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The study and mimicking of the self-assembly of biomolecular
building blocks in biological organisms to construct well-
defined two- and three-dimensional (2D and 3D) mesostruc-
tures and macroscopic architectures has recently attracted
significant attention in natural and materials sciences. The
objective of these studies are not only to better understand
the mechanism leading to the formation of structures found in
living organisms, but also to assist applications in biotech-
nology, nanotechnology, and materials chemistry.[1] Chirality
and induced superhelicity are among the most intriguing
phenomena in biological organisms.[2] As a central biomole-
cule in living organisms, DNA is one of the most attractive
“building blocks”, because of its double-stranded helical
structure with well-defined minor and major grooves, well-
regulated micrometer length and uniform diameter of about
2 nm. Positively charged counterion/supramolecule-induced
DNA packing structures can be found in almost all living
forms. Various DNA liquid crystal phases, including isotropic,
blue, cholesteric, columnar, hexagonal, and crystalline phases,
have been discussed extensively.[3] It is worth noting that the
coexistence and competition between the long-range chiral
cholesteric arrangement and the 2D-columnar packing of
DNA has been found both in vivo and in vitro.[4] The chiral
cholesteric structure and phase competition behaviors are
known to be sensitive to counter ion strength, concentration,
temperature, pressure, pH value, and other parameters.[3f,g,5]

However, the replication of chiral DNA packing with
inorganic materials has not been previously reported.

Silicon and oxygen are the most abundant elements in the
Earth�s crust.[6] Diatoms, radiolarians, and sponges are the
main sources of amorphous organic silica complexes, and
produce intricate 3D nano- and microstructures with a
precision and detail far exceeding current human engineering
capabilities.[7] However, reports on DNA directed silica

mineralization replication are extremely rare, because of the
well-known difficulty that negatively charged silica species do
not interact with DNA polyanions at pH values of 4.3–11.9,[8]

the range at which the double-helical configuration of DNA
can be maintained.[9]

Herein, we describe our efforts to synthesize chiral DNA–
silica complex (DSC) in the presence of alkaline earth metal
ions. The DSCs were fully characterized by structural and
morphological analysis using electron microscopy, which was
made possible by the framing of the DNA packing structures
in a rigid silica wall. The reversible behavior of DNA chiral
packing and the corresponding macroscopic helical morphol-
ogies were investigated by X-ray diffraction (XRD), solid-
state diffuse-reflectance circular dichroism (DRCD), scan-
ning electron microscopy (SEM) and high-resolution trans-
mission electron microscopy (HRTEM).

The formation of DSCs was based on the co-structure
directing effect of N-trimethoxysilylpropyl-N,N,N-trimethyl-
ammonium chloride (TMAPS).[10] The positively charged
quaternary ammonium group of TMAPS acts not only as a co-
structure directing agent, but also as a condensing agent for
DNA, and the silane site is able to co-condense with a silica
source, such as tetraethoxysilane (TEOS), to achieve the
subsequent assembly of a silica framework. The trimethylene
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. In our
previous work, we have found that an exceptionally small
interaxial separation of about 25 � was formed upon
quaternary ammonium phosphate electrostatic “zipping”
along the DNA–DNA contacts,[11] and the silica wall formed
between DNA molecules in the diagonal position were
optimal for the formation of a 2D-square p4mm structure.[12]

Alkaline earth metal ions are known to interact with the
phosphate group of DNA, by electrostatic or hydrogen
bonding of the coordinating water molecules that surround
the metal ions.[13] DNA chiral aggregation (including the
formation of liquid crystal phases) can be induced by adding
these metal ions to solutions of DNA.[3f,g] This effect has been
attributed to the linkage of two different DNA sites, and the
dislocated array of DNA molecules possesses an intrinsic
tendency to self-organize into cholesteric mesophases or
microdomains.

Herein, we successfully synthesized enantiomeric impel-
ler-like helical DNA-silica complexes (IHDSCs) by introduc-
ing various alkaline earth metal ions into the co-structure-
directed synthesis. Sonicated DNA ranging between 100 and
300 bp in length was used, as confirmed by 1% agarose gel
electrophoresis (Supporting Information, Figure S1). Mono-
and divalent metal ions (alkali metals and alkaline earth
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metals) and some transition-metal ions (in the form of salts),
as well as amino acids, were introduced into the DSC
synthesis (Supporting Information, Figure S2, S3). Figure 1A
shows the XRD patterns of the samples synthesized without
and with Mg2+ ions at 0 8C. Both samples revealed two well-
resolved reflections in the range 2q = 3–68, with a d-spacing
ratio of

ffiffiffi

2
p

. These were indexed as 10 and 11 reflections of a
2D-square lattice with a unit cell parameter of a� 2.5 nm,
indicating that both samples had highly ordered mesostruc-
tures. Figure 1B shows the DRCD and UV/Vis spectra of the
samples shown in Figure 1A. No DRCD signal was observed
for the sample synthesized in the absence of metal ion,
indicating the absence of a long-range DNA chiral arrange-
ment. Interestingly, two strongly positive DRCD signals were
observed at around 230 and 295 nm for the sample synthe-
sized in the presence of Mg2+ ion . This indicates the existence
of right-handedness in the DNA superhelical interaction,
similar to the nonconservative ellipticities exhibited for chiral
cholesteric organization.[3f,g,14, 15]

Figure 1C shows the macroscopic morphologies of these
two samples. The DSCs synthesized in the absence of metal
ions are composed of hexagonal platelets.[12] The sample
synthesized in the presence of Mg2+ ions showed an extra-
ordinary impeller-like helical morphology, which had a uni-
form diameter of about 4 mm and a uniform thickness of about

100 nm (the thickness of the blades). The blades grew from
the center of the impeller and stacked in a single direction,
which reveals unambiguously the handedness of the helical
morphology (Supporting Information, Figure S4). The
IHDSC with blades arranged in a clockwise manner is
defined as left-handed and that with a counterclockwise
arrangement is defined as right-handed. To express enantio-
purity, the enantiomeric excess (ee) was defined by 100 % �
[(l�r)/(l+r)], where l and r are the amount of the left- and
right-handed IHDSC in a given sample. The ee was estimated
by counting the characteristic morphologies of more than 500
randomly chosen particles in the SEM images, obtained in
over 10 different regions of the sample holder. The IHDSCs
synthesized at 0 8C were found to be predominantly left-
handed, with an absolute ee of about 50 %. According to the
corresponding positive CD signals, it can be concluded that
the DNA has a right-handed long-range chiral packing in the
left-handed impeller. The number of blades in each impeller
ranged from 8 to 14. The blades were in different inclination
angles in the range of 25–358 (insert in Figure 1C b) and
consequently the pitch length was calculated to be 20–30 mm.

In the presence of Mg2+ ions, IHDSCs with highly ordered
2D-square p4mm structures can be synthesized with different
TMAPS/DNA molar ratios, as revealed by XRD patterns
(Supporting Information, Figure S5). It is interesting to note
that the handedness of the IHDSCs changed depending on
the quaternary ammonium/phosphate ratio, and was reversed
at higher ratios. As shown in Figure 2A, the left-handed
impeller-like helical DSC content, denoted by + , decreased
with increasing TMAPS/DNA molar ratios. Enantiomeric
impellers with ee values of 50, 25, 10, �5, and �15 % were
observed with TMAPS/DNA molar ratios of 3.5, 4.5, 5.5, 6.5,
and 7.5, respectively. This result unambiguously revealed the
reversal of handedness from predominantly left-handed to
right-handed impellers achieved by controlling the interac-
tion between quaternary ammonium group of TMAPS and
phosphate of DNA.

Figure 1. Structures and morphologies of the DSCs. A) XRD patterns,
B) DRCD and UV/Vis spectra, and C) SEM images of the DSCs
synthesized a) without and b) with addition of Mg2+ ions at 0 8C. Inset
of SEM image (Cb): SEM image taken from the direction perpendicu-
lar to the impeller axis. Left- and right-handed impellers are denoted
by + and �, respectively. The synthesis molar composition of DNA/
MgCl2/TMAPS/TEOS/H2O is 1:x :3.5:15:18000, where x = 0 (a) and 1
(b). The pH value of both synthesis solutions was 5.20.

Figure 2. Reversal of the handedness of IHDSCs with increasing
TMAPS/DNA molar ratio at 0 8C. A) SEM images and B) DRCD and
UV/Vis spectra of the IHDSCs synthesized with TMAPS/DNA molar
ratios of 3.5 (dotted line, also shown in Figure 1B b), a) 4.5, b) 5.5,
c) 6.5, and d) 7.5. The left- and right-handed impeller are denoted by
+ and �, respectively. The synthesis molar composition of DNA/
MgCl2/TMAPS/TEOS/H2O is 1:1:x :15:18000. The pH value of syn-
thesis solutions was 5.20.
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From DRCD, it can be seen that the intensity of the
positive DRCD signals at around 230 and 295 nm decreased
when the TMAPS/DNA molar ratio was increased from 3.5 to
5.5 (Figure 2B). This implies that the extent of right-handed
DNA packing had decreased, although the right-handed
excess was maintained. This result consists with the decrease
in impeller morphological ee values observed, from 50 to 10%
(that is, the extent of left-handed impeller decreased). When
the TMAPS/DNA molar ratio was further increased from 5.5
to 7.5, the DRCD signals inverted to negative DRCD signals
and then gradually increased in intensity. The IHDSCs with
right-handed excess (ee =�15 %) show two strongly negative
DRCD signals, which are exactly opposite to the DRCD
signals observed for the left-handed helical excess IHDSCs
(Figure 2B, dotted line). This result indicates that the DNA
packing has the opposite long-range chirality in the two
samples. These results were completely consistent with a
change in the IHDSCs from a left-handed to a right-handed
architecture, indicating that the handedness of the impellers
reflects the DNA packing chirality. This observation also
indicates that the handedness of DNA packing is affected by
TMAPS/DNA molar ratio.

IHDSCs with highly ordered 2D-square p4mm structures
can be synthesized over a wide temperature range, from 0 to
40 8C, as revealed by XRD patterns (Supporting Information,
Figure S6). As shown in Figure 3, the handedness of the
IHDSCs changes depending on the reaction temperature, and
was finally reversed at higher temperatures. Enantiomeric
impellers with ee values of 50, 10, �10, �40, and �80% were
observed at synthesis temperatures of 0, 4, 8, 15, and 25 8C,
respectively. The corresponding positive nonconservative
DRCD signals showed a right-handed DNA chiral packing
mesostructure, a result that was inverted when the temper-
ature was increased. The sample synthesized at 25 8C was
composed almost exclusively of right-handed impellers,
indicating that elevated temperatures were favorable to the
formation of the right-handed IHDSCs. Changing the pH
value of the synthetic mixture also gave rise to reversal of the

handedness for DNA chiral packing structure and the
corresponding macroscopic IHDSC morphology (Supporting
Information, Figure S7).

From the above results, it can be deduced that chiral 2D-
square structured DNA packing gave rise to the formation of
IHDSCs. The p4mm domains formed by DNA–DNA “zip-
pers” prefer to form a flat morphology and cannot accom-
modate a large twist angle, which would force the edge of the
DSC into a bent conformation. With further silica condensa-
tion, several bending p4mm domains on the edges cannot
coexist, damaging the integrity of the rigid DSC platelet and
inducing the breakage of the edges into multiple blades. This
leads to the formation of IHDSCs connected together in the
center, and subsequent growth along the bent blades leads to
the graceful impeller-like helical architecture. It is not
difficult to imagine that in left-handed IHDSC the p4mm
structured DNA columns are in the right-handed twisted
stacking, with a certain twist angle for each layer, and vice
versa for the right-handed IHDSC (Scheme 1).

To explore the intrinsic nature of the IHDSCs, detailed
HRTEM observations were carried out. All IHDSCs showed
highly ordered 2D-square p4mm structures at both their
center, and in the blades, by TEM (Supporting Information,
Figure S8). Meanwhile, it was observed that the blades were
often bent and only aligned with the incident electron beam in
a local region. A single blade taken from the sample
synthesized at 25 8C (Supporting Information, Figure S9),
which was formed by crushing the sample before analysis, was
carefully checked by HRTEM. Figure 4 shows the low-
magnification TEM image and the HRTEM image of the
enlarged top part, and clearly shows the highly ordered 2D-
square lattice. As expected, the crystal structure was found to
be slightly bent along the (01) plane. It showed a 1D fringe
along the middle of the blade, and finally became completely
misaligned contrast at the bottom (Supporting Information,
Figure S10). By tilting the blade along its (10) axes by 10.288
and then 9.518, the middle and bottom parts could be well
aligned, showing a highly ordered 2D-square contrast. There-
fore, the DNA columnar packing structure twisted in the (01)
lattice plane continuously in a left-handed manner. This
reveals the presence of a large-scale regular left-handed twist,
which corresponds to the results of DRCD. The orientation of

Figure 3. Reversal of the handedness of IHDSCs with increasing
temperature. A) SEM images and B) DRCD and UV/Vis spectra of the
IHDSCs synthesized at 0 (dotted line, also shown in Figure 1Bb), a) 4,
b) 8, c) 15, and d) 25 8C. The left- and right-handed impeller are
denoted by + and �, respectively. The synthesis molar composition of
DNA/MgCl2/TMAPS/TEOS/H2O is 1:1:3.5:15:18000. The pH value of
synthesis solutions was 5.20.

Scheme 1. Illustration of the macroscopic enantiomeric helical mor-
phologies and corresponding opposite DNA chiral packing of the
impeller-like helical DNA-silica complexes (IHDSCs).

Angewandte
Chemie

925Angew. Chem. Int. Ed. 2012, 51, 923 –927 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


the blades diverged slightly, revealing a splay of an extremely
small tilting angle per layer of about 0.0358, while the pitch
length was as large as 26 mm, which is consistent with results
from SEM observations.

The handedness of the DNA packing was found to be
inverted from right-handed to left-handed with increasing
TMAPS/DNA molar ratio, suggesting that the strong inter-
action between the quaternary ammonium groups and the
phosphate groups of DNA stabilizes left-handed DNA
packing. The quaternary ammonium group of TMAPS not
only links the silica species to the DNA molecules, but also
acts as a condensing agent and changes the DNA packing
behavior. The effect of increasing the temperature and pH of
the synthesis can be attributed to increase in the interaction
strength between the quaternary ammonium group of
TMAPS and the phosphate of DNA (Supporting Informa-
tion, Figure S11). Silica species are negatively charged (I�)
when operating at pH values higher than the isoelectric point
of silica (pH� 2), and the DSC is formed through a DNA-N+–
I� interaction, where the quaternary ammonium group is
covalently bound to the charged silica species (I�). The
positively charged quaternary ammonium group mediates
between both negatively charged phosphate and silicate
species. Increasing the temperature of the synthesis facilitates
silicate condensation and causes the negative charge density
of the silicate network to decrease. This leads to a decrease in
the interaction between the quaternary ammonium groups

and the negative silicate species, while simultaneously
enhancing the interaction between the negative phosphate
and the quaternary ammonium group. At higher pH values,
the charge density of the phosphate is increased. This also
enhances the interaction between DNA and the quaternary
ammonium groups. The reversal of the long-range chiral
organization from intrinsically right-handed into an induced
left-handed conformation leads to a change in the morphol-
ogy of IHDSCs from left- to right-handed.

To the best of our knowledge, this is the first example of
DNA chiral liquid-crystal-phase silica mineralization and the
first formation of IHDSCs with enantiomeric helical archi-
tectures. We expect that the insight gained into meso- and
macroscopic DNA packing will facilitate both the exploration
of DNA packing theory with addressable biological molecular
interactions and the creation of new classes of ordered helical
materials.
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