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Dynamic range of physical addressability

x, y, z    ~ nanometers

X, Y, Z   ~ centimeters

c          ~ 420 >> 23000

image vs. construct



Summary
Image:
-Using expansion microscopy and in-situ optical sequencing of DNA, 
we are on path to “arbitrary resolution, infinite color microscopy” for bio

-Sequencing neuron-indexing RNA barcodes this way should allow full 
mammalian brain connectomes for ~$30M

Construct:
-DNA origami allows ~5 nm patterning of diverse materials over ~100 
nm length scales by self-assembly, with trivial/facile design

-We should be able to organize DNA origami into larger systems by 
patterning them on shrunken DNA microarrays

-A “molecular 3D printer”, made through various steps involving DNA 
origami, DNA templating of proteins / peptides, and modular protein 
engineering with fixed backbones and programmable interfaces, could be 
an interesting first step to explore and demo “APM” principles 



Part 1: image
How to scalably map the brain’s architecture



Key circuits span the entire brain (cm)



Murray Sherman

…yet are also organized at micron and nm scale



Structural brain mapping today



x,y,z    < 10 nm
X, Y, Z < 1 mm
c         ~ 1

Jeff Lichtman



=
0101001010101010010101
0101010101001010110111
0010110101010111010011

=

4  possible DNA sequences of length N “letters”
N

Zador, Cepko, Tabin, Walsh, Church et al: 
can give every neuron a uniquely-identifiable DNA “barcode”

Scalable brain mapping: unique ID’s for structure



DNA Barcodes via Bulk Sequencing

G ACCG G ATA A TAG AC AT TG C

G A ACC AG G T T A ACC AT TG AG

G AC TG ATCG G AG C TG A AT T C

Sequencing
Library

Zador lab
BOINC

Connectivity
Matrix



Ndigital 4 color microscopy

4-color imaging step biochemistry step

... N cycles

Read one letter of RNA 
at a time, sequentially

Scalable brain mapping: unique ID’s for structure

Church lab circa ~2014



Fluorescent In-Situ RNA Sequencing (FISSEQ):

Ndigital 4 color microscopy



Fluorescent In-Situ RNA Sequencing (FISSEQ):

digital 4 color microscopyN



In-situ readout of Zador barcodes



x,y,z ~ 600 nm
X, Y, Z > 1 cm

c ~ infinity

Synaptic resolution requires x,y,z < 100 nm

In-situ barcode connectomics



In-situ barcode connectomics
x,y,z    ~ 600 nm
X, Y, Z > 1 cm
c        ~ infinity

Synaptic resolution requires x,y,z < 100 nm



Synaptic resolution requires x,y,z < 100 nm

Synapse resolvability vs. 
spatial resolution:
Yuriy Mishchenko, 2011

In-situ barcode connectomics
x,y,z    ~ 600 nm
X, Y, Z > 1 cm
c        ~ infinity



Expansion Microscopy (ExM)

Chen*, Tillberg*, Boyden



no expansion 4.5x linear expansion

same microscope: a fast, diffraction-limited confocal
Boyden and Cai labs

Expansion Microscopy (ExM)



Some very preliminary
manual tracing using VAST

1x 3x2x 4x 5x 10x 20x
Synapses at different levels of ExM expansion (simulated):

Simulation based on Kasthuri et al published dataset
Color indicates cell of origin

Jeremy Wohlwend

1x real Bassoon/Homer 4.5x real Bassoon/Homer

Expansion Microscopy (ExM)

Pre/Post

4.5x ExM



FISSEQ-ExM



Alon*, Goodman*, Chen*, Daugharthy, …, Church**, Marblestone**, Boyden**.

FISSEQ-ExM



FISSEQ-ExM

Alon*, Goodman*, Chen*, Daugharthy, …, Church**, Marblestone**, Boyden**.



FISSEQ-ExM

Alon*, Goodman*, Chen*, Daugharthy, …, Church**, Marblestone**, Boyden**.



Reading neuron barcode RNA sequences
 in physically expanded brain tissue

Scalable brain mapping: unique ID’s for structure

Data by Richie Kohman, analysis by Andrew Xue, Dan Goodwin, Ruihan Zhang



Reading neuron barcode RNA sequences
 in physically expanded brain tissue

Data by Richie Kohman, analysis by Andrew Xue, Dan Goodwin, Ruihan Zhang et al

Scalable brain mapping: unique ID’s for structure

full thickness of mouse cortex

(first-pass automatic barcode extraction)



Connectivity
Development
Expression RNA Transcripts  +

DNA-barcoded Antibodies

FISSEQ
(Lee et al 2014)

“Rosetta Brain”

(in-vivo-generated)
Cell Barcodes 
(update 1x per division)

+

ExM
(Chen et al 2014)

Activity
Behavior

? Molecular Tickertapes ?



Part 2: construct
How to position molecules where we want



DNA origami



DNA origami



DNA origami

Douglas, Marblestone et al, 2009

caDNAno: www.cadnano.org

http://www.cadnano.org


DNA origami

Douglas, Bachelet, 2012



DNA origami

x,y,z   ~ 5-10 nm
 DNA base spacing = 0.3 nm
  helical diameter = 2 nm

X, Y, Z > 100 nm

c        ~ no practical limit

NOT quite small enough for covalent “APM”

NOT quite big enough for integration into devices



DNA origami

x,y,z   ~ 5-10 nm
 DNA base spacing = 0.3 nm
  helical diameter = 2 nm

X, Y, Z > 100 nm

c        ~ no practical limit

NOT quite small enough for covalent “APM”

NOT quite big enough for integration into devices



Rothemund 2009

How to combine “top-down” with “bottom-up” in nanotechnology?



= chip-scale programmable nano-fabrication

[Church, Marblestone et al]

+ +

DNA origami

photolithography
DNA micro-arrays

How to combine “top-down” with “bottom-up” in nanotechnology?



= chip-scale programmable nano-fabrication

[Church, Marblestone et al]

+ +

DNA origami

photolithography
DNA micro-arrays

e.g., light-directed DNA synthesis on chip

How to combine “top-down” with “bottom-up” in nanotechnology?



Bind 
origami

Activate
first
column

Interferometric array

1x

1x

1x

1x

Sequentially
activate 
columns
and 
deposit
oligos

1x 1x 2x 2x 1x

1x 1x 2x 2x 1x

1x 1x 2x 2x 1x

1x 1x 2x 2x 1x

Deposit
 oligo 

Sequentially
activate 
rows 
and 
deposit
oligos

1x 1x 2x 2x 1x
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1y 1y 1y 1y
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2y 2y 2y 2y

1y 1y 1y 1y

2y 2y 2y 2y

early “nm2cm”



Add 
vertical (  )
and 
horizontal (      )
rod 
coupling
DNAs 
(RCDs)

Add 
2nd order
rod 
coupling
DNAs (    )
(to couple 
RCD pairs)

Bind DNA
nano-rods

1x 1x 2x 2x 1x

1x 1x 2x 2x 1x

1x 1x 2x 2x 1x

1x 1x 2x 2x 1x

1y 1y 1y 1y
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2y 2y 2y 2y
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2y 2y 2y 2y
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1y 1y 1y 1y
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2y 2y 2y 2y
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11 11 12 11 22 11 21 11

11 12 12 12 22 12 21 12

11 22 12 22 22 22 21 22

11 21 12 21 22 21 21 21

DNA
nano-array
synthesis

1y 1y 1y 1y

1y 1y 1y 1y

2y 2y 2y 2y

1y 1y 1y 1y

2y 2y 2y 2y

1y 1y 1y 1y

1y 1y 1y 1y

2y 2y 2y 2y

1y 1y 1y 1y

2y 2y 2y 2y

early “nm2cm”



How to combine “top-down” with “bottom-up” in nanotechnology?
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How to combine “top-down” with “bottom-up” in nanotechnology?



DNA
 origami

“implode”
hydrogel

How to combine “top-down” with “bottom-up” in nanotechnology?



DNA origami

x,y,z   ~ 5-10 nm
 DNA base spacing = 0.3 nm
  helical diameter = 2 nm

X, Y, Z > 100 nm

c        ~ no practical limit

NOT quite small enough for covalent “APM”

NOT quite big enough for integration into devices



Going smaller…



Going smaller…



Going smaller…

Molecular additive manufacturing workshop, 2016 (w/ Eric)



Going smaller…

Molecular additive manufacturing workshop, 2016 (w/ Eric)



Going smaller…



Going smaller…



Going smaller…

Molecular additive manufacturing workshop, 2016 (w/ Eric)



Going smaller…

https://www.energy.gov/sites/prod/files/2016/06/f33/Technology%20presentation%20-%20Shafmeister.pdf

Spiroligomer “bricks”
(Schafmeister):

https://www.energy.gov/sites/prod/files/2016/06/f33/Technology%20presentation%20-%20Shafmeister.pdf


Going smaller…

Molecular additive manufacturing workshop, 2016 (w/ Eric)



Going smaller…



Going smaller…



Going smaller… beta solenoid proteins (BSPs)



Going smaller…



Summary
Image:
-Using expansion microscopy and in-situ optical sequencing of DNA, 
we are on path to “arbitrary resolution, infinite color microscopy” for bio

-Sequencing neuron-indexing RNA barcodes this way should allow full 
mammalian brain connectomes for ~$30M

Construct:
-DNA origami allows ~5 nm patterning of diverse materials over ~100 
nm length scales by self-assembly, with trivial/facile design

-We should be able to organize DNA origami into larger systems by 
patterning them on shrunken DNA microarrays

-A “molecular 3D printer”, made through various steps involving DNA 
origami, DNA templating of proteins / peptides, and modular protein 
engineering with fixed backbones and programmable interfaces, could be 
an interesting first step to explore and demo “APM” principles 


