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Inthe realm of particle self-assembly, it is possible to reliably construct nearly
arbitrary structuresifall the pieces are distinct', but systems with fewer flavours of
building blocks have so far been limited to the assembly of exotic crystals* . Here we
introduce a minimal model system of colloidal droplet chains’, with programmable
DNA interactions that guide their downhill folding into specific geometries. Droplets
are observedinreal space and time, unravelling the rules of folding. Combining
experiments, simulations and theory, we show that controlling the order in which
interactions are switched on directs folding into unique structures, which we call
colloidal foldamers®. The simplest alternating sequences (ABAB...) of up to13 droplets
yield 11 foldamers in two dimensions and one in three dimensions. Optimizing the
droplet sequence and adding an extra flavour uniquely encodes more than half of the
619 possible two-dimensional geometries. Foldamers consisting of at least 13 droplets

exhibit open structures with holes, offering porous design. Numerical simulations
show that foldamers can further interact to make complex supracolloidal
architectures, such as dimers, ribbons and mosaics. Our results are independent of
the dynamics and therefore apply to polymeric materials with hierarchical
interactions on all length scales, from organic molecules all the way to Rubik’s Snakes.
Thistoolbox enables the encoding of large-scale design into sequences of short
polymers, placing folding at the forefront of materials self-assembly.

Self-assembly of materials currently requires a toolbox of building
blocks with a given shape and a multitude of interaction flavours
and strengths to ensure a unique product® . By contrast, achieving
self-assembly of an arbitrary structure with high yield using a limited
palette of flavours remains a key challenge. We therefore turn to the
biological concept of self-assembly by the folding of linear chains, anal-
ogous to protein and RNA folding, and adapt it to materials science™ ™.

Our system consists of two flavours of colloidal droplets, labelled
blue (A) and yellow (B), functionalized with complementary DNA
strands (Methods). These dropletsirreversibly bind with valence two
to form the backbone of an alternating colloidomer”?, as depicted in
Fig.1a,b. The droplets are dispersed in an aqueous ferrofluid and we
apply anintermittent magnetic field to accelerate the chaining process,
giving rise to an exponential distribution of chain lengths, as shown
in Extended Data Fig. 1. These chains are thermal and freely jointed
because DNA diffuses on the surface even after the droplets are bound.

To mediate folding, each droplet flavourisin addition functionalized
with DNA strands that act as weaker secondary interactions. Droplets
have the advantage that they freely rearrange after binding, facilitat-
ing folding’®. If all interactions are all simultaneously switched on,
one obtains a mixture of folded geometries as the final product',
The number of possible geometries is singular for chains shorter than
hexamers, but then grows exponentially with chain length. For exam-
ple, an octamer can fold into nine distinct geometries, four of which
are shown in Fig. 1b. By choosing DNA strands with distinct binding

energies and therefore different melting temperatures'® (Methods), we
establish ahierarchy of bonds that are switched on as the temperature
islowered, asshowninFig. 1c,d. Because the melting transitionis sharp,
working a few degrees below it ensures irreversible bond formation
and downhill folding. For example, the decamer chain in Fig. 1d folds
into the crown in a stepwise manner. First, the blue-blue palindrome
interaction forms a pentamer core at high temperature, followed by
the sequential locking in of yellow-blue and yellow-yellow bonds at
progressively lower temperatures. Other protocols with a different
sequence of secondary interactions are mediated by the same DNA
strands, but grafted on dropletsin different combinations (Methods).

Design of the folding landscape

Alongthe folding process, each new bond that forms causes the chain
toadoptadifferent configuration. Those configurations that have the
same contact matrix, ignoring chirality, are here defined to belong to
agivenstate. All possible states between the linear chain and the final
geometries map out anenergy landscape that canbe representedina
tree form™. Inthe folding treein Fig. 2a, each row shows states with the
same number of secondary bonds, that is, the same potential energy.
Twosstates are connected inthe tree if one can topologically transform
into the other by making or breaking a single bond. Designing folding
protocols, or the order of secondary droplet interactions, enables us
to funnel the landscape to one final folded state.
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Fig.1| Colloidomer design and folding. a, Two flavours of droplets, A (blue) and
B (yellow), are functionalized with complementary backbone strands of DNA to
make alternating chains. They also carry weaker DNA interactions that mediate
folding. The blue flavour carries two additional types of DNA, whereas the yellow
flavour carries only one DNA strand that provides two distinctinteractions. This
9base pair (bp) DNA strand carries aconsecutive complementto the 6 bp strand
ontheblueparticle, activated at amelting temperature (T,) around 32°C, and
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Fig.2|Folding pathways of aheptamer. a, All folding pathways of afour-blue,
three-yellow droplet heptamer resultin arocket foldamer when only the blue-
blueinteractionisturned on. Experimentalimages of states are superimposed
with the theoreticaltree, in order of frequency, to show the diversity of
observed pathways. Eachimage contains an example of abackbone
arrangementoverlaid in white. The number of secondary bonds acquired s
shownateachlevel of the tree. The plots on the right show the time evolution
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6intermittentbp thatare palindromes activated at T;,around 27 °C to mediate
theyellow-yellowinteraction (Methods). b, Anemulsion first assembles into
colloidomers using amagnetic field (B), after whicha temperature (T) protocol
triggers foldinginto diverse geometries. ¢, Fluorescentimages show
colloidomers of different lengths that undergo folding over time. Scale bar,

20 pm.d, Atemperature protocol givesrise to stepwise folding, each step witha
durationt, ofadecamer chaininto the crown foldamer.Scalebar, 5 um.
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after the temperature quench 4., of the yield Y of each colour-coordinated
state.b, When the yellow-yellow interactionis switched on first, the same
polymer foldsinto asingle floppy state. Further interactions folditintoa
rocket with adifferent fold, but reversing their order leads to amixture of the
rocket and theladder. Note that switching on the yellow-blue bond last (dashed
line) would require adifferent DNA strand design to that showninFig. 1a.
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Alternating polymer foldamers
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Fig.3|Predicted and experimentally realized foldamers. a, Alternating
polymersoflength N=6-14 (subscriptsindicate the number of blue and yellow
droplets) canbe successfully folded by distinct protocols (columns) witha
maximum of three interactions (rows). Foldamers shaded in yellow require only
one step, which can switchon one or more interactions. At theend of each step,
foldamers are shown on the left and the number of floppy geometrieson the
right, inorder of increasing chainlength. b, Experimental results show

The example of an alternating heptamer chain in Fig. 2a shows
that switching on only the blue-blue interaction yields a rocket fol-
damer as the final state. This tree was constructed theoretically and
then populated by images of states that were observed along experi-
mental folding pathways (Methods). The notable overlap between
experiment and theory indicates that the experiments are sampling
all the available states. Tracking n = 255 folding heptamers enables
us to plot the evolution of the yield Y of the most popular states in
eachlevel of the treein the side panels. Long-lived states correspond
to local minima (states S1and S2 in the tree) that are theoretical
dead-ends, but are overcome in experiments because our system
is quasi-two-dimensional and rare out-of-plane rearrangements are
possible. Asaresult, all pathways lead to the rocket foldamer out of the
four possible heptamer geometries on a timescale of approximately
20 min.

Because the heptamer comprises four blue and three yellow drop-
lets, switching on the yellow-yellow interaction funnels the land-
scape into a much simpler tree, as shown in Fig. 2b. Here the final
state is a unique floppy state that needs additional interactions to
become rigid. Subsequently turning on the blue-blue interaction
yields two new floppy states, one of which closes into arigid ladder,
whereas the other requires the remaining blue-yellow interaction
to fold into the rocket shape. This particular protocol yields a mix-
ture of the ladder and the rocket and does not qualify as a success-
ful protocol. On the other hand, reversing the order of the last two
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fluorescentimages of predicted foldamers up to decamers, as well as their
relative foldingyields Y. Scale bar, 5 pm. Experimental number of observations:
for N=6, [triangle, chevron, ladder] = (19, 86, 67); for N=7,[rocket no. 1, rocket
no.2, flower] = (175,25, 7); for N=8, [hourglass] = 8; for N=9, [poodle] = 24; for
N=10, [crown] = 8. ¢, Modes of folding: core collapse (left) and geometric
frustration (right).

steps leads only to the rocket foldamer, but with a different colour
arrangement, or fold, to the one obtained from a single blue-blue
interaction in Fig. 2a. This feature demonstrates the robustness of
geometry to the protocol.

Foldamer search algorithm

Insearch of foldamers, we sweep all protocols for folding alternating
sequences. The construction of folding trees becomes computation-
ally expensive as the chain length grows, so we devise an alternative
strategy for a systematic search (Extended Data Fig. 2), which ena-
bles ustoreach chains with N=15droplets. We start by enumerating
only the rigid states'*° and we map out all the possible backbone
arrangements therein (Methods). Superimposing the alternating
sequence on the backbones, we add secondary bonds between
neighbouring droplets according to a specific interaction matrix.
The resulting states are then classified as local or global minima.
Keeping track of the minima each time an interaction is added, we
determineif a colloidomer eventually folds into a unique geometry
for a given sequence of interactions steps. The algorithm relies on
the assumption that interactions are irreversible and that all bonds
form, which requires a long enough waiting time at each tempera-
ture step in the experiment. This strategy is general for any linear
polymer that can freely rearrange during folding by hierarchical
interactions.
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Fig.4|Colloidomersequence design and supracolloidal assembly.

a, Exponential growth of the number of possible rigid geometries as afunction
of chainlength N (blackline). Numbers of foldamers encoded by an alternating
ABsequence (light blue), any AB sequence (dark blue) and any ABC sequence
(red) viaall available protocols are shown as bars (the N=13 baris alower
bound). b, Simulated examples of supracolloidal self-assemblies using specific
interaction protocol, shown with the droplet sequence that gives that foldamer.
Numbersindicate the orderinwhichinteractions are activated (Extended Data
Fig.4b).

Alternating sequence foldamers

Our theory systematically identifies successful protocols that yield
atotal of 11 foldamer geometries for chains up to 13 droplets long,
as shown in Fig. 3a. Following those protocols, experiments capture
most of the predicted foldamers, as shown in Fig. 3b and Supplemen-
tary Videos 1-7. Highrelative yields, defined as the proportion of rigid
structures that reach the correct geometry (Methods), are achievedin
allbut the flower and crown foldamers, owing to floppy dead-ends they
encounter on timescales beyond the experimental window. This may
explain why single-step quenches have perfect yields of rigid struc-
tures, whereas multiple quenches on average have lower yields. The
incorrect structures arising from local minima can be suppressed by
optimizing the bond strength, as shownin the simulations in Extended
DataFigs.3and 4a.

Our foldamers demonstrate that the simplest alternating sequence
encodes all the possible geometries of the hexamer: the ladder, the
chevron and the triangle, as shown in Fig. 3b. Among longer foldam-
ers, only the heptamer flower and the decamer bed correspond to
the ground state of a folded homocolloidomer, whereas the rest are
unlikely geometries in equilibrium?. For example, the octamer hour-
glass geometry has the highest free energy, that is, the smallest yield
among the nine possible geometries because of its high symmetry

number”®, Therefore, our foldamers correspond to kinetic states
that are accessible on the basis of geometric considerations alone.
Another example is the nonamer poodle, which is the longest chain
that can be folded with a single interaction. By contrast, the decamer
foldsinto the crown through a many-to-one transition, as an example
of afunnel-like landscape®.

Colloidomer folding mechanisms

More generally, alternating colloidomers follow two mechanisms to
reach the foldamer state: core collapse and geometric frustration, as
illustrated in Fig. 3c. The most common mechanismis the core collapse,
whichfirst formsarigid core and thenlocks inthe remaining droplets
ontheoutside. Up to decamers, the cores consist of amaximum of five
identical dropletsin unique geometries. Beyond this length, foldamers
comprise multiflavoured cores formed upon turning on two interac-
tions simultaneously, as seen in the star foldamer.

The second mechanism of geometric frustration initially engages
aninteraction that traps the droplets by certain locking bonds into
positionsin which they are surrounded by neighbours with which they
cannot formsecondary bonds. Turning on other interactions adds the
remaining bonds without changing the geometry. The Russian doll
architecture of these foldamers as a function of N allows us to suc-
cessfully predict the N =14 foldamer following the same protocol, as
showninFig. 3c.

From sequence to supracolloidal design

Next, we theoretically investigate how increasing complexity??
improves the number and variety of possible foldamers. We run our
search algorithm across all possible droplet flavour sequences, while
preserving the number of each flavour in the chain. This process uncov-
ers winning protocols, increasing the total number of foldamers by
roughly an order of magnitude, particularly inlonger chains, as shown
in Fig. 4a (dark blue). Note that chains with at least N=13 droplets are
able to encode foldamers with stable holes (Extended Data Fig. 5),
which canserve as precise sieves and offer porous design. Inaddition,
the introduction of a third flavour while designing in both sequence
and protocol spaces identifies more than a half of all possible geom-
etries up to tridecamers, giving in total 310 foldamers (red). Whereas
two flavours code for all three geometries in hexamers, three letters
encode allgeometries up to decamers, puttingabound onwhat canbe
achieved with a small number of flavours as a function of N (refs. 2*%).
To achieve these sequence-specific foldamers experimentally would
require sequential droplet polymerization, as previously demonstrated
inref. .

With this lexicon of foldamers as building blocks, simulations show
that they self-assemble by additional supracolloidal interactionsinto
higher order architectures?, as shown in the simulated examples in
Fig.4b.Forinstance, aninteraction between blue droplets assembles
star foldamers into a complex mosaic. Foldamers with polarized fla-
vours self-assemble into ribbons or islands, whereas three flavours
facilitate the assembly of unique dimers. All these examples could
be experimentally realized if the chains were segregated by length
(Methods), diluted and the DNA strands were subsequently activated
for further assembly (Methods).

Our minimal model system exhibits many of the phenomena nomi-
nally associated with protein folding. Foldamers consisting of droplets
with two or three flavours have the properties of uniqueness, robust-
ness and kinetic accessibility ina funnellandscape®?, The core collapse
folding mechanism resembles the hydrophobic collapse in proteins®,
whereas that of geometric frustration has been proposed as a design
principle in the assembly of peptides®. On the supracolloidal scale,
foldamer assembly mimics the polymerization of fibrils*®, the formation
of protein-based micelles® or protein dimerization®. These similarities
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occur eventhough our systemis strictly out-of-equilibrium, highlight-
ing the importance of geometry in guiding assembly.

Colloidal self-assembly has the advantage that the monomers are
easily visualized under a microscope, giving access to the underlying
rules that governsuccessful folding by dissecting the respective roles of
sequence design, minimal number of flavours, hierarchy of interactions
and topological constraints. This type of structural design influences
function. Once folded, emulsions are readily polymerized to make
solid two-dimensional patterns on the scale of the wavelength of near
infrared light, enabling one to tune their optical properties.

Moreover, sequential secondary interactions can be programmed
to fold into three-dimensional foldamers (Supplementary Videos 9
and 10). Using smaller droplets allows them to explore the available
phase space in three dimensions more efficiently. An alternating hex-
amer uniquely gives a polytetrahedron following a three-step proto-
col, which we experimentally demonstrate with 100% yield (n = 5).
Self-assembly of geometric clusters paves an alternative path towards
materials with photonic band gaps, such as the colloidal diamond®.
Instead of using droplets, one canimagine folding molecular polymers
designed with hydrophobic and polar moieties®, or building macro-
scopicbeads-on-a-string models with specific interactions, facilitated
by an external drive™. This new paradigm of hierarchical folding as a
precursor for large-scale self-assembly offers design rules for biomi-
metic materials with tunable functionalities®.
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Methods

Droplet synthesis

Monodisperse polydimethylsiloxane droplets were synthesized
according to a protocol modified from that outlined in refs. 7>,
An equal volume of dimethoxydimethysilane (Sigma Aldrich) and
(3,3,3-trifluoropropyl)methyldimethoxysilane (Gelest) was mixed
together with DI water at approximately 2% v/v. The monomers were
prehydrolysed by vortexing for 60 min. Ammonia was added at 1%
v/v,and the droplets were left to grow for 24 h. The droplets were then
dialysed against 5 mM sodium dodecyl sulfate (SDS, Sigma Aldrich)
toremove the remaining ammonia and reaction byproducts. We then
incubated the droplets in 1% volume of (3-glycidoxypropyl) methyl-
diethoxysilane (Gelest) with10 mM sodium azide and 5 mM SDS. This
embedded reactive azide groups inside the droplets, such that they
canbe fluorescently labelled at a later stage. This synthesis produced
monodisperse oil droplets that were denser than water with alow gravi-
tational height, forming a quasi-two-dimensional system.

DNA sequences and their interactions

The following is a complete list of DNA sequences used in this work,
listed with their modifications from 5’ to 3’. The strands which formed
the interactions were as follows:

A:azide Cy3AGCATTACTT TCC GTC CCG AGA GAC CTA ACT GAC
ACGCTT CCCATCGCTAGAGTT CACAAGAGT TCACAA

B:azide CySAGCATTACTT TCC GTC CCG AGA GAC CTA ACT GAC
ACGCTTCCCATCGCTATT GTGAACTCTTGT GAACTC

C:azide AGCATTACTTT CCG TCC CGA GAGACCTAACTGACACGC
TTCCCATCGCTATTTTTAGTC

D:azide AGCATTACTTT CCG TCC CGAGAGACCTAACTGACACGC
TTCCCATCGCTATTT GACTAA

P:azide AGCATTACTTT CCG TCC CGAGAGACCTAACTGACACGC
TTCCCATCGCTATTTATC GAT

CS: TAG CGA TGG GAA GCG TGT CAG TTA GGT CTC TCG GGA CGG
AAA GTAATG CT azide

The strongest DNA interactionis the 20 bp hybridization of Aand B
strands providing the colloidomer (blue-yellow) backbone. In typical
experimental conditions, the backbone melts at around 75 °C.

The remainingstrands provide a hierarchy of secondary interactions
strengths to mediate sequential folding:

(1) The strongest secondary interaction is realized by the P strand
through palindromic self-interaction. In typical experimental condi-
tions, it melts between 40 °C and 45 °C. This strand facilitates homo-
philic blue-blue or yellow-yellow interactions.

(2) Aweaker secondary interaction is mediated by the complemen-
taryinteraction of C and D strands, which melt between 30 ‘Cand 35 °C.
Thisinteraction facilitates secondary yellow-blue bonds.

(3) The weakest interaction is provided by the D strand, by a weak
palindromic self-interaction. In typical experimental conditions, it
melts around 27 °C. This strand facilitates homophilic blue-blue or
yellow-yellow interactions.

In Fig. 3b, we show foldamers obtained via three protocols, each of
which uses a different combination of the DNA interactions coating
the droplets. Protocol l uses interactions 1 and 3 (giving the ladder
foldamer). Protocol Il uses interactions 1, 2 and 3 (giving the triangle,
rocket, hourglass, poodle and crown foldamers). Protocol lll usesinter-
actions 2 and 3 (giving the chevron and flower foldamers).

DNA-labelling of emulsion droplets

Beforelabelling with DNA, emulsion droplets were diluted intol mM SDS
atavolume fraction of approximately 6%. DNA strands with sticky ends
werereacted withaDBCO terminated pegylated lipid (DPSE-PEG-DBCO,
Avanti Polar Lipids), and then annealed with a complementary spacer
strand as described in refs. ", Droplets were incubated with backbone
DNA at 200 nM concentrations with a volume fraction of 0.6% with 50 mM

NaCl, 10 mM Tris pH 8 and 1 mM EDTA. After 30 min, secondary interac-
tion DNA was added, bringing the total concentration to 5-25 uM. The
droplets were then incubated for 2 h before being diluted by a factor of
twowithabuffer containing 50 mMNaCl,10 mM Tris pH 8, 0.1% w/v Triton
165and Cyanine 3 DBCO (or Cyanine 5DBCO, both from Lumiprobe). The
droplets wereincubated for afurther 30 minbefore being washed several
timesin 50 mM NaCl to remove all unreacted dye.

Colloidomer formation

Droplet polymerization was accelerated by dispersing the droplets
inan aqueous ferrofluid (EMG 707, FerroTec) and aligning them with
amagnetic field. The ferrofluid was washed several times into 0.3%
F68 pluronic surfactant by centrifugation to remove the proprietary
surfactant in the ferrofluid. Two sets of droplets were prepared with
complementary backbone DNAs and secondary DNA strands of choice.
Thetwodroplet types were mixed ata1:1ratio along withal:3 dilution
of the F68 ferrofluid buffer,200 mM NaCland 20 mM EDTA pH 8. The
sample was added to acustom flow chamber made from a hexamethyld-
isilazane (Sigma Aldrich) treated glass slide and coverslip and parafilm.
The flow cell was sealed with ultraviolet glue.

Thesample was then heated up to 75 ‘C to break allbonds in the sys-
tem, and then cooled down to just above the melting temperature of the
strongest secondary interaction, typically 50 °C. The sample was then
put through a repeated cycle of alignment with rare earth magnets
and relaxation to grow the chains. Typically, this produced a mixed
sample of monomers, linear chains and branched chains. The density
of droplets was optimized such that they would grow sizable polymer
chains, but that the chains would not aggregate on the timescale of the
folding experiments. The colloidomers were allowed to relax in the
absence of a magnetic field before the folding data were taken. Data
were taken using a Nikon TI Eclipse with a x20 objective using either
single- or double-channel fluorescence imaging.

Temperature protocols and waiting times
The temperature was adjusted using a custom-made heating cell com-
posed of an indium tin oxide coated glass slide (SPI) connected to a
Thorlabs TC200 resistive heater with athermocouple forfeedback. The
temperature protocol was programmed through custom software.Fora
giventemperature protocol, firstasample of droplet polymers with the
desired set of interactions was made. A manual sweep of the tempera-
ture was performed to determine where each interaction takes place,
asthe meltingtemperatures can change from sampletosample. Thefirst
temperature step lasting 10 min was programmed to be above the melting
temperature of all interactions to identify the unfolded colloidomers.
Subsequently, there canbe one, two or three additional steps depend-
ingonhow many interactions are tobe turned on. If there is more than
oneinteractionthatis turned on, the waiting step for thefirstinterac-
tion is the longest. For the data in Fig. 3c, the waiting time at the first
step was 20 min (except for the N= 6 triangle, which had awaiting time
of 30 min), whereas that for the second and third steps was typically
5-10 min. In principle, longer waiting times enable the resolution of
local minima and lead to better yields. In practice, however, longer
waiting times increase the chance that colloidomers aggregate during
folding, which can be avoided in dilute samples.

Video analysis

Folding videos were analysed using a custom MATLAB data analysis
software. All particles were identified and located using threshold-
ing. These particles were then tracked through the whole video using
customsoftware modelled after thatinref. *. Polymers were identified
using the same metrics asinref.” from the first 10 min of every record-
ing, which was always above the melting temperature of the strongest
secondaryinteraction.An N x N x t (where Nis the number of monomers
in the polymer and ¢ is the time) connectivity matrix was then calcu-
lated for each polymer using the particle locations and diameters. The
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contact matrix was median filtered over t to remove transient interac-
tions. Each contact matrix was then matched to a polymer configuration
theoretically computed, allowing us to track the polymer configuration
over time. Selections of data were vetted by hand afterwards to ensure
theintegrity of the data. Polymers that aggregated or that folded into
three-dimensional structures were discarded.

InFig.2a, the plottedyields as afunction of time of a given configura-
tion are normalized by the total number of identified configurations
having the same number of bonds, that is, ones within the same row of
thefoldingtree.Ifacolloidomerislostatagiventime, thatis, leavesthe
observational window, aggregates with another one or enters an uniden-
tifiable configuration, it isremoved from the analysis pool. For Fig. 3c,
the yield is defined as the fraction of polymers of length N that fold to
completioninto the target rigid structure over the fraction of polymers
oflength Nthat fold to completioninto any rigid structure of the same
size. A chain-by-chain analysis reveals that the typical fraction of chains
that successfully complete folding is on average 65%, ranging from 50
to 70% for chainlengths N = 6-11droplets. In this work, the quoted fold-
ingyields consider only these chains. To increase the fraction of viable
chains, our method could be improved with alarger density mismatch
betweenthe droplets and the aqueous phase to ensure two-dimensional
folding, while using a sample cell with individual wells for each chain.

Possible extensions to colloidomer folding

To experimentally realize supracolloidal self-assembly, such as the ones
shownin Fig. 4b, several further steps need to be taken. The emulsion
polymerization protocol yields an exponential distribution of chain
lengths shown in Extended Data Fig. 1. Therefore, our samples first
need to be segregated by chain length. This could be achieved using
the glycerol-based density gradient centrifugation method®**’. This
method has been used to separate clusters of solid colloids with differ-
entsize. It can now be extended to colloidomers consisting of emulsion
droplets, as they are robust against centrifugation (see the washing
steps of the current synthesis), and are not destabilized by glycerol, as
shown by the refractive-index matching experiments in ref. >,

To avoid chain aggregation, secondary interactions would be
implemented using linker-mediated assembly®***. The desired
single-chain-length sample would then be diluted to low volume frac-
tionto avoid aggregation during folding. The linker strands would then
be added toimplement the appropriate folding protocol. Temperature
quenches canthenbe followed to create auniformsample of foldamers
for supracolloidal assembly. Once folded, the unused interactions can
lead to supracolloidal architectures, such asin the case shownin Fig.4b
forwhichactivation of the unused blue-blue bond in the star foldamer
leads to the mosaic assembly. In other cases, specific binding between
foldamers can be activated using strand displacement reactions* or
triggered with linker-mediated interactions*.

Enumerating two-dimensional geometries

We define as a geometry any colloidomer cluster in which deforma-
tions cost energy, thatis, a deformation requires the breaking of a sec-
ondary bond. Geometries are therefore rigid clusters. To enumerate
two-dimensional geometries for asystem of size N, we start by selecting
all possible sets of Nneighbouring points onan N x Ntriangular lattice.
We form bonds between points located at a unit distance and test the
rigidity of the resulting geometries by analysing the normal modes of
the dynamical matrix. We describe the ensemble of N, geometries fora
chainoflength Nby asetof planar graphs {G;,(V, E)}, withindexi € (1, Ny),
andwhere the vertices (V) are the dropletsin the chainand the edges (F)
are the DNA-mediated bonds. Edges may be of two types: backbone
bonds and secondary bonds. Each graph is characterized by a contact
matrix, which describes the bonds between droplets, and a distance
matrix, which contains the distances between each droplet pairina
geometry. The first size with more than one geometry is N = 6 (ref. '8).
At N >13 the first geometries with stable holes in the bulk appear.

Foldamer search algorithm

We develop a computationally efficient search algorithm to system-

atically scan protocol and sequence spaces and find foldamers of agiven

length N.The algorithmrequires as input the ensemble of all backbone
configurations within the geometries N for achain of length N, thatis,
the set of Hamiltonian paths {H, ,, ... JHy 1o g, ,Hpq'q}, for
all g € (1, Np), where p, is the number of paths in the gth geometry. The
total number of Hamiltonian paths grows exponentially and it does not
depend onthe sequence or the interaction matrix. Thus, they are com-
puted only once per N, significantly reducing the computation time.

Thestructure of the algorithmis showninthe Extended DataFig.1. For

agiven protocol and sequence, the algorithm can be summarized as

follows:

Input. Map the sequence onto Hamiltonian paths.

(1) Formbonds. Apply the firstinteraction of the protocol. Abond will
be formed between two vertices ifthey are in neighbouringlattice
points and the interaction s allowed.

(2) Arethere geometries?

(i) Yes.Ifthe classification flags geometries, the algorithm stops.
Ifthereisasingle geometry, afoldamerisreported. We choose
to report a solution even if there are competing floppy states
with the same or more bonds as the foldamer geometry (this
becomes possible when N > 7).

(ii) No. A foldamer is not selected.

(3) Select global minima. This is analogous to selecting floppy states
with the largest number of bonds. Note that this also implies that
local minimain the first interaction tree are not considered (here
we assume strict downhill folding).

(4) Continue the protocol of adding interactions. Update the interac-
tion matrix according to the protocol.

(5) Form new bonds. Repeat the bond-making process iterating over
the states from step 3.

(6) Classify states. We classify states into global and local minima, and
transient states. Global minima are states of a tree that cannot ac-
quire additional bonds either because they reached arigid state or
because spatially accessible neighbours do not have flavours with
attractive interactions. Local minima are floppy states for which the
topology prevents further formation of bonds. All other states are
classified as transient states.

(7) Isthe protocol over?

(i) Yes. Analyse the resulting geometries. If a single geometry is
found, afoldamer is reported.

(ii) No. Repeat steps 4-7 until the protocol ends.

Simulation details

We perform Dissipative Particle Dynamics (DPD)* simulations using
anin-house code. Our unit of length is the particle diameter o =1and
we assume all particles have the same mass m = 1. Energy is measured
inunits of k;T, where kyis the Boltzmann constant, and we fix the tem-
perature of the system at k;7=1. When folding a colloidomer of length
N, weset the simulationboxsize L toL/o= (N +2).For the self-assembly
of supracolloidal architectures, we choose L/a = 30.Inboth cases we use
periodic boundary conditions. We use amultiple-timestep simulation
schemetointegrate the equations of motion witha timestep dz, =107
toresolve the dynamics of the solventand atimestep d¢, =107 for the
dynamics of the colloids. DNA-mediated interactions are modelled by
ashort-range, isotropic interaction potential**

2 N2 72
U(r)=sa(r,.,o)[(gj —1}{@ —1} , M

where ris the distance between two interacting particles, r;=1.050
is the interaction range, € is the strength of the interactionand ais a



parameter that sets the minimum of the potential U(r,,) = £ (see ref. **
for further details). Primary bonds are made irreversible by setting
& =40k, T. Tosimulate secondary interactions, we gradually increase €
until it reaches &5, once the corresponding interaction is turned on.
Theincreaseis done over the course of 200 simulation steps to ensure
downhill folding while preventing poor potential sampling.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. The dataincludes experimental
as well as computational datasets, Matlab scripts for experimental
video analysis and Python scripts for computational dataset analysis.

Code availability

The custom computer codes to build folding trees, to identify foldam-
ersand the Dissipative Particle Dynamics (DPD) code to simulate fold-
ing of colloidomers are available from the corresponding author upon
request. We have provided pseudo-code for the enumeration code in
Extended Data Figure 2. DPDis also available in open-source packages
such as HOOMD and LAMMPS.
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Extended DataFig.1|Chainlengthdistribution. This panelshows a
distribution of chainlengths fromatypical chaining experiment, on asemi-log
scale.Observed chainsintherange N = 3-14 are exponentially distributed.
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Extended DataFig.3|Foldameryields for an alternating ABABsequence
withlengthN = 6-13.Fromleft toright, we show the results for single, two,
andthree-step protocols. Allyields are given as relative yields, in which the
number of foldamersis normalized by the total number of rigid structures
observedat theend of the corresponding protocol. The experimental number of
observationsisng[ladder, triangle, chevron] = (67,19, 86), n,[rocket#1, rocket#2,
flower] = (175, 25, 7), ng[hourglass] = 8, n;[poodle] = 24 and n,y[crown] = 8.‘ND’
stands for ‘No Data’. Simulation yields Ys;pouwnnin @Nd Ysimsteprnerma COMe from two
different protocols, the pure downhill and the step-thermalized quench,
respectively, and result from averaging over >2000 different initial conditions
(sampling error is negligible). The significant difference between the two
simulation protocols arises because the finite unbinding probability in the

step-thermalized caseis optimized to allow the colloidomer to escape kinetic
traps, i.e., localminima, and fold correctly (see Supplementary Video 8 and the
Extended DataFig. 4(a)), whereas this is not possible in the downhill case.
Exceptionsarethe N=7flowerand N=10bed, foldamers that undergo
geometric frustration, as theirreversibility of the locking bonds in the downhill
protocol actuallyimproves the yield. The two simulation methods give the
range of yields one canaccess by folding strictly in2D. Experiments undergo a
finite temperature quench, whichis better mimicked by the thermalized
simulation protocolinall cases. Note that allbut one (triangle) experimental
yield fall within the range predicted by simulations. This experimental yield
exceeds that of the optimized simulation, owing to the fact that local minima
canbeescapedbyrare3D excursions only possiblein experiments.
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Extended DataFig.4|Optimized foldameryields for alternating and
designed sequences. (a) Relative foldamer yield Y,(%) as function of bond
strength e/k,T for three foldamer structures: the ladder (blue), hourglass
(orange) and crown (green). These structures exemplify foldamersresulting
from1-step, 2-step and 3-step protocols, respectively. The results were
obtained by waiting =10’ time units (t. u.) with the first interaction on, and
setting T=10%t.u. for subsequentinteractions. We note that e/k ;T refers only to
thebindingstrength during the first step in the protocol; subsequent stepsin
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Geometry v%v
Ysimpowni (70) 83 11 9
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the protocol are treated as pure downhill folding. (b) Relative yields of the three
foldamersinFig.4(b). As discussed in Extended Data Fig. 3, Ys;mpownnint
corresponds to pure downhill folding, where the chainis likely to get trapped in
alocal minimum along the pathway. Ys;,s;cpmema yi€lds are the result of
optimized binding strengths e and quenchlengths 7. Results in the table were
obtained by setting T=10°t.u., and choosing ¢/k;T=8 forthe N=8andN=13
chains, and e/k,T =7 for the N=11chain.
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Extended DataFig.5|Non-compactclustersinahexagonal latticein 2D. hexagonal hole. For those structures coloredingreen, there exists atleast one
Thefirst non-compactcluster arises at N=13; for N=14 there are 6 different protocolinrandomsequence space that can fold them uniquely.
clusters, and for N=15we identify 41. Allnon-compact clusters contain asingle
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