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            Abstract
DNA nanotechnology, in particular DNA origami, enables the bottom-up self-assembly of micrometre-scale, three-dimensional structures with nanometre-precise features1,2,3,4,5,6,7,8,9,10,11,12. These structures are customizable in that they can be site-specifically functionalized13 or constructed to exhibit machine-like14,15 or logic-gating behaviour16. Their use has been limited to applications that require only small amounts of material (of the order of micrograms), owing to the limitations of current production methods. But many proposed applications, for example as therapeutic agents or in complex materials3,16,17,18,19,20,21,22, could be realized if more material could be used. In DNA origami, a nanostructure is assembled from a very long single-stranded scaffold molecule held in place by many short single-stranded staple oligonucleotides. Only the bacteriophage-derived scaffold molecules are amenable to scalable and efficient mass production23; the shorter staple strands are obtained through costly solid-phase synthesis24 or enzymatic processes25. Here we show that single strands of DNA of virtually arbitrary length and with virtually arbitrary sequences can be produced in a scalable and cost-efficient manner by using bacteriophages to generate single-stranded precursor DNA that contains target strand sequences interleaved with self-excising â€˜cassettesâ€™, with each cassette comprising two Zn2+-dependent DNA-cleaving DNA enzymes. We produce all of the necessary single strands of DNA for several DNA origami using shaker-flask cultures, and demonstrate end-to-end production of macroscopic amounts of a DNA origami nanorod in a litre-scale stirred-tank bioreactor. Our method is compatible with existing DNA origami design frameworks and retains the modularity and addressability of DNA origami objects that are necessary for implementing custom modifications using functional groups. With all of the production and purification steps amenable to scaling, we expect that our method will expand the scope of DNA nanotechnology in many areas of science and technology.
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                    Figure 1: Workflow for the biotechnological production of DNA origami.[image: ]


Figure 2: Overview of the structures assembled from biotechnologically produced staples.[image: ]


Figure 3: Site-specific modification of biotechnologically produced DNA nanostructures.[image: ]


Figure 4: Biotechnological mass production of a DNA origami nanorod.[image: ]
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Extended data figures and tables

Extended Data Figure 1 DNAzyme cassette architectures with only one DNAzyme or with one class II and one class I enzyme are not suitable for staple production.
a, Schematic representation of a pseudogene in which adjacent staples are separated by a single DNAzyme, yielding staples with a 40-base-long DNAzyme overhang at their 3â€² ends. b, Schematic representation of a pseudogene in which staples are separated by one class II and one class I DNAzyme, yielding staples without 3â€² overhangs. c, d, Agarose-gel-electrophoretic characterization of the self-cleavage reaction of a pseudogene using the DNAzyme cassette architecture shown in b; c, self-cleavage at different salt concentrations at 37â€‰Â°C; d, self-cleavage at different temperatures at salt concentrations of 5â€‰mM MgCl2 and 2â€‰mM ZnSO4. sta, reference sample containing chemically synthesized staples; DZ, reference sample containing chemically synthesized oligonucleotides with the sequence of the â€˜wasteâ€™ DNAzymes.


Extended Data Figure 2 The first two base pairs of the P2 stem in class I DNAzymes are crucial for efficient self-cleavage, whereas the sequence of the P1 stem does not affect cleavage efficiency.
a, b, Left, schematic representation of DNAzyme variants as they would be used at the 5â€² (a) or 3â€² (b) end of a staple; black letters indicate bases that were classified as highly conserved26, red letters indicate positions that we identified to be crucial for efficient cleaving activity, P1 and P2 indicate the two stems, and black triangles indicate the cleavage sites. Right, agarose-gel-electrophoretic analysis of the reaction kinetics of the respective DNAzyme variant. The slower migrating band corresponds to the uncleaved oligonucleotide and the faster migrating band to the reaction product. The activity time constant Ï„ is defined as the first time point at which the intensity of the product band exceeds the intensity of the uncleaved DNAzyme. c, d, Comparison of the cleavage kinetics of different sequence variations of the DNAzymes shown in a and b, respectively.


Extended Data Figure 3 The DNAzyme at the 3â€² end of a staple should have a P2 stem that consists of the final 8 bases of the staple, followed by AC.
Left, schematic representation of a class I DNAzyme as it would be used at the 3â€² end of a staple. Right, comparison of different sequence variants of the DNAzyme. The activity time constant Ï„ is defined as in Extended Data Fig. 2. Sequences labelled â€˜v1â€™ are inefficiently self-cleaving DNAzyme sequences taken from the pseudogene shown in Extended Data Fig. 4b. Sequences labelled â€˜v2â€™ have a longer double-stranded stem; sequences labelled â€˜v3â€™, â€˜v4â€™ or â€˜v5â€™ contain the optimal base pairs at the first two positions of the P2 stem. Sequence variants v5 are used in the pseudogene shown in Extended Data Fig. 4a, which is also the architecture used for all of the structures shown here.


Extended Data Figure 4 DNAzyme cassettes comprising two copies of the class I DNAzyme with GT as the first two bases in each P2 stem function robustly and independently of their respective sequences in the context of a long pseudogene.
a, b, Top, schematic representations of two phagemids that contain the same set of staple sequences but are constructed using slightly different DNAzyme architectures. Bottom, analysis of the self-cleavage kinetics of the respective phagemids using alkaline-denaturing agarose gel electrophoresis. Phagemid variant 1 (a) is based on the minimal DNAzyme sequence as identified by us. Phagemid variant 2 (b) is based on the minimal DNAzyme sequence. ref, reference sample containing chemically synthesized staple strands and â€˜wasteâ€™ DNAzyme snippets. c, Auto-levelled (left) and highly oversaturated (right) scans of a denaturing urea-polyacrylamide gel. L, double-stranded DNA ladder; DZ 1 and DZ 2, chemically synthesized oligonucleotides with the sequence of excised DNAzyme cassettes (84 bases long; DZ 1 and DZ 2 denote different sequences in the P1 and P2 stem regions); chem, mixture of all chemically synthesized staple oligonucleotides needed to fold the pointer (staple lengths vary between 41 and 80 bases, thus multiple bands); bio, mixture of cleaved staple pseudogenes that contain all of the staples needed to fold the pointer, purified either by anion exchange chromatography (IEX) or by ethanol precipitation (EtOH).


Extended Data Figure 5 Staple lengths of more than 200 bases lead to decreased folding quality in the DNA origami nanorod.
a, Agarose-gel-electrophoretic analysis of self-assemly reactions of nanorods designed with staple lengths of 210 (left) or 420 (right) bases. Assembly mixtures were subjected to temperature ramps at different MgCl2 concentrations; 0â€‰mM MgCl2 indicates reference samples that were not subjected to the temperature ramp. A well-folded structure would be expected to run faster than the scaffold in the reference sample. b, c, Negative-staining TEM micrographs of nanorods assembled using 210-base-long (b) or 420-base-long (c) staples.


Extended Data Figure 6 Backbone ssDNA can be removed efficiently using anion exchange chromatography, and biotechnological staple production removes the need for a large excess of staple strands over scaffold strands.
a, Left, agarose-gel-electrophoretic analysis of pointer self-assembly reactions containing either chemically synthesized staples (chem) with (oh) or without (no oh) the additional overhangs produced by the DNAzyme cassette or biotechnologically produced (bio) staples purified using only ethanol precipitation (EtOH) or using anion exchange chromatography (IEX). Right, similar comparison, but with samples in which excess strands were removed via PEG purification before loading on the gel. All samples have overhangs. b, Agarose-gel-electrophoretic analysis of pointer self-assembly reactions using a constant scaffold concentration of 20â€‰nM and varying staple concentrations of 15â€“100â€‰nM. sc, scaffold only; sta, biotechnologically produced staples only; chem, self-assembly reactions using chemically synthesized staples; bio, self-assembly reactions using biotechnologically produced staples. For this experiment, biotechnologically produced staples were not purified using anion exchange chromatography, which leads to the appearance of the pointer + backbone band. c, Negative-staining TEM micrographs of pointer structures assembled from cleaved phagemids containing backbone ssDNA: left, unpurified sample; right, PEG-purified sample. d, Agarose-gel-electrophoretic analysis of the different fractions collected from an anion exchange chromatography purification of the cleaved pointer phagemids at different NaCl concentrations. M, marker; ref, unpurified sample; FT, flow through. The red box indicates a section of the image that was auto-levelled individually.


Extended Data Figure 7 Site-specific modification of biotechnologically produced DNA nanostructures.
a, Individual scans of the gel shown in Fig. 3b recorded in the ethidium bromide channel (left) and the Cy5 channel (right). b, c, Schematic representation (left), negative-staining TEM micrographs (centre) and agarose-gel-electrophoretic analysis (right) of knockout-mediated oligomerization (b) or passivation (c) of the screw-nut. Oligomerization of the monomeric screw-nut variant (b) was induced by replacing passivating staples with non-passivating staples. Passivation of the oligomerizing screw-not variant (c) was achieved by replacing non-passivating staples with passivating staples. Scale bar, 100â€‰nm.


Extended Data Figure 8 Establishing a fed-batch process for phagemid ssDNA production.
a, The titre of phagemid particles containing the target ssDNA is plotted against the time of the feeding phase for different multiplicities of infection (MOIs) of helper phage M13K07 (white triangles, MOIâ€‰=â€‰0.05 pfu cfuâˆ’1; green triangles, MOIâ€‰=â€‰0.8 pfu cfuâˆ’1; blue triangles, MOIâ€‰=â€‰1.3 pfu cfuâˆ’1; pfu, plaque-forming units; cfu, colony-forming units). The infection with helper phages was conducted after 5â€‰h of predefined exponential feeding (growth rate of 0.15â€‰hâˆ’1) at a cell dry weight of 22.4â€‰g lâˆ’1 (OD600â€‰=â€‰54). b, Comparison of product (blue trianges) and helper (red triangles) phages over time during the feeding phase for MOIâ€‰=â€‰1.3 pfu cfuâˆ’1. c, Image of an agarose gel comparing the phagemid and helper-phage ssDNA at different processing times after helper-phage addition, millilitre-scale and litre-scale purification. d, Reproduction of the fed-batch process with helper phage M13KO7 infection for phagemid ssDNA production. Blue, grey and black symbols correspond to three independent reproductions of the fed-batch process. e, Agarose-gel-electrophoretic analysis of bioreactor-derived phagemid ssDNA in comparison to shaker flask (ref) and helper-phage ssDNA. Error bars in a, b and d represent the standard deviation of three technical replicates. Gel scans in c and e are oversaturated to enable the detection of minor side products.


Extended Data Figure 9 Cost estimate for the biotechnological production of DNA origami nanorods.
a, Comparison of the net costs for the reaction-systems shake flask (6 l) and the stirred-tank reactor (STR) with laboratory-scale (1.9 l) and pilot-scale (800 l) fermentation. b, c, Relative contributions of different expense factors to the total net cost of fermentation at the laboratory (b) or pilot (c) scale. See also Supplementary Table 1 for details about the cost analysis.
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