double helix. It is of interest that on complexing of vinyl
polyanions with polypropyleneimine dendrimers, all amino
groups of the aliphatic dendrimers were involved in the
electrostatic interaction,’’ reflecting the absence of steric
hindrances. By contrast, in the molecules of stiff aromatic
wPPPDs, a half of the pyridinium groups remains inacces-
sible for the synthetic polyanions regardless the degree of
polymerization of the linear chains which was varied in a
wide range, e.g., from 1710 to 77 repeat units of PSS
(Figure 11, parts 3 and 4). In other words, even for relatively
short PSS chains consisted of several tens of repeat units, the
complexing was also hindered.

However the above tendency ceased to be true on passing
from polyanions to oligomeric anions. Thus, the use of
oligomeric PMA, DP 12 resulted in a noticeable decrease
of the critical composition [+]/[—] (Figure 12, part 4), and for
oligomeric PSS, DP 8, the surface charge of the complex
species changes the sign in the immediate neighborhood of
the equivalent point, [+]/[—] = 1 (Figure 12, part 5). The
highest efficacy of binding of PSS, DP 8 could be determined
by contribution of hydrophobic interactions between phe-
nylene groups of the dendrimer and styrenesulfonate moi-
eties that stabilize the complex. It should be particularly
emphasized that the D;°*" binding with longer but as yet
relatively short chains PMA, DP 37 (Figure 12, 2) or PSS, DP
77 (Figure 12, 3) proceeds as inefficient as in the case of
highly polymerized PMA and PSS anions (Figure 11, 2—4).

So, the substitution of oligomeric anions for polyanions
results in a noticeable growth in the efficacy of the electro-
static interaction. Nothing of this sort has been established
on comPIexing of either oppositely charged linear polyelec-
trolytes’® or pairs of polymers bound with H-bonds.”* Con-
versely, changing of the polymer partner to oligomeric one in
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{-potential, mV

Figure 12. {-potential of the Dy*** complexes with DNA(1), PMAs,
(2), PSS77 (3), PMA |, (4) and PSSg (5) formed at the different [+]/[—]
ratios. The conditions are the same as in the caption to Figure 11.

complexes of both types was accompanied by lowering of the
binding efficiency. Accordingly, the revealed growth in a
number of the ion pairs proves penetration of the oligomeric
chains in the interior of the dendrimer and their interaction
with pyridinium groups which are inaccessible for polyan-
ions. The disclosed ability of cationic wPPPDs to prevent
diffusion of relatively long negatively charged chains inside
the dendrimer molecule and yet remain 7permeable to oligo-
meric anions strengthens the theory.*” According to the
employed computer simulation,?’ different types of com-
plexes were observed to form depending on relative sizes of
the molecules. For large dendrimers and short chains, the
dendrimer encapsulates the chain and the chain collapses to a
coil wrapped within the dendrimer. For relatively long linear
polyelecrolyte, the chain has coiled near the dendrimer, but
the rest of the chain remains extended. These findings could
be used as the basis for the development of dendrimer vehicle
to deliver cargo genetic materials, specifically oligonucleo-
tides or siRNA. The penetration of the nucleotides in the
inaccessible parts of the dendrimer and the correspond-
ing growth in a number of the ion pairs should result in
stabilization of the complex against the disintergrating
action of the added salt. The latter is of crucial importance
in transfection at physiological ionic strength. Besides,
the oligonucleotides immobilized in the interior of the
dendrimer might be reliably protected from undesired con-
tacts with polymer compounds, specifically cell nucleases.
Finally, the revealed influence of a degree of polymerization
and hydrophobicity of the repeat units of the chains on the
dendrimer permeability may form the basis for searching for
hydrophobic pharmaceuticals suitable for the immobiliza-
tion. The noncovalent immobilization appears to be a key
point in the development of dual-purpose drugs mentioned
above.

Dynamic Light Scattering Measurements. The measure-
ments of the particle size in the D3>*"/DNA mixtures by
dynamic light scattering (Figure 13) agreed well with the
sedimentation data and turbidimetry. As one would expect
from the sedimentation assay (Figure 8, curve 1), at [+]/[—]
< 4 a decrease in the relative content of D;>*" resulted in
formation of large micrometer-sized aggregates, whereas at
[+1/[—] < L.5theparticles again took on their nanoscale sizes
of approximately 100 nm (Figure 13). The latter sustains
formation of soluble negatively charged NPEC with DNA as
lyophilizing host polyelectrolyte. The sizes of the soluble
positively charged NPECs determined at [+]/[—] > 4 were
110 £ 10 nm as well. This suggests that the particles of the
soluble complexes are nonaggregated and could penetrate
into the cell by endocytosis since their hydrodynamic dia-
meter Dy, does not exceed the critical value of 150 nm.”>
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Figure 13. Hydrodynamic diameter of particles formed in the solutions
of D;>*"and DNA of the different [+]/[—] composition. Other condi-
tions are [P] = 9 x 107> M, 0.01 M HEPES buffer (pH = 7.2), 25 °C.
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Figure 14. Intensity weighted distribution function for the mixtures of
the DNA solution with D;>** at the different [+]/[—] ratios of the
components. The angle a = 90°; other conditions were the same as in
the caption to Figure 13.

Closer examination of the dynamic light-scattering data,
specifically the left part of Figure 13 allows one to arrive at
one more important conclusion. For the sake of conveni-
ence, the data of Figurel3 are depicted in Figurel4 as a
function of the particle distribution. In solution of free DNA
(Figurel4, [+]/[—] = 0), only one relatively broad peak is
recorded that corresponds to the translational mode of the
molecules of a mean hydrodynamic diameter about 500 nm.
On addition of even the first portion of D;>** ([+]/[—] =
0.07), a second peak appeared which coexists with the first
peak and is related to significantly smaller particles of the
hydrodynamic diameter, of not more than 100 nm. These
two populations of the particles are maintained in a wide
range of the mixture composition. In this region, the growth
in relative content of the dendrimer is accompanied by both a
decrease in area of the peak corresponding to large species
and an increase of the amplitude of the peak related to
compact particles to the extent of complete disappearance
of the former species at [+]/[—] = 1.35. On further growth in
the dendrimer content, the size of the compact particles
increases with the broadening of their distribution and
eventually at certain value of the composition, [+]/[—] =
2.7, the micrometer-sized aggregates are formed. It is seen
that the sizes of compact particles coexisting with the large
ones virtually coincide with the sizes of soluble NPECs
formed on the left and right sides from the heterogeneous
region. The size of the large species, D, = 450 £ 50 nm, is
comparable with the diameter of free DNA measured under
the same conditions.

According to the re};)orted data on DLS measurements of
DNA in solutions,”®’” at the angles larger than 57°, the
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correlation function can exhibit two or more relaxation
modes, reflecting internal dynamics in addition to the trans-
lational diffusion of the double helix. So at the first glance, it
is not inconvincible that the second mode corresponding to
relatively small hydrodynamic diameters is conditioned by
the internal dynamics. But in this particular case, the above
mode should eventually disappear on the growth in relative
content of D;°*" in the mixture due to the DNA compaction
(no internal modes are detected for homogeneous hard
spheres’®). Because in the experiments just the reverse ten-
dency is observed (i.e., the increase in the peak amplitude),
it is reasonable to assign the peak to compact species of the
D5>**/DNA complex.

An argument in favor of the species of two populations is
the data on the high-speed sedimentation assay. The patterns
of the Dy°*"/DNA mixtures of the composition [+]/[—] <
1.35 evidence relatively slow and much more quickly moving
fractions. The coefficient of sedimentation S, of the slow
fraction practically coincided with S, = 16 of free DNA, and
the portion of these particles successively decreased with the
growth in the dendrimer content to the extent of their
disappearance. The latter occurred at the same charge ratio
that corresponds to the transfer from bimodal to unimodal
distribution on the DLS patterns (Figures 13 and 14). The
sedimentation of coexisting particles proved to be too fast to
provide the measurements of the sedimentation coefficient.
Judging from the high values of the [+]/[—] ratio correspond-
ing to the above-mentioned transformation (Figures 13, 14),
the content of the dendrimer in the soluble D;***/DNA
complex is relatively high and hence, the neutralization of
the DNA phosphate groups by the added charged dendrimer
is profound. This suggests the distinct compaction of the
complex particles and relatively low charge density on their
surface. Both these assumptions are in agreement with the
fast moving of the complex particles on the sedimentation.

Notice, the bimodal distribution in the system was vir-
tually not changed in time. Thus, the size of the particles in
the Dy°*"/DNA mixtures of the composition [+]/[—] = 0.14
measured in a half an hour after the preparation (Figurel5,
curve 1) was nearly the same during 24 h incubation at the
same temperature (curve 2), whereas the size of large parti-
cles decreased but rather insignificantly. These findings
imply that the revealed bimodal distribution is hardly the
result of kinetic hindrances that occurs on addition of a
relatively concentrated solution of one component to the
dilute solution of another one. Most likely, the reason is
thermodynamic by nature and conditioned by a decrease in
Gibbs free energy of the system on “loading” of a limited
number of DNA molecules by numerous molecules of the
positively charged partner. The complexing is accompanied
by formation of the compact species which inevitably results
in destruction of unique conformation of bound double
helices. In the systems with two particle populations, the
coexisting practically unbound DNA molecules maintain
their rigid highly ordered conformation that reduces to
minimum the thermodynamically unfavorable changes
caused by interpolyelecrolyte interactions.

The detailed elucidation of the reasons of the above
phenomenon is out of the scope of the current paper and
evidently merits special consideration as similar event
(bimodal distribution) was reported on studying DNA mix-
tures with cationic surfactants’”’** or PAMAM dendri-
mers.

AFM Study. An advantage of the AFM method is that
biological molecules can be imaged without the use of
contrast enhancement techniques and the number of papers
has been focused on the application of this method toward
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Figure 15. Intensity weighted distribution function for the D;>**/DNA
mixture of the [+]/[—] = 0.14 composition measured in a half an hour
(1) and after 24 h incubation (2). The angle o = 90°; other conditions
were the same as in the caption to Figure 13.

biological and polymeric systems.®* ! The most common
substrate for DNA imaging is mica due to its smooth surface.
As mica is negatively charged, the presence of a divalent
cation, either in solution or accessible to DNA on the mica
substrate, greatly improves the DNA adsorption.”? In this
work MgCl, was used as a source of the positively charged
Mg>" ions to induce cross-bridges between negatively
charged mica surface and the negative phosphate groups of
DNA.

AFM image of linear DNA deposited from HEPES solu-
tion containing 1 mM of MgCl, is shown in Figure 16a. The
DNA molecules are mostly seen as elongated individual
strands. The height of DNA is 0.7 & 0.2 nm, which is lower
that the value of ~2 nm known for B-DNA.?* The reason-
able explanation for this fact is compression of DNA as a
result of scanning by an AFM tip along with electrostatic
interaction between a DNA sample and a substrate.

We were especially interested in elucidating the morphol-
ogy of soluble wPPPD/DNA complexes formed at a large
excess of the positively charged dendrimer. The positive
charge of the complexes is a requirement for effective trans-
fection.”* % However, because strong electrostatic adsorp-
tion of a positively charged complex on negatively charged
mica might distort an AFM image of the D;>*"/DNA
complex, it was measured on a HOPG surface (uncharged)
to minimize the influence of the interaction with the surface
on complex morphology.

The AFM image of the complex formed at a charge ratio
[+]1/[—]1 = 12 (Figure 16b) shows formation of the “necklace”
like aggregates densely populated with “beads”. The average
height of the aggregates is higher than that of bare DNA
(Figure 16a). On the basis of the AFM data, we propose
the structural model for the DNA/dendrimer complex ac-
cording to which the resulting complex is a chain completely
“decorated” with spheres, each of which is undercharged
(positively charged). If this is the case, due to a charge density
mismatch the part of dendrimer positive charges located in
the interior of the stiff dendrimer sphere remains noncom-
pensated providing the complex solubility. This model is in
agreement with a model developed by Schiessel who con-
sidered complexes formed between positively charged hard
sphere macroions and a persistent linear PE.*® Additionally,
itis evident from the AFM data that the complex consists of
several DNA strands linked through a dendrimer junction.
The major part of the HOPG surface is covered, most
probably, by isolated dendrimers (or dendrimer aggregates)
which might be attracted to the nonpolar HOPG due to
hydrophobic interactions. Here the structure of the complex
(Figure 16b) is different from that of polyelectrolyte com-
plexes formed between DNA and various cationic compact-
ing agents such as polymeric or multivalent counterions
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Figure 16. AFM images of (a) linear pC4W-KCopGFP DNA on a mica and (b) complexes formed by linear DNA pC4W-K CopGFP and D;**" ona

HOPG at a charge ratio [+]/[—] = 12; ¢((DNA) = 0.01 g L™".

(a) (b)

Figure 17. Transfection of HEK-293 cells with dendrimer D5>** (a) and with lipofectamine 2000 reagent (b). Fluorescence microscopy, magnification

150 times.

reported by others.”"*”?® In the recent paper’' on complex
formation between DNA and cylindrical brushes and a
PAMAM dendrimer, the aggregates with a core comprising
at least several complexed polycation molecules surrounded
by an open DNA corona (resulting in a flower-like structure)
have been reported However, it is worth noting that the
experiments were performed with the excess of negatively
charged DNA. The similar flower-like structures induced by
divalent counterions were reported in ref 84. In the opposite
case, at the excess of positively charged polymeric counter-
ions the formation of big aggregates of compacted DNA has
been documented, however the morphology of such com-
plexes was not clarified.”’ Thus, no morphology similar to
that reported in this paper has been observed for positively
charged DNA /dendrimer polyelectrolyte complexes.

In Vitro Cell Transfection with Dendrimer D;>". The
experiments on transfection of human embryonic kidney
cells HEK-293 with expression plasmid pC4W-KCopGFP
have been performed using D;**" and, in comparison,
Lipofectamine 2000 reagent as described in detail in the
Experimental Section. The distinct fluorescence of the cell
(Figurel7a)evidenced cell transfection by the dendrimer that
was 20 times lower in efficiency as compared with one of the
most efficient transfection agent lipofectamine 2000
(Figurel7b). Noteworthy that viability of the cells in both
experiments remained rather high proving low toxicity of the
dendrimer.

The modest efficiency of wPPPD vector might be due to
absence of the so-called “proton-sponge” effect. Behr”® and
others introduced the concept of the “proton sponge” and
hypothesized that polymers with buffering capacities be-
tween 7.2 and 5.0, such as polyethylenimine (PEI) and some
dendrimers could buffer the endosome and potentially in-
duce its rupture due to a high osmotic pressure thus provid-

ing transfection effeciency. Additionally, the effect of chain
length on transfection efficiency can also play a role.'” The
exhaustive alkylation of wPPPDs almost eliminates the
possibility to absorb more protons inside endocytic vesicles.
However, decrease in alkylation degree might lead to im-
proving transfection efficiency as it was reported for vectors
based on partly quaternized poly(4-vinylpyridine)s.'®' Such
a study will be a focus of our further research.

All above-mentioned findings imply that wPPPD mole-
cules are applicable for model investigations on the elucidat-
ing of structure—function correlations of the aromatic
dendrimer vehicles.

Conclusion

We studied the interaction of calf thymus DNA with cationic
water-soluble aromatic dendrimers of different generations and
hydrophobicity. The DNA/WPPPD polyelectrolyte complexes
proved to be particularly stable against the disintegrating action
of the added salt due to a significant contribution of hydrophobic
interactions provided by phenylene moieties. The inaccessibility
of positively charged groups situated in the inner area of wPPPD
molecule not only for rigid double helix (as it was ascertained
earlier by potentiometric titration of DNA mixture with flexible
polypropyleneimine dendrimers®’) but also for flexible synthetic
polyanions has been established. The later feature was assign to
steric hindrances conditioned by wPPPD stiffness. It is reason-
able to assume that the inaccessibility of the interior of the rigid
aromatic dendrimers gives rise to the specific conformation of the
resulting complexes which is responsible for the distinct ability of
wPPPDs to form negatively or positively charged water-soluble
polyelectrolyte complexes with DNA. The positively charged
complexes formed at large excess of the pyridinium groups
remained soluble at ionic strength close to physiological one.
This finding could be particularly important for development of
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wPPPD vehicles suitable for delivering of physiologically active
compounds to the cell. The presence in the dendrimers of a large
number of phenylene groups capable to participate in hydro-
phobic interactions can be used, for example, for binding hydro-
phobic low-molecular-weight pharmaceutical agents. Such
noncovalent immobilization appears to be the important step
in the development of dual-purpose medicines in which the
dendrimer acts both as the carrier of genetic material and a
pharmaceutical agent.
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