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The compaction of long duplex DNA by cationic nhanoparticles (NP) used as a primary model of histone core
particles has been investigated. We have systematically studied the effect of salt concentration, particle size,
and particle charge by means of single-molecule observatitunsrescence microscopy (FM) and transmission
electron microscopy (TEM}yand molecular dynamics (MD) simulations. We have found that the large-scale
DNA compaction is progressive and proceeds through the formation of beads-on-a-string structures of various
morphologies. The DNA adsorbed amount per particle depends weakly on NP concentration but increases
significantly with an increase in particle size and is optimal at an intermediate salt concentration. Three
different complexation mechanisms have been identified depending on the correlation between DNA and
NPs in terms of geometry, chain rigidity, and electrostatic interactions: free DNA adsorption onto NP surface,
DNA wrapping around NP, and NP collection on DNA chain.

Introduction about 100 000 base pairs, there is no intermediate state between
i . ) the coil and compact states and the monomer density is so large
In eukaryotic cells, millimeter- to meter-long genomic DNA  j, the DNA condensates that transcription activity is completely
molecules are packaged into chromatin to fit within the nnhibited and genes are constrained to silel¢é.
micrometer-scale nucleic space. The elemental unit of chromatin Therefore, it seems to be essential to develop a new way of
is the nucleosome in which DNA wraps 1.7 times (147 base ¢ompacting long DNA molecules in vitro which would be closer
pairs) around an octamer of core histone protéifisis octamer to the natural packing of DNA by histone core proteins. This
has an overall shape of a cylinder of 5 nm in height and 7 nm -5 pbe achieved by complexing genomic DNA to oppositely
in diameter and carries approximately 220 positive electric charged objects of nanosized dimensions and defined shape as
charges. Although genes are silent in higher-ordered structures i, the chromatin of living cells.
such as the 30-nm chromatin fiber, genes are active in the open The complexation of DNA with oppositely charged nano-
form of chromatir4 which consists of nucleosomes distributed particles has been actively studigdyut most frequently these
along a single duplex DNA chain and is usually referred to as cy,dies dealt with “small” DNA molecules, that is, no longer
a “beads-on-a-string” structuP€.Thus, long genomic DNA IS han a few thousand base pairs (Bp3° Such complexes have
naturally packaged in such a way that it is compacted at a very 5 yide range of biotechnological applicatiéhas, for instance,
large scale while genes remain accessible. transfection agem$ 23 or biosensors# As for the studies on
On the other hand, long DNA molecules in a pure aqueous Jonger DNA molecules, the thermodynamics of the interaction
solution adopt an elongated coil state because of the electrostatiof calf thymus DNA (10000 bp) with nanometer-sized
repulsion between negatively charged DNA monomers. In in- quantum dots has been studied by Mahtab & ¥ery long
vitro experiments, DNA molecules are thus usually compacted DNA molecules ¢10 000 bp) have been mainly used as a
by the addition of a small amount of condensing agé#tsych scaffold for nanoparticles arrafsor as a template for metallic
as polyamine8,multivalent metal cation® and cationic sur-  nanowired” or nanoring$8 The interaction between DNA and
factants!! or in the presence of hydrophilic neutral polyméts.  soft oppositely charged complexing agents such as dendrimers
Such a change of the environment of DNA molecules induces has also been studig® and is of practical interest for gene
a first-order phase transition at the level of single chiits  transfectior?32 Keren et af® characterized the microscopic
between the elongated coil state and a very dense compact statestructure of complexes composed of long DNA and positively
or condensate, that is typically toroidal in shape and 100 nm in charged complex at rather high concentration. Through these
outer diametef:!> Consequently, when the length of DNA is  investigations, it has been getting clearer that the mode of
interaction between semiflexible DNA chain and spherical
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DNA chain to the wrapping mechanism of DNA around the from light at ambient temperature. Nanoparticles were used
polycations. However, to our knowledge, the compaction of within two weeks after preparation.
long, single-chain, double-stranded DNA by well-defined cat-  Preparation of DNA/NP Complexes.For all experiments,
ionic nanoparticles as a model of histone core particles has neverwe used T4 DNA solution at a concentration of 1@nol-L 1
been investigated in detail up to now. (in nucleotides) in a 1@ mol-L~! Tris-HCI buffer solution
Inspired by biological significance of this system, many (pH = 7.4). Nanoparticles were slowly added to the DNA
theoretical physicists have worked on the problem of semiflex- solution under gentle stirring to prevent from DNA damage
ible polyelectrolyte chain, such as DNA, interacting with (chain breaking). The resulting DNA/NP complexes were
oppositely charged spher&s® Except for Monte Carlo observed 30 min after preparation.
simulations by Jonsson and Lingemost studies focused on Fluorescence Microscopy (FM).Sample solutions were
the local interaction between a short segment of chain and oneprepared by successive mixing of water, Tris-HCI buffer solution
single oppositely charged sphere by neglecting the effect of the (1072 mol-L~1), NaCl when needed (from 0 to 1.5 miot?),
total DNA length or the number of particles per chain. fluorescent dye DAPI (10’ mol-L 1), T4 DNA (10~ mol-L 1),
Also, there have been very few experimental reports on model and nanoparticles. Fluorescent microscopic observations were
systems in which long single-chain duplex DNA is compacted performed using an Axiovert 135 TV (Carl Zeiss, Germany)
through the interaction with oppositely charged nanosized microscope equipped with a 180oil-immersed lens and
polycations. selective filters for the fluorescence of DAPI (Abs/Em
Hence, we developed recently a series of cationic spherical 350/420 nm) and Rhodamine Red-X (Abs/Em 570/590 nm),

polyions that can be used as a primary model of histone corerespectively. Fluorescent images were recorded using an
proteins in the compaction of long duplex single-chain DNMA.  EB-CCD camera and an image processor Argus 10 (Hamamatsu
This system consists of well-defined monodisperse cationic Photonics, Hamamatsu, Japan). Under these experimental condi-
nanopar[ides (NP) with various sizes ranging from 10 to tions, we can directly observe the bulk conformation of a Iarge
100 nm and single-chain bacteriophage T4 DNA {&7-contour number of individual DNA chains (DAPI filter) and localize
length, 166 000 base pairs). The present article deals with asSimultaneously the actual position of individual nanoparticles
systematic detailed experimental investigation on the compaction(Rhodamine filter). Because of the blurring effect of fluores-
of single-chain long T4 DNA by such histone-inspired cationic cence light, the apparent sizes of fluorescent images are
nanoparticles. By the combination of in-situ fluorescence approximately 0.3«m larger than the actual sizes.

microscopy (FM) observations in the bulk solution, transmission ~ Transmission Electron Microscopy (TEM). Sample solu-
electron microscopy (TEM), and molecular dynamics simula- tions for TEM were prepared in the same manner as for FM
tions (MD), we analyzed the DNA/NP complexes at various ©Observations. TEM observations were performed at room
stages of compaction. We studied the effect of salt concentration,temperature using a JEM-1200EX microscope (JEOL, Tokyo,
particle size, and particle charge (preliminary study) on the Japan) at an acceleration voltage of 100 kV. We used carbon-
overall DNA chain conformation and NP distribution, on coated grids with a mesh size 300. Each grid was placed for 3
the local organization of DNA on NP surface, on the amount Min on top of a 1%L droplet of DNA solution (10" mol-L %)

of adsorbed DNA per NP, and on the mechanism of the BNA Onh a Parafilm sheet. After the solution was blotted with filter

NP interaction. paper, the grid was placed for 15 s on aid5droplet of uranyl
acetate (1% in water) for staining prior to final blotting and
Materials and Methods microscopic observation.

] ] Molecular Dynamics (MD) Simulations. Numerical simula-

Materials. T4 DNA was purchased from Nippon Gene Co.  tijons of DNA/NP interaction were performed by using a coarse-
Ltd., Japan. Silica nanoparticles were a gift from Nissan grained model composed of a semiflexible polyelectrolyte and
Chemical Industries Ltd., Tokyo, Japan (organosiloxasols oppositely charged nanospheres. We prepared a polyelectrolyte
IPA-ST, IPA-ST-MS, IPA-ST-L, and IPA-ST-ZL). Poly{ chain modeled b, spherical monomers of diametey, and
lysine) (Mw = 30 000-70 000 gmol™), fluorescent dye DAPI  chargez, (in units of the elementary charge) aNg spherical
(4'6-diamidino-2-phenylindole), spermin&|,\'-bis(3-amino- nanoparticles of diameter, and charge, in a periodic cubic
propyl)-1,4-diaminobutane), and NaCl were from Nacalai poy of characteristic size = 1000y, Adjoining monomers along

Tesque Inc. (Kyoto, Japan). Fluorescent dye Rhodamine Red-Xthe chain were connected by the harmonic bonding potential
was from Molecular Probes, Invitrogen (Tokyo, Japan). Deion- Ubond

ized water (Milli-Q, Millipore) was used for all experiments.

Fluorescent Modification of Poly(L-lysine). Poly(L-lysine) Koong
at a concentration 10~ in water was labeled by Rhodamine Upond=—— (Ir; = Tl — 0)°
Red-X fluorescent dye using a FluoReporter labeling kit 20m2 chain
(Molecular Probes) according to the procedure suggested by
the manufacturer. where we chose a relatively large spring constapia = 400

Nanoparticle Modification. Five microliters of a 30 wt % to keep the bond length at a nearly constant vatye(Here
suspension of silica nanoparticles in isopropanol was first and hereafter all energies are expressed in units of thermal
dispersed in 5 mL of pure water. This water suspension was energyksT). The mechanical stiffness of the chain is controlled

then mixed with 3 mL of an aqueous solution of palysine) by the following bending potentidlyeng

at a total poly(-lysine) concentration of 10-f~1, containing

10 mol % of poly(-lysine) labeled by Rhodamine Red-X. After (ri — ri_(ri — r)\?
15 min of vigorous stirring, the poly{lysine)-modified particles Upend= Koend Z 1-

were separated by centrifugation at 15 000 rpm for 90 min. The chain 0,2

m
particles were then purified three times by addition of 15 mL

of water followed by separation by centrifugation. Finally, In the present study, we set the bending parametgs= 10,
nanoparticles were dispersed in water and were stored protectedvhich results in a mechanical persistence lerigtis 120y,
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All the particles and monomeric units interact through the typical fluorescence microscopy (FM) images of T4 DNA
electrostatic forces as well as the steric forces because of theirmolecule labeled by DAPI fluorescent dye. In this figure, an
excluded volumes (here modeled by the repulsive part of the individual DNA molecule is observed as a fluctuating coil with
Morse potential). As for the electrostatic part, we employed the a slow translational diffusive motion. On the other hand, cationic
linearized DebyeHiickel potential with the inclusion of the  particles were prepared by the adsorption of Rhodamine-Red
finite size effect of particles. The Deby#iuckel approximation X labeled poly(-lysine) onto silica nanoparticles of various sizes
is not quantitatively exact but is expected to produce qualita- (Figure 1b, see Materials and Methods for details of the NP
tively proper results. Therefore, the interaction between units | preparation). Four sets of nanoparticles have been prepared,
and J (here, |, J label either monomer or nanoparticle) separatechamely, S, M, L, and XL, with mean diameters of d4, 15,

by the distance is 40, and 100 nm, respectively. Figure 1c shows transmission
electron microscopy (TEM) pictures of thus prepared cationic
U — lgz2; expl—«(r — (o, + 0y)/2)] I particles (i.e., after polytlysine) modification) together with
N (1 + k0/2)(1+ ko42) r the size distribution established on 8¢80—200 specimens. The
expl-a(r — (0, + 0)/2)] distribution of particle size is narrow regardless of particle size,

and we have measured mean diameters of #0.Z2.7 nm,

wherelg is the Bjerrum lengthlg = €%/(4mekgT) ~ 0.71 nmin 151+ 3.6 nm, 41.7 7.0 nm, and 99.% 5.6 nm for S, M, L,
pure water at 298 K) and the inverse Debye screening length @nd XL nanoparticles, respectively. By fluorescence microscopy

is tuned by the concentration of monovalent &y, that is, of nanoparticles (Rhodamine-Red X fluorescence) in pure
aqueous solution, particles appear as freely moving individual
K = [4m5(2C o+ (2N + Zpr)/L?’)]m ~ (&TlBCsalt)l/Z objects in solution with homogeneous Brownian diffusion

coefficient (Figure 1e). This indicates that the nanoparticles are
As for the exponent for the Morse potential, we adopted nearly monodisperse in diameter and are well dispersed in the
a = 24, which ensured rather hard core repulsion. aqueous medium (the presence of particle aggregates is negli-
The underdamped Langevin equation was employed for the gible). From electrophoretic mobility measurements, the surface
time evolution (hydrodynamics interaction was neglected for charge density of particles was estimated to betcaenm™2
simplicity). The equation of motion for ith units is governed for all particles studied.
by The interaction between individual DNA chains and nano-
) particles was directly observed in the bulk solution by
d, - dr; ou fluorescence microscopy, and the detailed morphology of the
m P A +Ri(O— or; DNA/NP complexes was resolved by transmission electron
microscopy. Furthermore, microscopic observations were
wherem, y, are the mass and friction constant of the monomer complemented by molecular dynamics analysis of DNWP
(I = m) or nanoparticle (= p), respectively. Random force interaction.
Rii(t) is Gaussian white noise obeying the fluctuatiatissipa- In-Situ FM Observation of Single-Chain DNA Compac-
tion theorem. The internal energyconsisted of all the potential  tjon. For in-situ observation of the DNA/NP interaction by
terms described above. The ratio of the friction constant betweenfluorescence microscopy (FM), DNA and nanoparticles were
the core particley, and the monomerym was evaluated  |abeled by two distinct fluorescent dyes. DNA was labeled by
according to Stokes law. We chose a relatively large mass DAPI (Abs/Em 350/420 nm), while the nanoparticles were made
M = My(om/op)*® = 1 to save calculation time, but all this setup  fluorescent through preliminary modification of palyly/sine)
associated with the inertial part should not affect the motion \ith Rhodamine Red-X (Abs/Em 570/590 nm). Figure 2 shows
within the time scale of interest, which is much longer than the the simultaneous FM observation of the specific fluorescence
relaxation time of velocity. The dynamics of the system fom DNA (Figure 2a) and nanoparticles (Figure 2b) and the
was performed using a leapfrog algorithm with a time step of schematic illustration of the observed interaction (Figure 2c)
At = 0.00%, wherer = ymon?/keT is & unit time step. Starting  of single-chain DNA interacting with XL nanoparticles, as a
from random |n|t|al Conﬂgurations, a” Slmu|atI0nS were Carried function Of an increasing Concentra‘tion Of nanopartic'es_ In the
out typically more than 10time steps, which allowed us to  apsence of nanoparticles ([NR]O wt %), all individual DNA
obtain good statistics. _ chains are in the typical elongated coil state characterized by a
_For the present study, we fixed monomer chazge= —5, slow translational diffusion and large intrachain fluctuations (see
Bjerrum lengthlg = 0.50m, chain lengtiNm = 200, and varied 350 Figure 1d). When XL particles are added to the DNA
Debye lengthik—? apd parameters associated with nanopar- gg|ution (INP]= 2 x 104 wt %), one can observe that the
ticles: numbem,, sizeop, and charge,. DNA chain forms a complex with one nanoparticle (DNA/XL1).
With a further increase in the XL concentration, the DNA chain
forms successive complexes with two nanoparticles (DNA/XL2
Model Experimental System.We studied the interaction of ~ at [NP]= 4 x 10* wt %), three nanoparticles (DNA/XL3 at
individual long duplex DNA molecules with oppositely charged [NP] =6 x 10~* wt %), and four nanoparticles (DNA/XL4 at
spherical particles of nanometer dimension (Figure 1a). As long [NP] = 8 x 10* wt %), prior to full compaction ([NP}=
DNA molecules, we used double-stranded T4 bacteriophage 1 x 1073 wt %). Observed DAPI fluorescence is significantly
DNA (166 000 base pairs, 5#m contour length) at a concen-  brighter at the position of nanoparticles, indicating a higher local
tration of 107 mol-L~1in nucleotides. At this concentration in  density of DNA around the nanopatrticle, that is, a significant
a buffer solution (102 mol-L~1 Tris-HCI in our study), part of DNA chain is effectively adsorbed on each XL particle.
individual T4 DNA molecules do not interact with each other Integration of DNA fluorescence intensity at the position of
and take an elongated coil conformation, because of monemer nanoparticles suggests that a similar amount of DNA is adsorbed
monomer electrostatic repulsion, with large intrachain fluctua- on the different nanoparticles along the chain and for the
tions because of thermal motion of monomers. Figure 1d showssuccessive steps of compaction. The process of the compaction

Results and Discussion
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Figure 1. Experimental system. (a) As a model system, we used cationic nanoparticles (NP) of various sizes to compact single chains of long
duplex DNA molecules (T4 DNA, 166 000 base pairs, contour lengttard)l We studied thus obtained DNA/NP complexes by means of fluorescence
microscopy (FM), transmission electron microscopy (TEM), and molecular dynamics (MD) simulations. (b) Cationic NPs are formed by adsorption
of fluorescent poly(-lysine) onto silica nanoparticles (details in Materials and Methods). (c) TEM images (top) and size distribution (bottom) of
the four sets of cationic NPs that have been prepared, namely, S, M, L, and XL, with mean didbpetérs0.7 +£ 2.7 nm, 15.1+ 3.6 nm,

41.7 + 7.0 nm, and 99.3t 5.6 nm, respectively. (d) Time-dependent evolution of a single T4 DNA molecule’ (h@l-L~* T4 DNA in

1072 mol-L~* Tris-HCI buffer) in the absence of NPs as observed by FM. Snapshots are separated by 0.2 s. (e) Time-dependent evolution of XL
nanoparticle (10° wt % in 1072 mol-L~* Tris-HCI buffer) in the absence of T4 DNA as observed by FM. Snapshots are separated by 0.2 s.

is gradual, in other words, the apparent size of the DNA chain compact) for the different NP concentrations. Inspection on the
decreases accompanied by the increase in the number oimost probable state for each NP concentration indicates that
interacting XL nanoparticles per individual DNA chain. the number of complexed nanoparticles per chain increases
By observing a large number of individual DNA chains with an increase in the NP concentration. There is a major-
(approximately 200), we built the histograms of Figure 2d, ity of single-chain DNA complexed with one (at [NR}
which shows the fraction of each type of DNA/NP complexes 2 x 1074 wt %), then with two (at [NP}= 4 x 1074 wt %),

(coil, DNA/XL1, DNA/XL2, DNA/XL3, DNA/XL4, and fully with three (at [NP]= 6 x 10~* wt %), and with four particles
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Figure 2. Fluorescence microscopy (FM) observations in the bulk solution of the interaction between a single DNA moleculd)(afd
nanoparticles (XL size) as a function of the nanoparticle concentration in Tris-HCI buffer soluticm{@BL ~*). Each column corresponds to one
nanoparticle concentration (from left to right: [NR]0, 2 x 1074, 4 x 1074, 6 x 1074, 8 x 1074, and 1x 1073 wt %). (a) Specific fluorescence
emission of DAPI-labeled DNA. (b) Specific fluorescence image of Rhodamine-RedX labeled cationic nanoparticles. (c) Schematic representation
of the DNA/NP complexes. From left to right: coil state; intermediate states, i.e., DNA/NP complexes with one (DN/XL1), two (DNA/XL2), three
(DNA/XL3), and four (DNA/XL4) nanoparticles per DNA chain; and fully compact state. (d) Distribution of stat@b(blue bar), DNA/XL1 (1),

DNA/XL2 (2), DNA/XL3 (3), DNA/XL4 (4), and fully compact state (red barpf individual DNA molecules for the successive NP concentrations.
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Figure 3. Time-dependent evolution of typical DNA/NP complexes for T4 DNA(Athol-L %) in the presence of XL nanoparticles in Tris-HCI
buffer solution (102 mol-L~%). Fluorescence microscopy images of DNA/XL2 complex (NP} x 1074 wt %) (a) through DAPI filter selective
for fluorescence from DNA and (b) through Rhodamine Red-X filter selective for fluorescence from NPs. For each series, snapshots are separated

by 0.4 s.

(at [NP] = 8 x 10~* wt %) while the fraction of DNA fully the DNA image), which is stepwise at the level of a DNA single
compacted by nanoparticles progressively increases with achain. It may be obvious that, when the decrease in the long-
increase in the NP concentration. At [NR]1 x 1073 wt %, axis length is averaged on a large ensemble of individual DNA
all DNA chains are in the fully compact state. The successive chains, the transition appears as a continuous process.
adsorption of DNA on particles induces the progressive shrink-  Figure 3a and 3b shows the time evolution of a typical
ing of the chain, which is observed as a decrease in the long-DNA/NP complex with 2 XL particles per chain. Through DAPI
axis length in the FM images (longest distance in the outline of filter (fluorescence from DNA, Figure 3a), the DNA fluctuating
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b) NP
Fluorescence

Figure 4. Fluorescence microscopy (FM) observation of the late stages of compaction of a single-chain DXN&¢EQ 1) by M nanoparticles
in Tris-HCI buffer solution (102 mol-L~1). Top: Specific fluorescence of DAPI-labeled DNA. Bottom: Specific fluorescence of Rhodamine
Red-X labeled nanoparticles. NP concentration is 304 M (1—3) and 7x 10 “ (4—6) respectively.

a) DNA
fluorescence

coil part is seen connecting two parts on the chain with higher
fluorescence intensity attributed to the DNA part adsorbed on
the two XL nanoparticles. Then, when the same complex is
observed through Rhodamine Red-X filter (fluorescence
from NPs), one observes the correlated motion of the two XL
nanoparticles complexed to the DNA chain. In contrast, the fully
compact state appears as a bright, fast-diffusing spot without
internal motion. In this case, it suggests that all the DNA chain
has been adsorbed on the complexed nanopatrticles, that is, the
compaction has been fully achieved.

It is interesting to study the effect of particle size on the
compaction phenomenology. Regardless of particle size, the A 5E 75810
whole process of compaction looks similar to that for XL n(X)
particles described above in terms that single-chain DNA i gigyre 5. Transmission electron microscopy (TEM) observations of
progressively compacted when the nanoparticle concentrationsingle-chain DNA (107 mol-L~Y) interaction with XL nanoparticles
is increased and the DNA/NP complexes present typical in Tris-HCI buffer solution (162 mol-L~%). (a) Intermediate DNA-
intrachain fluctuations as long as DNA has not been fully XL complex ([NP]=5 x 10~*wt %). (b) Final DNA—XL complexes
compacted. The main differences are the number of intermediate(lNP] = 10" wt %). (c) Distribution of the number of XL nanoparticles
states between the coil and the fully compact state and thePer DNA fully compact state (NP 102 wt %). About 50 DNA-

. . XL complexes were analyzed. Images in a and b are shown at the same
?pparent adsorbed DNA amount per part'CI_e' With a decreasescale. Black arrows indicate parts of free, unfolded (not adsorbed) DNA
in the particle size, the number of intermediate states and thechain.
maximum number of particles per chain increase significantly
while the apparent amount of DNA per particle decreases. In a)
the case of small nanoparticles (M and S), the number of NPs
per chain in the late stages of compaction becomes so large
that we cannot distinguish individual NPs on the DNA chain
anymore. Figure 4 shows FM images of the late stages of
compaction as a function of an increasing NP concentration.
Through DAPI filter, one observes the shrinking of the DNA
chain as the NP concentration is increased (Figure 4a).
Simultaneous observations through Rhodamine Red-X filter
show a diffusive fluorescence from NPs underlining the profile
of the shrinking DNA chain with an increase in NP concentra- R b
tion (Figure 4b). With a decrease in NP size, the DNA adsorbed 120.0m
amount per particle decreases significantly. In this case, eachFigure 6. Transmission electron microscopy (TEM) images of single-
new nanoparticle complexed to DNA in response to an increasechain DNA (107 mol-L™) complexes with M nanoparticles in
in NP concentration is accompanied by a very small shrinking Tris-HCI buffer solution (102 mol-L~2). Nanoparticle concentration

. : .~ is (@) 5x 1074wt %, (b) 7 x 1074 wt %, and (c) 1x 1073 wt %.
of the DNA chain, and the stepwise nature of the compaction Images in a-c are shown at the same scale. Black arrows indicate parts

becomes less pronounced. ) o of free, unfolded (not adsorbed) DNA chain.
All the above-mentioned experimental observations indicate

that the DNA compaction by nanoparticles is stepwise and to the disappearance of the free chain, all DNA being adsorbed
progressive at the level of the single chain, with several on the complexed nanopatrticles.

intermediate states that increase with a decrease in the particle TEM Observation of DNA/NP Complexes: Intermediate
size. The stepwise nature of the single-chain compaction and Fully Compact States.Transmission electron microscopy
becomes less pronounced with a decrease in the NP size. ThTEM) was used to resolve the detailed structure of the DNA/
intermediate states consist of parts of free, unfolded, single- NP complexes. Figures-88 show TEM images of the inter-
chain DNA that connect particles on which a partial amount of mediate and fully compact states for different nanopatrticle sizes.
DNA has been adsorbed. Regardless of the particle size, theFirst, all intermediate DNA/NP complexes have a typical beads-
number of particles per chain increases and the fraction of free,on-a-string structure, which consists of nanopatrticles connected
unfolded chain decreases when the nanoparticle concentratiorby a thin thread (Figures 5a, 6a, and 6b). This linking thread is
increases. Finally, with a further increase in NP concentration, 2-nm wide and is assigned to free, unfolded, single-chain DNA
the DNA chain is fully compacted. Full compaction corresponds (indicated by black arrows in Figures 5a, 6a, and 6b). The

T T T T
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Figure 7. From left to right: Transmission electron microscopy (TEM) images of the fully compact state of single-chain DNAN@EL 1 in
1072 mol-L~! Tris-HCI buffer solution) obtained in the presence of tetracation spermine SPM ([SPMIJ~> mol-L~%), XL nanoparticles
([XL] = 1073wt %), L nanoparticles ([L= 1072 wt %), M nanopatrticles (M= 1073 wt %), and S nanoparticles ([$] 1072 wt %). White arrows

indicate the formation of ring structure.

50 nm

Figure 8. Transmission electron microscopy (TEM) images of the local
arrangement of DNA chain on XL (a), L (b), and M (c and d)

nanoparticles. T4 DNA concentration is ¥Gnol-L = in 1072 mol-L~*
Tris-HCI buffer solution and NP concentration is (a) [XLF

7 x 104wt %, (b) [L] = 7 x 1074wt %, (c) [M] = 5 x 107 wt %,
and (d) [M] = 5 x 10~* wt %, respectively. Black arrows indicate
nanoparticles onto which DNA wrapping is clearly visible.

presence of this free, unfolded DNA chain is responsible for

A)
(a) ({ (c) (d)
B)

b

(a) (? (c) (d)

Figure 9. Typical snapshots obtained from molecular dynamics (MD)
simulations on a semiflexible polyelectrolyte single-chain DNA in the
presence of an increasing number of oppositely charged nanoparticles
per DNA chain (aN, = 5, (b) N, = 10, ()N, = 15, and (d)N, = 20.

For each series, the nanoparticle sizevas 2, and the particle valency

Z, was 40. The Debye length was fixed at (&) = 1o, and (B)« ™t

= 0.30m, respectivelyon is the monomer diameter. The DNA chain

is indicated in red and nanoparticles are indicated in yellow.

form small aggregates along the chain (Figure 6a). It is likely
that the formation of aggregates is mediated by the DNA chain
since such aggregates are not observed in the NP suspension
without DNA (Figure 1c and 1e). The formation of segregated
structures has been also observed in our MD simulations
(see forthcoming section and Figure 9).

TEM observations of DNA complexation with the largest XL

the intrachain fluctuations of the DNA/NP complexes as nanoparticles confirmed FM observations, that is, formation of
observed by FM in the bulk solution (Figure 3a and 3b). Each DNA complexes with 1, 2, 3, and so forth nanoparticles when
bead corresponds to a nanoparticle onto which part of the DNA NP concentration is increased. In the case of intermediate states,
has been adsorbed. These beads-on-a-string structures presetitese complexes consisted of-4 nanoparticles bound to a
similarities with the structure of open chromatin, which consists 2-nm-wide string, which is assigned to free single-chain DNA.
of an array of nucleosome core particles, separated from eachFor instance, Figure 5a shows a part of a DNA/XL complex

other by up to 80 base pairs of linker DN&:4344However,

where the free-single-chain DNA binding a nanoparticle is

contrary to the periodic structure of natural open chromatin, clearly identified (indicated by black arrows). With an increase
nanoparticles are distributed in a nonperiodic way and can evenin the NP concentration, the number of particles per chain
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TABLE 1: Characteristics of Fully Compacted DNA—NP It is interesting to compare DNA/NP fully compact states
Complexes for XL, L, M, and S Nanoparticles obtained by interaction with cationic nanoparticles to DNA
NP NPs per chain turns per NP compacted by spermine, a tetracationic polyamine typically used
XL 5-8 2336 as a DNA condensing agent. In the latter case, DNA charge
L 40-50 9-11 neutralization induces the DNA folding, and a toroidal morphol-
M 600—1200 2 ogy with an outer diameter of 22100 nn¥45is adopted because
S >5000 <0.3 of the native rigidity of the DNA double-stranded chaf’

a Obtained from TEM observations: Number of nanoparticles NPs For this purpose, Figure 7 shows at the same scale a series of
per DNA chain and corresponding average length of adsorbed DNA TEM images of typical single-DNA fully compact states of T4

per nanoparticle expressed in terms of particle circumference or turns. DNA in the presence of spermine or nanoparticles of various

oion ot et N Sameomana neecosay o sompime DA SZ65: The comparison of DNA collpse by multiation and
compaction. by nanoparticles makes clear the fact that DNA compacted by

nanoparticles is distributed on nanosized subunits (the nano-

increases, while the fraction of free, unfolded chain decreases.part'dles) an(:]thui OCCclj,lpIES datr: eg)fzc;‘uve volunl}e that_'i? .
This induces a progressive, overall shrinking of the chain as times larger than that adopted by upon self-assembly into

observed by fluorescence microscopy. With a further increase & to_roidal condensate. In our experimental_ conditions, single-
in NP concentration, DNA is finally fully compacted and a chain D.NA molecgles compapted by spermine were about 70
DNA-XL fully compacted state contains from 5 to 8 nanopar- 20 "M in outer diameter while the overall size of DNAP
ticles for one DNA chain (Figure 5b). Analysis of the number compact states ranged from 300 to 600 nm fqr XL, L, and M
of XL nanoparticles per DNA chain in such a fully compacted Particles with a weak dependence on particle size. The BEA
state shows that the distribution is quite narrow and has a meancomplexes were slightly larger with a typical size of 6@DO
value of about 6 (Figure 5c). When the particle size decreases,"M- Moreover, since the amount of adsorbed DNA is almost

the number of particles per chain increases significantly, dependent of NP concentration, we may expect that the

indicating that a lesser amount of DNA is adsorbed on individual characteristic size of DNANP fully compact states decreases
NP surface, which is in agreement with FM observations. The with a decrease in DNA coqtour length. In contrast, it is known
scenario of single-chain DNA compaction by smaller NPs is that the size of DNA toroidal condensates compacted by a
essentially the same as that by XL nanoparticles, except thecondensing agent such as spermine is mainly controlled by DNA
increasing number of particles per chain. Figure 6 shows, for M9idity and is almost independent of DNA contour length.
example, the compaction of single-chain DNA by M nanopar-  Arrangement of DNA Chain on Nanoparticle Surface.The
ticles. At a low NP concentration, individual DNA molecule arrangements of DNA on the surface of XL, L, and M
adsorbs on NPs available in the solution to form a beads-on- nanoparticles in intermediate and final complexes are interesting
string structure where the nonadsorbed part of the chain connectgo understand the DNA/NP interaction and mechanism of such
individual or small groups of nanoparticles wrapped by adsorbed interaction and to compare to the chromatin organization in
DNA (Figure 6a). With an increase in the NP concentration, which DNA wraps 1.7 times around every octamer of histone
the free part of DNA adsorbs on new particle inducing an overall proteins. Typical examples of DNA chain arrangement on XL,
shrinking of the chain together with an increasing number of L, and M nanoparticles are shown in Figure 8. In the case of
particles per chain (Figure 6b). With a further increase in the large particles (XL, L), the part of DNA adsorbed on the particle
NP concentration, DNA chain finally reaches the fully compact is observed as a ribbed texture of the particle surface (Figure
state in which the full length of the chain has been adsorbed on8a and 8b). In controlled experiments without DNA, particle
a quite large number of nanoparticles (Figure 6¢). As mentioned surface always appeared smooth and such texture has never been
before, complexed nanopatrticles are not distributed in a periodic observed. Therefore, this ribbed texture is attributed to the
way on the DNA chain during the complexation process presence of DNA and it suggests that a significantly important
(intermediate states). When the NP size decreases, there is amount of DNA has been adsorbed on the particle surface, in
tendency to clusterize upon complexation with DNA (e.g., agreement with the FM observations. For smaller particles, the
Figure 6a), and this tendency becomes more pronounced wheramount of adsorbed DNA reaches the case when single-chain
the number of nanoparticles per chain increases. DNA makes one or a few turns around nanoparticle, and DNA
Finally, the number of particles per DNA chain in the final chain can be clearly observed on the nanoparticle surface as a
DNA—NP complex (fully compact state) is also strongly line with 2-nm width (this 2-nm line is attributed to DNA since
dependent on NP size. Figure 7 shows in the same scale a serie§ was never observed on NP surface in the absence of DNA or
of typical fully compact states, or condensates, of single-chain in the case of bare silica nanoparticles in the presence of DNA).
DNA as a function of the NP size. Although the path of Figure 8c shows a close-up of an M nanoparticle in a DNA/M
individual DNA chain in these condensates cannot be fully complex ([M]=5 x 10~* wt %), where DNA chain makes
traced, it is strongly suggested that these condensates contaiglearly one turn around the nanoparticle. Figure 8d shows also
one single DNA chain since most condensates for each samplea DNA/M complex but at a larger scale. In this complex, the
observed by TEM have a similar size. Figure 7 suggests that DNA chain making one turn around individual particles is
the number of nanoparticles per DNA chain in fully compact clearly observed on many particles of this complex (indicated
state increases significantly with a decrease in the NP size.by black arrows). There is almost one turn for every particle
By analyzing a large number of condensates for each NP size,which confirms the assumption that adsorbed DNA amount per
we have found that there are approximately from 5 to 8, from particle is nearly independent of particle concentration and stage
40 to 50, from 600 to 1200, and more than 5000 NPs per fully of compaction. It is also consistent with the estimated amount
compact state for XL, L, M, and S nanopatrticles, respectively of adsorbed DNA per NP as shown in Table 1. Moreover, DNA
(Table 1). This corresponds well to the decrease of DNA arrangement by wrapping the nanoparticles and making one turn
adsorbed amount per particle with a decrease in NP size asaround each NP is similar to DNA organization around histone
mentioned before. core particle in the nucleosome. With a further decrease in
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Figure 10. Typical snapshots obtained from molecular dynamics (MD) simulations of single-chain DNA fully compact state for (A) large, (B)
medium, and (C) small nanoparticles. The diameter, valency, and number of nanoparticles @ e (84 om, z, = 200,N, = 1; (B) 0p = 20m,

z, = 40, N, = 20; and (C)op, = 0.60m, Z, = 4, N, = 1000. For each condition, the Debye length was fixedat= lom. (om is the monomer
diameter). The DNA chain is indicated in red and nanoparticles are indicated in yellow.

nanopatrticle size (S nanopatrticles), we did not observe any DNA from microscopic observation. These simple calculations have
on nanoparticle surface, which shows that the wrapping of DNA been made on the basis of the average number of nanoparticles
around nanoparticle has became impossible. Instead, smalladsorbed on DNA chain and on geometrical parameters of
nanoparticles are collected on the DNA charged surface as NPsystem: length of adsorbed DNA (full length minus length of
concentration is increased and the full compaction correspondsnonadsorbed free DNA chain) and average size of nanoparticle.
to the saturation of DNA chain by nanoparticles (Figure 7S). At different stages of DNA compaction, the adsorbed amount
This collection mechanism is in agreement with a previously of DNA per nanoparticle was weakly dependent on NP
reported observation made on DNA interacting with cationic concentration but depended strongly on the particle size.
gold nanoparticles with a diameter of a few nanomeiefg. Therefore, we used the average number of NP in the fully
Special Case of Smallest Nanoparticles, “Ring” Motif in compact state and the full DNA contour length. Table 1 gives
Final Condensates.Fully compact states of DNA with the  the number of nanopatrticles per single-chain DNA condensate
smallest nanoparticles, which were formed by collection mech- as determined by TEM for the different NP sizes. It shows that
anism, have several special features. First, these complexes arthe number of particles per DNA fully compact state decreases
significantly larger than complexes of DNA with larger size significantly with an increase in the NP size, what corresponds
nanoparticles and they are observed as rather loose condensatée an increasing amount of DNA associated with a particle. The
of about 606-800 nm in overall size. Second, for this type of average adsorbed amount of DNA per particle was converted
complex, we frequently observed a “ring” motif, which is into an average DNA length adsorbed per particle and was
indicated by a white arrow in Figure 7S. This motif is important expressed in terms of a number of turns (or NP circumference)
and represents a special case of DNA chain behavior uponper particle. The estimation of the number of DNA turns per
compaction by the smallest nanoparticles (S). This morphology adsorbed particle is also given in Table 1 for different particle
was also observed in our MD simulations (see forthcoming sizes. It shows that there is a dramatic decrease in the amount
section and Figure 10C). The ring shape is somewhat reminis-of adsorbed DNA per particle with a decrease in the particle
cent of the toroidal morphology adopted by DNA chain size. Inthe case of L and XL nanoparticles, the adsorbed amount
compacted by low-molecular multications, such as spermine of DNA per particle is quite large: 2336 turns of DNA per
(Figure 7 SPM). It differs by the integration of NPs with a NP and ~10 turns of DNA per NP for XL and L sizes,
nanometric size within the compact structure. respectively. This important amount of DNA adsorbed on the
Several scenarios can be proposed to explain the observed\P surface is in qualitative agreement with the ribbed structures
ring motif. For example, the loops are formed through com- of the surface of those nanoparticles complexed by DNA as
plexation with NPs, which are not wrapped by DNA chain and observed by TEM (Figure 8a and 8b). In the case of M
stabilize the crossover contacts within the same DNA chain nanoparticles, the adsorbed amount of DNA per NP decreases
(kinetic effect). In the present case, we may suggest the significantly with 1-2 turns of DNA on average per particle.
following thermodynamic mechanism as a more plausible These values correspond well to the DNA arrangement on NP
scenario. A dense toroidal structure with a high degree of revealed by our TEM experiments where the DNA chain was
orientational bond order is a consequence of the frustration observed making one single turn around M nanopatrticles (Figure
between two competing factors: (1) strong and rather short- 8c and 8d). Finally, in the case of the smallest nanoparticles
range effective attractive interaction between segments and (2)(S), the adsorbed DNA length per NP is significantly smaller
high rigidity of the DNA chain. However, in the case of the than one NP circumference. This confirms also our TEM
compaction by finite size nanoparticles, the effective range of experiments where the adsorption of nanoparticles onto the DNA
the segment interaction would be longer, thus, the density of chain is observed without DNA wrapping around individual
the collapsed state would be less than the usual dense toroidnanoparticles. For additional verification of the amount of
This may lead to somewhat loose, nevertheless, locally orderedadsorbed DNA per particle, independent estimation of the DNA
(because of the stiffness) structures. Such a mechanism was alstength adsorbed per nanoparticle was also made on the basis of
confirmed in our MD simulations, where the DNA chain is AFM observations; it gave very similar values to that obtained
observed to collect many small NPs to fold into a loose ringlike from TEM and confirmed in particular the value of-2 turns
structure. (see forthcoming section and Figure 10C). of DNA per NP in the case of M nanoparticles (data not shown).
Estimation of the DNA Length Adsorbed per Particle. For DNA/Nanoparticle Interaction as Studied by Molecular
a semiquantitative characterization of DNA/nanopatrticle interac- Dynamics (MD) Simulations. To gain deeper insight in the
tion, we estimated the amount of DNA adsorbed per particle DNA/nanoparticle interaction mechanism, molecular dynamics
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(MD) simulations have been performed on semiflexible charged one turn per particle under corresponding experimental condi-
chain (DNA) interacting with oppositely charged nanospheres tions). This spontaneous organization of a long semiflexible
of various sizes and at various NP concentrations and Debyepolyelectrolyte chain around nanoparticles is remarkably similar
screening lengths. to the DNA wrapping around histone core particles in the

First, we studied the effect of NP concentration. Figure 9A Nnucleosome, in which many specific and local interactions
and 9B shows a series of snapshots of the simulated DNA chainbetween DNA and core proteins are also included.

interacting with nanoparticles of a medium sizg € 20m; om In the case of very small nanoparticles, the DNA/NP
is the chain diameter) for an increasing NP concentration and interaction changes drastically. In the early stages of compaction,
for two Debye lengths (Ax ™t = 1 om and (B)«* = 0.3 om. the small nanoparticles adsorb on the DNA chain with very few

First, regardless of Debye length, it shows that the chain interactschanges in the overall extension and shape of the DNA chain.
strongly with the nanopatrticles by adsorbing on the NP surfacesA very large number of nanoparticles is necessary to induce
of opposite charge. The adsorption of DNA with nanoparticles compaction of the DNA chain. When the number of nanopar-
is stepwise, that is, particles are complexed successively withticles introduced in the simulation box is high enough, for
an increase in the NP concentration. The adsorption of DNA instance, about 1000 for one DNA chain in the case of a
on NP surface is accompanied by a decrease in the freenanoparticle with a diameteg, = 0.60m, the DNA/NP complex
(nonadsorbed) chain part and by a global shrinking of the chain. tends to fold into compact structures. Under the present
The fully compact state is reached when about 20 NPs havecondition, the collapsed structures are typically loose and are
been complexed with the chain, which corresponds to a DNA/ characterized by a local orientational order, which possibly
NP charge ratio of 200« 5/40 x 20 = 1.25. This confirms results in a structure with a hole (Figure 10C). This is in
that NPs are overcharged by adsorbed DNA. There is also aqualitatively good agreement with the emergence of ring
clear tendency for DNA to wrap around the nanoparticles, which motifs in the DNA/S fully compact states observed by TEM
confirms the TEM observations on DNA complexed with M (Figure 7S). As mentioned before, such a loose structure would
particles (Figure 8c and 8d). Finally, it can be noticed that be the consequence of the “loose” profile of the effective
nanoparticles are not distributed periodically on the chain but intersegment interactions. Therefore, it is expected that denser
in a random way and may form clusters depending on the and more ordered toroidal structures are formed by tuning
conditions. In fact, Figure 9 shows that the decrease in the Debyesystem parameters, such as a coupling of the electrostatic force,
screening length is accompanied by a more globular conforma-the Debye length, and the chain stiffness.
tion of the DNA/NP complex (e.g.N, = 15) and a more Three Modes of DNA Chain Interaction with Nanopar-
pronounced tendency for clusterization (e.y = 5 and ticles. Microscopic observations of DNA/NP complexes, MD
N, = 10). Such a partially collapsed structure appears to be simulations of DNA/NP interaction, and nanostructural arrange-
analogous to the intrachain segregation observed in chargedment of DNA chain on nanoparticles with different sizes suggest
polymers under collapsing transition, such as hydrophobic three distinct cases of DNA/nanoparticles complexation: ad-
polyelectrolyte®’50or giant DNA folding transitior?? =53 Also, sorption, wrapping, and collection.
all DNA/NP complexes obtained in our simulations, exceptfor  |n the case of large XL and L nanoparticles, DNA chain
fully collapsed ones, are fluctuating structures with a rich adsorbs randomly on nanoparticle surface. For infinitely large
dynamic behavio?? All these results are in very good agreement  particles, this adsorption would be a two-dimensional adsorption
with the single-chain observations by fluorescence and electronof DNA chain on the charged surface as on a planar oppositely
microscopy. charged surfac® This way of complexation is characterized
Estimation of the amount of adsorbed DNA (Table 1) on by a very large amount of adsorbed DNA per particle and a
the NP surface and electron microscopy observations small number of particles complexed with a single DNA chain.
(Figures 7 and 8) suggest a strong influence of particle size onWe will refer to it as an “adsorption” mechanism. When the
the DNA/NP interaction. For further understanding of the effect size of NP is significantly smaller than DNA persistence length
of NP size, we performed MD simulations where the semiflex- (M nanoparticles), DNA rigidity becomes significantly important
ible polyelectrolyte chain interacts with oppositely charged and complexation is realized by a single turn or by a few turns
nanospheres of various sizes. We added nanoparticles step bpf DNA chain wrapping parallel (like a solenoid) around
step in the simulation box until the DNA reached the fully individual nanospheres. We thus qualify this way of DNA/NP
compact states (no apparent free chain). Figure 10 shows thenteraction as a “wrapping” mechanism. Actually, this wrapping
DNA/NP fully compact states for three NP sizes: very large mechanism can be considered as a particular case of absorption
(0p = 1dom), medium size ¢y = 20m), and very small mechanism; however, it might possess some unique features as
(0p = 0.60m). For a very large NP size, the chain adsorbs possibility of NP slipping along DNA chait?.>"Moreover, the
almost flat and erratically on the NP surface (Figure 10A), nearly regular arrangement of DNA around the nanoparticles can be
as a polyelectrolyte on an oppositely charged flat surface. important for precise sequence recognition or positioning.
This can be understood since the mechanical persistence lengtffrinally, in the extreme case of very small S nanoparticles, even
lp = 120m, is smaller than the NP diameter. For a medium NP single wrapping is not realized because of the high-energy cost
size, for exampleg, = 20m, chain stiffness and monomer to wrap a small nanoscale object. In this case, the small
monomer electrostatic repulsion of the polyelectrolyte chain nanoparticles adsorb on the DNA chain surface; the number of
becomes significantly important in the adsorption process of NPs necessary to fully load a long DNA chain, such as genomic
the polyelectrolyte onto individual nanoparticles. In this case, T4 DNA, is extremely large. We refer to this way of DNA/NP
our simulations showed that the chain tends to wrap around interaction as a collection mechanism.
nanoparticles by adsorbing nearly parallel and making almost  The existence of three mechanisms of interactiadsorption,
two turns around each complexed nanoparticle. This can bewrapping, and collectiordepending on the nanoparticle size
observed in the fully compact state (Figure 10B) as well as at is in good agreement with the Monte Carlo simulations of
every stage of compaction (Figure 9A;d), in good agreement ~ Chodanowski and Stotf Experimentally, flexible polyelectro-
with our TEM observation (Figure 8c and 8d, approximately lytes (PE) are known to adsorb easily even on very small



DNA Compaction by Cationic Nanoparticles J. Phys. Chem. B, Vol. 111, No. 11, 2003029

R IR B DA AR positive charge, which is necessary to compact DNA completely,

100 [ ] differs over 2 orders of magnitude. This evolution correlates

80 I . well with the different mechanism of interaction: adsorption

- 1 for large nanoparticles (XL, L), wrapping for medium size
\’? 60 i 3 ] nanoparticles (M), and collection for smallest nanopatrticles (S).
< 40 k- i _ Furthermore, it is interesting to study the effect of added salt
w’ 5 ¢ i on compaction efficiency. Regardless of particle size, the charge
20 / — necessary to compact all DNA chains decreases significantly

0 B o /./_( ] with the addition of salt, and this effect is particularly
R e I R pronounced for small particles (S, M), that is, under conditions

0.01 0.1 1 10 100 1000 of collection or wrapping mechanism.

7 |7 To further elucidate the effect of salt on DNA/NP interaction,
NP “"DNA we performed the following systematic experiments. The NP
Figure 11. Compaction curves. PercentaBeof DNA chains in the concentration was fixed and NaCl concentration was varied
fully compact state as a function of the charge rafig{Zona) of the before adding DNA. For each NaCl concentration, we analyzed

total charge of nanoparticles to the total charge of DNA for XL (red), the fraction of DNA chain in compact state in a similar manner

L (yellow), M (green), and S (blue) nanoparticles. Compaction curves ; ; ; ;
have been established on the observation of approximately 200 f'"s for Figure 11. Figure 12 shows the fraction of DNA chains

individual DNA chains. in 102 molL-* Tris-HC| buffer solution in the fully compact state as a function of total salt concentration
(pH = 7.4), without added salt (solid symbols and solid lines) and in Cs (10~ mol-L~* buffer solution+ NaCl at various concentra-
the presence of 18 mol-L~* NaCl (open symbols, dashed lines). tions) for different NP sizes. First, regardless of NP size, the

overall effect of total salt concentration is similar: (1) at a low
nanoscale polycatioPwhile rigid PE usually collect even large  salt concentration, the compaction efficiency increases with an
nanoparticles. The semiflexible nature of DNA favors the increase inCs (2) the compaction efficiency is optimal at an

occurrence of the three mechanisms of interactiadsorption, intermediate salt concentration, and (3) with a further increase
wrapping, and collectiorin a practically accessible range of in Cs, a strong decrease in compaction efficiency is observed.
particle sizes (+100 nm). This overall salt effect on compaction efficiency by cationic

Microscopic observations and MD simulations of DNA in nhanoparticles is markedly similar to that reported for natural
the presence of cationic nanoparticles made clear the existencduistones, that is, salt-induced complexation under low salt
of three distinguished modes of interaction between DNA chain condition§? and salt-induced release under high-salt condi-
and cationic nanoparticles. For further quantitative analysis, tions®* Moreover, the optimum of compaction activity by NPs
DNA compaction by nanoparticles under different conditions corresponds to a total salt concentration of about 0.1:1mé)
was analyzed by systematic fluorescent microscopy observa-regardless of NP size. This value corresponds well to typical
tions. physiological salt concentrations at which the optimal com-

Effect of Particle Size and Salt Concentration.To study plexation is also achieved in the case of histone proteins.
systematically the effect of particle size and salt concentration, The existence of such an optimum can be explained as a
we monitored DNA/NP interaction by building compaction consequence of interplays between attractive and repulsive
curves, that is, the percentage of DNA molecules in the fully electrostatic interactions involved in the system. First, at a low
compact state as a function of the NP concentration, for various salt concentration, DNA stiffness is higher because of the long-
experimental conditions (salt concentration, particle size, and range monomermonomer electrostatic repulsion (electrostatic
particle charge). Each compaction curve was obtained by persistent length3?-64 This change in DNA persistent length
measuring the fractiofr; (%) of DNA molecules in a fully I, as a function ofk~* has been confirmed experimentally; for
compact state among approximately 200 individual molecules. instance), was measured to decrease from6 nm atCs =
Figure 11 shows compaction curves obtained for different sizes 0.01 motL 1 to 484 2 nm atCs = 0.1 motL~16566and should
of nanoparticles at two total salt concentrations. Zero fraction affect the wrapping of DNA around NPs. In particular, the
of compact DNA indicates that at the particular concentration wrapping-unwrapping transition is expected for the case of
of NP no fully compacted DNA chains were observed but M particles. Second, since the complex should possess some
intermediate DNA/NP complexes might be present. Since the negative residual charge at the onset of the compaction
NP charge concentration is not a linear function of NP size, (overcharging of NPs by DNA), the electrostatic self-energy of
NP weight concentration was converted into an adimensional the compacted complex increases at lower salt concentrations.
charge ratioZyp/Zpna Obtained by dividing the total charge  Both these factors arising from the increase in Debye length
brought by nanoparticleZye (using NP concentration and NP «~1 make the compact state unfavorable at lower salt concentra-
charge density fromi-potential measurements) by negative tions. In contrast, under high salt conditions, the Debye length
charge of all DNA moleculeZpna. Compaction curves are thus  becomes so small that the DNA nanoparticle electrostatic

plotted as a function oZnp/Zpna ratio. attraction becomes screened out and the DNA adsorbed amount
Figure 11 shows the compaction profiles of DNA with decreases markedly with an increaseCinwhich corresponds
XL, L, M, and S nanoparticles in 18 mol-L ! Tris-HCI buffer well to the decrease iR observed in Figure 12. Mainly driven

solution and after addition of NaCl (1®dmol-L~1). It indicates by DNA local rigidity and electrostatic interactions, the general
that, regardless of NP size and addition of salt, DNA chains profile—increase, plateau, decreaseFgfas a function ofCs—

are compacted with an increase in NP concentration and that,is observed for all the particle sizes studied. This common
when NP concentration is large enough, all DNA molecules behavior shows that the existence of an optimal salt concentra-
are finally fully compactedK. = 100%). It shows also that, tion for the efficiency of oppositely charged nanoparticles to
with a decrease in NP size, tBRp/Zpna Charge ratio necessary  compact semiflexible DNA is a universal phenomenon, which
to compact all DNA chains increases dramatically. For instance, is not restricted to the specific case of DNA/histone interaction.
by comparing XL and S nanoparticles, the difference in the Moreover, although this general tendency is the same regardless
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Figure 12. Percentag&. of DNA chains in the fully compact state as a function of the total salt concenti@tifor XL (upper left, red symbols),
L (upper right, yellow symbols), M (lower left, green symbols), and S (lower right, blue symbols) nanoparticles. The nanoparticle concentration
was fixed as follows: [XL]= 107* wt %, [L] = 107* wt %, [M] = 7 x 107* wt %, and [S]= 1072 wt %, respectively.

of NP size, NP size has an influence on the shape of the independent of NP concentration but increases significantly with
evolution. Indeed, Figure 12 shows that the slopes of the salt-an increase in particle size and charge and is optimal at an
induced complexation under low salt conditions, and of the salt- intermediate salt concentration. Three different adsorption
induced decomplexation under high-salt conditions, decreasemechanisms have been identified depending on the correlation
markedly with a decrease in NP size. This evolution is between DNA and NPs in terms of geometry, chain rigidity,
accompanied by a marked decrease in the width of the plateauand electrostatic interactions: free DNA adsorption onto NP
region of F. versusCs. The plateau region corresponds to the surface, DNA wrapping around NP, and NP collection on DNA
situation where the amount of adsorbed DNA per nanoparticle chain. Our investigations revealed many features similar to
is maximum and independent of salt concentration. We may DNA/histone interaction: beads-on-a-string formation, DNA
expect that with a decrease in NP size, wrapping DNA around wrapping mechanism, and optimal complexation under physi-
nanoparticles becomes more sensitive to salt concentrationological conditions. Nevertheless, new features specific to DNA/
because of the electrostatic cost of bending DNA. Finally, in NP interactions have been unveiled: adsorption and collection
the limited case of very small nanoparticles (S), the increase of mechanism, irregular beads-on-a-string structures, and formation
salt concentration can induce a transition between a collectionof kinetically trapped states. The latter point is now under
configuration (low DNA adsorption) and a wrapping mechanism investigation by preparing DNA/NP complex with a dialysis
(high adsorption) under low salt conditions and a reverse method similar to that typically used for reconstitution of
transition from wrapping to collection and eventually to release chromatin. Finally, further studies on model systems containing

of nanoparticles under high salt conditions. long DNA chain and cationic nanoparticles will shed light upon
capability of such systems to be used for biological or
Conclusion and Perspectives biotechnological applicatiorfs.
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