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Studying genetic material to control the two- and three-
dimensional packing of biomolecular-scale building blocks
into well-defined meso- and macroscopic structures is useful
for understanding the mechanisms involved in living organ-
isms, and assists application in biotechnology, nanotechnol-
ogy, and materials chemistry.[1] Meters of genetic material are
naturally packed into compact structures by a variety of
methods that are optimized for specific requirements.[2, 3]

Although many forms of counterion-induced DNA liquid
crystals (LCs), such as chiral nematic, uniaxial columnar, and
higher-ordered columnar phases,[4–9] as well as supramolec-
ular-directed DNA LCs with lamellar and columnar
phases,[10–12] have been studied extensively, the packing
behavior of DNA in vivo is not fully understood, and
structures mimicking silica mineralization in vitro remain
unresolved.

Herein we report the synthesis of a DNA–silica complex
(DSC) with a rare two-dimensional (2D) square p4mm
structure (hereafter denoted p4mm), together with a new
approach for the structural analysis of DNA liquid-crystal
templated mesophases by electron microscopy. By exploiting
the cooperative effects of a quaternary ammonium silane,
which acts both as a DNA condensing agent through the
positively charged quaternary ammonium group and stabil-
izes silica mineralization by co-condensing with the silica
source, p4mm and 2D hexagonal p6mm DSCs were synthe-
sized at different DNA concentrations, giving rise to a new
DNA LC phase diagram. According to the results of
simulations based on Kornyshev–Leikin theory[13,14] and
previous reports on cation-crystallized DNA,[9,15, 16] the small
interaxial separation of about 25 � formed upon quaternary
ammonium phosphate electrostatic “zipping” along the
DNA–DNA contacts and the silica wall formed between
DNA strands in diagonal positions are considered to be
optimal for formation of the p4mm structure.

In general, DNA is not capable of directing surface
deposition of silica to form a DNA–silica complex because

silicate is negatively charged in the pH range of 4.3–11.9
needed to maintain the double-helix configuration of
DNA.[17] Here we attempted to synthesize a DSC by using
the cooperative effects of N-trimethoxysilylpropyl-N,N,N-
trimethylammonium chloride (TMAPS).[18] The positively
charged quaternary ammonium group acts as a condensing
agent for DNA, and the silane site is co-condensed with a
silica source, for example, tetraethoxysilane (TEOS), for
subsequent assembly of the silica framework. The trimethy-
lene groups of TMAPS covalently tether the silicon atoms
incorporated into the framework to the cationic ammonium
groups regardless of the type of charge on the silicate. We
investigated the packing behavior of DNA in DSCs by
varying both the DNA concentration and the TMAPS/DNA
molar ratio under ambient conditions of neutral pH and room
temperature, and we found that varying these parameters
allows the DNA interaxial separation to be controlled and
consequently promotes formation of various LC phases (vide
infra for formation mechanism). Owing to framing of the
DNA by a rigid silica wall, formation of DSCs facilitates
structural analysis of the DNA LC by electron microscopy,
which provides a wealth of information not only from
reciprocal space (diffraction) but also in real space (image).

The sonicated DNA ranging in length from 100 to 500 bp
used in this study was confirmed by 1% agarose gel electro-
phoresis (Supporting Information,
Figure S1). Homogeneous solutions
were formed by addition of TMAPS
to aqueous DNA solutions of differ-
ent concentrations at room temper-
ature. Next, TEOS was added to the
mixed solution of DNA and
TMAPS. The oil drop of TEOS
gradually disappeared, and the so-
lution became cloudy and highly
dense. We found that condensation
of TMAPS and TEOS is unusually
fast at higher DNA concentration,
considering the ambient solution
conditions of neutral pH and room
temperature. After four days, the
powder product was recovered by
centrifugation and dried at 40 8C
under vacuum.

Small-angle X-ray scattering
(SAXS) patterns of the DSCs are
shown in Figure 1 as a function of
increasing DNA concentration. At
the highest DNA concentration of
1.0 mgmL�1, two well-resolved

Figure 1. SAXS patterns
of DSCs synthesized at
DNA concentrations of
1.0 (a), 0.5 (b), and 0.1
(c) mgmL�1, respectively.
The molar composition of
the reaction mixture was
DNA:TMAP-
S:TEOS:H2O =

x :6:15:18333. The sam-
ples were synthesized
under static conditions at
25 8C for four days.
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peaks appeared in the range of q = 0.2–0.4 ��1 with a d-
spacing ratio of q0/q1 =

ffiffiffi

2
p

, which is rare in previously
reported DNA liquid-crystalline phases. From this ratio, a
2D square lattice can be assumed, and the two peaks can be
indexed to 10 and 11 reflections with a unit-cell parameter of
a = 25 �. There are three possible plane groups of a 2D
square lattice: p4, p4mm, and p4gm. However, the SAXS data
are insufficient to solve the structure. The correct plane group
can be determined by HRTEM analysis (vide infra). At the
lowest DNA concentration of 0.1 mg mL�1, the sample had
only one broad peak with a d spacing of 26 �. The sample
synthesized at the intermediate DNA concentration of
0.5 mgmL�1 displayed three peaks: the q0 peak is in a
position similar to that of the sample synthesized at
0.1 mgmL�1, and q1 and q2 coincide with the two peaks
observed in the sample synthesized at 1.0 mgmL�1, that is, this
sample could be a mixture of two phases.

Scanning electron microscopy (SEM; Figure 2a1, see also
Supporting Information, Figure S2a for a low-magnification
image) revealed that the DSC synthesized at high DNA
concentration was composed of platelets uniform in size with
an average diameter of about 800 nm and a uniform thickness
of about 100 nm. The platelet thickness is equal to the average
length of DNA used here. Figures 2 a2 and 2a3 show typical
HRTEM images and corresponding Fourier diffractograms
(FDs) taken from the top and side of the platelet, which
reveal a 2D structure. The highest order of rotation is
fourfold, and the axes of reflection are inclined to each other
by 458, indicative of p4mm symmetry. Thus, the two peaks of
the SAXS pattern can be concluded to be 10 and 11
reflections based on the p4mm plane group. The unit-cell
parameter calculated from the TEM image is a = 23 �,
smaller than that obtained from the SAXS results, which
may be due to an error in the TEM observations. The crystal
was found to contain local fluctuations and defects, which may
be introduced by edge or screw dislocations due to the
nonuniform distribution of lengths of the DNA molecules
(Supporting Information, Figure S3). More particle images
are shown in Figure S4 of the Supporting Information. An
electrostatic-potential map (Figure 2 a4) of the structure was
constructed by taking the inverse Fourier summation of the
crystal structure factors[19] (Supporting Information,
Table S1). It shows that an extremely thin silica wall (or
almost no wall) was formed between the two nearest DNA
strands.

The DSC synthesized at low DNA concentration was
composed of uniform platelets of about 500 nm in diameter
and 50–100 nm in thickness (Figure 2b1, see also Supporting
Information, Figure S2b for a low-magnification image),
which is equal to the DNA length, similar to the platelets
with p4mm symmetry. The HRTEM images and correspond-
ing FDs (Figures 2b2 and 2b3) of this sample show p6mm
symmetry with a unit-cell parameter of a = 29 �. A thick
silica wall was formed, as seen in the electrostatic-potential
map (Figure 2b4). The crystal structure factors are listed in
Table S2 of the Supporting Information.

In the samples synthesized at intermediate DNA concen-
trations, particles with both p6mm and p4mm structures were
found (Supporting Information, Figure S5). The interaxial

separations of p4mm and p6mm in the same sample are about
23 � and about 28 �, respectively, similar to those of the two
pure samples. The interaxial separations of the p4mm
structures observed in the mixed samples are in the range of

Figure 2. Morphologies and structures of DSCs with p4mm (a) and
p6mm symmetry (b) corresponding to Figure 1a and c, respectively. a1

and b1) SEM images showing the microscopic features of these
samples. The samples were observed without any metal coating. a2,3

and b2,3) TEM images taken from the top and side of the platelet and
the corresponding Fourier diffractograms, showing the ordered 2D
structure. a4 and b4) Electrostatic-potential maps, clearly showing that
the interaxial separation in the p4mm structure is much smaller than
that in the p6mm structure.
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23–25 �, smaller than those of the p6mm structures, which
were in the range of 28–31 �.

The phase diagram of the DSC (Figure 3 a) shows three
types of structure: 1) DNA and DNA superstructures forming
transcribed mesoporous fibers (Supporting Information,

Figure S6) and 2) p4mm and 3) p6mm structures. These
structures were synthesized at lower TMAPS/DNA molar
ratios and at higher (1.0 mgmL�1) and lower DNA concen-
trations (0.1 mgmL�1), respectively. Intermediate DNA con-
centrations (0.2 and 0.5 mg mL�1) resulted in mixed phases
with both p4mm and p6mm structures. This result indicates
that small amounts of countercations were insufficient to
condense the DNA into packed structures. Both higher DNA
concentrations and higher TMAPS concentrations were
favorable for formation of p4mm structures. Disordered
structures were synthesized at TMAPS/DNA molar ratios
larger than 100, and an irregular monolith-like morphology
was formed at DNA concentration higher than 1.0 mgmL�1.
The phase diagrams are dependent on the H2O/TEOS and
TEOS/TMAPS molar ratios, temperature, and synthesis time.
The DSC can be synthesized over a wide temperature range
of 5–50 8C. Smaller DNA molecules (< 50 bp) led to the
formation of spherical particles (Supporting Information,
Figure S7). A combination of DNA longer than 500 bp and
TMAPS resulted in the formation of diverse porous silica
fibers of DNA[20] and irregular silica–DNA aggregates
(Supporting Information, Figure S8). The interaxial separa-
tions R obtained from the SAXS patterns decreased with
increasing DNA concentration and showed a slight increase
with increasing TMAPS/DNA molar ratio (Figure 3 b). It is
noteworthy that the R value of the p4mm (24–26 �) structure
is significantly smaller than that of the p6mm structure (29–
31 �), that is, the structural transition depends on the
interaxial separation of the DNA molecules.

DNA molecules with a large interaxial separation can be
modeled as uniformly charged cylinders.[21] However, the net
charge distribution on the molecules is not homogeneous, and

this dramatically changes the interaction potential at inter-
mediate distances.[22] The phase behavior of columnar DNA
packing depends on both the interaxial distance and on
special requirements for the azimuthal orientation.[14] In the
interacting DNA–DNA system, 2D hexagonal, 3D hexagonal,

and orthorhombic DNA LC phases
with different interaxial separations of
29.0–31.5, 23.7–29.0, and 18.1–23.1 �,
respectively, were induced by various
counterions.[9] However, in both liquid-
crystal and DNA-packing systems, it is
very rare to encounter square colum-
nar symmetry,[23] since long-range ori-
entational order is always formed by
maximizing the interaction energy and
minimizing the excluded volume.[24] It
has been reported that DNA square
packing symmetries with large interax-
ial distances (32–39 �) can be directed
by supramolecular templating.[12] Here
it was speculated that the p4mm struc-
ture with a small interaxial separation
induced by a small counterion depends
on a specific azimuthal orientation for
close DNA–DNA interaction, which
was conjectured on the basis of similar
azimuthal ordering.[14]

We propose that when TMAPS is added to the DNA
solution, a helical arrangement of the cationic quaternary
ammonium groups could form in the minor and major
grooves of the DNA through hydrophobic interactions
between the silane and grooves (Figure 4 a and b), similar to
the interaction between DNA and most cations.[25, 26] During
the synthetic reaction, the alkoxy silane sites of TMAPS will
be hydrolyzed by small amounts of water in the grooves,
gradually moved to the DNA surface, and then co-condensed
with TEOS to form the silica framework (Figure 4c). A small
DNA–DNA interaxial separation would be obtained at
higher concentrations by the formation of an electrostatic
“zipper” (II–III) with interactions between the negatively
charged strands and positively charged grooves of opposing
molecules.[13–16] An ideal zipper requires the mutual azimuthal
orientation to be 72–1088. This angle can be obtained in
geometrical calculations based on the B-DNA structure when
the two strands are separated by an azimuthal angle of about
1448 (Supporting Information, Figure S9). As shown in
Figure 4d, a square lattice with any mutual orientation
angle can be reasonably conjectured on the basis of the
lattice sums, as long as the diagonal distance is optimized to a
mutual azimuthal orientation angle of 08 (I–III).

For the square DSC with an interaxial separation of 24–
26 �, it can be determined that the interaxial separation
between DNA strands in diagonal positions is 34–37 �. The
mutual orientation of the angles in the diagonal position
would be negated by the larger distance[21] and by formation
of the silica wall, which prevents their interaction and leads to
formation of the p4mm structure. On the other hand, the
small interaxial separation would facilitate silicate condensa-
tion, and this is why fast condensation was observed at higher

Figure 3. Phase behavior and structural factors. a) Phase diagram established by SAXS patterns
and HRTEM analyses of 27 samples synthesized with varying DNA concentrations and TMAPS/
DNA molar ratios. Each synthesis gel mixture had an H2O/TEOS molar ratio of 1222:1. Empty
symbols correspond to the samples shown in Figure 1. b) Interaxial separation R versus TMAPS/
DNA molar ratio with constant DNA concentration for the samples indicated by gray lines in (a).
Interaxial separations of the mixed-phase samples were not calculated, because not every SAXS
pattern produced clear peaks indexed to two phases.
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DNA concentration. The large distance at lower DNA
concentrations and formation of silica surrounding their
surface would make the DNA column a uniform cylinder, as
well as resulting in hexagonal close packing (Supporting
Information, Figure S10).

As far as we know, this is the first example of DNA liquid-
crystal silica mineralization and the first synthesis of a DNA
2D square packing with unusually small interaxial separation.
The specific effects of cation distribution, silica polymeri-
zation, DNA interaxial separation, and DNA-helix orienta-
tion have given rise to a new DNA liquid-crystal phase
system. This result, together with structural analysis by
electron microscopy, opens new horizons for the study of
the physical theory of DNA assembly, biological macro-
molecular interactions, and assembly of functional metama-
terials.

Experimental Section
DNA assays: The DNA used in this work was DNA sodium salt from
herring testes (Sigma), formally listed as Type XIV. The DNA was
dissolved in deionized water by stirring at room temperature (ca.
298 K) for 3–4 h, with a final concentration of 1.0 mgg�1 H2O. The
solution was then treated with an ultrasonic cell crusher at 400 W for
2.5 h. Agarose gel electrophoresis was performed with 1% agarose at
130 V.

Preparation of DSCs: DSCs were synthesized from
sonicated DNA ranging from 100 to 500 bp in length,
TMAPS, and TEOS at neutral pH and room temperature.
In a typical synthesis, TMAPS (87.9 mg, 50% in methanol)
was added to the DNA solution (1 mgmL�1, 10 mL) with
stirring at room temperature. TEOS (90.6 mg) was added
to the mixed solution with vigorous stirring at room
temperature, and the mixture was allowed to react at room
temperature under static conditions for 4 d. The powder
products were recovered by centrifugal separation and
dried at 40 8C under vacuum.

Characterization: SAXS patterns were recorded on a
Nanostar U small-angle X-ray scattering system (Bruker,
Germany) with CuKa radiation (40 mV, 35 mA). The
microscopic features of all samples were observed by
SEM (JEOL JSM-7401F). To observe the true external
surface, the samples were studied without any metal
coating. An accelerating voltage of 1 kV (resolution: ca.
1.4 nm) was chosen for all mesoporous silica samples.
HRTEM was performed with a JEOL JEM-2100 micro-
scope operating at 200 kV (Cs = 1.0 mm, point resolution
2.3 �). Images were recorded with a KeenView CCD
camera (resolution 1376 � 1032 pixels, pixel size 6.45 �
6.45 mm) at 50 000–120000 times magnification under
low-dose conditions.
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