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Self-assembly Through Programmable Folding

. Inspired by Nature's strategy of folding biopolymers into specific RNA and protein structures, here we introduce a minimal model system of colloidal polymers with programmable DNA interactions that guide their downhill folding into two-dimensional geometries. Combining experiments, simulations, and theory, we show that designing the order in which interactions are switched on directs folding into unique geometries called foldamers. The simplest alternating sequences (ABAB...) of up to 13 droplets yield eleven foldamers, while designing the sequence and adding an extra flavor uniquely encodes more than half of the 619 possible geometries. These foldamers can further interact to make complex supracolloidal architectures, seeding a next generation of bio-inspired materials. 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.

. Despite these advances, achieving self-assembly of an arbitrary structure with high yield using a limited palette of flavors remains a key challenge.

In search of an alternative approach for the design of functional materials, we turn to the biological concept of self-assembly via folding. At the molecular level, RNA and proteins robustly fold into well-defined struc-tures starting from evolution-selected sequences of only 53 4 nucleotides or 20 amino acids, respectively. On the cel-54 lular level, folded proteins self-organize into higher level 55 complexes, such as motors or microtubules, whose func-56 tionality depends on the shape of the constituents [24]. 57 Adopting the strategy of folding to materials sci-58 ence, here we demonstrate that colloidal droplet chains, 59 i.e., colloidomers, endowed with few flavors can be pro-60 grammed to fold into a selection of foldamers with near-61 perfect yield. The geometric shape and specificity of 62 foldamer interactions can then be tuned to give rise to 63 their self-assembly into supracolloidal architectures, such 64 as dimers, micelles, tubules, and mosaic tilings. This 65 novel toolbox enables the encoding of large-scale design 66 into sequences of short linear polymers, placing folding 67 at the forefront of materials self-assembly. 68 A folding model system 69 Our system consists of two flavors of colloidal droplets, 70 labeled blue (A) and yellow (B), functionalized with com-71 plementary DNA strands (Methods). These droplets ir-72 reversibly bind with valence two to form the backbone 73 of an alternating colloidomer [25, 26], depicted in Fig. 1 74 (a,b). The droplets are dispersed in an aqueous ferrofluid 75 and we apply an intermittent magnetic field to acceler-76 ate the chaining process. These chains are thermal and 77 freely jointed because DNA diffuses on the surface even 78 after the droplets are bound. 79 To mediate folding, each droplet flavor is addition-80 ally functionalized with DNA strands that act as weaker 81 secondary interactions. If they are all simultaneously 82 switched on, one obtains a mixture of folded geometries 83 as the final product [27]. The number of possible geome-84 tries is singular for chains shorter than hexamers, but 85 then grows exponentially with chain length. For example, 86 an octamer can fold into nine distinct geometries, four of 87 which are shown in Fig. 1 (b). By choosing strands with 88 distinct binding energies and therefore different melting 89 temperatures [28-30] (Methods), we establish a hierar-90 chy of bonds that are switched on as the temperature is 91 lowered, shown in Fig. 1 (c,d). Because the melting tran-92 sition is sharp, working a few degrees below it ensures 93 irreversible bond formation and downhill folding. For 94 example, the decamer chain in (d) folds into the crown 95 in a stepwise manner. First, the blue-blue palindrome 96 interaction forms a pentamer core at high temperature, 97 followed by the sequential locking in of yellow-blue and 98 yellow-yellow bonds at progressively lower temperatures. droplets assembles star foldamers into a complex mo-242 saic. Foldamers with polarized flavors self-assemble into 243 tubules or colloidal micelles, while three flavors facilitate 244 the assembly of unique dimers. We expect that all these 245 examples are experimentally realizable with further de-246 sign of supracolloidal interactions. 247 Our minimal model system exhibits many of the 248 phenomena nominally associated with protein folding. 249 Foldamers comprised of droplets with two or three fla-250 vors have the properties of uniqueness [38], robustness 251 [39], and kinetic accessibility in a funnel landscape [33]. 252 The core collapse folding mechanism resembles the hy-253 drophobic collapse in proteins [40, 41], while that of geo-254 metric frustration has been proposed as a design principle 255 in the assembly of peptides [42]. On the supracolloidal 256 scale, foldamer assembly mimics the polymerization of 257 fibrils [43], the formation of protein-based micelles [44] or 258 protein dimerization [45]. These similarities occur even 259 though our system is strictly out-of-equilibrium, high-260 lighting the importance of geometry in guiding assembly. 261 This bottom up approach gives access to the under-262 lying rules that govern successful folding by dissecting 263 the respective roles of sequence design, minimal num-264 ber of flavors, hierarchy of interactions, and topological 265 constraints. Moreover, 2D foldamers offer a direct route 266 to folding 3D architectures. Instead of using droplets, 267 one can imagine folding molecular polymers designed 268 with hydrophobic and polar moieties [46], or building 269 macroscopic beads-on-a-string models with specific inter-270 actions, facilitated by an external drive [47, 48]. This new 271 paradigm of hierarchical folding as a precursor for large-272 scale self-assembly offers design rules for biomimetic ma-273 terials with tunable functionalities.
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Design of the folding landscape

Along the folding process, each new bond that forms causes the chain to adopt a different configuration. Those configurations that have the same contact matrix, ignoring chirality, are here defined to belong to a given state.

All possible states between the linear chain and the final geometries map out an energy landscape that can be represented in a tree form. In the folding tree in Fig. 2 (a), each row shows states with the same number of secondary bonds, i.e., the same potential energy. Two states are connected in the 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, allows us to funnel the landscape to one final folded state.

The example of an alternating heptamer chain in Fig. 2 (a) shows that switching on only the blue-blue interaction yields a rocket foldamer as the final state. This tree was constructed theoretically and then populated by images of states that were observed along experimental folding pathways (Methods). The remarkable overlap between map out all the possible backbone arrangements therein (Methods). Superimposing the alternating sequence on the backbones, we add secondary bonds between neighboring droplets according to a specific interaction matrix.

Resulting states are then classified as local or global minima. Keeping track of the minima each time an interaction is added, we determine if 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 temperature step in the experiment. This strategy is general for any linear polymer that can freely rearrange during folding via hierarchical interactions.

Alternating sequence foldamers

Our systematic search identifies successful protocols that yield a total of eleven foldamer geometries for chains up to 13 droplets long, as shown in Fig. 3 

Colloidomer folding mechanisms

More generally, alternating colloidomers follow two mechanisms to reach the foldamer state: core collapse and geometric frustration, as illustrated in Fig. 3 (c).

The most common mechanism is the core collapse, which first forms a rigid core and then locks in the remaining droplets on the outside. Up to decamers, the cores con- 

Methods

Droplet synthesis.

Monodisperse PDMS droplets were synthesized according to a protocol modified from that outlined in [25], [26], and [49].

An equal volume of dimethoxydimethysilane (Sigma Aldrich) and (3,3,3trifluoropropyl)methyldimethoxysilane (Gelest) was mixed together with DI water at approximately 2% v/v. The monomers were prehydrolyzed by vortexing for 60 minutes.

Ammonia was added at 1% v/v, and the droplets were left to grow over 24 hours. The droplets were then dialyzed against 5mM sodium dodecyl sulfate (SDS, Sigma Aldrich) to remove the remaining ammonia and reaction byproducts. We then incubated the droplets in 1% v of (3-glycidoxypropyl) methyldiethoxysilane (Gelest) with 10mM Sodium Azide and 5mM SDS. This embedded reactive azide groups inside the droplets, such that they can be fluorescently labeled at a later stage. This synthesis produced monodisperse oil droplets that were denser than water with a low gravitational height, forming a quasi-2D system.

DNA sequences and their interactions. folding, which can be avoided in dilute samples.

509

Video analysis. Folding videos were analyzed using a cus-510 tom MATLAB data analysis software. All particles were iden-511 tified and located using thresholding. These particles were 512 then tracked through the whole movie using custom software 513 modeled after that in [50]. Polymers were identified using the same metrics as in [25] from the first ten minutes of every recording, which was always above the melting temperature of the strongest secondary interaction. A N × N × t (where N is the number of monomers in the polymer and t is the time) connectivity matrix was then calculated for each polymer using the particle locations and diameters. The contact matrix was median filtered over t to remove transient interactions.

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 the integrity of the data. Polymers that aggregated or that folded into three-dimensional structures were discarded.

For Figure 2 (a), the yield plotted is defined as the proportion of all polymers that are identified with a given configuration. If a polymer is lost at a given time, aggregates with another one, or enters an unidentifiable configuration, it is removed from the pool. For Figure 3 (c), the yield is defined as the fraction of polymers of length N that fold to completion into the target structure over the fraction of polymers of length N that fold to completion into any structure.

Enumerating two-dimensional geometries. We define as a geometry any colloidomer cluster where deformations cost energy, i.e., a deformation requires breaking a secondary bond. Geometries are therefore rigid clusters. To enumerate two-dimensional geometries for a system of size N , we start by selecting all possible sets of N neighbouring points on a N ×N triangular lattice. We form bonds between points located at a unit distance and test the rigidity of resulting geometries by analyzing the normal modes of the dynamical matrix. We describe the ensemble of geometries for a chain of length N by a set of planar graphs {Gi,N (V, E)}, i ∈ (1, NR), where the vertices are the droplets in the chain and the edges 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 pair in a geometry. The first size with more than one geometry is N = 6 [32]. At N ≥ 13 the first geometries with stable holes in the bulk appear.

Foldamer search algorithm. We develop a computationally efficient search algorithm to systematically scan protocol and sequence spaces and find foldamers of a given length N . The algorithm requires as input the ensemble of all backbone configurations within the geometries NR for a chain of length N , i.e., the set of Hamiltonian paths {H1,1, ..., Hp 1 ,1, ..., H1,q, ..., Hp q ,q }, ∀q ∈ (1, NR), where pq is the number of paths in the q-th geometry. The total number of Hamiltonian paths grows exponentially and it does not depend on the sequence or the interaction matrix. Thus, they are computed only once per N , significantly reducing the computation time. The structure of the algorithm is shown in the Extended Data Fig. 1. For a given protocol and sequence, the algorithm can be summarized as follows:

Input. Map the sequence onto Hamiltonian paths.

1. Form bonds. Apply the first interaction of the protocol.

A bond will be formed between two vertices if they are in neighbouring lattice points and the interaction is allowed 

where ri = 1.05σ is the interaction range, ε is the strength of 619 the interaction and α is a parameter that sets the minimum 620 of the potential U (rmin) = ε (see [52] for further details). Pri- Extended Data Fig. 2. Foldamer yields for an alternating ABAB sequence with length N = 6 -13. From left to right, we show the results for single, two, and three-step protocols. All yields are given as relative yields, in which the number of foldamers is normalized by the total number of rigid structures observed at the end of the corresponding protocol. The experimental number of observations is n6 [ladder, triangle, chevron] = (67, 19, 86), n7 [rocket #1, rocket #2, flower] = (175, 25, 7), n8 [hourglass] = 8, n9 [poodle] = 24 and n10 [crown] = 8. 'ND' stands for 'No Data'. These experimental data are in good agreement with numerical simulations. Purely downhill simulations optimize the yield Y Sim Downhill of geometrically frustrated foldamers, such as the flower and the bed. Repeating the simulations on timescales where some rearrangements are possible optimizes the yield Y Sim StepT hermal of core collapse foldamers, as shown in Supplementary Video 8. For simulations with multistep protocols, the waiting time between subsequent interactions is τ = 10 5 simulation time units. The total number of simulations is > 2 × 10 3 for all cases reported.

FIG. 1 .

 1 FIG. 1. (a) Two flavors 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. (b) An emulsion first assembles into colloidomers using a magnetic field, after which a temperature protocol triggers folding into diverse geometries. (c) Fluorescent images show colloidomers of different lengths that undergo folding over time. Scale bar is 20 µm. (d) A temperature protocol gives rise to stepwise folding of a decamer chain into the crown foldamer. Scale bar is 5 µm.

FIG. 2 .

 2 FIG. 2. (a)All folding pathways of a four blue, three yellow droplets heptamer result in a rocket foldamer when only the blueblue interaction is turned on. Experimental images of states are superimposed with the theoretical tree, in order of frequency, to show the diversity of observed pathways. The number of secondary bonds acquired is shown at each level of the tree. The plots on the right show the time evolution after the temperature quench t quench of the yield of each color-coordinated state. (b) When the yellow-yellow interaction is switched on first, the same polymer folds into a single floppy state. Further interactions fold it into a rocket with a different fold, but reversing the order of interactions leads to a mixture of the rocket and the ladder.

3 FIG. 3 .

 33 FIG. 3. (a) Alternating polymers of length N = 6 -14 (subscripts indicate the number of blue and yellow droplets), can be successfully folded by distinct protocols (columns) with a maximum of three interactions (rows). Foldamers shaded in yellow require only one step, which can switch on one or more interactions. At the end of each step, foldamers are shown on the left and the number of floppy geometries on the right, in order of increasing chain length. (b) Experimental results show fluorescent images of predicted foldamers up to decamers, as well as their relative folding yields. Scale bar is 5 µm. (c) Modes of folding: core collapse (left) and geometric frustration (right).

  FIG. 4. (a) Exponential growth of the number of possible rigid geometries as a function of chain length N (black line). Numbers of foldamers encoded by an alternating AB sequence (light blue), any AB sequence (dark blue) and any ABC sequence (red) via all available protocols are shown as bars (N = 13 bar is a lower bound). (b) Simulated examples of supracolloidal architectures self-assembled using specific foldamer 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 Cy3A GCA TTA CTT TCC GTC CCG AGA GAC CTA ACT GAC ACG CTT CCC ATC GCT A GA GTT CAC AAG AGT TCA CAA B: Azide Cy5 A GCA TTA CTT TCC GTC CCG AGA GAC CTA ACT GAC ACG CTT CCC ATC GCT A TT GTG AAC TCT TGT GAA CTC C: Azide AG CAT TAC TTT CCG TCC CGA GAG ACC TAA CTG ACA CGC TTC CCA TCG CTA TTT TTA GTC D: Azide AG CAT TAC TTT CCG TCC CGA GAG ACC TAA CTG ACA CGC TTC CCA TCG CTA TTT GAC TAA P: Azide AG CAT TAC TTT CCG TCC CGA GAG ACC TAA CTG ACA CGC TTC CCA TCG CTA TTT ATC GAT CS: TAG CGA TGG GAA GCG TGT CAG TTA GGT CTC TCG GGA CGG AAA GTA ATG CT Azide The A and B strands were responsible for the backbone formation and have 20 base long sticky ends. In typical experimental conditions, bonds formed by A and B complexation melted at around 75 • C. The C and D strands made a weak complementary interaction, which melted between 30 • and 35 • C. This interaction made the AB secondary interaction. The P strand formed palindromic self interactions. In typical experimental conditions, it melted between 40 • and 45 • C. The P strand is what gave AA secondary interactions. Finally, the D strand also had a weak palindromic self interaction. In typical experimental conditions, it melted around 27 • and provided the BB interaction. DNA-labeling of emulsion droplets. Before labeling with DNA, emulsion droplets were diluted into 1 mM SDS at a volume fraction of approximately 6%. DNA strands with sticky ends were reacted with a DBCO terminated pegylated lipid (DPSE-PEG-DBCO, Avanti Polar Lipids), and then annealed with a complementary spacer strand as described in refs [25, 26]. 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 minutes, secondary interaction DNA was added, bringing the total concentration to 5-25 µM . The droplets were then incubated for two hours before being diluted by a factor of two with a buffer containing 50 mM NaCl, 10 mM Tris pH 8, 0.1% w/v Triton 165, and Cyanine 3 DBCO (or Cyanine 5 454 DBCO, both from Lumiprobe). The droplets were incubated 455 for a further 30 minutes before being washed several times in 456 50 mM NaCl to remove all unreacted dye. 457 Colloidomer formation. Droplet polymerization was ac-458 celerated by dispersing the droplets in an aqueous ferrofluid 459 (EMG 707, FerroTec) and aligning them with a magnetic 460 field. The ferrofluid was washed several times into 0.3% F68 461 pluronic surfactant via centrifugation to remove the propri-462 etary surfactant in the ferrofluid. Two sets of droplets were 463 prepared with complementary backbone DNAs and secondary 464 DNA strands of choice. The two droplet types were mixed at a 465 1:1 ratio along with a 1/3 dilution of the F68 ferrofluid buffer, 466 200 mM NaCl, and 20 mM EDTA pH 8. The sample was 467 added to a custom flow chamber made from a hexamethyldis-468 ilazane (Sigma Aldrich) treated glass slide and coverslip, and 469 parafilm. The flow cell was sealed with UV glue. 470 The sample was then heated up to 75 • C to break all bonds 471 in the system, and then cooled down to just above the melting 472 temperature of the strongest secondary interaction, typically 473 50 • C. The sample was then put through a repeated cycle of 474 alignment with rare earth magnets and relaxation in order to 475 grow the chains. Typically, this produced a mixed sample of 476 monomers, linear chains, and branched chains. The density 477 of droplets was optimized such that they would grow sizable 478 polymer chains, but that the chains would not aggregate on 479 the timescale of the folding experiments. The colloidomers 480 were allowed to relax in the absence of a magnetic field before 481 the folding data was taken. Data was taken using a Nikon 482 TI Eclipse with a 20x objective using either single or double 483 channel fluorescence imaging. 484 Temperature protocols and waiting times. The tem-485 perature was adjusted using a custom made heating cell com-486 posed of a indium tin oxide coated glass slide (SPI) connected 487 to a Thorslabs TC200 resistive heater with a thermocouple 488 for feedback. The temperature protocol was programmed 489 through custom software. For a given temperature proto-490 col, first a sample of droplet polymers with the desired set 491 of interactions was made. A manual sweep of the tempera-492 ture was performed to determine where each interaction takes 493 place, since the melting temperatures can change from sam-494 ple to sample. The first temperature step lasting 10 minutes 495 was programmed to be above the melting temperature of all 496 interactions to identify the unfolded colloidomers. 497 Subsequently, there can be one, two, or three additional 498 steps depending on how many interactions are to be turned 499 on. If there is more than one interaction that is turned on, 500 the waiting step for the first interaction is the longest. For 501 the data in Fig. 3 (c), the waiting time at the first step 502 was 20 minutes (except for the N = 6 triangle, which had a 503 waiting time of 30 minutes), while that for the second and 504 third steps was typically 5 to 10 minutes. In principle, longer 505 waiting times allow for the resolution of local minima and 506 lead to better yields. In practice, however, longer waiting 507 times increase the chance that colloidomers aggregate during 508
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  Simulation details. We perform Dissipative Particle Dy-605 namics (DPD)[51] simulations using an in-house code. Our 606 unit of length is the particle diameter σ = 1 and we assume 607 all particles have the same mass m = 1. Energy is measured 608 in units of kBT and we fix the temperature of the system at 609 kBT = 1. When folding a colloidomer of length N , we set the 610 simulation box size to L/σ = (N + 2). For the self-assembly 611 of supracolloidal architectures, we choose L/σ = 30. In both 612 cases we use periodic boundary conditions. We use a multiple-613 step simulation scheme to integrate the equations of motion 614 with dts = 10 -2 to resolve the dynamics of the solvent and 615 dtc = 10 -4 for the dynamics of the colloids. DNA-mediated 616 interactions are modelled via a short-range, isotropic interac-
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  mary bonds are made irreversible by setting εP = 40kBT . To 622 simulate secondary interactions, we gradually increase εS un-623 til it reaches εB, once the corresponding interaction is turned 624 on. The increase is done over the course of 200 simulation 625 steps to ensure downhill folding while preventing poor poten-626 tial sampling.

  Select global minima. This is analogous to se-

	577	
	578	as the foldamer geometry (this becomes possible when
		N ≥ 7).
	581	
	582	lecting floppy states with the largest number of
	583	bonds. Note that this also implies that local min-
	584	ima in the first interaction tree are not considered
	585	(we assume here strict downhill folding).
	586	4. Continue the protocol of adding interactions. Up-
	587	date the interaction matrix according to the pro-
	588	tocol.
	589	5. Form new bonds. Repeat the bond-making pro-
	590	cess iterating over the states from step 3.
	591	6. Classify states. We classify states into global and
	592	local minima, and transient states. Global min-
	593	ima are states of a tree that cannot acquire addi-
	594	tional bonds either because they reached a rigid
	595	state, or because spatially accessible neighbors do
		not have flavors with attractive interactions. Lo-

2.

Are there geometries? (a) Yes. If the classification flags geometries, the algorithm stops. If there is a single geometry, a foldamer is reported. We choose to report a solution even if there are competing floppy states with the same or more bonds 579 (b) No. A foldamer is not selected. 580 3. 596 cal minima are floppy states whose topology pre-597 vents further formation of bonds. All other states 598 are classified as transient states.

599 7. Is the protocol over? 600 i) Yes. Analyze the resulting geometries. If a 601 single geometry is found, a foldamer is re-602 ported. 603 ii) No. Repeat steps 4-7 until the protocol ends.
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