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Full-color, molecular scale reconstruction of complex patterns

Armed with a molecular ruler mechani 1 to produce distance records and a calibration function to convert
those records into physical distances, we applied the DNA nanoscope to reconstruct paterns on a DNA
origami surface. We uniquely labeled each target feature of the pattern using DNA barcodes; recorded
pairwise distances between labeled targets and reconstructed the pattern with molecular resolution.

Pattern design: A DNA origami surr ¢ can be abstracted as a hexagonal grid, where each grid point
corresponds to the 3° end of a staple str  d. A pattern is simply some subset of points chos=n from this grid.
Fig. 4a(l) shows a Smiley face pattern. All grid points have unique identities associated with them,
furnished by the specific DNA sequence of the staple strand at that location.

Tagging: The DNA origami pattern is first prepared for recording by a tagging strategy that associates a
barcode sequence with a staple strand. This barcode sequence, synthesized as a 3 aopendage on the
corresponding staple strand, is used as a ‘handle’ to specifically recruit, via hybridizetion, a barcoded
recording primer for a ruler measurement. We did not attempt to tag every feature of the pattern in every
copy of the DNA origami. Instead we pursued a sparse tagging strategy, where every feature was randomly
labeled with some probability and otherwise left unlabeled (Fig. 4a(2)). See Supplementary Materials and
Methods for details on how this was achieved. In aggregate, across all the copies of the few hundred
thousand DNA origami that were part of an experiment, we expect each feature of the pattern, on average,
was tagged thousands of times.

Recording: Once tagged, the DNA origami were deposited on a mica surface, as before, 0 reduce thermal
molecular fluctuations and variations between origami copies. A molecular ruler recordir.g was performed
and distance records generated (Fig. 4 3)). The distance records contained DNA barcodes at either end,
corresponding to the underlying targets from which the measurement was produced.

Reading distance records: Finally, both the lengths and barcode sequences of the distance records were
read with next generation sequencing. ach distance record was parsed to identify its barcode sequences
and then assigned to the target pair from which it was likely generated. The length distribution of distance
records for a target pair reflects several independent

measurements of the distance between them. The distribution was smoothed and the location of the most
prominent peak extracted. The calibration function was used to translate this peak location into a physical
distance measurement.

Inferring geometry from distance data: The question of integrating noisy, pairwise distance
measurements into an embedding in uclidean space, referred to variously as the distance geometry
problem'*, global positioning problem  localization problem'® etc., is well studied and has applications in
sensor network localization, manifold learning and reconstruction of protein conformation from NMR data.
Noisy distance measurements tend to end up in conflict with each other. The problerr of producing an
accurate embedding is thus a problem of balancing conflicting measurements.

The accuracy of a distance measurement between any two points depends on the number of corresponding
distance records read. In fact, we found that the height of the most prominent peak, in units of number of
reads, serves as an effective proxy for accuracy. In a calibration experiment we aggregated many thousands
(sequencing) to millions (gel electrophoresis) of distance records from a single target peir, allowing us to
precisely and accurately pinpoint the peak of the distribution. In contrast, a typical pattern reconstruction
experiment only aggregates tens to hundreds of distance records per target pair, increasirg uncertainty and
producing less accurate distance meas' :ments. Additionally, the multiplexed recording, amplification and
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Figure 3: Dot Array ¢ ling on surface demonstrating micron scale feature size.

Figure 4: Multi-cycle orthogonal labeling. Three photomasks were labeled in succession to reconstruct an image illustrating a
Penrose Triangle.

Finished Barcoding

Barcodes Rarcode Assignments

BC1: 1101210

BC2: 1012210
BC3: 0112110
BC4: 2101200{ >
BC5: 2121220

Figure 5: Parallelized barcoding workflow, whereby each feature can be uniquely addressed with a m Jlti-strand barcode
sequence.
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