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ABSTRACT: We report the preparation, characterization and mechanical properties of DNA/phosphorus dendrimer
multilayer microcapsules. The shells of these microcapsules are composed by alternating DNA and positively
charged dendrimer @NHELCI") (n= 1, 2, 3, 4;m= 12, 24, 48, 96). The same multilayers were constructed

on planar support to examine their layer-by-layer growth and to determine the multilayer thickness. Surface

plasmon resonance spectroscopy (SPR) showed regular linear growth of the multilayer film after the first dendrimer
layer. We probe the mechanical properties of these DNA/dendrimer microcapsules by measuringdfmeaation

curves with the atomic force microscope (AFM). The experiment suggests that they are softer than microcapsules
assembled from linear flexible polyelectrolytes (PE) studied before. The stiffness of the capsules increases with
the generation of used dendrimer. This reflects the change in the multilayer thickness, but not the changes in
structure of surface DNA/dendrimer complexes, which almost likely remains similar for all dendrimer generations.

1. Introduction of DNA/dendrimer multilayer films and microcapsules allows

one to judge about the interaction of dendrimers with DNA and
the nature of complexes formed. In particular, it might give a
clue for understanding structural peculiarities of surface DNA/
dendrimer composites. In connection to this an important
relevant issue is the role of ionic cross-linking in formation and
properties of multilayer structures.

In our paper, we are primarily interested in the buildup and
mechanical properties of multilayer films composed of layers
of alternating DNA and cationic phosphorus-containing den-
drimers of several generations. We use a combination of several
experimental techniques to show that the mechanical properties
of DNA/dendrimer microcapsules differ from the PE/PE, PE/
dendrimer, and DNA/PE systems studied before and to explore
the influence of the generation of used dendrimer on the
structure and the stiffness of multilayer shells.

The complexes of DNA molecules with different types of
positively charged entities have attracted attention from scientists
in various field$ and are important for many applications such
as molecular recognition, biological transport, and cell repdir.
DNA molecules form complexes with multivalent catichg,
linear polycations, proteins®0 colloidal particles\>'2 and
lipids.1314Most of the cationic agents forming these complexes
and aggregates vary greatly in chemical composition as well as
in the number of electric charges, providing for a wide range
of different DNA complexes that can be easily assembled and
are potentially useful as DNA vectors in novel gene therapies.
Viral-based gene delivery is currently one of the most efficient
methods to introduce exogeneous genes within éal&More
recently, cationic dendrime?$; 23 which also can interact with
DNA molecules, have also shown great potential in gene
transfectior?224They can also be used as sensors, drug carriers
and more>30

There has also been some recent interest in using dendrimers 2.1. Materials. The double-stranded deoxyribonucleic_acid

as building blocks for the layer-by-layer (LbL) preparation of ?Iglilllg] éi'rtrégr%‘; issalat.-::ieg?ﬂll)llysglr)lllrl]l’]zeel’?z)égl::;ﬂﬁ:legrgcd)ﬂqctscllgrigia
i i iImsSL.32 ' ' y

mgfgutlgrlgstzénmrgﬁtlggs/ reflirgfblytie\(ls:za)llggﬁmiprfe?agjpt:)%er?e d nating from calf thymus0 and the form of a white fibrous substance
multilayers334and microcapsule®:35However, we are unaware ;?Qéi';' r:g i‘:',f,rttg?jntf f;eo:‘:g r%t>eol nioé gr?mol;?lﬂ/!/%ricvxe;/?;g?;rtlhls
about an investigation of self-assemblles of DNA and dendrlmer average size per molecule of ca. 9090 base pairs, equal to a contour
molecules, except as of some studies of random DNA-dendrimerlength of~3 um. This sample was used without further purification.
complexes carried out in bulk solutioHs!® Here we try to The cationic dendrimers used in this study were M-
compensate this lack of experimental data and report an disubstituted hydrazine phosphorus-containing dendrimers of the
approach to prepare DNA/dendrimer multilayers and multilayer first, second, third and fourth generations having 12, 24, 48, and
microcapsules. Beside an obvious practical (DNA deli#gry 96 functional groups, respectively, on the surface with cationic

interest, the assembly and investigation of physical properties character @NH'ECI7)p, (n = 1-4, m = 12-96; M,, 3200~
33700 g/mol). The synthesis, characteristic data and structure

formula of G(NH'ECI~), were reported in refs 17 and 38.
*To whom correspondence should be addressed. E-mail: vinograd@  The fluorescent dye fluorescein isothiocyanate (FITC) was

mpip-mainz.mpg.de. - i - . N
t'Max Planck Institute for Polymer Research. purchased from Sigma-Aldrich Chemie GmbH, Germany. Hydro

'2. Experimental Section

* L aboratoire de Chimie de Coordination CNRS. chloric acid (HCI), sodium chloride (NaCl) were purchased from
S A. N. Frumkin Institute of Physical Chemistry and Electrochemistry, Riedel-de Hae, Germany. All chemicals were of analytical purity
Russian Academy of Sciences. or higher quality and were used without further purification. Water
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used for all experiments was purified by a commercial Milli-Q
Gradient A10 system containing ion exchange and charcoal stages
and had a resistivity of 18.2 8/cm. The pH was measured by
using a pH meter (InoLab, Germany) with an accuracyt6f5.

Suspensions of monodispersed weakly cross-linked melamine
formaldehyde particles (MF-particles) with a radiusrgf= 2.0
+0.1 um were purchased from Microparticles GmbH (Berlin,
Germany). Glass bottom dishes (0.17 mm/o.d. 30 mm) with optical
quality surfaces were obtained from World Precision Instruments
Inc. (USA). Glass spheres (radius 201 um) were purchased from
Duke Sci. Co., California. The coupling prism and the glass
substrates used for SPR experiments were made of LaSFN9 glass
and were purchased from Hellma Optik, Germany.

2.2. Methods. Capsule PreparationThe DNA/G(NHTE&CI ™), -
capsules were prepared as follows. The positively charged MF S um
particles (5QuL of 10 wt % water dispersion) as a template were -
incubated with 1 mL of DNA solution (0.5 mg/mL containing 0.5 : ; : + -
mol/L NaCl, pH 6) at room temperature for 50 min, followed by r?%%ialbsjzgfcal confocal image of the (DNAKNHTELCI )
three centrifugation/rinsing cycles, and finally dispersed in water.

A 1 mL portion of a G(NHTELCI™), salt-free solution (1 mg/mL, e B A
pH 4) was then added to the particle dispersion. After 30 min given

for adsorption, three centrifugation/wash cycles were performed 0.15
(as above). These specific conditions for the dendrimer solution
were chosen in order to fully charge the ammonium groups of the
dendrimer materials. The DNA and,@!H*Et,Cl"),, adsorption
steps were repeated four times each to build multilayers on the . 0.10
MF particles. Each adsorption followed by washing out excess &
polymer and salt. The microcapsules referred to below as (DNA/ -
Gn(NHTECI")m)4 capsules were obtained by dissolving the MF
template in HCl at pH 1.21.6 and washing with water three times
as described before.

Microscopy. Confocal laser scanning microscopy images were
taken with a commercial confocal microscope unit FV300 (Olym- [t

ctivity, a.u

Refle
o
o
(4.}

pus, Japan) used in combination with an inverted fluorescence 3 DNA
microscope Olympus IX70. A high-resolution (8D bright (NA 0.00 I
= 1.45) oil immersion objective was used. The drop of suspension 0 100 200 300 400 500 600

of capsules was applied to a glass bottom dish with subsequent Time, min

addlng the water. High resolution and contrast of the confocal Figure 2. Kinetic SPR scan profile of the consecutive deposition of
images was achieved by the use of the low molecular fluorescentsq, bilayers of DNA/G(NH*EtCI-)es. The inset shows a zoom of
dye FITC added to the capsule solution at a concentratiorof 6 the selected area of the spectra.

mol/L. The excitation wavelength was= 488 nm.

The AFM images of dried capsules deposited on silicon wafers deformation is calculated as the difference between the position of
were obtained in a tapping mode (Nanoscope llla, Digital Instru- the piezo translator and the cantilever deflection. The diameter of
ments). At least three microcapsules in each sample were imagedthe capsule was determined optically with an accuracy of@n2
The images were analyzed with Nanoscope 5.30r1 software. and from the AFM load vs deformation curves (like in ref 43).

For scanning electron microscopy (SEM) analysis a drop of The relative deformation of the capsule was then calculatedeas
suspension of capsules was applied to a silicon wafer with sequential= 1 — H/(2ro), whereH is the minimum sphere/substrate separa-
drying at room temperature for several ho#h¥he measurements  tion 4243 To get reliable results, we have performed several series
were performed using a Gemini Leo (Zeiss) 1530 instrument of force measurements. Every series included at least 10 experi-
operating at a working distance of 2 mm and an acceleration voltagements. Then the average of all force vs deformation curves was
of 0.5 kV. Since the samples were not covered with a gold layer calculated.
before inspection, this low acceleration voltage was applied in order  Surface Plasmon Resonance Spectroscopyo measure the
to avoid charging of the sample. The images were recorded usingthickness of GNH*ECI-)/DNA multilayers we used a home-
the InLens detector. built surface plasmon resonance spectrometer (SPR) and a procedure

Force Measurements.The experimental setup was described described before (see ref 44 for more details). The multilayers were
before?0-42 Briefly, load (force) vs deformation curves were assembled on a gold layer functionalized by a monolayer of
measured with the Molecular Force Probe device (MFP) 1D 3-mercaptopropionic acid (3MPA), according to a procedure
(Asylum Co., Santa Barbara, CA), which has a nanopositioning described befor The deposition of multilayers was performed
sensor that corrects hysteresis and creep of the piezotranslator. Foin conditions identical to those employed for the capsule preparation.
the force measurements we used V-shaped cantilevers (MicromashTo evaluate a thickness of deposited films we have assumed a
Estonia, spring constanks= 3.0 N/m). The spring constant of the  constant refractive index of 1.5 for both the DNA and dendrimer
cantilever was estimated from the resonance frequency calibrationjayers.
plot (Cantilevers catalog, Micromash, Estonia). Glass spheres were
glued onto the apex of cantilevers with epoxy glue (UHU Plus, 3. Results and Discussion
Germany). The capsule deformation experiment has been described . ; -
before?? Here we performed the dynamic measurements at intervals 3.1. General ObsgrvatlonsTyplcal confocal scanning Im-
of piezotranslator speed from 0.2 to 2@n/s. The result of the ages of DNA/dendrimer capsules are shown in F|g'ure. 2: One
measurement represents the deflecfiors the position of the piezo ~ €an see that they are strongly aggregated, which is similar to
translator at a single approach. The foFesvas determined from ~ What was observed previously for DNA/polyelectrolyte cap-
the cantilever deflectior; = kA. As before, we assume that zero ~ sules?® The absolute majority of capsules8§0%) has an ideal
separation is at the point of the first measurable féfcEhen the spherical shape. This result represents a successful atter&tB\tf)
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prepare dendrimer-based capsules without protective polyelec-
trolyte coating. One can expect that the microcapsule shells T
composed of DNA and dendrimer have the mechanical resis-
tance against the osmotic stress from in the capsule interior,
which accompanies the MF dissolutions, and are more stable
than previously assembled poly(styrenesulfonate) (PSS)/den-E
drimer capsule®®

3.2. Characterization of the Multilayers. Dendrimer/DNA
multilayers analogue to those used for microcapsules preparatiors
were constructed on a planar support in order to characterizeS
their layer-by-layer growth by SPR measurements. Figure 2 & 1
illustrates the kinetics of this process foy(SHTEt;Cl~)og/DNA
multilayers. It is seen that the addition of each layer leads to an ©

adpgeprannnnnandanan

ness,

ptic

increase in the reflectivity. The analysis of the plateau regions - _:

of the kinetic curves confirms that the adsorption time used - * T
during the assembly of microcapsules allows it to reach .; 2 3 A
equilibrium. The washing of the samples leads to a decrease in Dendrimer generation

reflectivity, very small in the case of G4(NiEt,Cl™)96 and
rather significant for the DNA. The almost instantaneous
increase in the reflectivity signal after injection of the DNA or r r .

o T T T T T
dendrimer solution could originate from either a refractive index 30 : -
change (of the solution vs the pure buffer) or from a rapid
adsorption of DNA (dendrimer) to the interface. Since we used g 51 : o
concentrations of only 0.5 and 1 mg/mL for the DNA and £ L
dendrimer solutions respectively, the first explanation is not very g’ 20 F : 4
likely. Furthermore, we have performed additional angular SPR 2 I
scans, which showed that changing the pure buffer with DNA & 45 [ : |
or dendrimer solution does not lead to a shift in the critical £ I :
angle of total internal reflectidf This is clear evidence that 10 - ]
the increase of reflectivity corresponds to a fast adsorption of -2 %

a DNA (dendrimer) layer upon the injection of the respective 8‘ [

solution. Note that the DNA and the dendrimer show similar 5T ]
adsorption kinetics, but their behaviors during the rinsing with

pure water are quite different. Dendrimer layers are quite stable Ote 1 L L 1 1 1 1 ]

and exhibit minor or no desorption upon washing. In contrast, 0 1 2 3 4 5 6 7 8

a significant desorption of DNA molecules or slow conforma- Number of layers

tional rearrangements of the adsorbed DNA layer leading to a Figure 3. Top: Equilibrium optical thickness of a{GNH*ELCI™)/
decrease in its thickness were found. As can be seen from theDNA films as a function of dendrimer generation. A numbers of curves
; i i it i correspond to a number of deposited layers. Bottom: Thickness of a
Inset n Flgure_ ﬁ (El)f't\le'g\thg |n|t|a_l strong grcl)lwt:h of tme rEﬂECtIVItyd G2(NHTEtCI™).4/DNA films as a function of deposited layers. Odd
associated with DNA adsorption, a small but well pronounced |5yers are from @NH*ELCI- ) Even layers are from DNA.
decrease in reflectivity followed by its recovery can be observed

yvithin a characteristi.c time interva_l pf about 3 min. This gffect typical thickness around 6 nm, so that we have concluded that
is also observed during the deposition of the second, third, andie DNA molecules form a lamellar phase of vertical surface

fourth DNA layers and may be caused by conformational |05 The value obtained here indicates that DNA does not
rearrangements of the already deposited film. The kinetics of tom similar loops on the dendrimer support. For the monolayers
the LbL deposition of the G3(NHELCI™)12-49/DNA films of dendrimers G Gy, Gs, and G we evaluated optical thickness
was also studied and showed features similar to those dlSCUSSG(ASNZ.l, 4.0, 4.3, and 6.5 nm, respectively. Since this is close
above for the GNH EtCI")os/DNA multilayers. to the diameter of dendrimers in a bulk solut#r7 our result
Figure 3 (top) shows the equilibrium optical thickness of the indicates that there is no discernible spreading of dendrimer
dendrimer/DNA films as a function of the dendrimer generation. molecules onto the DNA layer surface.
The data reveal regular linear growth of the films after the first ~ 3.3. Morphology of the Capsules.To investigate the
dendrimer layer (Figure 3 (bottom)). The significantly smaller multilayer shell morphology, we have taken and analyzed AFM
thickness of the first dendrimer layer is likely related to a and SEM images of dried capsules (Figures 4 and 5). AFM
incomplete coverage of the gold surface with the negatively images of the surface of DNAAGNH'ELCI™)1, and DNA/
charged, self-assembled monolayer of 3MPA. This may result G4(NH*EtCl™)qs shells show clearly granule domain structure
in a rather incomplete (inhomogeneous) first dendrimer layer (Figure 4). The granules likely indicate the structure due to
with smaller average refractive index. Since a fixed value of dendrimers and confirm the SPR result that DNA does not form
refractive index was used for all layers in the SPR analysis, the vertical surface loop structure in contrast to the DNA/PAH
evaluated optical thickness of this incomplete layer is naturally microcapsules studied befoteNote that the morphology of
smaller than those of the other more opaque layers. All DNA the capsules does not depend on the generation of dendrimers,
layers show the same thickness of about 2.7 nm, which is very although of course the size of granules on the surface of DNA/
close to the cross section of the DNA double helixZ nm). G4(NHTELCI™)gs Shells (Figure 4b) is larger in comparison with
In our previous work® we have studied PAH/DNA multilayers ~ DNA/Gy(NHTEt,CI™)1, (Figure 4a). Figure 5 shows typical
and have found that on PAH support DNA forms layers with  SEM images of dried capsules. The surface of the capsul&i)'@
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1 1pm
Figure 4. AFM images of dried (DNA/GNH"EtCI™)12)4 (@) and (DNA/G(NHTEtCI )g6)4 (b) capsules.

200 nm

Figure 5. SEM images of dried (DNA/@GNH'ELCI™)qe)4 capsules.
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Figure 7. Force at fixed relative deformatiorm € 0.2) as a function

Figure 6. Average force-deformation curve measured for (DNA/ of pH for (DNA/GH(NHE&CI-)m)a. capsules.

Gn(NHTECI)m)4 capsules. Only every 15th point is shown.

more pieces of DNA helices. In our opinion, our data indicate
quite rough and contains some isolated nanopores. This isthat such an explanation is unlikely for the multilayers studied.
different both from smooth PSS/PAH and PSS/dendrimer Note that dendrimer/DNA capsules are slightly stiffer than
shell$6:3% and from highly porous DNA/PAH shells studied capsules with the same shell thickness made from PSS (or PAH)/

before®> dendrime?® and DNA/PAH* capsules, which probably reflects
3.4. Deformation Profiles.Figure 6 shows the average force the fact that they are less permeable due to structure pecularities
vs deformation profiles for (DNA/@NHTE%CI™)y)s micro- of DNA/dendrimer complex leading to the practical absence of

capsules. One can see that higher generation of dendrimers leadsanopores and low fragility. They are, however, softer than
to the increase in the stiffness of the capsules. This result iscapsules composed of linear PEs (PSS/PAH) studied before
evidently connected with the increase in shell thickness which 424849 which is likely because in water environment molecules
increases the forc®. Another explanation might be a change of G,(NHEt,CI™)n, are not fully charged® so that the amount

in the binding modes with the increase of dendrimer generation. of ionic cross-linké! is smaller than for fully charged PSS/PAH
According to a simple mod¥l for a DNA—dendrimer com- multilayers. This is confirmed by the effect of pH posttreatment
plexation, the higher dendrimer generation complexes might on the stiffness (Figure 7). At lower pH, where a larger portion

become more compact since one dendrimer molecule might bindof the dendrimer surface groups is protonaitthe stiffnessCDV



Macromolecules, Vol. 39, No. 16, 2006

Effect of Dendrimer Generation5483

of the capsules increases. Note that for the fourth generation of(20) Luo, D.; Haverstick, K.; Belcheva, N.; Han, E.; Saltzman, W. M.

dendrimer the influence of pH posttreatment is the most
pronounced. One can speculate that this is a consequence of

larger amount of charges at the dendrimer interface.

4. Conclusions
We have shown that (DNA/ENHTE%CI™)m)4 microcapsules

can be successfully assembled. The microcapsules prepare

Macromolecule2002 35, 3456-3462.
Maszewska, M.; Leclaire, J.; Cieslak, M.; Nawrot, B.; Okruszek, A.;

21)
é Caminade, A. M.; Majoral, J. FOligonucleotides2003 13, 193~

205.

(22) Haensler, J.; Szoka, F. Bioconjugate Cheml993 4, 372-379.

(23) Bielinska, A.; Kukowska-Latallo, J. F.; Johnson, J.; Tomalia, D. A;;
Baker, J. RNucleic Acids Resl996 24, 2176-2182.

24) Tomalia, D. A.; Naylor, A. M.; Goddard, W. A. IAngew. Chem.,
Int. Ed. Engl.199Q 29, 138-175.

present novel dual delivery/release systems that are potentially(25) Bosman, A. W.; Janssen, H. M.; Meijer, E. ©hem. Re. 1999 99,

useful for a range of applications. The stiffness of the DNA/
Gr(NHTE,ClI™)-based shell materials is found to be smaller

than that for linear polyelectrolyte/polyelectrolyte (PSS/PAH)

1665-1688.
(26) Majoral, J. P.; Caminade, A. MChem. Re. 1999 99, 845-880.
(27) Caminade, A. M.; Majoral, J. FAcc. Chem. Re2004 37, 341—
348.

microcapsules studied before. The stiffness of the capsules(28) Frechet, J. M. J.; Tomalia, D. Aendrimers and other dendritic

increases with the generation of used dendrimer. This reflects
the change in the multilayer thickness, but not the changes in
structure of surface DNA/dendrimer complexes, which almost (30) Solassol, J.; Crozet, C.; Perrier, V.; Leclaire, J.raBeer, F.;

likely remains similar for all dendrimer generations.
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