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Silica nanoparticles, the surface of which was modified by a
3-aminopropylsilyl group, compacted gene-size DNA in aque-
ous solutions in the presence of Na+ or K+. The DNA-
compaction efficiency of histone-size (10 nm diameter) nano-
particles is greater than that of large (100 nm) nanoparticles
under similar experimental conditions.

The folding of DNA around histones to form a nucleosome
is considered to be the first step in the building of higher-order
molecular assemblies, such as chromatin, in eukaryotes.1 In
chromatin, the charge neutralization of DNA phosphate groups
by basic amino acid residues results in tight or loose DNA
folding, which determines the ON/OFF (activation/silencing)
signal of a gene.2 The DNA in chromatin forms a small loop
around histone (7 nm diameter) of only 147 base pairs,1b but
short DNA fragments of a few hundred base pairs are known
to behave as a rigid wires.3 Because in vitro genomic DNA
is frequently folded by cationic binders such spermine3,4

into doughnut-shaped DNA particles with a diameter of 100
200 nm,3,4b it is suggested that there is a mechanism providing
flexibility to short DNA fragments. Since an appropriate amount
of NaCl is known to stabilize the DNA complex with histone,5

it is likely that Na+ plays an important role in configuring
chromatin and the chromosome.6 Recently, Zinchenko et al.
reported DNA compaction using silica nanoparticles (10
100 nm diameter) coated by poly-L-lysine.7 Although a similar
promoting effect of coexisting Na+ was found,7 it is difficult to
prepare nanoparticles with the desired poly-L-lysine amount in a
surface layer. We describe here the preparation and character-
ization of histone-mimic nanoparticles (NPs) with a similar
charge value (Z) and their application to gene-size DNA
compaction.

Silica nanoparticles, Nissan Chemical IPA-ST (mean diam-
eter: 10 nm) and IPA-ST-ZL (100 nm), were treated with 3-
aminopropyltriethoxysilane in 2-propanol, and the amount of
amino groups on the resulting NPs was analyzed by acidbase
titration as summarized in Table 1.

T4 DNA (166 kbp) was compacted by NPs in an aqueous
solution in the presence of Na+ or K+. Typical fluorescence
microscopy images of DNA stained by 4¤,6-diamino-2-phenyl-
indole (DAPI) in the coil (A), partly compacted intermediate
(B), and globule (C) states are shown in Figure 1. The results
of DNA compaction by NP10’s and NP100’s in the presence of
Na+ or K+ are shown in Figures 2A and 2B, respectively. DNA
compaction efficiency, Fg, indicates the percent of DNA in the
compact globule state, and the concentration of NPs (CNP) is
given as the molar concentration of NP surface NH2 groups.
The smaller NP10’s weakly induce DNA compaction in the
absence of the salt, whereas the larger NP100’s under the same

conditions compact DNA to a moderate extent (Fg = 19%). The
addition of alkali metal ion enhances the efficiency of DNA
compaction by both NP10’s and NP100’s, but at higher concen-
trations the metal ion inhibits DNA compaction. The optimal
concentration (Cion = 200mM) was similar to that of the
physiological saline solution. The promoting and further
inhibitory effects of K+ were more significant than those of Na+.

In the presence of K+ (Cion = 200mM), the lowest concen-
tration (CNP) of NP10’s to give the globule state (Fg = 4%)
was 0.011¯M, and 13% of DNA existed in the intermediate
state.9 DNA compaction was almost complete (Fg = 92%) at
CNP = 17.7¯M under similar conditions. Large NP100’s were
less active and compacted DNA up to Fg = 89% under the same
conditions. These results are shown in Figures 2C and 2D.
When the efficiency of DNA compaction was compared between
NP10’s and NP100L’s (Z = +2.2/nm2) and between NP10M’s and
NP100’s (Z = +3.4/nm2), the following relations were found:
NP10’s > NP100L’s and NP10M’s > NP100’s. These results show
that histone-size NP10’s have higher DNA affinity5 than large
NPs, and the results were opposite to those seen in DNA
compaction induced by the NPs with poly-L-lysine.7a

When we compared the CNP values at Fg = 50%, the DNA-
compacting ability of NP10L’s was about 1/1000 that of NP10’s

Table 1. Preparation conditions and characteristics of nanoparticles

NP10L’s NP10’s NP10M’s NP10H’s histonea

Condition (% v/v)b 0.02 0.2 2 2c

NH2/mmol g¹1 d 0.55 1.1 1.8 4.1
Z/nm2e +1.1 +2.1 +3.4 +7.8 ca. +1.5
Z per particle 340 650 1100 2400 220

NP100L’s NP100’s NP100M’s NP100H’s

Condition (% v/v)b 0.02 0.2 2 2c

NH2/mmol g¹1 d 0.11 0.18 0.30 0.75
Z/nm2e +2.2 +3.5 +5.9 +15
Z per particle 6.8 © 104 1.1 © 105 1.8 © 105 4.7 © 105

aRef 8. bConcentration of 3-aminopropyltriethoxysilane. Reac-
tions were carried out at room temperature. cReaction was
carried out at 60 °C. dCalculated based on the reported density
(2.00 g cm¹3) of NPs. eAssuming that each NH2 group corresponds
to a single charge.

Figure 1. Typical images of DNA in the coil (A), partial globule
(B), and globule (C) conformational states.
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(Figure 3), although the surface concentration of amino groups
is only 1/2. NP10M’s with a 1.5-fold higher charge induced DNA
compaction with 80-fold higher efficiency than NP10’s. NP10H’s,
which had ca. four times more charge than NP10’s, compacted
DNA even at 0.1 pM (Fg = 8%), but at least CNP = 1mM was
necessary to complete DNA compaction. Therefore, DNA
compaction is optimally achieved when NPs have a moderate
charge density as shown in curves B and C of Figure 3. As
a result of low cationicity, NP10L’s with a lower charge are
less active, while there might be repulsion between NP10H’s
loading DNA chain. However, the mostly histone-like8 NP10L’s
(CNP = 1.77¯M) convert a significant amount of DNA (31%) to
the intermediate state.

To interpret the results regarding the efficiency of DNA
compaction by NPs, the following 3 factors should be consid-
ered: (i) surface charge density of NPs, (ii) the size of NPs, and
(iii) reduction of DNA stiffness. Small NPs generally has a lower
charge than larger NPs; even if the surface charge densities are
the same, the net charge would be largely lost when small NPs
interacts with DNA. For example, if NP10L’s is surrounded by
double-stranded DNA that consists of a chromatin-like 150 bp
fragment (Z = ¹300), the original net charge (+340) would be
reduced to only+40. Therefore, DNA complexes with smallNPs

can easily associate with each other to give a nucleus.7a The
stiffness of double-stranded DNA generally prevents it from
forming a loop around small NP. A DNA loop with a diameter of
ca. 100 nm created by the self-organization of sufficiently
neutralized DNA10 is considered to be a stable DNA morpho-
logy.3,4b The bending stress is obviously greater for a DNA
molecule wrapped around 10-nm NPs. Nevertheless, small NPs
are more active in DNA compaction in the presence of Na+ or
K+ than large NPs. It has been reported that coexisting metal ions
reduce the elasticity of DNA.11 At low concentrations of Na+ or
K+ (Cion < 50mM), the DNA-compacting ability of NP10’s was
weak, probably due to insufficient DNA flexibility. At higher
concentrations (Cion > 300mM), although DNA is sufficiently
flexible, the negative charges on DNA are significantly screened
by monocations. Because K+ interacts with DNA more
efficiently than Na+,12 K+ has greater promoting (in low salt)
and inhibitory (in high salt) effects on DNA compaction by NPs.
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Figure 3. Compaction efficiency Fg of 0.1¯M DNA by 10-nm NPs
of different surface charge density in solution of 200mM K+: A,
NP10L’s; B, NP10’s; C, NP10M’s; D, NP10H’s.

Figure 2. Compaction of 0.1¯M DNA by NP10’s and NP100’s in the
presence of Na+ or K+: A and B, Dependence of the DNA folding
efficiency Fg by 17.7¯M of NP10’s (A) and NP100’s (B) on monoca-
tion concentration Cion; C and D, Dependence of the DNA folding
efficiency Fg in solution of 200mM of Na+ or K+ on concentration of
NP10 (C) and NP100 (D) surface amino groups CNP.
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