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Complex silica composite nanomaterials templated
with DNA origami
Xiaoguo Liu1,2,10, Fei Zhang3,4,10, Xinxin Jing1,10, Muchen Pan1, Pi Liu5,6, Wei Li7, Bowen Zhu1, Jiang Li1,8, Hong Chen9,
Lihua Wang1, Jianping Lin5,6, Yan Liu3,4, Dongyuan Zhao7, Hao Yan3,4* & Chunhai Fan1*

Genetically encoded protein scaffolds often serve as templates for
the mineralization of biocomposite materials with complex yet
highly controlled structural features that span from nanometres
to the macroscopic scale1–4. Methods developed to mimic these
fabrication capabilities can produce synthetic materials with well
defined micro- and macro-sized features, but extending control
to the nanoscale remains challenging5,6. DNA nanotechnology
can deliver a wide range of customized nanoscale two- and threedimensional assemblies with controlled sizes and shapes7–11. But
although DNA has been used to modulate the morphology of
inorganic materials12,13 and DNA nanostructures have served as
moulds14,15 and templates16,17, it remains challenging to exploit
the potential of DNA nanostructures fully because they require
high-ionic-strength solutions to maintain their structure, and this
in turn gives rise to surface charging that suppresses the material
deposition. Here we report that the Stöber method, widely used for
producing silica (silicon dioxide) nanostructures, can be adjusted
to overcome this difficulty: when synthesis conditions are such that
mineral precursor molecules do not deposit directly but first form
clusters, DNA–silica hybrid materials that faithfully replicate the
complex geometric information of a wide range of different DNA
origami scaffolds are readily obtained. We illustrate this approach
using frame-like, curved and porous DNA nanostructures, with
one-, two- and three-dimensional complex hierarchical architectures
that range in size from 10 to 1,000 nanometres. We also show that
after coating with an amorphous silica layer, the thickness of which
can be tuned by adjusting the growth time, hybrid structures can be
up to ten times tougher than the DNA template while maintaining
flexibility. These findings establish our approach as a general
method for creating biomimetic silica nanostructures.
We illustrate our strategy using a DNA origami silicification (DOS)
nanostructure with a pattern similar to the cell wall unit of diatoms
(Supplementary Figs. 1 and 2), with Fig. 1a sketching the silicification
process. First, we designed and constructed a DNA origami structure
containing pores with theoretical inner diameters of 5.4 nm, 9.8 nm and
82.4 nm, respectively (Supplementary Fig. 3). In contrast to the conditions under which previous double-stranded DNA (dsDNA)-guided
silicification was performed12,13, DNA origami nanostructures need
a high concentration of cations such as Mg2+ to maintain their structural integrity8. But the high ion strength also prevents the attachment
of N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride
(TMAPS) onto the negatively charged phosphate backbone of the DNA
that is needed for silicification (Supplementary Fig. 4).
Molecular dynamics simulation revealed that hydrolysed clusters Tab
(where a and b are the numbers of TMAPS and tetraethyl orthosilicate

(TEOS) molecules, respectively) with more than three TMAPS can
overcome the electrostatic potential barrier and adsorb to the DNA
backbone under high-ionic-strength conditions (Supplementary
Fig. 5 and Supplementary Table 1). We therefore adapted the synthesis
method to include a pre-hydrolysis step that promotes the formation
of Tab clusters that are able to form an inductive layer around the DNA
nanostructures, thus allowing for silica deposition. Optimized synthesis
solutions had a TMAPS to TEOS stoichiometry set at 36.0 mM:
90.0 mM (Supplementary Figs. 6–9 and Supplementary Table 2), which
ensures that pre-folded DNA nanostructures can provide sufficient
surface area and enough negative charge density to recruit Tab clusters
before they self-aggregate with free TEOS in the bulk solution. This
was confirmed by coarse-grained molecular dynamics simulations
using a 198-base-pair (bp) three-dimensional DNA origami fragment
along with a 348-bp two-dimensional DNA origami fragment that
reacted with Tab clusters (Fig. 1b and c, Supplementary Figs. 10–13
and Supplementary Table 1). Our finding that the initial formation of
small clusters is an essential step in the silicification process is in accord
with earlier observations, which concluded that amorphous silica nano
particle synthesis involves colloidally stabilized primary particles that
associate with and subsequently add to the silica structure18.
Figure 2 gives examples of DNA origami nanostructures of differing complexity characterized by conventional transmission electron
microscopy (TEM) and atomic force microscopy (AFM) before and
after silicification. TEM imaging of simple DNA origami triangles in
Fig. 2a reveals the successful formation of both the original DNA origami templates and the DOS nanostructures, with measured average
edge lengths of the triangular DNA origami frameworks and DOSs
of 120.2 ± 2.3 nm (N = 20) and 122.9 ± 4.1 nm (N = 20), respectively.
The average DNA origami edge width was measured as 22.6 ± 1.5 nm
(N = 20) while the designed edge width and measured DOS edge widths
were 26.0 nm and 25.9 ± 1.4 nm, respectively, indicating edge shrinking
for the stained pure DNA sample under TEM of around 3.4 nm.
Such shrinking is often seen when DNA origami is dried in air on diverse
substrates9,16,19 (see Supplementary Fig. 14, which also documents the
height changes and dependence of changes on imaging mode and conditions). The heights and side lengths of the triangular DOS, based on
AFM and TEM images, show the formation of a homogeneous thin silica
coating layer with uniform thickness (mean value 3.1 nm for the z axis and
2.7 nm for the x–y plane, Fig. 2b and Supplementary Figs. 15–18; see also
Supplementary Fig. 19, with additional discussion on surface roughness).
The sample composition was analysed by energy dispersive spectrometer
(EDS) mapping, with an overlay of the obtained elemental mapping images
with scanning electron microscope (SEM) images further confirming the
uniform deposition of silica on the triangular DNA framework (Fig. 2c).
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Fig. 1 | Schematic illustration and molecular dynamics simulation of
DOS strategy. a, The reaction process of the DOS diatom-mimicking
structure. The silicification was achieved through mixing DNA framework
with prehydrolysed TMAPS and TEOS. The prehydrolysing cluster has
multiple TMAPS molecules (noted as Tab, where a, b = 0, 1, 2, 3 …). The
configurations of the individual DNA double helices in the complex DNA
origami templates could be identified as single- and multi-layered strands.
In both cases, the silica could not be inserted into the spaces between the
DNA helices, because the precursor molecule was much bigger than the
gaps (about 5–10 Å) between the two adjacent dsDNA molecules. Also,
there was a high Mg2+ density inside DNA nanostructures. b, Molecular
dynamics simulation shows the DOS process whereby Tab clusters (for
example, T4) adhere onto the DNA nanostructure surfaces. A 198-bp

three-dimensional DNA origami fragment was used as our model. Mg2+
(green), DNA strands (blue), water box (light blue) and Tab clusters
(orange) are shown. c, The simulation revealed that a minimal amount of
T3 precursor (a ≥ 3) is required to compete with the high concentration
of cations (for example, 12.5 mM Mg2+) that was required by the DNA
nanostructures. However, over-hydrolysed clusters such as T38 tend to
self-aggregate before being recruited by the DNA origami. The normalized
number of local nitrogen ions (that is, equal in concentration to the
TMAPS, within an 8 Å range of the DNA origami surface), is higher than
the average number of nitrogen ions (36) found in the free solution that
contains the DNA origami, which indicates the successful attachment of
the clusters onto the DNA backbones.

To demonstrate that our method retains the ability of DNA
architecture-encoded nanofabrication for controlling sample
morphology with nanometre resolution14,15, we built a set of DNA
origami squares containing nanopores with sizes ranging, theoretically,
from 31 nm × 44 nm to 25 nm × 33 nm and 13 nm × 11 nm (not taking
the un-hybridized M13 fragment and flexibility of the DNA nano
structure into consideration; see Supplementary Figs. 20–22 for further
design details). As illustrated in Fig. 2d, measured origami pore sizes
were 639.9 nm2, 283.8 nm2 and 103.6 nm2 from class-averaged TEM
images (Supplementary Figs. 23 and 24). After silicification, pore sizes
changed to 608.8 nm2, 255.7 nm2 and 87.5 nm2 as determined from
representative averaged TEM images (N = 39, Supplementary Fig. 25);
these values correspond to diameters of 27.8 nm, 18.4 nm and 10.6 nm
for a circular pore, and to side lengths of 24.7 nm, 16.0 nm and 9.4 nm
for a square opening.
Our method can in principle create single nanopores down to 3 × 3 nm2,
which is based on the diameter of the original DNA helices and the
thickness of the silica layer after growth. This is in fact illustrated by the
diatom nanostructure, finally shown in Fig. 2e (see also Supplementary

Fig. 26), with the negatively strained DNA nanostructure before silica
deposition seen to have a less defined morphology and twisted outer
edges. In contrast, the class-averaged TEM image (N = 20) reveals well
replicated outer edges and two sets of inner pores with diameters of
about 5.5 nm and 3.4 nm that agree well with the design (more details
in Supplementary Figs. 27 and 28 and Supplementary Tables 3–5). The
area of the smaller pore, about 12.0 nm2, is much smaller than the
approximately 47.8 nm2 previously reported for the smallest nanopore
obtained by the DNA origami lithography method17 and represents a
resolution comparable to that achieved with electron beam methods20.
Beyond accurately controlling the final silica shell thickness and
pore size, our strategy provides a general and robust procedure for
building rigid three-dimensional inorganic structures in arbitrary
shapes that are difficult to create using lithography or polymer coating14,15,17,21. This is illustrated in Fig. 3a, which shows the basic designs
and negatively stained DNA architectures (see also Supplementary
Figs. 29–31) and Fig. 3b and c, which shows the corresponding DOS
structures that include two-dimensional units (square, triangle, cross
and diatom-mimicking), the two-dimensional honeycomb pattern and
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Fig. 2 | Geometrically precise control of DOS structures. a, A triangular
DOS nanostructure as a representative structure showed near-perfect
shape replication from DNA origami templates to DOS nanostructures
(schematic at top); the bottom left panel shows the negatively stained TEM
image of the DNA origami templates; the bottom middle panel shows the
TEM image of the DOS triangle; and the bottom right panel is the classaveraged TEM image of the DOS triangle. Scale bars, zoomed-out 200 nm
and zoomed-in 50 nm. b, Statistics of the heights (from AFM) and lengths
(from TEM) for DOS nanostructures with increasing growth time. Error
bars, s.d. c, EDS mapping of the DNA–silica hybrid nanostructure
(Si is coloured in orange, O in green and P in blue; SE, secondary-electron
image). Scale bar, 50 nm. d, A user-specified DOS nanopore with the

smallest diameter down to less than 10 nm. From left to right, panels show
the design, AFM images for pure DNA origami, the class-averaged TEM
images, and the size distribution of silica nanopore measured from raw
TEM images, respectively. Histograms of three different pore sizes were
normalized and fitted to Gaussian distribution curves (light blue), and the
red dashed lines indicate direct measurements of the pore sizes from classaveraged TEM images. e, DOS diatom nanostructures. From left to right,
panels show the design model of a DNA origami template, AFM images
before and after silicification, and the averaged TEM image of a DOS
diatom nanostructure, respectively. Scale bars, 50 nm. All unmarked units
refer to nanometres.

three-dimensional objects (cube, tetrahedron, hemisphere, toroid and
ellipsoid). The parameters of each DOS structure measured from TEM
images were compared with their original DNA framework design in
Supplementary Table 6. See Supplementary Figs. 32–56, Supplementary
Videos 1–3 and additional discussion for details on characterization,
comparison to previous methods, growth kinetics and yields.
Although the mechanical properties of DNA nanostructures are
important in DNA-assisted assembly and nanofabrication7,22 and the
tensile strength of DNA has been probed23,24, little is known about the
mechanical properties of DNA under pressure25,26. We found, using
AFM Peak Force toolkit (see Supplementary Information, Methods)

measurements, a tenfold increase of the Young’s modulus (E modulus)
from around 100 MPa for a DNA origami to around 1 GPa for the
corresponding two-dimensional DOS triangle, and a greatly enhanced
toughness that could withstand setoff forces up to 3,000 pN (Fig. 4a
and b, Supplementary Figs. 57–64). Although the DOS modulus is below
the values of 10–100 GPa reported for nanoporous silica27, there might
be scope for improving it. Figure 4c details the mechanical response
of a three-dimensional DOS tetrahedron under compression, which
was measured by Peak Force quantitative nanomechanical mapping in
fluid mode and revealed an increase in the average peak heights of the
samples from 16.5 nm, 22.9 nm and 39.7 nm to 52.1 nm (N = 10 nN
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Fig. 3 | Representative complex DOS nanostructures. a, Designed
models and corresponding TEM images of the DNA origami templates.
From left to right, panels show the two-dimensional structures (square,
triangle, cross and DOS diatom) and three-dimensional objects (cube,
tetrahedron, hemisphere, toroid and ellipsoid). b, The corresponding
DOS nanostructures. From top to bottom, panels show TEM images

(zoomed-out and zoomed-in), SEM images and EDS mapping images
(Si is coloured in red, O in green and P in blue; SE, secondary-electron
image). c, Silicification of a honeycomb two-dimensional pattern. Left:
negatively stained TEM image of DNA-only assemblies; right: TEM, SEM
and EDS images of the DOS honeycomb. Scale bars, zoomed-out 100 nm
and zoomed-in 50 nm.

and 1.0 nN) after 0-, 1-, 2- and 5-day silica growth, respectively
(Supplementary Figs. 65–67). Although the maximum measured height
was below the theoretical height for a rigid ideal tetrahedron (74.0 nm),
the results nonetheless illustrate that pure DNA origami nanostructures placed on a mica surface deform dramatically and that DOS
nanostructures have enhanced rigidity that increases with silica
growth time.
With the dsDNA tetrahedron reported to maintain its structural
integrity26 up to a maximum compression force of about 100 pN,
we next studied the load-deformation behaviour of a tetrahedron
DOS and found no obvious shape changes for forces up to 1,000 pN
(Supplementary Fig. 68). Even a 3.0 nN load force only bent the structure without damaging it. As shown in Fig. 4d and Supplementary
Fig. 69, the larger applied tip forces can lead to greater bending of the
DOS tetrahedrons that had experienced 5 days of silica growth.

As force-deformation responses showed a nearly ideal elastic
behaviour, we further explored the elastic properties of the DOS tetra
hedrons by applying force jumping cycles between 3.0 nN and 1.0 nN
(Fig. 4e) and found that DOS tetrahedrons withstood at least 5 cycles
and restored 80% of their initial height before being irreversibly damaged (Supplementary Fig. 70). The DOS nanostructures thus possess
toughness and structural flexibility, that is, mechanical properties typically found in biominerals28. We attribute the enhanced rigidity of
the DOS nanostructures (see also Supplementary Figs. 71–77) to the
amorphous silica shell, with further structural support provided by
water when in a liquid environment and by the bonds between the
DNA molecule and the silicon–oxygen tetrahedron of the inorganic
phase. In a final exploration of silicification-enhanced rigidity, we
attached gold nanorods to two edges of the tetrahedra and found that
the free-standing DOS–Au nanorods structure retains a distortion-free
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Fig. 4 | Nanomechanical studies on DOS nanostructures. a, Young’s
modulus (E modulus) derived from force curves, using a membrane
substrate effect correction (MSEC) model. The E modulus of a DOS
triangle after 5 days’ silicification was about ten times greater than the
original DNA nanostructure. b, Comparison between a Derjaguin–
Muller–Toporov (DMT) model and an MSEC model. ‘δmax/height’
indicates that the maximum indentation depth was divided by the sample
thickness; E/Esample indicates the dispersion of the E modulus when
taking substrate effects into consideration. The E modulus data that were
deducted from the MSEC model were independent of thickness and force.
c, AFM-tip-induced deformation of a DOS tetrahedron. The pure DNA
tetrahedron was deposited on the mica substrate, with a maximum height
of 15.2 nm. Samples aged for 1, 2 and 5 days showed increasing heights
of 21.9 nm, 44.1 nm and 48.5 nm correspondingly and were able to stand

freely on the mica surface. The AFM tip force used for the measurement
was 1.0 nN. The arrows indicate the height section directions. Scale
bars, 50 nm. d, Height changes during the deformation of a single DOS
tetrahedron that was grown for 5 days, under increasing tip forces, showed
changes from 1.0 nN to 3.0 nN. Error bars, s.d. e, Left, schematics of the
DOS tetrahedron spring. Centre, AFM images (tapping in fluid) of DOS
tetrahedron after 5 days’ silicification. Cycling forces were applied to a
single DOS tetrahedron and the recovery of structures further confirmed
the unique elastic mechanical property of the DOS nanostructures.
Scale bars, zoomed-out 200 nm and zoomed-in 50 nm. f, A free-standing
DOS–Au nanorod tetrahedron that faithfully replicates the original design,
as compared to a DNA origami tetrahedron supported nanorod structure,
which collapsed onto the surface owing to its flexibility. Left, SEM image;
centre, STEM image; and far right, TEM image. Scale bars, 50 nm.

tetrahedral geometry while the DNA-origami–Au nanorods structure
collapsed (Fig. 4f, Supplementary Figs. 78–80, Supplementary Video 4).
This suggests that DOS frameworks could in principle support metal
nanoparticles in three-dimensional space with defined angles and coupling distances that might be of interest for developing nano-electronic
and nano-photonic devices, with distortion-free nanoscale geometries
much better than have been achieved in previously reported DNA–
metal nanostructures7.
In closing, we note that one long-standing aim of nanotechnology is full control over structural features with nanometre or even

atomic-level precision. DNA has been much studied in that context as it
can be readily programmed to assemble into well defined customized
nanostructures of considerable complexity. The method we have presented here offers the possibility of transferring nanoscale geometric
information from designer DNA nanostructures (especially framework nucleic acids) to inorganic materials, illustrated by the successful
formation of silica–DNA composites with a wide range of different
shapes and inorganic coating thicknesses that control the rigidity of
the structures. Provided suitable synthesis conditions can be found,
it should in principle be possible to create composites where other
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inorganic materials coat DNA origami shapes; or even multi-component composites, through stepwise deposition of more than one inorganic material on DNA templates9,14,29,30.
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