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Solidifying framework nucleic acids with silica
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Soft matter can serve as a template to guide the growth of inorganic components with well-controlled structural features.
However, the limited design space of conventional organic and biomolecular templates restricts the complexity and
accuracy of templated growth. In past decades, the blossoming of structural DNA nanotechnology has provided us with a
large reservoir of delicate-framework nucleic acids with design precision down to a single base. Here, we describe a DNA
origami siliciﬁcation (DOS) approach for generating complex silica composite nanomaterials. By utilizing modiﬁed silica
sol–gel chemistry, pre-hydrolyzed silica precursor clusters can be uniformly coated onto the surface of DNA frameworks;
thus, user-deﬁned DNA–silica hybrid materials with ~3-nm precision can be achieved. More importantly, this method is
applicable to various 1D, 2D and 3D DNA frameworks that range from 10 to >1,000 nm. Compared to pure DNA scaffolds,
a tenfold increase in the Young’s modulus (E modulus) of these composites was observed, owing to their soft inner core
and solid silica shell. We further demonstrate the use of solidiﬁed DNA frameworks to create 3D metal plasmonic devices.
This protocol provides a platform for synthesizing inorganic materials with unprecedented complexity and tailored
structural properties. The whole protocol takes ~10 d to complete.

Introduction
Precisely controlling the structure of an object is of vital importance in material science and manufacturing. Soft templates such as surfactant micelles are widely used to shape the morphology of
subsequent materials1–3. However, the overall geometrical appearance of the products is limited to
spherical and rod-like structures, based on the critical micelle concentration (CMC) theory. Other
molecules, such as double-stranded DNA (dsDNA), have also been used to modulate the morphology
of inorganic materials4. But the ﬁnal outcomes are always chiral structures that utilize the chirality
and self-assembling nature of DNA itself. Structural DNA nanotechnology uses the robust
Watson–Crick base-pairing rule of DNA to create designer nanostructures. After more than three
decades of development, many design strategies and computational tools have been established and
have enabled the precise design of abundant 2D and 3D DNA nanostructures5–11. DNA nanostructures not only offer fully addressable platforms with nanometer resolution, but can also be used to
create highly ordered patterns up to the micrometer, or even centimeter, scale7,12. Moreover, the rapid
development of organic chemistry has established a wide variety of convenient approaches for
modiﬁcation and functionalization of DNA strands and provides bio-friendly interfaces with
potential applications in nano-electronics13, nano-photonics14,15, biosensing16,17 and targeted drug
delivery18,19. The molecular recognition between nucleic acids and their inorganic counterparts can
be facilitated by the electrostatic interaction between the DNA phosphate backbone and the cationic
molecule/ions. Therefore, customized designer DNA nanostructures are ideal candidates to serve as
structural frameworks/templates to direct the growth of inorganics in a controllable and programmable manner.
Here, we describe a DOS approach to create complex DNA–silica hybrid composites with
various programmable morphologies by using chemical reactions to deposit silica onto the surface
of DNA frameworks20. In this protocol, we present the step-by-step design and synthesis of
DNA nanostructures, describe the preparation of pre-hydrolyzed precursor and formation of DOS
nanostructures, along with atomic force microscopy (AFM) and electron microscopy (EM)
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Fig. 1 | Schematic illustration for solidifying framework nucleic acids with silica. a, DOS composites can be made in two stages. First, various DNA
nanostructures that range from 10 to 1,000 nm are assembled (Steps 1–41). Then, pre-hydrolyzed TMAPS and TEOS precursor solution is mixed with
DNA origami solution (Steps 42–45). b,c, The nanomechanical properties of DOS structures improved greatly, owing to the rigid silica shell. b, A
tetrahedron DOS structure can recover 80% of its initial height after multi-cyclic press by AFM tips. c, A DOS–AuNR tetrahedron (right) can stand
freely on the substrate, whereas a pure DNA-framework-supported AuNR structure (left) cannot. All these demonstrated the unique, tough, yet
ﬂexible mechanical properties of the DOS nanostructures. d, The DOS method can be used in DNA-origami-templated nanofabrication for transferring
designer DNA nanostructures to various inorganic materials with controllable shape, size and rigidity. Adapted from ref. 20, Springer Nature Limited.

characterization. We also present a detailed protocol for measuring and calculating the E modulus
of DNA origami and DOS nanostructures. A comprehensive overview of the protocol is provided
in Fig. 1.

Applications of the method
As a proof of concept, we used this protocol to create frame-like, curved and porous DOS nanostructures with 2D and 3D complex hierarchical architectures that range from 10 to >1,000 nm20. We
also showed that the thickness of the silica layer can be precisely tuned on a nanometer scale by
adjusting the growth conditions (Fig. 1a). Moreover, the hybrid structures can be up to ten times
tougher than the DNA frameworks while maintaining considerable ﬂexibility (Fig. 1b). On the basis
of the above applications, we believe that this protocol opens up new possibilities for nanotechnology
to concreate a variety of materials, such as metal oxides and calcium phosphate nanoparticles, on
DNA templates through electrostatic interaction between cations and negatively charged DNA
backbone with unprecedented geometric precision21–23. Another reasonable application is the creation of multi-layered/multi-component hybrid materials by a stepwise deposition of different
materials to further expand the material diversity. For example, silica can be initially partially reduced
to silicon by magnesium powder at 600 °C, then complex silica–silicon–gold plasmonic structures can
be obtained by physical vapor deposition (PVD) of gold24,25. Such capabilities will open up new
opportunities to engineer highly programmable solid-state nanopores with hierarchical features, as
demonstrated by our DOS diatom structure; new porous materials with designed structural periodicity, cavity and functionality26; and photonic crystals and plasmonic/meta-materials with longrange order27–29.
Comparison with other methods
In 2004, the Shinkai group ﬁrst used DNA as a template for silica growth. They utilized two
positively charged ammonium molecules (didodecyldimethylammonium bromide (DMAB) and
N-(6-aminohexyl) carbonic acid tert-butyl ester) to modify plasmid DNA and assist the sol–gel
2
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condensation of tetraethoxysilane (TEOS)30. This reaction took place in an organic solution, which
limited its further application. In 2009, Che’s group realized aqueous-solution-based dsDNAtemplated silica mineralization by using N-trimethoxylsilylpropyl-N,N,N-trimethylammonium
chloride (TMAPS) as a co-structure-directing agent (CSDA) to create mesoporous DNA–silica
composites with chirality4. However, owing to the dsDNA self-assembly nature of this system, the
overall morphology and size of the products were difﬁcult to control. In 2012, Mirkin and co-workers
used this CSDA strategy to stabilize DNA-assisted metal nanoparticle superlattices31. This method
treated silica as an embedding medium that did not inherit the structural information of DNA.
Compared to previously reported dsDNA-based methods, the DOS method described here can be
used to produce more complex and more precise silica nanostructures, beneﬁtting from the better
programmability, complexity and stiffness of the DNA frameworks. Compared to DNA-origamitemplated lithography32, the current DOS method excels in the complexity of silica nanostructures,
especially 3D silica nanostructures, which the former method could not realize. Furthermore, the
generalization, precision and operation of our method are better. The mild reaction conditions in
Mg2+ buffer prevent DNA origami from chemical etching–induced destruction and drying-induced
DNA distortion. Recently, Nguyen et al. reported DNA-origami-templated silica growth in low-Mg2+
solution33. However, not all kinds of DNA nanostructures can withstand low magnesium-ion concentrations34–37. Thus, this method is restricted to certain DNA structures, such as single-layered
DNA origami or less densely packed multilayered DNA origami using honeycomb lattice alignment
and having weak electrostatic repulsion of negatively charged phosphate backbones38,39. By contrast,
the DOS method described here can better preserve the structural information of DNA scaffolds in
their native environment because it never changes the solution environment of DNA origami.

Limitations of the protocol
Currently, our method is limited to interfacial reactions because the current solution formula cannot
adequately protect individual DNA–silica composites from aggregation (which is caused mainly by
dehydration of surface silanol groups). Vast and low-cost synthesis of scaffold and staple singlestranded DNA (ssDNA) could allow mass production of DNA origami templates, thus alleviating this
problem. In addition, the spontaneous self-nucleation of TEOS unavoidably contaminates the substrate, even though upside-down operation reduces most of the self-nucleated silica-cluster contaminants. We expect that slight etching with hydroﬂuoric acid will remove these contaminants from
the substrate. Its use with other inorganic components has yet to be investigated.
Overview of the protocol
In this protocol, we provide comprehensive instructions for the synthesis and characterization of
different kinds of DNA frameworks and DNA origami–gold nanorod (AuNR) hybrid templates
(Steps 1–41): synthesis of DNA origami (Steps 1–8), synthesis of DNA origami–AuNR hybrids
(Steps 25–41) and detailed procedure for characterization of DNA nanostructures (Steps 9–24). The
pre-hydrolyzed clusters are prepared by carefully premixing TMAPS and TEOS solutions in Mg2+
buffer (Steps 42–44). The DOS nanostructures are formed at the substrate–solution interface after
several days’ growth (Step 45). Last, the nanomechanical properties are characterized by AFM
nanomechanical measurement and subsequent data analysis (Steps 46–67).
Experimental design
Design and fabrication of frame-like, curved and porous DNA nanostructures
To mimic the structure of the cell wall unit of diatoms, we ﬁrst designed and constructed a DNA
origami structure containing hierarchical pores. Meanwhile, we provided various DNA nanostructure
templates, including 2D triangle, rectangle and cross; 3D curved hemisphere, toroid and ellipsoid; and
frame-like cube, tetrahedron and porous honeycomb DNA origami. All DNA origami were fabricated
by annealing a mixture of scaffold ssDNA (M13mp18, ΦX174, p8064, p7560) and short complementary staple strands in TAE–Mg2+ or TE–MgCl2 buffer at a molar ratio of 1:10. DNA
origami–AuNR hybrids were assembled by replacement of speciﬁc DNA staples with capture DNA
strands and co-incubation with complementary DNA-strand-functionalized AuNRs.
Characterization and imaging of different kinds of DNA nanostructures
We use three typical characterization methods to image the DNA origami templates and to measure
their size, height and rigidity. The folding of DNA nanostructures is ﬁrst determined by gel
NATURE PROTOCOLS | www.nature.com/nprot
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Fig. 2 | Preparation of pre-hydrolyzed precursor and fabrication of DOS nanostructures on various surfaces. a, Methods for producing
pre-hydrolyzed precursor. TMAPS and TEOS solutions are dropped sequentially into TAE–Mg2+ buffer under vigorous stirring (Steps 42–44).
b–d, Methods for DOS reaction on three typical substrates: carbon-ﬁlm-coated copper grid (b), mica (c) and silicon wafer (d). S, speed.

electrophoresis with a gel image-analysis system (Step 9). The morphologies of DNA origami are
characterized by high-resolution AFM (tapping in ﬂuid; Steps 10–13). The height and size of DNA
origami are measured by ofﬂine Veeco software (NanoScope Analysis, v.1.70). Last, the morphology
of DNA origami after drying is imaged by uranium-stained transmission electron microscopy (TEM;
Steps 14–18). Class-averaged TEM images were obtained using an EMAN2 software package, v.2.2
(Steps 19–24).
Fabrication of DOS nanostructures on various substrates
In a typical mineralization process, TMAPS and TEOS solutions are added to TAE–Mg2+ buffer
carefully under vigorously stirring. The mixture is pre-hydrolyzed for 20 min before reaction with
DNA origami (Fig. 2a). The volume ratio of TMAPS and TEOS can be adjusted within a certain
range. Three typical substrates (amorphous carbon ﬁlm on copper grid, mica sheet, silicon wafer)
were chosen to demonstrate the procedure (Fig. 2b–d). Three characterization methods (TEM, AFM,
scanning electron microscopy (SEM)) were used to image and analyze the DOS samples (Fig. 3,
Supplementary Table 1).
Measurement and calculation of Young’s modulus (E modulus) of 2D DOS nanostructures
We use Quantitative NanoMechanics (QNM) mode, an extension of Peak Force Tapping, to measure
and calculate the nanomechanical properties of DNA origami and DOS nanostructures in situ (Steps
46–64). Peak force QNM can provide fast and high-resolution mapping of sample heights and
reduced E modulus from a Derjaguin–Muller–Toporov (DMT) model simultaneously. We ﬁrst used
this approach to obtain the default DMT E modulus data. However, the thickness of DNA origami
and DOS nanostructures is too small (several nanometers), meaning that the corresponding DMT
E modulus values are inﬂuenced greatly by the substrates. As a result, the DMT E modulus
values depend on applied forces, which do not represent the actual nature of the samples. In this
protocol, we offer a membrane substrate effect correction (MSEC) model to alleviate this inﬂuence.
The E modulus data deduced from the MSEC model are independent of sample thickness and
applied force (Fig. 4).

Materials
Reagents
! CAUTION All reagents mentioned in this protocol are potentially harmful. It is necessary to use
protective clothing (lab coats and gloves) throughout the procedure. Recycling or disposal of solid and
4
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Fig. 3 | Characterization and analysis of DOS nanostructures. a, Schematic illustration and corresponding TEM image show successful coating of
silica onto DNA origami. Scale bar, 200 nm. b, Energy-dispersive spectroscopy (EDS) mapping revealed the existence of critical elements of both DNA
and silica. Scale bar, 50 nm. c, The high precision of the DOS method was demonstrated by the statistics of height (left) and length (right) changes
after DOS reaction for different amounts of time. N = 20. Theo, theoretical length of triangle DNA origami. Error bars, s.d. d, Various DOS structures
made with the DOS method and imaged by TEM and SEM. Scale bars, 50 nm. Image adapted from ref. 20, Springer Nature Limited.
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liquid waste should be done according to local or institutional regulations. CRITICAL All reagents
should be stored and prepared according to the manufacturer’s recommendations.
● Milli-Q water (type 1, ultrapure water, 18.2 MΩ·cm at 25 °C)
● DNA staples, M strands, L strands, S strands and capture oligonucleotides (Jie Li Biology); see
Supplementary Tables 2–4 for the sequences used in this protocol CRITICAL Store these at −20 °C
before dissolution to prevent DNA degradation.
●
Thiol-modiﬁed DNA oligonucleotides (Invitrogen Life Technologies); see Supplementary Fig. 1 for the
thiol-modiﬁed DNA oligonucleotide sequences used in this protocol CRITICAL Store these at
−20 °C before dissolution to prevent DNA degradation.
● M13mp18 single-stranded DNA (ssDNA; 250 μg/mL, 50 μL; New England BioLabs, cat. no. N4040)
● Single-stranded scaffold DNA, type p8064 (250 μg/mL, 500 μL; Tilibit Nanosystems, product no. M1-50)
● Single-stranded scaffold DNA, type p7560 (250 μg/mL, 500 μL; Tilibit Nanosystems, product no. M1-30)
● ΦX174 virion DNA (ssDNA; 1,000 μg/mL, 50 μL; New England BioLabs, cat. no. N3023)
● Acetic acid (CH COOH; 500 mL; Sigma-Aldrich, cat. no. 695092) ! CAUTION
CH3COOH may cause
3
skin, eye and respiratory irritation. Wear a lab coat, gloves and goggles, and work in a fume hood when
handling this reagent.
●
Boric acid (H3BO3, 500 g; Sangon Biotech, cat. no. BT0897-500G)
●
Tris base (500 g; Sigma-Aldrich, cat. no. 252859)
● Magnesium chloride hexahydrate (MgCl ·6H O; 500 g; Sinopharm Chemical Reagent, cat. no.
2
2
10012818)
● Hydrochloric acid (HCl; 37% (wt/wt) in water, 500 mL; Sinopharm Chemical Reagent, cat. no.
10011018) ! CAUTION HCl can cause burns. Wear a lab coat, gloves and goggles, and work in a fume
hood when handling this reagent.
● EDTA disodium salt (EDTA-2Na, 250 g; Sinopharm Chemical Reagent, cat. no. 10009717)
● Magnesium acetate tetrahydrate (MgAc ·4H O; 500 g; Sinopharm Chemical Reagent, cat. no.
2
2
30110518)
● Sodium chloride (NaCl; 1,000 g; Sigma-Aldrich, cat. no. 31343-1KG-R)
● Sodium hydroxide (NaOH; 500 g; Sinopharm Chemical Reagent, cat. no. 10019718) ! CAUTION NaOH
can cause burns. Wear a lab coat, gloves and goggles, and work in a fume hood when handling this
reagent.
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Fig. 4 | Instructions for the calculation of Young’s modulus (E modulus) derived from force curves, using an MSEC model. a, Force curves of sample
(SA) and substrate (SU) are saved to SA.spm and SU.spm, respectively. In a typical force curve, a full movement of the tip includes two regions: one is
an interaction region between tip and sample (blue dashed line), the other is non-interaction region (green dashed line). The whole distance equals 2×
the amplitude (orange dashed line). Scale bar, 100 nm. b Processing of force curves. Force–separation curve, contact point and adherent force are
obtained from the force curves. The lowest point of the y axis in the force curves is considered to be the contact point. The adherent force reaches its
maximum value at this point. c, Calibration of E modulus. Step 60, subtracting non-contact regions from force–separation curves and reversing the x axis
to obtain force–indentation curves. Step 61, subtraction of the SU curve from the SA curve to obtain the relationship between force and pure sample
indentation. Step 62, ﬁtting of the curves using a modiﬁed DMT model and equations to obtain an E modulus value that eliminates the inﬂuence of the
substrate. There are three distinct stages during the tip-approach process. First, the initial contact stage, at which the force on the tip is unbalanced
(orange area). Second, the elastic deformation stage, from ~10% to ~70% of maximal forces (green area). Third, the inelastic deformation stage (blue
area). Steps 63 and 64, comparison between default DMT model (blue) and MSEC model (red). c adapted from ref. 20, Springer Nature Limited.

SDS (500 g; Sinopharm Chemical Reagent, cat. no. 30166428) ! CAUTION SDS is toxic upon inhalation
or contact with skin or eyes. Wear a lab coat, gloves and goggles, and work in a fume hood when
handling this reagent.
● Ethanol (CH CH OH; 500 mL; Sinopharm Chemical Reagent, cat. no. 10009218) ! CAUTION CH 3
2
3
CH2OH can cause burns. Wear a lab coat, gloves and goggles, and work in a fume hood when handling
this reagent.
● GelRed (10,000×, 0.5 mL; Biotium, cat. no. 41003) ! CAUTION GelRed is a suspected mutagen and a
possible carcinogen. Wear a lab coat, gloves and goggles, and work in a fume hood when handling this
reagent.
● Loading buffer (6×, 0.05% (wt/vol); contains bromophenol blue and xylene cyanol FF, 1,000 μL; Takara,
cat. no. 9156)
● Certiﬁed PCR agarose (125 g; Bio-Rad, cat. no. 1613101)
● Acrylamide–N,N′-methylenebisacrylamide solution (acryl–bis = 19:1, 40% (wt/vol), 500 mL; Sangon
Biotechnology, cat. no. B546012) ! CAUTION Unpolymerized acryl and bis are both neurovirulent. Wear
a lab coat, gloves and goggles, and work in a fume hood when handling this reagent.
●
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N,N,N′,N′-tetramethylethylenediamine (TEMED; 100 mL; Sigma-Aldrich, cat. no. 411019) ! CAUTION
TEMED is toxic, corrosive and can cause burns. Wear a lab coat, gloves and goggles, and work in a fume
hood when handling this reagent.
● Ammonium persulfate (APS; 100 g; Sigma-Aldrich, cat. no. 215589) ! CAUTION APS is neurovirulent.
Wear a lab coat, gloves and goggles, and work in a fume hood when handling this reagent.
● Uranyl
acetate (3% (wt/vol), 1,000 μL; Beijing Zhongjingkeyi Technology, cat. no. GZ02625)
! CAUTION Uranyl acetate is radioactive. Wear radiation-resistant clothing when handling this reagent.
● Sulfuric acid (H SO ; 500 mL; Sinopharm Chemical Reagent, cat. no. 10021618) ! CAUTION H SO is corrosive
2
4
2
4
and can cause burns. Wear a lab coat, gloves and goggles, and work in a fume hood when handling this reagent.
● Nickel(II) chloride hexahydrate (NiCl ·6H O; 500 g; Sinopharm Chemical Reagent, cat. no. 10014218)
2
2
! CAUTION NiCl2·6H2O is toxic if swallowed or upon contact with skin or eyes. Wear a lab coat, gloves
and goggles, and work in a fume hood when handling this reagent.
● Hydrogen peroxide aqueous solution (H O ; 30% (wt/wt), 500 mL; Sinopharm Chemical Reagent,
2 2
cat. no. 10011208) ! CAUTION H2O2 is explosive, corrosive and an irritant. Wear a lab coat, gloves and
goggles, and work in a fume hood when handling this reagent.
● N-trimethoxylsilylpropyl-N,N,N-trimethylammonium chloride (TMAPS; 50% (wt/wt) in methanol,
10 g; TCI, cat. no. T2796) ! CAUTION TMAPS is toxic upon inhalation or contact with skin or eyes.
Wear a lab coat, gloves and goggles, and work in a fume hood when handling this reagent.
● Tetraethoxysilane (TEOS; 25 mL; TCI, cat. no. T0100) ! CAUTION
TEOS causes serious eye irritation.
Wear a lab coat, gloves and goggles, and work in a fume hood when handling this reagent.
● Hexadecyltrimethylammonium bromide (CTAB; 25 g; TCI, cat. no. H0082)
● Sodium oleate (NaOL; 25 g; TCI, cat. no. O0057)
●
Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O; 1 g; Sigma-Aldrich, cat. no. 520918-1G)
●
L-Ascorbic acid (AA; 100 g; Sigma-Aldrich, cat. no. 33034-100G)
● Silver nitrate (AgNO ; 10 g; Sigma-Aldrich, cat. no. S8157-10G)
3
● Sodium borohydride (NaBH ; 25 g; Sigma-Aldrich, cat. no. 213462-25G) ! CAUTION NaBH
4
4 is toxic
upon contact with skin or eyes. Wear a lab coat, gloves and goggles, and work in a fume hood when
handling this reagent.
● Nitrogen (N ) gas (purity 99.999%; Shanghai Xiang Kun Special Gas)
2
●

Equipment
Milli-Q Advantage A10 water puriﬁcation system (Millipore, cat. no. Z00Q0V0WW)
UV–visible spectrophotometer (Hitachi High-Technologies, cat. no. U-3010)
●
pH meter (Thermo Fisher Scientiﬁc, cat. no. 410p-01)
● Centrifuge (Eppendorf, model no. 5417R)
● Centrifugal ﬁlter (Amicon Ultra-0.5 mL, MWCO = 100 kDa; Merck Millipore, cat. no. UFC50100BK)
● Filter membrane (Millex-GP ﬁlter unit, 0.22 μm; Merck Millipore, cat. no. PR03683)
● Thermal mixer (Eppendorf, model no. 22331 Hamburg)
● PCR Peltier thermal cycler (MJ Research, model no. PTC-200)
● Atomic force microscope (AFM; Bruker, model no. Multimode 8)
● AFM tips (Scanasyst-Fluid+ tips; Bruker, cat. no. RTESPAW-MPP-11120-W)
● Transmission electron microscope (FEI Tecnai, model no. G2 F20 S-TWIN)
● Scanning electron microscope (SEM; equipped with an Oxford X-Maxn EDS detector; FEI, model no.
MAGELLAN 400)
●
Electrophoresis power supply (PowerPac basic power supply; Bio-Rad, cat. no. 1645050)
● Gel image-analysis system (Gene Company, model no. G:BOX Chemi XL1.4)
● Glass-bottom dish (diameter = 29 mm; Cellvis, cat. no. D29-10-1-N)
● Pipette (Eppendorf Research plus, 0.1–2.5 μL, cat. no. 3120000216; 0.5–10 μL, cat. no. 3120000020;
10–100 μL, cat. no. 3120000240; 100–1,000 μL cat. no. 3120000267)
● Plasma cleaner (Harrick Plasma, model no. PDC-32G 115V)
● Mica (Beijing Zhongjingkeyi Technology, cat. no. BP50-15)
● Carbon-ﬁlm-coated copper (Beijing Zhongjingkeyi Technology, cat. no. BZ110223a)
● Silicon wafer (Beijing Zhongjingkeyi Technology, model no. BZN100-2)
● Sapphire samples (Bruker, cat. no. SAPPHIRE-12M)
●
Iron sheet (diameter = 15 mm; Beijing Zhongjingkeyi Technology, cat. no. BP16218-50)
●
Scintillation vial (PerkinElmer, cat. no. 6000128)
● Magnet (ANPEL Laboratory Technologies (Shanghai), cat. no. SGES-001-212)
●
●
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Software
NanoScope Analysis, v.1.70 (ftp://Release:Z3Analysis91@sboftp.bruker-nano.com)
EMAN2 software (v.2.2; https://blake.bcm.edu/emanwiki/EMAN2)

Reagent setup
10× TAE–Mg2+ buffer (400 mM Tris, 20 mM EDTA-2Na, 125 mM MgAc2, pH = 8.0)
Add 48.5 g of Tris, 26.8 g of MgAc2·4H2O and 7.5 g of EDTA-2Na to 1 L of Milli-Q water, and mix to
dissolve. Use acetic acid to adjust the pH of the solution to 8.0. Use a 0.22-μm ﬁlter membrane to purify
the buffer. The buffer can be stored at 4 °C for up to 6 months. 1× TAE–Mg2+ gel running buffer
(40 mM Tris, 2 mM EDTA-2Na, 12.5 mM MgAc2, pH = 8.0). Add 100.0 ml 10× TAE–Mg2+ buffer to
900.0 ml Milli-Q water and mix the solution. The buffer can be stored at 4 °C for up to 6 months.
10× TE–MgCl2 buffer 1 (400 mM Tris, 20 mM EDTA-2Na, 120 mM MgCl2, pH 8.0)
Add 48.5 g of Tris, 24.4 g of MgCl2·6H2O and 7.5 g of EDTA-2Na to 1 L of Milli-Q water, and mix to
dissolve. Use HCl to adjust the pH of the solution to 8.0. Use a 0.22-μm ﬁlter membrane to purify the
buffer. The buffer can be stored at 4 °C for up to 6 months.
10× TE–MgCl2 buffer 2 (400 mM Tris, 20 mM EDTA-2Na, 160 mM MgCl2, pH 8.0)
Add 48.5 g of Tris, 32.5 g of MgCl2·6H2O and 7.5 g of EDTA-2Na to 1 L of Milli-Q water, and mix to
dissolve. Use HCl to adjust the pH of the solution to 8.0. Use a 0.22-μm ﬁlter membrane to purify the
buffer. The buffer can be stored at 4 °C for up to 6 months.
10× TBE buffer (400 mM Tris, 20 mM EDTA-2Na, 890 mM H3BO3, pH 8.0)
Add 48.5 g of Tris, 55 g of boric acid and 7.5 g of EDTA-2Na to 1 L of Milli-Q water and mix to
dissolve. Use boric acid to adjust the pH of the solution to 8.0. Use a 0.22-μm ﬁlter membrane to
purify the buffer. The buffer can be stored at room temperature (RT, ~25 °C) for up to 6 months.
10% (wt/vol) APS
Add 5 g of APS to 50 mL of Milli-Q water, and mix to dissolve. The solution can be stored at RT for
up to 1 week.
10 mM NiCl2
Add 119 mg of NiCl2·6H2O to 50 mL of Milli-Q water and mix to dissolve. Use a 0.22-μm ﬁlter
membrane to purify the buffer. The solution can be stored at RT for up to 1 week.
2 M NaCl
Add 5.8 g of NaCl to 50 mL of Milli-Q water and mix to dissolve. Use a 0.22-μm ﬁlter membrane to
purify the buffer. The solution can be stored at RT for up to 1 week.
1% (wt/vol) SDS
Add 0.5 g of SDS to 50 mL of Milli-Q water, and mix to dissolve. Use a 0.22-μm ﬁlter membrane to
purify the buffer. The solution can be stored at RT for up to 1 week.
3:1 (vol/vol) H2SO4–H2O2
Add 9 mL of H2SO4 to 3 mL of H2O2 slowly in a 50-mL centrifuge tube and mix the solution. The
solution can be stored at RT for up to 1 week. ! CAUTION H2SO4 is corrosive and can cause burns. Mixing
it with water will generate much heat, making the solution boil and splash. Make sure that H2SO4 is added
to water slowly and not the other way around. Work in a fume hood and wear a lab coat and gloves.

c

100 mM HAuCl4
Add 19.65 g of HAuCl4·3H2O to 500 mL of Milli-Q water to make a 100 mM HAuCl4 solution. The
solution can be stored at 4 °C for up to 1 year. CRITICAL HAuCl4 should not be measured out with a
metal spatula.
0.2 M CTAB
Add 36.4 g of CTAB to 500 mL of Milli-Q water and dissolve the mixture at 37 °C. The solution can
be stored at 37 °C for up to 1 year.
8
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6 mM NaBH4
Add 22.7 mg of NaBH4 to 100 mL of Milli-Q water and mix to dissolve.
prepared HAuCl4 solution within 2 min.

CRITICAL Use freshly

c

NATURE PROTOCOLS

c

4 mM AgNO3
Add 67.9 mg of AgNO3 to 100 mL of Milli-Q water, and mix to dissolve. CRITICAL Use freshly
prepared AgNO3 solution within 2 h. AgNO3 should not be measured out with a metal spatula.
CRITICAL Use freshly prepared AA

c

0.064 M L-ascorbic acid
Add 112.7 mg of AA to 10 mL of Milli-Q water, and mix.
solution within 2 h.

Procedure
DNA preparation ● Timing ~1 h
Order DNA sequences and, once you receive the DNA package, centrifuge the tubes at 10,000g for
10 min at RT. See Supplementary Table 2 (for tetrahedron DNA origami), Supplementary Table 3 (for
DNA diatoms) and 4 (for DNA nanopores) for the sequences for the staples, M strands, L strands,
S strands, capture oligonucleotides and thiol-modiﬁed DNA oligonucleotides used in this protocol.
CRITICAL STEP Do not open the tubes before centrifugation to avoid loss of DNA powder.
Dissolve the staples and capture oligonucleotides in Milli-Q water and dilute each sample to 100 μM
according to the molar mass you ordered. Dissolve M strands, L strands, S strands and thiol-modiﬁed
DNA oligonucleotides in Milli-Q water and dilute each sample to 100 μM using UV–visible
spectroscopy measurements.
CRITICAL STEP It is important to have precise concentrations of M strands, L strands, S strands and
thiol-modiﬁed DNA oligonucleotides, but it is not necessary for the staples and capture oligonucleotides.
Divide each sample into 10.0-μL aliquots, label each tube and store the tubes at −20 °C until
further use.
CRITICAL STEP Dividing the samples into aliquots is important in order to protect the DNA
from repeated freeze–thaw cycles.
PAUSE POINT Stock DNA solutions can be stored at −20 °C for at least 1 year.

c

1

c

2

j

c

3

Preparation of DNA nanostructures ● Timing ~3 h–3 d; hands-on time = ~1 h

Mix the appropriate DNA strands at a proper molar ratio in a total volume of 100.0 μL in 1×
TAE–Mg2+ or TE–MgCl2 buffer. Use option A for triangle, rectangle, cross-shaped and nanopore
DNA origami. Use option B for hemisphere, toroid and ellipsoid DNA origami. Use option C for
cube and tetrahedron DNA origami. Use option D for honeycomb DNA origami. Use option E for
diatom DNA origami. Use option F for tetrahedron DNA tile nanostructures.
CRITICAL STEP For all DNA origami procedures (options A–E), we recommend pre-mixing
equal volumes of the desired staples in one tube and storing it at −20 °C for up to 2 years,
according to our experience.
(A) Preparation of triangle, rectangle, cross-shaped and nanopore DNA origami
(i) Prepare the following mixture:

c

4

Component

Amount

Final concentration

M13mp18
Staples (pre-mixed)
TAE–Mg2+ (10×)
Milli-Q water
Total

5.0 μL
10.0 μL
10.0 μL
75.0 μL
100.0 μL

5 nM
50 nM (each)
1×

j

c

(ii) Anneal the strand mixture in a PCR thermal cycler, using the following cooling protocol:
95 °C for 5 min; 95–25 °C at 1 °C per 1.5 min.
CRITICAL STEP When making nanopore DNA origami, remove the staples at the
speciﬁc sites (Supplementary Table 4).
PAUSE POINT The DNA nanostructures can be stored at 4 °C for at least 1 week before
puriﬁcation.
NATURE PROTOCOLS | www.nature.com/nprot
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(B) Preparation of hemisphere, toroid and ellipsoid DNA origami
(i) Prepare the following mixture:
Component

Amount

Final concentration

M13mp18
Staples (pre-mixed)
TE–MgCl2 buffer 2 (10×)
Milli-Q water
Total

5.0 μL
Nstaples/20.0 μL
10.0 μL
100.0−Vabove μL
100.0 μL

5 nM
50 nM (each)
1×

j

(ii) Anneal the strand mixture in a PCR thermal cycler, using the following cooling protocol:
94–86 °C at 1 °C per min; 85–70 °C at 1 °C per 5 min; 70–40 °C at 1 °C per 15 min;
40–25 °C at 1 °C per 10 min.
PAUSE POINT The DNA nanostructures can be stored at 4 °C for at least 1 week before
puriﬁcation.
(C) Preparation of cube and tetrahedron DNA origami
(i) Prepare the following mixture:
Component

Amount

Final concentration

p8064
Staples (pre-mixed)
TE–MgCl2 buffer 1 (10×)
Milli-Q water
Total

10.0 μL
20.0 μL
10.0 μL
60.0 μL
100.0 μL

10 nM
100 nM (each)
1×

j

c

(ii) Anneal the strand mixture in a PCR thermal cycler, using the following cooling protocol:
80–65 °C at 1 °C per 5 min; 65–25 °C at 1 °C per 60 min.
CRITICAL STEP When making tetrahedron DNA origami with AuNR capture
oligonucleotides, replace the staples at the speciﬁc sites with capture oligonucleotides
(Supplementary Table 2, Supplementary Fig. 1).
PAUSE POINT The DNA nanostructures can be stored at 4 °C for at least 1 week before
puriﬁcation.
(D) Preparation of honeycomb DNA origami
(i) Prepare the following mixture:
Component

Amount

Final concentration

p7560
Staples (pre-mixed)
TE–MgCl2 buffer 1 (10×)
Milli-Q water
Total

10.0 μL
20.0 μL
10.0 μL
60.0 μL
100.0 μL

10 nM
100 nM (each)
1×

j

(ii) Anneal the strand mixture in a PCR thermal cycler, using the following cooling protocol:
65 °C for 5 min; 60–25 °C at 1 °C per 120 min.
PAUSE POINT The DNA nanostructures can be stored at 4 °C for at least 1 week before
puriﬁcation.
(E) Preparation of diatom DNA origami
(i) Prepare the following mixture:
Component

Amount

Final concentration

M13mp18
ΦX174
Staples (pre-mixed)

5.0 μL
0.9 μL
10.0 μL

5 nM
5nM
100 nM (each)
Table continued

10

NATURE PROTOCOLS | www.nature.com/nprot

PROTOCOL

NATURE PROTOCOLS
(continued)
Component

Amount

Final concentration

TAE–Mg2+ (10×)
Milli-Q water
Total

10.0 μL
74.1 μL
100.0 μL

1×

j

(ii) Anneal the strand mixture in a PCR thermal cycler, using the following cooling protocol:
94–86 °C at 1 °C per min; 85–70 °C at 1 °C per 5 min; 70–40 °C at 1 °C per 15 min;
40–25 °C at 1 °C per 10 min.
PAUSE POINT The DNA nanostructures can be stored at 4 °C for at least 1 week before
puriﬁcation.
(F) Preparation of tetrahedron DNA tile nanostructures
(i) Prepare the following mixture:
Component

Amount

Final concentration

M strands (1 μM)
L strands (1 μM)
S strands (1 μM)
TAE–Mg2+ (10×)
Milli-Q water
Total

2.0 μL
6.0 μL
6.0 μL
10.0 μL
76.0 μL
100.0 μL

20 nM
60 nM
60 nM
1×

j

c

(ii) Anneal the strand mixture in a PCR thermal cycler, using the following cooling protocol:
80–65 °C at 1 °C per 5 min; 65–25 °C at 1 °C per 60 min.
CRITICAL STEP Make sure the lid of the tube is sealed during the whole cooling process
to avoid liquid loss.
PAUSE POINT The DNA nanostructures can be stored at 4 °C for at least 1 week before
puriﬁcation.

Puriﬁcation of the DNA nanostructures ● Timing ~1.5 h
5

c

6

Add DNA nanostructure samples from Step 4 to a centrifugal ﬁlter (Amicon Ultra 0.5-mL) and ﬁll
it to 500 μL with 1× TAE–Mg2+ buffer. Place the ﬁlter into the Amicon tube.
Centrifuge the tube at 3,000g for 10 min at RT and pour away the ﬂow-through. Add 400 μL of
1× TAE–Mg2+ buffer to the ﬁlter.
CRITICAL STEP Make sure that there is ~50 μL of solution left at the bottom of the ﬁlter after
centrifuging. If there is too much (>100μL) solution remaining, the excess staples strands cannot be
thoroughly removed.
Repeat Step 6 three times (do not add buffer after the last centrifugation step) and place the ﬁlter
upside down in a new Amicon tube. Spin at 3,000g for 3 min at RT. Discard the ﬁlter and collect the
DNA samples.
Measure the concentration of the DNA samples, using UV–visible spectroscopy measurements, and
dilute the samples to ~5 nM with 1× TAE–Mg2+ buffer.
? TROUBLESHOOTING
PAUSE POINT All DNA nanostructures can be stored at 4 °C for at most 1 week after puriﬁcation.

7

j

8

Gel electrophoresis analysis of DNA nanostructures ● Timing ~2 h
9

Use agarose gel electrophoresis (option A) for analysis of DNA origami structures. Use
polyacrylamide gel electrophoresis (option B) for analysis of DNA tile nanostructures
(Supplementary Fig. 2).
(A) Agarose gel electrophoresis for DNA origami
(i) Prepare a 0.5% (wt/vol) agarose gel containing 1× GelRed nucleic acid gel stain. To do this,
add 0.25 g of agarose and 5.0 μL of 10,000× GelRed nucleic acid gel stain to 50.0 mL of
1× TAE–Mg2+ buffer. Boil the mixture in a microwave for ~2 min to make sure the
agarose and stain are fully dissolved and pour the mixture into the gel cassette (this is
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c

c

1× TAE–Mg2+ gel running buffer). After ﬁlling the cassette, insert the comb until the teeth
are completely immersed in the gel. Allow the gel to polymerize for ~30 min.
! CAUTION GelRed is a suspected mutagen and a possible carcinogen. Wear a lab coat,
gloves and goggles, and work in a fume hood when handling this reagent.
CRITICAL STEP Before inserting the comb, be sure that there are no bubbles in the cassette.
(ii) Prepare samples for agarose gel electrophoresis by adding 1.0 μL of 6× loading buffer to
5.0 μL of DNA origami from Steps 4 and 8 or a corresponding scaffold ssDNA marker.
(iii) Load the scaffold ssDNA marker and DNA origami samples onto the agarose gel and
perform electrophoresis at 80 V (5 V/cm) for 100 min in 1× TAE–Mg2+ gel running buffer.
(iv) After running, image the gel and analyze the DNA bands in a gel-image-analysis system to
characterize the formation of DNA origami.
? TROUBLESHOOTING
(B) Polyacrylamide gel electrophoresis for DNA tile nanostructures ● Timing ~2 h
(i) Prepare a 6% (wt/vol) polyacrylamide gel in a 1× TAE–Mg2+ buffer. To do this, add 0.9 mL of
40% (wt/vol) acryl–bis, 0.6 mL of 10× TAE–Mg2+, 60.0 μL of 10% (wt/vol) APS and 6.0 μL of
TEMED to 4.5 mL of Milli-Q water. Mix the tube by vortexing and pour the mixture into the
gel cassette (this is 1× TAE–Mg2+ gel running buffer). After ﬁlling the cassette, insert the comb
until the teeth are completely immersed in the gel. Allow the gel to polymerize for 15–30 min.
! CAUTION Unpolymerized acryl and bis are both neurovirulent. TEMED is toxic and
corrosive and can cause burns. APS is neurovirulent. Wear a lab coat, gloves and goggles,
and work in a fume hood when handling these reagents.
CRITICAL STEP Before inserting the comb, be sure that there are no bubbles in the cassette.
(ii) Prepare samples for PAGE by adding 1.0 μL of loading buffer to 5.0 μL of structures from
Steps 4 and 8.
(iii) Load the DNA ladder and samples into lanes and perform electrophoresis at 80 V for 2 h in
1× TAE–Mg2+running buffer.
(iv) After running, stop the electrophoresis and remove the gel. Put the gel into a container
containing 5.0 μL of GelRed and 50 mL of Milli-Q water for staining for 15 min.
! CAUTION GelRed is a suspected mutagen and a possible carcinogen. Wear a lab coat,
gloves and goggles, and work in a fume hood when handling this reagent.
(v) Image the gel and analyze the DNA bands in a gel image-analysis system to characterize
the formation of tetrahedron DNA tile nanostructure.

AFM characterization of DNA nanostructures ● Timing ~2 h

c

10 Cut the mica into a square piece (1 × 1 cm2) with scissors. Stick the mica to a circular iron sheet
(diameter = 15 mm), using double-sided adhesive tape. Stick transparent tape to the mica surface.
Tear the transparent tape softly to eliminate one or more layers of the mica to obtain a freshly
cleaved mica surface for sample mounting.
11 Deposit 5.0 μL of an ~1 nM solution of the DNA origami samples from Step 8 onto the mica
surface and leave it to adsorb to the surface for 3–5 min. If the concentration of the samples is too
high, they can be diluted with 1× TAE–Mg2+ buffer before deposition.
12 Add 50.0 μL of 1× TAE–Mg2+ buffer to the mica surface (add 50.0 μL of 1× TAE–Mg2+ containing
10 mM NiCl2 for hemisphere, toroid, ellipsoid, cube, tetrahedron, honeycomb and diatom DNA
origami and tetrahedron DNA tile nanostructures), and then image the samples by AFM in ‘Peak
Force QNM in ﬂuid’ mode, using Scanasyst-Fluid+ tips.
? TROUBLESHOOTING
13 (Optional) If you wish to obtain the morphology and nanomechanical properties of DNA
nanostructures after drying, rinse the mica surface with 100.0 μL of Milli-Q water, dry it with
compressed air, and then image the samples by AFM in ‘Scanasyst in air’ mode using AFM tips. See
Supplementary Fig. 3b,e for example AFM images.
CRITICAL STEP Be careful not to damage the samples when rinsing the surface. The diameter of
the tip is critical to clear imaging. The recommended scanning area is between 500 nm2 and 5 μm2.

TEM characterization of DNA nanostructures ● Timing ~2 h
14 Prepare a glow-discharged, carbon-ﬁlm-coated copper grid to make sure the surface of the carbon
ﬁlm is hydrophilic. The plasma cleaner uses oxygen as air source. Place the carbon-ﬁlm-coated
copper grids vertically in a storage box of copper grids. Put the storage box into the plasma cleaner.
12
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15

c

16

Open the vacuum pump for 1 min. Turn on the power of the plasma cleaner and switch the radio
frequency power level to LOW (this instrument has four power levels: OFF, LOW, MED and HI).
Put the air into the plasma cleaner slowly until the atmosphere glows with a clear red light and
maintain this state for 30 s.
Deposit 10.0 μL of an ~1 nM solution of the DNA origami samples from Step 8 onto the carbon
ﬁlm surface and leave it to adsorb to the surface for 3–5 min.
Use a ﬁlter paper to wick the sample drop and then rinse the carbon ﬁlm surface with 20.0 μL of
Milli-Q water to remove excess DNA and salts.
CRITICAL STEP Make sure the copper grids are not dried completely.
Deposit 10.0 μL of 0.75% (wt/vol) aqueous uranyl acetate solution onto the carbon ﬁlm surface.
Stain the samples for 40 s.
For positive-stained TEM imaging, use 20.0 μL of Milli-Q water to rinse the carbon ﬁlm surface
after staining and allow the copper grids to dry at RT. For negative-stained TEM imaging, remove
most of the uranyl acetate solution with a ﬁlter paper, while keeping a thin layer of solution on the
surface, and allow the copper grids to dry at RT. Then image the samples by TEM operated at
200 kV. Typically, only low-contrast DNA origami images are visible under TEM, especially for
single-layered DNA origami. Collect >10 images and perform a class-average process using
the EMAN2 software package. After this, you can obtain clear TEM images of DNA origami. See
Supplementary Fig. 3c,f for example TEM images.
? TROUBLESHOOTING

17
18

Class averaging of TEM images using EMAN2 software ● Timing ~2 h

c

19 Download and install the EMAN2 software package (v.2.2) from https://blake.bcm.edu/emanwiki/
EMAN2 according to the instructions provided on the website.
20 Set the overall parameters of the project. In our case, set ‘Particle Mass (kDa)’ = 450, ‘Microscope
Cs (mm)’ = 1.2, ‘Microscope Voltage’ = 300, ‘Microscope apix’ = 3.7. Refer to the EMAN2 website
for the speciﬁc description of each parameter.
21 Import micrographs from Step 18. In our case, select ‘invert’, ‘edgenorm’ and ‘ctfest’.
22 Pick particles. In our case, set a ‘boxsize’ that equals 1.5 × the longest inner diameter of the particle.
CRITICAL STEP Avoid broken particles and particles on the edge of the images.
23 Select ‘CTF Autoprocess (e2ctf_auto)’. In our case, select ‘hires’, ‘extra pad’ and ‘high density’.
24 Select ‘Reference Free Class Averaging (e2reﬁne2d.py)’. In our case, set ‘ncls’ = 20 and ‘iter’ = 10,
then select ‘normproj’ and ‘automask’. See triangle, rectangle, cross-shaped and three nanopore
DNA origami in Supplementary Fig. 3c,f for example class-averaged TEM images.

Synthesis of AuNRs (70 × 17 nm) ● Timing ~24h

j

c

25 Add 9.0 g of CTAB and 1.234 mL of NaOL to 250 mL of Milli-Q water. Stir the mixture at 500 r.p.
m. for 30 min at 50 °C. Cool the mixture to 30 °C after dissolution.
26 Add 12.0 mL of 4 mM AgNO3 to the solution and mix at 500 r.p.m. for 5 s. Then allow the solution
to react under static conditions at 30 °C.
27 Add 250 mL of 1 mM HAuCl4 and mix at 700 r.p.m. for 90 min at 30 °C.
28 After the reaction in Step 27 has proceeded for 75 min, prepare the seed solution. Mix 5.0 mL of 0.5
mM HAuCl4 with 5.0 mL of 0.2 M CTAB in a 20-mL scintillation vial. Add 1.0 mL of fresh 6 mM
NaBH4 quickly to the mixture and mix at 1,200 r.p.m. for 2 min. Then allow the solution to age
under static conditions for 30 min at 30 °C.
CRITICAL STEP The color of the seed solution should change from yellow to brownish yellow
after adding NaBH4.
29 Add 2.1 mL of HCl to the solution in Step 27 and mix at 400 r.p.m. for 15 min at 30 °C.
30 Add 1.25 mL of 0.064 M AA quickly to the solution from Step 29 and mix at 1,200 r.p.m. for 30 s at
30 °C.
31 Add 0.8 mL of seed solution from Step 28 to the solution from Step 30 and mix at 1,200 r.p.m. for
30 s at 30 °C.
32 Allow the solution to grow AuNRs under static conditions for 12 h at 30 °C. Then drop 10 μL of the
synthetic AuNR solution onto a carbon-ﬁlm-coated copper grid and dry it at RT. Take TEM images
to check the size and morphology of the synthetic AuNRs. See Supplementary Fig. 4a for example
images and ref. 40 for results obtained using this method.
PAUSE POINT AuNRs can be stored at RT for at least 3 months in CTAB solution.
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Preparation of DNA-functionalized AuNRs ● Timing ~24 h

j

c

33 Add 1,000 μL of the synthetic AuNR solution from Step 32 to a 1.5-mL centrifuge tube. Centrifuge
the tube at 3,000g for 15 min at RT. Remove the supernatant and resuspend the AuNRs, using
1,000 μL of Milli-Q water.
34 Repeat Step 33 twice and dilute the AuNRs to 10 nM, using UV–visible spectroscopy
measurements.
35 Add 50 μL of 100 μM thiolate ssDNA (Supplementary Fig. 1a), 16.7 μL of 10× TBE buffer and
1.67 μL of 1% (wt/vol) SDS sequentially to 100 μL of 10 nM AuNR solution to obtain ﬁnal
concentrations of 1× TBE and 0.01% (wt/vol) SDS; the ratio of ssDNA/AuNRs = 5,000:1. Incubate
the mixture with shaking at 500 r.p.m. for 4 h at RT.
36 Add 0.8, 1.5, 2.5, 4, 7.5, 7.5, 15 and 15 μL of 2 M NaCl sequentially to the mixture to bring the
solution to 0.5 M NaCl. The time interval between additions should be no less than 30 min.
Incubate the mixture with shaking at 500 r.p.m. for 12 h at RT.
CRITICAL STEP Add the NaCl very slowly to prevent the AuNRs from aggregating.
37 Centrifuge the mixture at 3,000g for 10 min at RT. Remove the supernatant and resuspend the
AuNRs, using 1× TBE buffer.
38 Repeat Step 37 three times and dilute the sample to 20 nM using UV–visible spectroscopy
measurements. Take TEM images to check the DNA functionalization of the AuNRs according to
Steps 14–18. See Supplementary Fig. 4b for example images.
? TROUBLESHOOTING
PAUSE POINT DNA-functionalized AuNRs can be stored at RT for at least 1 month.

Immobilization of AuNRs on DNA origami ● Timing ~6 h

j

39 Mix the DNA-functionalized AuNRs with puriﬁed DNA origami (from Step 8) in a 5:1 molar ratio.
Add 10× TAE–Mg2+ buffer to raise the Mg2+ concentration to 12.0 mM.
40 Anneal the mixture of DNA-functionalized AuNRs and DNA origami by heating the sample to
45 °C, followed by a gradual cooling to 25 °C at a rate of 10 min/°C.
41 Prepare samples on carbon-ﬁlm-coated copper grids for TEM imaging. Refer Steps 14–18 for TEM
sample preparation and imaging. See Supplementary Fig. 4c for example images.
PAUSE POINT DNA origami–AuNR hybrids can be stored at 25 °C for at most 1 d.

Preparation of pre-hydrolyzed precursor ● Timing ~1 h

c

c c

CRITICAL See Fig. 2a for a schematic overview of the procedure described in this section.
CRITICAL The pre-hydrolyzed precursor should be freshly prepared.
42 Add 1,000 μL of 1× TAE–Mg2+ buffer to a 10-mL glass bottle with a suitable-size magnet.
43 Add 20.0 μL of TMAPS (50% (wt/wt) in methanol) slowly to the buffer from Step 42 under
vigorous stirring. Stir the mixture at 900 r.p.m. for 20 min at RT.
! CAUTION TMAPS is toxic upon inhalation or contact with skin or eyes. Use this reagent in a
fume hood and wear a lab coat, goggles and gloves.
44 Add 20.0 μL of TEOS slowly to the mixture under vigorous stirring. Stir the mixture at 900 r.p.m.
for 20 min at RT. After this, sufﬁcient pre-hydrolyzed precursors should have formed. The range of
TMAPS and TEOS concentrations can be seen in Supplementary Figs. 5 and 6.
! CAUTION TEOS causes serious eye irritation. Use this reagent in a fume hood and wear a lab coat,
gloves and goggles.
CRITICAL STEP Adjust the size of the magnet and the speed of stirring to make sure the solutions
have distinct vortices. Add the TEOS slowly to make sure the solutions are clean and transparent.

Fabrication of DOS nanostructures on various substrates ● Timing ~1–5 d; hands-on
time= ~1 h
c

CRITICAL See Fig. 2b–d for a schematic overview of the procedures described in this section.
45 Use option A for fabrication of DOS nanostructures on carbon ﬁlm, option B for fabrication of
DOS nanostructures on mica and option C for fabrication of DOS nanostructures on silicon wafers.
(A) Fabrication of DOS nanostructures on carbon ﬁlm
(i) To prepare carbon-ﬁlm-coated copper grids, use plasma cleaner to make a glow-discharged
carbon-ﬁlm-coated copper grid.
(ii) Deposit 10.0 μL of 1 nM puriﬁed DNA origami from Step 8 on the surface of a carbon ﬁlm
and leave it there for 3–5 min.
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c

c

c

c

c

c

c

(iii) Use a ﬁlter paper to wick the sample drop and then rinse the carbon ﬁlm surface with
20.0 μL of Milli-Q water to remove excess DNA.
CRITICAL STEP Make sure the copper grids are not dried completely.
(iv) Take 100.0 μL of pre-hydrolysis precursor from Step 44 and add it to a 2.5-mL centrifuge
tube. Place the carbon-ﬁlm-coated copper grids face down on the solution in the tube.
(v) Shake the tube at 300 r.p.m. in a thermal mixer for 1 h at RT and allow the mixture to react
under static conditions for 1–5 d.
CRITICAL STEP Move and shake the tube gently to prevent the grids from sinking to the
bottom of the tube.
(vi) After Step 45A(v), remove the carbon-ﬁlm-coated copper grids and rinse them with
100.0 μL of Milli-Q water and 100.0 μL of ethanol. Dry the grids at RT. Then image the
samples by TEM operated at 200 kV and an SEM equipped with an Oxford X-Maxn EDS
detector.
? TROUBLESHOOTING
(B) Fabrication of DOS nanostructures on mica
(i) To prepare freshly cleaved mica without an iron sheet, use transparent tape to eliminate
one or more layers of the mica to obtain a freshly cleaved mica surface without an
iron sheet.
(ii) Deposit 5.0 μL of 1 nM puriﬁed DNA nanostructures from Step 8 onto the surface of mica
and leave it to adsorb on the surface for 3–5 min.
(iii) Use a ﬁlter paper to wick the sample drop and then rinse the mica surface with 100.0 μL of
Milli-Q water to remove excess DNA.
CRITICAL STEP Make sure the mica has not dried completely.
(iv) Add 2,000 μL of pre-hydrolysis precursor from Step 44 to a glass-bottom dish (diameter =
29 mm). Place the mica face down on the solution in the glass-bottom dish.
(v) Mix the solution gently, using a pipette, and seal the glass-bottom dish. Allow the mixture
to react under static conditions at RT for 1–5 d.
CRITICAL STEP Seal and move the glass-bottom dish gently to prevent the mica from
sinking to the bottom of the dish.
(vi) After Step 45B(v), remove the mica and rinse it with 100.0 μL of Milli-Q water. Stick the
mica to a circular iron sheet (diameter = 15 mm), using double-sided adhesive tape, before
AFM imaging (Supplementary Figs. 7 and 8).
(C) Fabrication of DOS nanostructures on a silicon wafer
(i) To prepare a silicon wafer, cut the silicon wafer to 1 × 1 cm2. Put the silicon wafer into a
3:1 (vol/vol) H2SO4/H2O2 solution and soak for 1 h. Remove the silicon wafer and wash it
using copious quantities of Milli-Q water and ethanol. Dry the wafer using compressed
N2 gas.
! CAUTION H2SO4–H2O2 is explosive and corrosive, as well as an irritant. Wear a lab coat,
gloves and goggles, and work in a fume hood when handling this reagent.
(ii) Mix 1.0 μL of 5 nM puriﬁed DNA origami from Step 8 with 4.0 μL of 10× TAE–Mg2+
buffer to a ﬁnal concentration of 1 nM DNA origami and 100 mM Mg2+.
(iii) Deposit 5.0 μL of DNA samples from Step 45C(ii) onto the surface of a silicon wafer and
leave it to adsorb on the surface for 3–5 min.
CRITICAL STEP Make sure the Mg2+ is ~100 mM in order to achieve a strong adsorption
of DNA origami on the silicon wafer.
(iv) Use a ﬁlter paper to wick the sample drop and then rinse the silicon wafer surface with
100.0 μL of 1× TAE–Mg2+ to remove excess DNA.
CRITICAL STEP Make sure the silicon wafer has not dried completely.
(v) Take 1,000 μL of pre-hydrolyzed precursor from Step 44 and add it to a glass-bottom dish
(diameter = 29 mm). Place the silicon wafer face down on the solution in the glassbottom dish.
(vi) Mix the solution gently, using a pipette, and seal the glass-bottom dish. Allow the mixture
to react under static conditions at RT for 1–5 d.
CRITICAL STEP Seal and move the glass-bottom dish gently to prevent the silicon wafer
from sinking to the bottom of the dish.
(vii) After Step 45C(vi), remove the silicon wafer and rinse with 100.0 μL of Milli-Q water and
100.0 μL of ethanol. Dry the silicon wafer at RT. Then image the samples by SEM equipped
with an Oxford X-Maxn EDS detector.
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Measurement of nanomechanical properties of DNA origami and DOS nanostructures
● Timing ~8 h

c

c

46 Preparation of samples (Step 46). For DNA origami, prepare the sample as described in Steps 10–13.
For DOS nanostructures, prepare the sample as described in Step 45B.
47 Choosing the AFM tips and setting up the AFM (Steps 47–49). Use Scanasyst-Fluid+ tips with the
default parameters: tip radius (R) = 2 nm; spring constant (K) = 0.7 N/m.
CRITICAL STEP Other tips with R ≤2 nm and capable of ﬂuid mode can also be used.
48 Choose ‘PeakForce QNM in Fluid’ mode. Use standard sapphire samples to determine and calibrate
the R, K and deﬂection sensitivity values with the help of the NanoScope Analysis software. Input
the calibrated parameters of the AFM tip.
49 Perform AFM imaging of the samples. The recommended scan area is 1 μm2 for ~100-nm DNA
origami, and the recommended resolution is 256 × 256 pixels. The scan rate can be 1.0–2.0 Hz. In
the force–separation curve, the x axis value is equal to 2× the amplitude, which represents the
moving length of the tip in one tapping process. The whole process is composed of two regions: the
interaction region (blue dashed line, Fig. 4a), which contains effective data points, and the noninteraction region (green dashed line, Fig. 4a). As the total number of data points during the whole
process is a constant, the effective data points dropped in the interaction region will increase as the
amplitude decreases, which will improve the accuracy of the results. Herein, the recommended
amplitude is <20 nm, considering the ~2-nm indentation height. Monitor the ‘Force-Monitor’
window to make sure that the background remains <20 pN. Adjust the ‘Feedback Gain’ each time
you change the force in order to obtain a clear height image and DMT modulus image.
CRITICAL STEP Keep scan area, resolution and scan rate unchanged when you start collecting
images under different forces (PeakForceSetpoint). A small change will inﬂuence the E modulus,
even with identical force. Keeping the background signal low is very important to obtaining a clear
DMT modulus image. Many factors will increase the background, such as roughness of the
substrate, contamination of the samples, buffer, tips and tip holder, as well as the stability of the
AFM instrument. We recommend that readers to carry out this experiment carefully. More detailed
operations are discussed in other protocols41.
? TROUBLESHOOTING
50 Measuring the pressure resistance and E modulus of 2D DNA origami and DOS nanostructures
(Steps 50 and 51). Measure the pressure resistance of the samples. For 2D DNA origami and
DOS nanostructures, the recommended scan force is 50–200 pN with the aforementioned tip
and scan parameters. Apply increasing forces: 150, 400, 800, 1,200, 1,600, 2,000, 2,500 and 3,000 pN
to image the samples. Typically, larger forces will destroy DNA origami and DOS nanostructures
after a short DOS reaction time. After a 5-d DOS reaction, the DOS nanostructures will withstand
forces up to 3,000 pN and maintain their surface morphology unchanged (Supplementary Figs. 9
and 10).
51 Use the same increasing forces as in Step 50 to capture the DMT modulus image. Typically, the
indentation depth will be >1 nm in this force range. This will increase the contribution of substrate
(mica) to the ﬁnal E modulus, considering the height of the samples (DNA origami, 2 nm; DOS
nanostructures, <5 nm). The E modulus derived directly from the default DMT model will increase
along with the increasing forces (Supplementary Fig. 11).

Calculation of Young’s modulus (E modulus) derived from force curves, using the MSEC
model ● Timing ~4 h

c

c

CRITICAL See Fig. 4 for an overview of the procedures described in this section.
52 Obtaining force curves (Steps 52–55, Fig. 4a). Open the *.pfc ﬁles with NanoScope Analysis 1.70. We
provide a ﬁle, named ‘5d-1600’ in the tutorial folder (Supplementary Data 1); ‘5d’ means the sample
was grown for 5 d; ‘1600’ means the setoff force of AFM was 1,600 pN.
53 When the 5d-1600 ﬁle is opened, click the ‘Subtract Background’ button.
54 Select the sample area (SA) in the image and save curves to the ‘SA’ directory; you will
have documents with a .spm extension. We provide the sample curve: 5d-1600-9FBB_
ForceCurveIndex_3897.spm (referred to as ‘SA curve’ in the following context).
CRITICAL STEP Avoid selecting the corner of the triangle origami.
55 Select the substrate area (SU) in the image and save curves to the ‘SU’ directory. We provide the
substrate curve: 5d-1600-5884_ForceCurveIndex_2627.spm (referred to as ‘SU curve’ ﬁn the
following context).
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c

56 Processing of force curves (Steps 56–59). Open the *.spm ﬁles with NanoScope Analysis 1.70.
57 Open the baseline correction commands by clicking ‘Baseline Correction’. Input the correct
parameters according the left table in Fig. 4b and click the ‘execute’ button.
58 Click on ‘Inputs’ → ‘Direction’ → ‘Retract’. Export xz data from the force–separation curve to a *.txt
ﬁle (Fig. 4b, left).
59 Open the indentation commands by clicking ‘Indentation’. Input the parameters according the
right table in Fig. 4b. Pull the line to the minimum point of the curve. Record the contact point and
minimum force (adherent force) (Fig. 4b, right).
For the ‘5d-1600’ sample we provided, the contact point of the SA curve is 1.49 nm. The
adherent force of the SA curve is 0.3311 nN. The contact point of the SU curve is 1.17 nm.
The adherent force of the SU curve is 0.1665 nN.
60 Calibration of E modulus (Steps 60–64). Delete the data where separation > contact point. Use the
contact point to subtract the original separation. Then draw the curve, using the new separation
(force–indentation depth) curve (Fig. 4c, Step 60).
61 Subtract the new SU curve from the new SA curve. The indentation in the resulting curve will thus
include only the sample part (Fig. 4c, Step 61).
CRITICAL STEP Because the mica substrate is much stiffer than the samples, the cantilever
deﬂection contributes mainly to the tip–substrate separation. Therefore, we subtracted the
tip–substrate curve from the tip–sample curve, to exclude the deviation brought about by the
cantilever deﬂection, to ﬁnally obtain the tip–sample force–indentation curve.
62 Use linear ﬁtting for the detected points. Typically, three steps occur during a tip-approach process.
The ﬁrst step is the initial contacting step, at which the force on the tip is unbalanced. The second
step is the elastic deformation step, using ~10% to ~70% of maximal force (for our sample), which
is considered to represent the nanomechanical properties of the sample. The third step is the
inelastic deformation step (Fig. 4c, Step 62).
63 Fit a curve for between 10% and 70% of maximal force, using the following DMT model and
equations (Fig. 4c, Steps 63 and 64, blue line):
F ðδ Þ ¼ Fi ðδÞ  Fad ¼

4  pﬃﬃﬃﬃﬃ 32
E R δ;
3

ð1Þ

where
1
1  vt2
1  vf2
¼
þ
;

E
Et
Ef

ð2Þ

1
1
1
¼
þ
;
R
Rt
Rf
Fi is the indentation force, Fad the adhesive force, E* the reduced E modulus of the sample, R* the
reduced radius of the sample, δ the sample indentation, Et the E modulus of the tip, Ef the
E modulus of the sample, vt the Poisson’s ratio of the tip, vf the Poisson’s ratio of the sample,
Rt the radius of the tip and Rf the radius of the sample, ∞.
64 Replace Eq. 2 with the following function to ﬁt the curve while avoiding substrate effects (Fig. 4c,
Steps 63 and 64, red line); see Supplementary Fig. 12 for the example E modulus using DMT and
MSEC models:
1  vf2
1
1  vt2
1  vs2
¼
þ
þ
;
E
Et
ð1  eαt=δ ÞEf
eαt=δ Es

ð4Þ

where Es is the E modulus of the substrate, vs the Poisson’s ratio of the substrate, t the sample
thickness and α a constant related to the tip shape and range of sample indentation/thickness.

Nanomechanical studies on 3D framework DNA origami and DOS nanostructures
● Timing ~2 h
65 Use suitable force to image the 3D framework DNA origami and DOS nanostructures after
different reaction days. The suitable force value should be the minimum force that can be used to
clearly image the samples without tailing. Then calculate the relationship between AFM-tipinduced deformation and DOS reaction time (Fig. 5a, Supplementary Fig. 13).
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Fig. 5 | Nanomechanical studies on DOS tetrahedron and DOS–AuNR tetrahedron. a, TEM (left) and AFM (right) images show that the DOS
tetrahedron is able to stand freely on the substrate. Scale bars, 100 nm. b, Increasing force was used to press the DOS tetrahedron to obtain the
relationship between force and deformation. The edge of the DOS tetrahedron is only bent, but not damaged. Scale bars, 50 nm. c, A tetrahedron DOS
framework pressed by cyclic force (1.0 nN and 3.0 nN). The multi-cycle height recoveries show the rigid, yet ﬂexible feature of DOS structures. Scale
bar, 50 nm. d, Design of DOS–AuNR tetrahedron. 14-bp × 2 rows × 8 sites was used to capture the thiol-DNA-functionalized AuNR. e, The DOS–AuNR
stands freely on the substrate, owing to its enhanced rigidity, whereas the DNA origami-AuNR collapses on the substrate. Scale bar, 50 nm.
a–c,e adapted from ref. 20, Springer Nature Limited.

c

66 Apply increasing forces: 1,000, 1,200, 1,600, 2,000, 2,500 and 3,000 pN to test 3D DOS tetrahedron
frameworks that were grown for 5 d. Then calculate the relationship between AFM-tip-induced
deformation and applied force (Fig. 5b).
67 Use jumping force cycles between 1,000 pN and 3,000 pN to test the same 3D DOS tetrahedron
frameworks that were grown for 5 d. Keep capturing images until the heights remain consistent
between 1,000 pN and 3,000 pN (Fig. 5c, Supplementary Fig. 14).
CRITICAL STEP The jumping force cycles should, in principle, induce distinct height differences
of 3D DOS tetrahedrons.

Troubleshooting
Troubleshooting advice can be found in Table 1.
Table1 | Troubleshooting table
Step

Problem

Possible reason

Possible solution

8

Low DNA concentration after puriﬁcation

Centrifugal ﬁlter is broken

9A(iv)

There are too many bands in the gel

12

DNA origami are damaged
Background is too dirty

18

38

DNA origami become markedly distorted
Background is too dirty
Negative staining fails but positive
staining is successful
Aggregation of AuNRs

Incorrect staples were used or the cooling
time is too short
The applied force was too large
There are too many staple DNAs when
performing AFM imaging using NiCl2
The surface is not hydrophilic enough
Precipitation of uranyl acetate occurs
Uranyl acetate is removed completely

45A(vi)

Failure to deposit silica on DNA origami

Use a new ﬁlter and reuse it only if it is in
good condition
Check the staples and try a longer
cooling time
Lower the applied force
Purify the DNA origami before AFM
imaging using NiCl2
Increase the plasma cleaning time
Decrease the staining time
Keep a thin stain ﬂuid on the surface and
dry it at RT
Addition of NaCl should occur over >4 h
Repeat Step 33 more times in Step 34
Increase the ratio of ssDNA/AuNRs
Decrease the speed of centrifugation
Change TMAPS or TEOS volume fraction

Background is too dirty

Local concentration of NaCl is too high
Too much CTAB remains
Ratio of ssDNA/AuNRs is too low
Centrifugation causes aggregation
The concentrations of TMAPS and TEOS
are unsuitable
Not enough washing

Ensure 100.0 μL of Milli-Q water and
100.0 μL of ethanol to wash enough
times
Table continued

18
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Table 1 (continued)
Step

49

Problem

Possible reason

Possible solution

Contrast of DOS structures is too low

Plasma cleaning time is too long

The MDT modulus channel shows that
the DNA has the same modulus value as
the background
The background of the DMT modulus
image is not uniform

Signal-to-noise ratio is low when scanning

Decrease the plasma cleaning time or
omit this step
Decrease the amplitude to reduce the
background force to <20 pN

The gain and force are changing all
the time

Set the auto control to ‘off’ and set a
suitable value of gain and force

Timing
Steps 1–3, DNA preparation: ~1 h
Step 4, preparation of DNA nanostructures: ~3 h–3 d; hands-on time = ~1 h
Steps 5–8, puriﬁcation of the DNA nanostructures: ~1.5 h
Step 9, gel electrophoresis analysis of DNA nanostructures: ~2 h
Steps 10–13, AFM characterization of DNA nanostructures: ~2 h
Steps 14–18, TEM characterization of DNA nanostructures: ~2 h
Steps 19–24, class averaging of TEM images using EMAN2 software: ~2 h
Steps 25–32, synthesis of AuNRs (70 × 17 nm): ~24 h
Steps 33–38, preparation of DNA-functionalized AuNRs: ~24 h
Steps 39–41, immobilization of AuNRs on DNA origami: ~6 h
Steps 42–44, preparation of pre-hydrolysis precursor: ~1 h
Step 45, fabrication of DOS nanostructures on various substrates: ~1–5 d; hands-on time = ~1 h
Steps 46–51, measurement of nanomechanical properties of DNA origami and DOS nanostructures: ~8 h
Steps 52–64, calculation of Young’s modulus (E modulus) derived from force curves, using the MSEC
model: ~4 h
Steps 65–67, nanomechanical studies on 3D framework DNA origami and DOS nanostructures: ~2 h

Anticipated results
By following the procedures in this protocol, complex DNA origami and DNA origami–AuNR
hybrids can be prepared with high yield and good dispersity (Steps 1–8 and 25–41). The sizes range
from 10 to >1,000 nm. High-resolution images of DNA origami can be obtained by AFM and TEM
(Steps 10–18). Clear TEM images of 2D DNA origami can be seen with the help of the class-averaging
process (Steps 19–24). For 3D DNA origami, TEM is more suitable, but always results in a distorted
morphology owing to the fragility of the DNA molecules.
The pre-hydrolyzed silica precursors are prepared and deposited on DNA origami on various
substrates (Steps 42–45; Fig. 2). High-resolution images of DOS nanostructures can be acquired by
TEM and SEM (Fig. 3a,b,d). The elemental information of Si, O, P is collected by energy-dispersive
spectroscopy (EDS) mapping. We realized ~2–3 nm precise growth of silica shell onto various DNA
nanostructures using this protocol (Fig. 3c). The smallest pores are ~12 nm2 in diatom DOS
structures. Note that the surface roughness of DOS structures is very low compared to previous
dsDNA–silica and in-solution sol–gel mineralization methods of creating DNA origami (Supplementary Fig. 15)1,30. The DOS structures have little distortion or collapse because of the mild
condensation process and rigid silica shell.
The nanomechanical properties of DNA origami and DOS structures are measured by AFM (Steps
46–67). The DOS structures after 5 d of growth can bear applied forces up to 3,000 pN without
destruction. A tenfold increase in the E modulus further conﬁrms the increased stiffness of the DOS
structures. The E modulus of DNA origami and DOS structures is calibrated to a thickness- and
force-independent value using the MSEC model in this protocol (Fig. 4).
Finally, we showed that DOS nanostructures obtain a tenfold increase in rigidity while maintaining
considerable ﬂexibility. A 16-helix tetrahedron DNA origami and corresponding DOS tetrahedron
were pressed by AFM tips using gradient forces. The pure 3D DNA frameworks always collapse on
the substrate, whereas the DOS samples are able to stand freely on the substrate (Fig. 5a–c). Force
NATURE PROTOCOLS | www.nature.com/nprot

19

PROTOCOL

NATURE PROTOCOLS
jumping cycles between 3.0 nN and 1.0 nN were applied to single DOS tetrahedrons to explore their
fatigue limits. DOS tetrahedrons were found to withstand at least ﬁve cycles and restored 80% of their
initial height before being irreversibly damaged. Meanwhile, the DOS–AuNR can stand upright on
the surface, owing to its increased rigidity, whereas the DNA origami-AuNR will collapse on the
surface (Fig. 5d,e).

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.
Data availability
All data generated or analyzed during this study are included in the paper and its Supplementary
Information and are available from the corresponding author on request.
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