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FOREWORD

This volume comprises the scientific content of the presentations made at the 2026 Biomolecular
Materials (BMM) Principal Investigators’ Meeting, sponsored by the Materials Sciences and
Engineering (MSE) division in the Office of Basic Energy Sciences (BES) of the U.S. Department
of Energy (DOE). Focusing on the fundamental science supported by the Biomolecular Material
Core Research Area (CRA), the in-person meeting took place August 4-6, 2026, in Gaithersburg,
MD.

The purpose of the meeting is to bring together all the Principal Investigators with currently active
projects in the BMM program for raising awareness among Pls of the overall program content and
of each other’s research, encouraging exchange of ideas, promoting collaboration, and stimulating
innovation. The meeting also allows the Program Manager and BES management to periodically
gain a comprehensive overview of the program, helping to identify needs and potential new
research directions.

This year’s meeting was organized and led by Co-chairs Oleg Gang (Columbia) and Suri
Vaikuntanathan (U. Chicago) and included special lunch seminars by National Laboratory
scientists Kevin Yager (BNL) and Gary Ren (LBL) on soft matter characterization. Adam Kinney
of BES provided updates on Genesis Mission Al activities and Andy Schwartz, Deputy Associate
Director for BES provided updates on research funding landscape and activities of newly
constituted Office of Science Advisory Committee (SCAC) providing critical advice to all of the
Office of Science research programs.

Sincere thanks to Oleg and Suri, all session chairs, guest speakers, Adam, and Andy for dedicating
their time and providing a holistic picture of BES’s support for science. I would like to thank the
meeting attendees for sharing their ideas and new research results, asking insightful questions, and
contributing fresh perspectives to the continued development of the field. Sincere thanks also go
to Kerry Hochberger of BES and Paul Hudson, April Ward and Kutter Criag at the Oak Ridge
Institute of Science and Education (ORISE) for their excellent logistical support for the meeting.

J. Aura Gimm

Program Manager, Biomolecular Materials
Materials Sciences and Engineering Division
Office of Basic Energy Sciences

U.S. Department of Energy
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Bioinspired Active Transport and Energy Transduction using Liquid Crystals Beyond
Equilibrium

Nicholas L. Abbott (Cornell University) and Juan J. de Pablo (University of Chicago)
Keywords: Non-equilibrium, bioinspired, hierarchical, liquid crystals, solitons
Research Scope

Biological systems function out of equilibrium, with structure and dynamics that arise from
dissipative processes involving the interplay of advective and diffusive transport. The complex
dynamic behaviors found in biology often reflect highly non-linear phenomena that lead to
surprisingly localized responses to delocalized fields. These principles offer inspiration for new
designs of soft materials that harvest and transduce non-localized sources of energy. In this
project, we are exploring an emerging class of dynamic, cooperative phenomena that have been
observed in liquid crystals (LCs) — solitary waves, or “solitons”, as the basis of new designs of
active soft matter for achieving rapid and directed transport processes and new modes of energy
transduction. These localized responses have analogies to many other physical and biological
phenomena, and have only recently been shown to occur in LCs [1]. In LCs, solitons consist of
waves of localized orientational perturbations that can travel at high speed and over long distances.
Through closely coupled simulations and experiments, this project is addressing open questions
regarding the mechanisms by which solitons form in LCs and subsequently interact with fluid
interfaces, with the long-term goal of creating fundamentally new ways to transduce soliton energy
into new states of matter.

Recent Progress

A particular focus of our recent efforts has revolved around investigations of key factors that are
allowing us to gain control over soliton trajectories. The approach involves introduction of elastic
distortions in the nematic far-field director by using LC films confined in hybrid cells (i.e. with
one surface promoting uniaxial planar anchoring, and a second surface promoting
homeotropic/perpendicular anchoring). Using microscopic observations, simulations and high-
speed imaging, we have been elucidating the factors that lead to soliton bullets propagating along
tunable oblique axes in non-uniform far-field directors (Figure 1). We have discovered that
asymmetric flexoelectric torques [2] lead to the frequency dependent oblique trajectories in hybrid
anchoring settings and simulations predict asynchronous out-of-plane fluctuations, which are
verified in experiments. Overall, our results reveal the interplay between the non-linear action of
external fields and the far-field strain on soliton propagation. They also show that confinement can
be used to control the direction of propagation of non-linear signals, and demonstrate how LCs
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can be used as a model
system to test and predict
the effects of non-linear

excitations on material
designs.
This progress was

described in PNAS in 2026.

We have also utilized high-
speed imaging to study the
behavior of solitons at
interfaces, in particular
fluid interfaces between an
LC and an isotropic oil.
This work aims to
understand the mechanisms
leading to the soliton energy
being harnessed to trigger
emulsification or “budding”,
in a manner similar to
biological processes, or de-
emulsification. The need to

incorporate a coupling
between hydrodynamic
effects and structure to
describe  such interfacial

processes has been providing
exciting challenges for
theoretical and computational

efforts in the team. In a
second direction of
investigation  related  to

interfaces between LCs and
isotropic have
investigated the role of AC
electric field-induced solitons

oils, we

LB RRAR TR ]

Figure 1. Comparison of solitons formed in LCs with uniform and
strained far-field director orientations. (a) Schematic illustration of a
planar LC optical cell, assembled using two gold films decorated with a
self-assembled monolayer (SAM) of CisSH promoting planar anchoring.
Green arrows indicate the direction of gold deposition. (b) Traveling
solitons observed in a planar cell. Green arrow indicates the direction of
gold deposition on the bottom substrate, the far-field nematic director is
indicated by the double-headed yellow arrow, and the propagation axes of
solitons is indicated by the white arrow. Scale bar: 50 um. (c¢) Optical
micrograph and (d) structure of a single soliton traveling in a planar cell,
obtained in simulations, showing two symmetric wings. Scale bars: 10
um. (e) Schematic illustration of a hybrid cell, assembled using one gold
film with a C16SH SAM, promoting planar anchoring, and one gold film
decorated with a mixed SAM of Cjo- and C;6SH, promoting homeotropic
anchoring. Green arrows indicate the direction of gold deposition. (f)
Schematic illustration of the hybrid cell, with an electric field applied
along the z-axis. (g) Propagating solitons in a hybrid cell. The white
arrows highlight the two oblique axes of propagation of solitons. Scale
bar: 50 um. (h) Simulated polarized micrograph of simulated soliton at f
= 300Hz and (i) simulated director profile of a soliton generated with
hybrid anchoring conditions, highlighting the asymmetry of its structure.
Scale bars: 10 pm.

in the coalescence of isotropic oil emulsion droplets dispersed in LCs. We have discovered that
solitons formed near the droplets can bridge two or more droplets, thus pulling the droplets into
rapid coalescence (Figure 2). This discovery provides a fundamentally new way to destabilize
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emulsions and generalizes our prior
reports of soliton-induced
emulsification. This progress was
described in Nature in 2025.

Future Plans

First, we will complete ongoing
experiments and simulations that are
characterizing the interactions of
solitons at  boundaries  between
orientational domains of LCs [4,5]. In
experiments to be performed over the
coming year, we propose to program
complex soliton trajectories by using
patterned LC domains. For example, we
envisage, a soliton phase selector that
filters solitons depending on their phase
when they arrive at the boundary —
because only solitons of a specific phase
will pass across the boundary. This
approach has the potential to provide
“spatially coherent” fluxes of solitons, in

which all solitons, irrespective of their
spatial positions, will share the same
phase, after crossing the domain
boundary. Such coherent
similar to spatially coherent laser light,
will permit predictable manipulation of
the solitons in subsequent domains,
thus providing an important step
toward soliton circuits around which
preprogrammed behaviors of solitons
can be realized. We will use our high-
speed camera to confirm the formation
of coherent “beams” of solitons by
characterizing the relative phases of the
solitons.

fluxes,

Second, whereas our

reported observations

previously
of soliton-

Figure 2. Kinetic pathway mediated by solitons leads to rapid
coalescence of isotropic oil microdroplets dispersed in LC. a,
Side view of soliton formation and contraction near a single droplet
with a LC point defect. The soliton is formed upon application of an
electric field (0.6 V/um, 1 kHz). b, Schematic illustration of soliton
formation (indicated by purple shading) shown in (a). The director
profile of the LC is depicted by lines. ¢, Top view of a pair of DS
droplets that were accompanied by topological point defects before
applying an electric field (0.6 V/um, 1 kHz). After application of the
electric field, a soliton bridges the two droplets, driving their
coalescence. The bright and dark points represent defects above and
below the droplets, respectively. d, Schematic illustrations of the
droplets in c. e, Side view of a pair of droplets that were
accompanied by topological point defects before applying an electric
field (0.6 V/pm, 1 kHz). The images show coalescence of two
droplets driven by the formation of a bridging soliton. f, Schematic
illustration of the droplets shown in (e). g, Top view of a cluster of
four droplets before and after the onset of an electric field (0.6 V/um,
1 kHz) that generated a soliton that bridged the four droplets and
caused their coalescence. The droplets were oriented in an
antiparallel manner. h, Schematic illustration of the droplets in (g).
All images shown were obtained using a single polarizer. We added
5 x 10 w/v % of TBAB to E7 in all experiments shown in this
figure.
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induced emulsification have focused on planar interfaces (as described above), additional complex
behaviors are observed at convex and concave interfaces between the LC and isotropic oil. During
the next year, we will explore such behaviors using LC domains dispersed within an isotropic oil
continuum. In preliminary observations, we have observed that solitons form within discrete LC
domains and can subsequently undergo multiple reflections with the LC-isotropic oil interface (a
siloxane oil was used in these experiments). This result hints at ways to concentrate solitons within
domains and explore collective phenomena. In work to be conducted during the next year, we plan
to understand how the shapes of LC domains impact soliton behaviors. We will control the LC
domain shapes by patterning surface chemistry (using microcontact printing of SAMs) that is
preferentially wet by the LC over the isotropic oil. Using this method, we will be able to prepare
LC domains that are non-spherical in shape, which we predict will allow us to generate net fluxes
of solitons. We also hypothesize that regions of the LC-isotropic oil interface that possess high
curvature strain will function as local sources of solitons. These predictions will be tested by
experiments.

Finally, we plan to continue our studies of soliton-induced coalescence of isotropic oil droplets in
LCs. Specifically, we seek to understand the spatial range of the interactions between droplets
induced by solitons, and how key properties of the LCs (e.g., dielectric, elastic and flexoelectric)
mediate the coalescence process.
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Research Scope

Untethered soft microrobots that move in a chosen direction almost always pay for that capability
with added complexity, for instance a built-in shape asymmetry, a hybrid of active and passive
materials, or an external stimulus that is scanned across the body. Each of these strategies fixes a
preferred gait but leaves little room for the robot to change direction on its own. Thus, autonomous
trajectory adaptation remains difficult to achieve. Building directly on our earlier demonstration
that magnetically aligned liquid crystalline elastomers (LCEs) can encode multi-step, non-
reciprocal deformations within a chemically homogeneous material,! we aim to fabricate a
symmetric, one-component geometry that can nonetheless walk in a controllable, steerable way.

We address this through combined experiment and theory approaches using an untethered, light-
driven LCE microrobot molded as a simple, four-legged quadruped with high (Cav) symmetry. By
aligning the nematic director with a magnetic field during polymerization, we encode the
anisotropy inside an otherwise unbiased three-dimensional body, effectively decoupling the
molecular orientation from the bulk geometry.? Under directional illumination, photoisomerization
of azobenzene crosslinkers drives a propagating bimorph'=* and, together with self-shadowing,
produces a temporary imbalance of contact forces between the legs. The robot skids away from
the light and then relaxes back to its original symmetric shape once the light is removed, albeit at
a new position. This “symmetry-refresh-mediated” mechanism makes each step independent of
the previous one, so that the walker can pick a new motile direction upon a simple change in light
angle, without reorienting its body, similar to brittle star’s motility. Supported by a finite element
and a simplified analytical model, we use this mechanism to demonstrate directional locomotion
and free-form, holonomic navigation in 2D. We expect that these results can provide a route toward
non-traditional, non-electronic soft robots whose maneuverability depends entirely on the material
itself and the irradiation conditions.

Recent Progress

To make the photo-responsive walker, we exploited side-on LC monomers crosslinked with
azobenzene and used magnetic alignment during molding to set the nematic director M (90° -
vertical, 45° - tilted, 0° - horizontal) to any chosen angle relative to the structure. Because the
modes of light-guided motion depend on this director orientation, the freedom to program M
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independently of the geometry lets us span the design space and
locate the conditions that yield robust, directional gaits. The
device itself is a compositionally uniform, mm-scale quadruped
cast in a single mold, with four identical pillars connected by a
thin dorsal layer (Fig 1). This shape balances biological analogy,
mechanical stability, and simplicity for modeling, as well as it
can serve as a building block for more elaborate motile
geometries.

We first tested the material performance on a single, surface-
bound pillar to establish how bending responds to temperature
and aspect ratio (¥). The bending angle grows with both
temperature and , and the window above the glass transition
(~45 °C) but well below the nematic-to-isotropic transition (Tni
~98 °C) gives the largest amplitudes and the fastest recovery.
From this and a systematic screening of pillar dimensions, we
fixed an operating temperature of 75 °C and y = 8 for the
microrobot as a compromise between actuation strength,
recovery speed, and reliable fabrication. Wide-angle X-ray
scattering confirmed that the molecular alignment is highly
uniform across the whole mm-size pillar and reproducible
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Fig. 1 Schematic representation
of the walker, comprising the axis
M, G, and L and the geometrical
variables (array, aspect ratio, and
frictional forces) evaluated both
theoretically and experimentally
to achieve free-form directional
locomotion.

between samples, ruling out material inhomogeneity as the origin of the observed deformation.

The directional motion of the four-legged walker in Fig.2 (M = 90°, parallel to the G axis) arises
from a sequence of coupled effects. Diffusive UV light triggers a trans-to-cis photoisomerization
that disorders the local nematic phase and creates a transient isotropic/nematic bimorph, bending
the illuminated legs toward the source (Fig 2a-b, II). Legs farther from the light (distal) are
shadowed by the nearer ones (proximal), so their bending is both smaller and delayed (Fig 2a-b,
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Fig. 2 Side-view, time-series a) micrographs and b) finite elements snapshots
(I-V, for 0, 5, 15, 60 and 720 s from turning on the UV light) of a walker
undergoing one locomotion cycle. The proximal legs bend phototropically
toward the light, while self-shadowing delays and minimizes the bending of
distal legs, resulting in a directional skidding motion away from the light.

[II). This difference widens
the separation between the
proximal versus distal feet,
shifting the walker weight
toward the distal legs, and
thus creating a difference in
the normal frictional forces
at the leg pairs.
Consequently, the proximal
feet slide forward while the
distal feet stay anchored,
producing a net skidding

two

step away from the light (Fig 2a-b, IV). Such displacement is then preserved as the body relaxes
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Walker ®=5° y1 = 0.4

to its symmetric shape in a new location (Fig =~ =

2a-b, V). We captured this behavior with a = \
finite element model, with the light response ~ « L
calibrated from single-post deflection

measurement, which reproduces the self-
shadowing, the weight redistribution, and the
dependence of stride length on the incident
angle ® (Fig 3). A simplified analytical
model, treating the leg-surface contacts as ' ' Tme o0 ' =
two “anchor points’, explains how the dorsal | Fig. 3 Simulated walking cycles showing how proximal
layer mechanically couples the leg pairs and | feet (orange) move toward the light while distal feet

why the motion is most effective near ® of (yellow) move away, shifting the center of mass (blue)
about 10° away from the source. Upon recovery, the feet reconverge

to the original shape while retaining a net displacement.

Displacement (um)

Additionally, the director orientation strongly shapes the outcome. A vertical director (M = 90°)
gives consistent, unidirectional stepping and cumulative displacement over successive cycles,
whereas a tilted director (M = 45°) generates internal shear torques that cause the walker to tumble
erratically, and a horizontal director (M = 0°) produces a splayed deformation that lifts one of the
legs into an unhelpful tripod stance and suppresses net motion. The interplay of M and the angle
@ thus defines a library of situation-specific gaits.

Because the shape resets after every cycle, the walker shows rich in-plane maneuverability with
no preferred “front”. Upon irradiation, it steps forward and, after a 180° rotation of the light, steps
backward with no measurable bias and no body rotation. Introducing a small off-axis offset
between the light axis L and the symmetry axis G causes the walker to reorient progressively,
tracking the light through incremental rotations while continuing to move away from it, which we
define as a self-correcting mechanism driven by one distal leg acting as a pivot during recovery.
Exploiting this reset, we steered the robot along programmed multi-step paths: an “L-shaped”
trajectory achieved with a single ~75° rotation of the light source (Fig. 4), and a “zig-zag” path in

which alternating £90° light directions of irradiation sum to a straight net path. Finite element
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Fig. 4. Free-form 2D navigation of a walker (® = 10° and M = 90°) that follows an L-shaped trajectory: first
moving along +y for three cycles, then redirecting toward +x for six cycles after a 75° clockwise light rotation.
Micrographs b) before and c) after light rotation showing the initial (blue, I), intermediate (red, II), and final
(yellow, III) corresponding walker positions along the trajectory.
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simulations reproduced these holonomic trajectories, confirming that free-form 2D locomotion
emerges from light control alone, without electronics, external biases, or material asymmetry.

Future Plans

To submit research supported by this grant for publication.
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Research Scope

The long-term goal of this project is to establish new design principles for biomolecular materials
that combine hierarchical self-assembly with electronic and optical functionality. Our approach is
to unite two sets of properties within a single macromolecular architecture: those of cationic
chitosan (CS), the most ionically conducting member of the natural polysaccharide family, which
spontaneously forms chiral nematic (N*-LC) mesophases with infrared-selective reflectivity and
chiroptical properties that survive solvent drying, and the charge-transport properties of
n-conjugated polythiophenes, particularly poly(3,4-ethylenedioxythiophene) (PEDOT). Grafting
PEDOT sidechains onto a CS backbone should introduce electronic and mixed ionic-electronic
conduction modulated by the long-range helical order of the backbone, yielding materials whose
optical response can be dynamically tuned by an electrical stimulus and whose charge transport is
tailored by the anisotropy of the self-assembled structure. Because the cholesteric pitch of CS
reflects in the infrared, far from the absorption and emission bands of the sidechains, these
architectures offer a rare opportunity to decouple and independently control (i) intensive,
molecular-level electronic transitions (absorption, emission, and circularly polarized
luminescence) and (ii) extensive photonic responses arising from long-range cholesteric order. We
pursue this through three core objectives: (1) developing chemical routes to graft PEDOT segments
onto CS, (2) understanding how the resulting architectures form and self-assemble from molecular
to microscopic length scales, and (3) establishing how this hierarchical structure governs electrical
conduction and electro-responsive optical behavior.

During the most recent reporting period, work emphasized laying the chemical and structural
foundations required for these later-stage functional studies, particularly the development of CS-
g-PEDOT and the study of how the CS backbone self-assembles, and its grafted side chains
polymerize.

Recent Progress

In the first year of this award, we functionalized CS with 3,4-ethylenedioxythiophene (EDOT)
pendant groups and observed the spontaneous formation of CS-g-PEDOT copolymer architectures
in formic acid (FA). FA is a solvent that solubilizes CS and drives its self-assembly into chiral
multichain assemblies and compensated (aka mixed left- and right-handed) chiral nematic liquid
crystal (N* LC) domains,! whose pitch reflects light in the infrared (Fig. 1). Two accomplishments
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define this reporting period: the synthesis of a functionalizable EDOT precursor and its controlled
attachment to CS, and the discovery that these pendant groups self-polymerize in FA to give a

grafted-through copolymer.
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Figure 1: Chiral nematic (N* LC) self-
assembly of CS in pure formic acid (FA).
(a) Hierarchical chiral ordering of CS chains
in FA, from the twisted-fibril mesogen to
the cholesteric helix of pitch p. (b) Cross-
polarized optical micrograph of a
concentrated CS—FA solution, showing the
fingerprint texture characteristic of N* LC
order. The gray-value trace along the
marked line gives a mean half-pitch of 2.25
pum, corresponding to a pitch p =4.5 pym and
therefore to selective reflection in the
infrared.

The first accomplishment was the synthesis of the
pendant group precursor 3,4-ethylenedioxythiophene
bearing a carboxylic acid group (EDOT-COOH),
which allows controlled covalent attachment to CS
backbones of varying molecular weight and degree of
deacetylation (DDA) by amidation (Fig. 2). We
prepared it from  commercially available
hydroxy-EDOT, chosen for its scalability and
chemical accessibility: nucleophilic substitution with
methyl bromoacetate in an aprotic solvent, followed
by saponification and acidification, delivered
EDOT-COOH as a light-green solid in 76% isolated
yield.> Amidation of the CS amine groups with
EDOT-COOH then gave our first-generation CS-
EDOT precursor, whose structure we confirmed by
Fourier-transform infrared spectroscopy (FT-IR) and
nuclear magnetic resonance (NMR). At intermediate
degrees of substitution (DS), this precursor could be
readily solvent-cast into ductile, transparent, free-
standing films, whereas neat CS and highly
substituted CS-EDOT do not form continuous films
and instead crumble wunder identical casting
conditions. These films show no birefringence,
indicating a largely amorphous structure and pointing
to a plasticizing effect of EDOT functionalization that
may partially screen interchain interactions.

Critically, CS-EDOT remains soluble in FA, the
solvent that induces chiral multichain self-assembly
and N* LC order in pure CS. When we dissolved CS-
EDOT at high concentration (~20 wt.%) in FA (with
no added EDOT monomer and no oxidant) the
solution darkened, indicating spontaneous oxidative
polymerization of the EDOT pendant groups into
PEDOT (Fig. 2). This mirrors the behavior reported

for pure EDOT-FA solutions, in which soluble undoped PEDOT oligomers form without any
oxidant at room temperature.® After self-polymerization and dilution in excess FA, an insoluble
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fraction remained, indicating partial crosslinking of the CS chains. This constitutes the second
accomplishment of the funding period: our first CS-g-PEDOT architecture, which appears to be
“grafted through”: that is, PEDOT chains grow from intrachain and/or interchain EDOT pendant
groups. The resulting architecture should therefore be governed by two factors: CS backbone
flexibility (set by molecular weight relative to the biopolymer persistence length) and the
proximity of reactive EDOT units (set by DS and by the conformation of CS-EDOT chains in FA).
We accordingly hypothesize that short CS chains (<100 kDa; here 40 and 60 kDa), which behave
as semi-rigid rods in FA, will favor interchain EDOT reactions, whereas a high DS will favor
longer PEDOT oligomers that thread through two neighboring CS chains to give the grafted-
through architecture (Fig. 2). We expect this effect to be strongest when multichain assemblies
such as twisted fibrils are present, assemblies we have observed in both pure and grafted CS in
favorable solvents, including pure FA (with no evidence of free protons) and other charged acidic
aqueous solutions.
(grafting-through) O

(0]
-EDOT -g-PEDOT =
’ = j\/O\JJ\
=
+
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EDOT-COOH " - } ' & CS-g-PEDOT gel

Figure 2: Synthesis of the CS-EDOT precursor and its spontaneous conversion to CS-g-PEDOT. Amidation of
the CS amine groups with EDOT-COOH (HOBt, EDC-HCI, H.O/DMF) yields the CS-EDOT precursor, which
self-polymerizes in formic acid (HCOOH) to give the grafted-through CS-g-PEDOT copolymer. Photographs
show a free-standing CS-EDOT film and a self-polymerized CS-g-PEDOT gel in FA. The schematic (right)
illustrates the hypothesized intrachain, interchain, and grafted-through architectures, set by CS backbone
flexibility (molecular weight) and the proximity of reactive EDOT units (DS).

Future Plans

Our next step is to further investigate the hypothesis formulated in this reporting period by varying
the molecular weight of the starting CS backbone and its DS with EDOT pendant groups through
the starting DDA (75-95%) and the EDOT-COOH concentration in the functionalization step. We
will then study the grafting-through reaction of CS-g-PEDOT in FA for these synthesized CS-
EDOT precursors and estimate the number of PEDOT repeat units and any short-range order in
the film through X-ray diffraction and spectroscopy (Raman, FTIR, photoluminescence) methods.
We also plan to conduct cyclic voltammetry and electrochemical impedance spectroscopy (EIS)
to assess how doping/dedoping and mixed electronic-ionic conduction proceed in these grafted-
through architectures.
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Design Principles of Biomolecular Metamaterials
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Research Scope

Architected metamaterials are designed by arranging mechanically coupled building blocks to
achieve extraordinary properties and behaviors. There are three classes in such materials: auxetic,
topological, and deployable structures. DNA origami is an ideal approach to design and construct
nanoscale metamaterials from bottom up. However, there are several challenges, including the
lack of design guidelines for DNA metastructures and the insufficient understanding of their
mechanics that cannot be fully described by Timoshenko elasticity theory. This research aims to
develop design strategies for architected 3D nanostructures based on DNA origami by combining
coarse-grained molecular dynamics (MD) and umbrella-sampling free-energy simulations. During
this reporting period, we have focused on (1) developing our computational design approach, (2)
demonstrating 3D metastructures via DNA self-assembly, and (3) elucidating their structural
properties and mechanical behaviors. We showcase all three classes of DNA-based 3D
metamaterials with mechanistic insights on design principles. Advances in our understanding of
assembly mechanics are also highlighted.

Recent Progress
1. Deployable polyhedral nanostructures

Our computational design approach consists of two steps. Reconfigurable/deformable materials
have two or more configurations; for example, open and closed states. A target shape (e.g., open
state) is first determined and designed as the most stable state with minimum free energy. The
conformation is studied with coarse-grained MD simulations on the oxXDNA platform and related
free energy profile is calculated with umbrella sampling.! Then, the other (closed) configuration
after transformation is examined computationally. Since this configuration has a higher free
energy, external energy must be provided, e.g., by additional DNA hybridization, to stabilize the
state by forming ‘jacks’. This state stores the same amount of elastic energy within its structure.
When the jacks are removed, it naturally deploys from the high to low energy states.

This computational design process has been tested and established using a model system called
Jitterbug transformer, proposed by R. Buckminster Fuller.? This polyhedral structure reconfigures
through coordinated rotations of rigid struts connected by flexible joints. The structure expands
isotropically from octahedral to cuboctahedral states, and vice versa, during which six square faces
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Figure 1. Design of a DNA Jitterbug transformer. (a) Jitterbug transformation between closed octahedral and
open cuboctahedral states can be described by a single order parameter, opening distance. (b) Free energy profiles
of two topological states are calculated by considering structural and chemical energies. (¢) MD simulated
structural transition from closed to open states and Poisson’s ratio of v=-1. (d)-(¢) DNA designs, MD structures,
AFM, and TEM images of (d) octahedral and (e) cuboctahedral configurations. Scale bar: 100 nm.

emerge or disappear (Fig. 1a). The collective motion of its components with kinematic constraints
results in a five-fold volume change. To computationally design a nanoscale Jitterbug, we
calculated free energy landscape of a DNA wireframe with 28-nm-long edges made of 6 helix
bundles (6HB) using opening distance of the squares as the coordinate. The free energy landscape
in Fig. 1b shows that the (open) cuboctahedron state has a free energy minimum at ~36 nm. To
stabilize the (closed) octahedral state, roughly 40 ksT energy must be provided by DNA jack
staples. We performed Nupack estimation, DNAfold simulation,® and virtual-move Monte Carlo
calculation in 0xDNA to determine the number and length of the jack staples. This free energy
profiles indicate that the DNA hybridization energy is required to hold the Jitterbug transitioning
from open to closed states, equaling the same amount of elastic energy stored within the structure.
Thus, it deploys from the octahedron to the cuboctahedron naturally upon removal of stabilization.
Figure 1c shows that the structure releases its stored elastic energy and transitions spontaneously
from closed to open states while preserving the Poisson’s ratio at v = -1. We constructed DNA
Jitterbug using two scaffolds and observed the transformation between the open and closed states
in response to external cues. Figure 1d-e presents AFM and TEM images of the octahedron and
the cuboctahedron, consistent with MD structures. We also computed maximum forces and
mechanical work associated with reconfiguration, which were approximately 15 pN and 40 ksT,
respectively. Together, these results validate our design approach.

2. 3D auxetic metastructures

We have used computational methods to perform mechanistic studies and generate a set of design
rules for DNA metamaterials. We designed a re-entrant triangle using wireframe DNA origami.
This triangle is a unit cell from a periodic array and contracts laterally when compressed along the
height direction, and vice versa. There are two main components in a DNA wireframe: edges and
joints. By varying edge cross-section and joint connection scheme as shown in Fig. 2a-b, we aimed
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to understand how each parameter impacts mechanical behavior. We applied compressive loads in
oxDNA and evaluated structural response using several metrics.
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Figure 2. Computational study of a 3D re-entrant triangle unit. (a) Equilibrium MD structures of 3D re-
entrant triangle before and after loading in the vertical direction. (b) Three joint-connection types. (c¢) Poisson’s
ratio (v) as functions of re-entrant angle o and internal height L,. (d) Free energy profiles of different scheme.

We tested 6HB and 2HB edge cross-sections, while three connection types were used for the 6HB
design and two types for the 2HB design. For 6HB wireframes, we observed that the edges show
little to no deflection and joint-connection type bears the load differently. While they all follow
theoretical auxetic motion (Fig. 2c), different ssDNA joint scheme requires distinct joint
stretchability (defined as the displacement of ssDNA connection normalized by its contour length).
Our computational analyses yielded three design guidelines. First, edge rigidity must be sufficient
to concentrate the load at the joints to ensure auxetic response. Second, C1 and C3 joint-
connectivities in Fig. 2b should leverage mechanical polarity, with one connector remaining taut
while the other provides compliance. This polarity allows the joint to approximate a defined hinge
while still accommodating molecular fluctuations. Third, the number of duplexes linked at each
joint tunes the transformation energetics. As this connectivity increases, both the energetic cost of
contraction and the mechanical work stored during deformation rise.

For 2HB edges, the structure exhibits edge deflection and symmetry breaking. With the thinner
beams, deformation is no longer confined to the joints, and the edges absorb a substantial fraction
of the load. The choice between the 2HB and 6HB edges thus reflects a trade-off between low-
energy actuation and geometric fidelity. The 2HB unit reconfigures with lower energetic input, at
the expense of the symmetry and fidelity. The stiffer 6HB framework preserves the intended
geometry reliably, albeit at a higher energetic cost (Fig. 2d). When a faithful auxetic response is
the priority, the 6HB framework is the more reliable choice. If compactness and low actuation
energy are more important, the 2HB unit remains a practical option.

3. Mechanics of DNA assemblies

To perform mechanical studies on DNA constructs, we have assembled large-scale prisms from 7-
strand tensegrity triangular motifs via sticky-end association. These crystals are fragile, requiring
certain conditions (e.g., high Mg?" concentration > 50 mM) for stabilization. One way to strengthen
DNA assemblies is enzymatic ligation. By covalently connecting the nicks, they become
significantly more stable. To understand the assembly mechanics, we performed MD simulations
to investigate the effects of ligation patterns and motif lengths. We applied tensile forces on DNA
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Figure 3. DNA assemblies under tensile loading. (a)-(b) MD strands that hold the oligos along the
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(ligating all the strands on a 2D plane)
as well as (iv) full ligations. The ligated assemblies show similar trends of entropic elasticity and
linear elasticity up to the strain of ~0.5, except for the in-plane ligation which breaks easily due to
the lack of resilience against orthogonal tensile loads. Then, there is a transition period between
0.5 and 1.2 of strain before either increasing (full and major-direction ligations) or decreasing
(ligated connectors). The transition is attributed to breakage in base-pairs, while single-strand
stretch is dominant in the final phase of the extension. Figure 3b presents force-strain plots of fully
ligated DNA assemblies as a function of motif length from 2 to 8 helical turns (2T to 8T). Their
entropic elasticity points are shifted for clarity. We observed that the longer the motif'is, the greater
the entropic period is, while linear elasticity is identical for all lengths. The most significant
differences are observed with the transition periods due to the lengths as single-strand stretch leads
to a drastic increase in all cases. Besides ligation, DNA assemblies can be strengthened by coating
inorganic materials. We used CdS and Pd to functionalize DNA crystals. We performed AFM
nanoindentation which revealed that the Young’s modulus of ligated DNA assemblies is ~1 MPa,
in agreement with our simulation data. The DNA crystals functionalized with inorganic materials
show three orders of magnitude greater Young’s moduli at ~5 GPa.

Future Plans

Reconfigurable DNA structures have been mostly limited to two (open and closed) states. Our
future effort will focus on designing metamaterials with multiple topological states. To this end,
we plan to explore foldable structures based on Kresling and Yoshimura lattices. The Yoshimura
pattern demonstrates linear folding, while the Kresling design leads to chiral folding. Both of these
lattices leverage two types of structural components that move outward (mountain fold) or inward
(valley fold) during the folding process. We will investigate how edge rigidity and joint
stretchability work together to demonstrate mountain and valley folds. We also plan to engineer
mechanical frustration in the foldable DNA metastructures which will allow us to demonstrate
new topological states.
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Energy-Efficient Self-Organization and Swarm Behavior in Active Matter
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Research Scope

Living systems achieve remarkable levels of efficiency, adaptability, and coordination. They
operate far from equilibrium, where energy consumption, dissipation, and entropy production are
tightly coupled to function. Emulating these capabilities in synthetic systems remains a
fundamental challenge in materials science and nonequilibrium physics, with direct implications
for energy-efficient technologies and emerging functional materials. To address this challenge, we
integrate complementary expertise in experimental colloidal systems, particle synthesis,
simulations, and nonequilibrium statistical mechanics to probe irreversibility, characterize
collective behavior, and uncover design principles for controlling active systems.

Recent Progress

R Drive Non-Equilibrium Melting in Two
Os d Dimensions with Active Matter.
-30 ‘ i :

In recently published work, we have
investigated probably the best
understood melting transition, two-
dimensional, defect mediated,
Kosterlitz, Thouless, Halperin,
souo HEUG Uauo Nelson, Young (KTHNY) melting.
7 This occurs naturally by raising the
temperature. We wanted to contrast
equilibrium from driven non-
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eesdos

equilibrium transitions. We
introduced dilute concentrations of

magnetic colloids to disorder the
— 8 __ system by generating random
A(mp)*? hydrodynamic currents. We melted
Fig. 1: Top half — melting by stirring. Bottom half — melting by by stirring. The surprising result is

heating. Both melting scenarios were done experimentally and by that the two-stage melting process
simulation. White/Black Voronoi cells are five sided and 7-sided

disclinations.

looks the same (and measurements

of correlation functions, critical

exponents, and other quantities are the same) if one simply plots the measured properties as a

function of the defect densities. For the solid — hexatic transition, the control parameter is the
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density of dislocations, for the hexatic — liquid transition the control parameter is the density of
disclinations. The system is more a topological transition than a thermal one. The only thing that
matters is the density of the defects.
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Our technique for the entropy
production easily detects equilibrium from non-

equilibrium.
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It is simply based on the breaking of detailed
balance and hence time reversal symmetry.
C(x;llx:) is the cross-parsing data compression of
the second half of the sequence, y; by the first half
x}and x¥ is the time reversed second half.

Linking local dynamics and entropy production
to collective behavior in active matter.

To elucidate how complex environments and

interactions give rise to emergent structures and coordinated motion in active matter, we examine

the local dynamics of far-from-equilibrium systems, perform a spatial mapping of dissipation and
entropy production, and analyze patterns in the map that distinguish active matter from driven

passive fluids.

A
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Fig. 3: A) (Top) Passive fluid driven past an obstacle, with an
attractive part (red) and a repulsive part (black), resulting in a hotspot
(yellow) on the entropy production map. B) (Top) Probability
distribution for local dissipation in active matter showing the
deterministic (red) and active/stochastic (blue) contributions. While
both contributions satisfy a fluctuation theorem (bottom), the active
part is associated with an unexpected and markedly reduced slope.

From the system dynamics, we

0.1

B sz A can calculate the dissipation
001 4 Q il‘l ‘ 3 function Q as
$ F ¢ '\ ] dH
0.001 Jf Y] E _Q(F) = ﬁ _— A(F)
] e el dt
0.0001 . ,24! L. o -
v g in which ' denotes a phase
" —— T T _@% space point, f = (kgT)™! the
‘f 401_,'{,& i inverse temperature, and A(T)
i' - 3838 {f‘ﬂ- s the phase space compression
¢ | sga,azf factor. Calculating the local
- as S .
< Dﬁ 1 A a dissipation (1 , over a region of
. o ' characteristic length L and a time

interval ¢ (or the corresponding
entropy production X, . ) allows
us to map these quantities over the
entire system and identify design
principles to control soft matter
systems (see Fig. 3.A). We find

that, both for driven passive fluids and active matter systems, the local dissipation satisfies a
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p(QLc=4)
p(QLe=-4)
that the local dissipation takes the value of A and k(L) a coefficient function of the characteristic

fluctuation theorem: In (HA = ) = (1 + x(L))A, where p(Q,, = A) is the probability

length L, that measures the correlation between the local dissipation £, ; and its complementary
(" ¢, the latter denoting the dissipation over the rest of the system. Very interestingly, our analysis
reveals that these correlations have opposite signs for the active (stochastic) and the passive
(deterministic) contributions to local dissipation. This result is yet another evidence of the unique
nonequilibrium behavior of active matter (see Fig. 3.B).

Morphogenic Colloids

We moved beyond the initial observation of block-copolymer-driven shape change and established
a predictive framework for morphogenesis in synthetic colloidal droplets. We show that controlled
remodeling, topology-changing transitions, and spontaneous compartmentalization arise in a
compositionally minimal oil-in-water system from the coupling of amphiphile partitioning,
osmotic regulation, and interfacial mechanics. We then extended the work from single droplets to
collective assemblies, where depletion attractions and external fields turn adaptive shape change
into emergent structure.

General framework and design rules. A systematic screen of symmetric PEOx-PPOy-PEOx
triblock copolymers, spanning a broad range of PEO/PPO ratios and molecular weights, shows
that morphogenesis is governed by general physicochemical principles rather than the chemistry
of a particular oil or polymer. Two requirements define the morphogenic regime: sufficient
hydrophobic character to drive partitioning and self-assembly within the oil phase, and sufficient
hydrophilic content to transport and accumulate water inside the droplet. Excessively hydrophilic
copolymers remain in the aqueous phase and stabilize spheres, while strongly hydrophobic
copolymers produce isotropic swelling without shape instability. Morphogenesis appears only in
the intermediate regime where partitioning, interfacial adsorption, and osmotic swelling coexist.
The same pathways recur across chemically distinct oils, including a network-forming silane
(TPM), a non-network-forming silane (DMDES), and a fluorinated silane (TMFPS), confirming
that the behavior is set by partitioning and interfacial mechanics rather than by molecular detail.
Curvature-elasticity pathways, topology, and compartmentalization. The central advance this
period was the identification of topology-changing remodeling pathways governed by curvature
elasticity and a reduced-volume constraint. Under hypertonic conditions osmotic swelling is
suppressed, and droplets accommodate increasing surface area through large deformations at
nearly constant volume, traversing the sequence sphere, prolate, discocyte, and stomatocyte
predicted by membrane-elasticity theory for decreasing reduced volume. Using a capillary
geometry in which a diffusing P123 front imposes a controlled spatiotemporal concentration
profile, we observed both far-from-equilibrium and quasi-equilibrium remodeling; under slowly
varying conditions the shape sequence agrees closely with curvature-elasticity theory for fluid
membranes. The stomatocyte-to-compartment step is a genuine topological transition rather than
a continuous deformation: as the invagination narrows, thermal fluctuations trigger pore closure,
sealing the structure and introducing irreversibility into an otherwise reversible landscape. Pore

34



closure spontaneously internalizes surrounding medium and suspended tracers; fluorescence
imaging confirms irreversible uptake, and SEM of polymerized droplets shows closed shells
enclosing trapped particles. The process mimics macropinocytosis-like uptake while remaining
fully synthetic and requiring no molecular recognition. Fluctuation analysis of dendritic,
membrane-like protrusions gives an effective bending modulus of order 10 kBT, and combined
holographic and optical measurements show that water and copolymer enter in fixed
stoichiometric ratios before any visible shape change, confirming that osmotic swelling and
interfacial self-assembly jointly drive remodeling.

Collective behavior: temperature, depletion, and field-driven assembly. Temperature and osmotic
pressure act as independent control parameters. Exploiting the LCST of the PPO block, moderate
thermal driving produces fully reversible shape oscillations over repeated cycles, while larger
deformations trigger the same topology change seen under hypertonic conditions, with irreversible
cavity formation. Reversibility is therefore governed by topology rather than morphology: shape
changes remain reversible as long as topology is conserved, and pore closure makes them
irreversible. Adding high-molecular-weight PEO introduces depletion attractions and converts
single-droplet morphodynamics into collective structure. Heating samples containing both PEO
and P123 lowers the reduced volume and raises the effective depletion attraction, driving initially
gas-like droplet phases into crystalline and, at intermediate aspect ratios, liquid-crystalline order
set by excluded-volume packing of deformed droplets. Locally injecting P123 generates a
propagating deformation front analogous to a morphogen; Cellpose tracking shows that rising
droplet aspect ratio correlates with a transient loss of hexatic order, captured by the global y6
parameter, that recovers at long times, linking single-droplet shape change to the order of the
assembly. Even without adhesion, worm-like prolate droplets driven by a low-frequency AC field
(below 1 Hz, near 5 V cm™') organize into mesoscale patterns with characteristic length near 100
um that coarsen over hours; the patterns require droplet anisotropy and vanish for spherical
droplets, pointing to shape-mediated interactions now being examined by simulation.
Significance and Outlook. This work turns morphogenic colloids from a phenomenological
observation into a predictive, experimentally tractable platform that integrates morphology,
topology, and function in a minimal synthetic system. The morphing-induced structural transitions
in droplet assemblies show how local shape change regulates large-scale ordering, rigidity, and
non-equilibrium organization through the coupling between deformability and inter-particle
interactions, directly addressing the broader DOE goal of understanding how collective function
emerges from simple interacting building blocks.

Future plans

Future work will couple morphogenic remodeling to chemically active and communicating
droplets, joining topology, transport, mechanics, and collective behavior and establishing the
system as a model for tissue-like dynamics in adaptive soft matter. We will focus on establishing
a comprehensive physical framework for collective morphogenesis in shape-morphing colloidal
assemblies through a combination of experiments, image-based analysis, and simulations. Future
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work will also leverage both information-theoretical and nonequilibrium dynamics approaches to
entropy production to elucidate why and how emergence and coordinated motion arise in active

matter.
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Dynamic materials assembly using stimuli responsive polypeptide coacervates
Timothy Deming, University of California Los Angeles

Keywords: Polypeptides, self-assembly, coacervation, bioinspired, piezoelectric materials
Research Scope

The goal of this research is to test the hypothesis that biomimetic, synthetic polypeptide
coacervates can be used to control the assembly and properties of phenylalanine-based dipeptide
materials in response to energetic inputs (e.g. heat and/or redox). We plan to accomplish this goal
by completion of the following objectives: (I) using molecular tuning of polypeptides and
dipeptides in combination with variation of solution pH and counterions to determine how to
modulate interactions between coacervate forming polypeptides and nanotube forming dipeptides,
(IT) applying this knowledge to enable temperature and redox enabled switching of dipeptide-
polypeptide materials between nanotubes and coacervates (Figure 1), and (III) combining these
~ concepts to guide biomimetic spatial and temporal
Heator [~ development of nanotube structure and alignment
Redox .‘. ‘® -| in peptidic materials using energetic stimuli.
Input |® '~ @ @®| Results from these studies are expected to advance

\‘ N s . eqe, . .
4—' A ) ° understanding and capabilities in the area of

_— o - . . . . . .
== = Dipeptide ® O | external stimuli driven biomimetic materials
- i . 4 @ ' . . . .
® - Polypeptide ® ® - * @| formation. More specifically, this work aims to
= Aqueous media . @ . . . . .
—— introduce new ideas and methods for using stimuli
Nanotubes Coacervates

responsive polypeptides to control the dynamics of
. . ) assemblies, aimed toward the ability to obtain

or redox responsive polypeptides to reversibly ) ] ) ) )
switch between different peptide-polypeptide ~ aligned dipeptide nanotube assemblies under mild,
assemblies. biomimetic conditions. These activities are
expected to provide new insights for preparation

Figure 1 Schematic showing proposed use of heat

and manipulation of peptide materials with piezoelectric properties that can be controlled by
response of chaperone-like polypeptides to external stimuli. Such materials have potential for
applications in energy harvesting and sensing.

Recent Progress

In the past 7 months, we have achieved many of the goals of our first objective. Specifically, we
have prepared the coacervate forming polypeptide Met-rac-Ces and have combined it aqueous
mixtures with the dipeptide L-phenylalanyl-L-phenylalanine, FF. These components were mixed
at a variety of concentrations over a range of solution and temperature conditions to determine if
Met-rac-Ces can be used to inhibit the ability of FF to form nanotubes, and if mixtures of Met-
rac-Ces and FF can form disordered liquid coacervates. Finally, we have performed initial studies
that demonstrated that FF nanotube formation and dissolution can be externally controlled in
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aqueous mixtures with Met-rac-Ces by oxidation and subsequent reduction of the polypeptide,

respectively (vide infra).
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with creation of new synthetic methods, we have pioneered
development of polypeptides capable of responding in
different ways (e.g. water solubilty, chain conformation) to
different biomimetic, energetic stimuli.’ Central to this project,
we have pioneered the synthesis and development of well-
defined coacervate forming homopolypeptides that mimic
many features of natural protein coacervates including
coacervation in response to pH, ions, temperature, and redox.?
The conditions necessary for coacervation can be finely and
predictably tuned by molecular adjustment of polypeptide
side-chains, as we have shown for the Xaa-rac-Ces
polypeptides that will be used in these studies (Figure 2).> We
have initially focused on the Met-rac-Ces polypeptide, as it
forms coacervates with a variety of small counterions.
Coacervates of Met-rac-C¢s can also be dissolved and
reformed via reversible redox of the polypeptide side-chain
thioether groups (Figure 3).

Our group has performed exploratory studies on interactions
of polypeptide Met-rac-C¢s with the dipeptide FF. This
dipeptide is known to be soluble in water at pH 7 and to
assemble into piezoelectric nanotubes when pH is lowered to
ca. 5.5.* We found that mixture of cationic Met-rac-Ces with
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(e.g. thiol) of Met®-rac-CPs.”



anionic FF in water at pH 6.5 resulted in the formation of phase separated coacervate droplets

Figure 4 Image of coacervate droplets
obtained from mixture of Met-rac-C

(5.0 mg/mL) and FF (2.5 mg/mL) in water
at pH 6.5. bar = 10 pm.

the best of our knowledge, there has
been no prior report of FF nanotube
preparation via oxidation.
Subsequent reduction of Met®-rac-
C9s chains present in the aqueous
suspension of FF nanotubes was
able to dissolve the nanotubes and

reform the original solution,
illustrating reversibility of this
process (Figure 5).

Future Plans

We are now planning to refine our
methods to control conversion of
Met-rac-Ces and FF coacervates
into FF nanotubes utilizing more

(Figure 4). These droplets could be condensed by
centrifugation to obtain a viscous coacervate liquid.

We have also initiated studies on the development of
stimulus dependent conversion of Met-rac-Ces and FF
mixtures into FF nanotubes. We have varied many
conditions: counterions, ionic strength, pH, temperature,
concentrations of Met-rac-Ce¢s and FF, as well as the
addition of different amounts and types of oxidizing
agents over different timescales. From these studies,
were we able to develop a system capable of converting
an otherwise stable Met-rac-Ces and FF solution into a
suspension of FF nanotubes via oxidation (Figure 5). To

Clear FF Nanotube Clear
Solution Formation Solution
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§iE-} 1.5
3 adnl excess | 2 ‘
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i pH 7.0, H,O
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Figure 5 Redox responsive formation and dissolution of FF
nanotubes using Met-rac-Ces. An aqueous mixture of Met-rac-Ces
(3.0 mg/mL) and FF (4.0 mg/mL) at pH 5.0 gives a clear solution
(left). Oxidation of this mixture with NalO4 (2 eq/thioether group)
converts Met-rac-Ces to Met®-rac-CPs resulting in spontaneous
formation of FF nanotubes (middle). Reduction of Met®-rac-C%s
with thioglycolate back to Met-rac-Ces results in FF nanotube
dissolution (right).

controlled oxidation conditions. We will also start studies on oxidation of coacervates in different

formats: e.g. droplet, thin film, extruded noodle, in order to control nanotube orientation. We will
vary the rate of oxidation with oxidant and oxidant concentration, focused adjustment of pH (5 to
7), and incorporation of different anions in media.

We will also prepare the polypeptide Val-rac-Ces and study its ability to form coacervates with
FF in response to temperature in order to obtain temperature controlled formation of FF nanotubes.
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Nature-Inspired Ionomer Design and Self-Assembly for Robust, Precise Synthetic Ion
Channels

Shudipto Konika Dishari, University of Nebraska-Lincoln
Keywords: ion-conduction, ionomers, biological ion channel, macrocycles, self-assembly
Research Scope

Biology provides a blueprint for translating nanoscale phenomena into mesoscale materials
coordinated behavior. Biological ion channels, despite being exceptionally narrow (< 1 nm in
diameter), achieve remarkably efficient and selective transport of water and ions through the
precise self-assembly of proteins that are often gated by specific stimuli. Inspired by these natural
systems, the PI’s earlier work, supported by the DOE Office of Science Early Career Award,
demonstrated that incorporating hollow cavity-forming macrocycles, such as calix[4]arene as an
ionomer repeat unit, can yield proton conductivities 1-2 orders of magnitude higher than those of
state-of-the-art perfluorinated ionomers.!>** These materials also exhibit faster-than-bulk water
transport in sub-micron thick films, whereas water and ions in thin films of traditional ionomers
experience confinement. This exceptional transport behavior of macrocycle-based ionomers was
attributed to the formation of water wires through the sub-nm cavities of calix[n]arenes, analogous
to water transport through 4 A-pores of gramicidin A, a well-known biological ion channel. These
findings established calix[n]arenes as a transformative ionomer platform for systems, like
electrodes. While these earlier works of ours demonstrated some traces of molecular self-assembly
(mostly solvent- and structure-induced) for specific structures of macrocyclic molecules, we did
not enforce controlled self-assembly of molecular units. In fact, many traditional ionomers rely
primarily on spontaneous phase segregation to create ion transport pathways. If we can gain control
over self-assembly of calix-based ionomers via covalent/non-covalent interactions, we would be
able to construct more systematic and robust ionic highways, be it in thin films or bulk membranes.
This is what the current project is aiming to achieve. By directing the hierarchical self-assembly
of functionalized calix[n]arene building blocks, we aim to establish a new design paradigm for
high-performance ion-conducting materials.

Recent Progress

Having previously demonstrated the proof-of-concept (Figure 1a), we showed that incorporating
macrocyclic calix[4]arenes into ionomers—either as backbone repeat units or as pendant groups—
results in significantly higher proton conductivity than Nafion (Figure 1b), the current state-of-the-
art proton-conducting ionomers."> We also demonstrated that non-macrocyclic analogues of these
ionomers exhibit proton conductivities several orders of magnitude lower than their macrocyclic
counterparts.” Building on these findings, we are now pursuing the spatially controlled
incorporation of the macrocycles via chemistry, like oxirane ring opening.
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We have also been able to successfully stack multiple layers of monomeric calix ionomers via a
combination of covalent and non-covalent interactions. Most importantly, thin-film systems
containing these assembled calix layers exhibited a substantial enhancement in proton
conductivity. In  one
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Figure Ic). This ultrathin | pigure 1. Proof-of-concept demonstration of ultrathin calixarene-based
SC[4] layer exhibited | assemblies for enhanced proton conductivity. (a) Nyquist plots comparing proton
(Figure le) exhibited a conductivity of Au/SC[4] assembly (green) vs a Nafion film (black) at 85% RH.
The calixarene assembly exhibits markedly higher conductivity despite its
reduced thickness. (b-e) Chemical structures and films of Nafion (b,d) and SC[4]

(c,e).

proton conductivity of 37
mS/cm (Figure la, green),

representing a remarkable

improvement over a ~15 nm thick spin-coated Nafion film, which exhibited a proton conductivity
of only 3 mS/cm (Figure 1a, black) under identical conditions. These results confirmed that (i)
calix derivatives can indeed be self-assembled into layered architectures, and (ii) even a single
self-assembled calix layer achieves an order of magnitude higher proton conductivity than Nafion
in thin film form. Together, these findings establish the promise of spatially organized macrocyclic
assemblies as a new platform for next-generation ion-conducting materials.

Next, building on our success in layering calix molecules, we developed an innovative strategy to
spatially localize a calix layer on certain location of Nafion membranes. The resulting membranes
again exhibited significant enhancement in proton conductivity (Figure 2a, purple) compared with
pristine Nafion membrane (Figure 2a, black) over the entire temperature range investigated (25-
80 °C). The conductivity advantage increased progressively with temperature, indicating that
supramolecular architecture becomes increasingly effective under practical electrochemical
operating conditions. At 80 °C, the Nafion-SC[4] (localized) membrane achieved ~50% higher
proton conductivity than pristine Nafion membrane, demonstrating that strategic placement of the
macrocycles provides a highly efficient pathway for proton transport without altering the bulk
chemistry of the ionomer.

To determine whether the improved performance originated from the spatial organization of the
macrocycles or simply from their distribution within the matrix, membranes containing a localized
SC[4] layer were compared with membranes in which SC[4] was randomly dispersed throughout
the Nafion matrix at various loadings (Figure 2a). While increasing the concentration of randomly
dispersed SC[4] led to gradual improvements in conductivity (Figure 2a, red, blue, and green),
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these gains remained significantly
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Figure 2. (a) Proton conductivities of self-assembled Nafion and
Nafion-SC[4] membranes (both randomly distributed SC[4] with
different Nafion-SC[4]ratios and localized SC[4]), highlighting
enhanced performance in the self-assembled architecture. Thickness
using depth-resolved confocal laser | of these membranes were ~ 65 um. Schematic illustrations of all these
scanning microscopy (CLSM), a membranes are to the right of (a). (b) Proton conduction profile (I¢/1;,)
of SC[4]-localized Nafion membrane architecture. (c) Proton
conduction profile of same sample upon flipping the membrane. z/d
represents thickness (d)-normalized distance (z) from one side of the

The origin of this enhanced ion
transport was further investigated

technique pioneered by my group.’
The ion-conduction profile (Id/Ip)
revealed a distinct region of

membrane to the other.

enhanced proton transport that
corresponds to the location of the self-assembled SC[4] layer (Figure 2b,c). In the Nafion-SC[4]
membrane, the 4/l ratio increased sharply near the SC[4]-functionalized interface (z/d~1),
reaching ~0.87, while remaining lower (I¢/I, ~0.47-0.60) in the bulk and opposite side, having
Nafion only. Upon inverting the membrane, the high-conduction region shifted to the opposite
interface (Figure 2c). This confirmed that the improvement is localized to the engineered
supramolecular interface rather than uniformly distributed throughout the membrane. This
provides direct experimental evidence that the self-assembled SC[4] layer offers a superior proton-
conduction pathway and demonstrated that ion transport can be spatially engineered within
ionomer membranes.

Future Plans

Building upon the demonstrated success in achieving spatially controlled macrocyclic self-
assembly and dramatic improvements in interfacial and bulk ion transport, future efforts will
systematically optimized macrocycle loading, anchoring chemistry, and processing conditions to
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further tailor ionic domain architecture across a range of ionomer platforms. Advanced in-situ and
operando characterization will deepen mechanistic understanding of confinement-induced
morphology and proton/ion shuttling dynamics.
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Active interfaces and membranes

Zvonimir Dogic and Cristina Marchetti — University of California at Santa Barbara

Keywords: active membranes, active interfaces, wetting, non-equilibrium statistical mechanics.
Research Scope

The research project is organized into two primary aims centered on the study of active matter and
its interaction with soft interfaces. The first aim investigates interfacial active matter; specifically,
how mechanical forces within bulk active fluids drive deformations of passive interfaces created
by conventional phase separation. A key objective is to control wetting transitions in both space
and time, which could eventually lead to the development of motile, life-like droplets. The second
aim explores a novel category of membrane-based active matter where end-binding molecular
motors organize microtubules into dynamic monolayer membranes. Our initial focus is on studying
the initial instabilities of this system. In the low activity limit, we observed boundary-induced
formation of macroscopic active membranes consisting of one-microtubule-thick monolayer
membranes. Such membranes exhibit significant bending deformations powered by the continuous
turnover of their microscopic components. In the high
activity regime, we study the bulk isotropic instability of the
kinesin-4 systems that generates expanding vesicle-like
structures. Over long times, active membranes form
dynamical bulk materials such as self-healing networks and
tissue-like foams that demonstrate steady-state pulsatile
contractions.

Recent Progress

Fig. 1. Release of caged ATP induces

Active wetting: We advanced our understanding of how | changes in the global droplet shape
and the local wetting angle.

active fluids control the wetting properties of a soft interface
in contact with a solid substrate. First, we studied the

structure and dynamics of active-dextran-based droplets (Fig. 1). We chemically modified the
substrate to control the equilibrium wetting profile from complete wetting to dewetting.
Subsequently, we measured the shape of active droplets. We observe that active fluids significantly
change the local wetting angle and the global droplet shape. To understand the molecular
mechanisms driving such dynamics, we simultaneously image the droplet shape and the
microtubule bundles encapsulated within a droplet. For partially wetted droplets, the contact line,
where the droplet contacts the substrate, acts as a sink accumulating force-generating microtubule
bundles. In turn, these force-generating microtubules exert an additional force on the contact line,
modifying the conventional balance of forces and the associated wetting angle (Fig. 2). Inspired
by these experimental observations, we developed a theoretical model of the contact point, which
relates the local wetting angle to the in-plane curvature of the contact line. Image analysis provides

independent measurements of both components, and the linear proportionality constant provides
45



an estimate of the surface tension of the
microtubule bundle (Fig. 3). Thus, active
fluids provide a novel mechanical control
of the wetting dynamics. In turn, one can
use the wetting transition as a novel
probe to measure the mechanical

properties of extensile microtubule | Fig. 2. Active droplet in steady state. Images show the plane
bundles. These are force-generating | Wwhere the droplet contacts the solid substrate. Extensile
microtubule bundles accumulate along the contact angle.

structural motif that drives microtubule-
based active matter out of equilibrium, yet very little is known about their mesoscale mechanics.

In addition to isolated droplets on a solid substrate, we also investigated a bulk active-passive
interface in contact with the boundaries of the confining sample chamber. We find that above
critical activity, the fluid works against gravity and climbs along the walls of the confining tube.
In the high activity regime, there is no steady state, but the active interface climbs several
millimeters along the confining wall, and once it reaches the top, it spills out of the same. We have
characterized the MT-generated autonomous flows within the active wetting layer and correlated
that to the dynamics of the upward-growing interface.

Active polar fluids: Properties of active nematic fluids have captured the focus of the wider
scientific community and led to extensive experimental and theoretical advances. Over the past
two years, we developed an entirely new model system of active fluids, one that has a polar
symmetry. In well-studied conventional active nematics, the clusters of conventional kinesin-1
motors push two adjacent microtubules against each other to
generate a force-generating unit with nematic (apolar) symmetry.
Over the current reporting cycle, we initiated studies of microtubule-
based active fluids with kinesin-4 motors. We found a plethora of
complex and exceedingly rich dynamical phenomena that largely
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The kinesin-4 active matter system differs from the conventional
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microtubule-based active fluids in several ways. First, the system 2 £ans

i ) ] i ' is linearly correlated with
lacks bundling agents. Thus, microtubules form an isotropic semi- | the in-plane curvature of
dilute suspension with a finite viscoelasticity. Kinesin-4 motors link | the contact line for

two filaments and step toward the MT plus end. Such motors endow | negative protruding
curvatures

microtubule filaments with persistent directional motion. Second,
the processive kinesin-4 motor accumulates at the microtubule plus
end. This generates segmented microtubules whose motor-decorated plus ends have effective
attractive interactions. Having mastered the biochemical aspects of the Kinesin-4 system, over the
previous period we have completed two major studies which are focused on the initial instabilities
of the system.
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In the first study, we explored the behavior of the system in the low-activity, low-motor-
concentration regime. We developed 3D tracking protocols that allowed us to follow the motion
of sparsely labeled microtubules as they undergo driven dynamics. These experiments revealed
that the kinesin-4-powered microtubules behave as effective active Brownian rods with polar
symmetry. They persistently move in one direction, undergoing active reptation as they move
through an entangled suspension. The effective persistence length of such trajectories is hundreds
of microns. It is well understood that active Brownian particles accumulate at sample boundaries.
Similarly, active Brownian microtubules slowly accumulate at the boundaries. Over time, the wall-
induced accumulation of motile filament rods interacts through segmented interactions to generate
a macroscopic fluid-like monolayer composed of a one-filament-long monolayer of microtubule
filaments (Fig. 4).

At the largest scales, these membranes exhibited continuous height fluctuations that are
collectively driven by molecular motors. Surprisingly, the active membrane fluctuations are self-
regulating. Once they reach a critical height, they relax back to the minimum-energy flat state. We
have characterized the ensuing non-equilibrium dynamics at all relevant length scales (Fig. 5). At
the continuum length scales, we measured the coarse-grained height field and the local density as
well as the local orientation of microtubules with ==

200 min 350 min MRS

Z
X

respect to the membrane normal. We have
developed image processing techniques to covestp 2T St

extract the in-plane and out-of-plane membrane Fig. 4. Assembly of active MT-based membranes
driven by kinesin-4.

velocities. These measurements reveal a
sequence of events that generate self-regulating

active height fluctuations. First, the orientation instability generates mesoscale in-plane membrane
flows, which increase the local membrane density. Such increased membrane densities lead to out-
of-plane buckling and height deformations. Once the membrane reaches the critical height,
molecular microtubule interactions relax the deformation, which subsequently leads to the outflow
of microtubules. We have completed the experimental characterization of active membranes.
Structural characterization revealed that the microtubule-based membrane fluctuations are driven
by protrusion modes where the microtubules slide against each other but do not exhibit local splay
deformations. This observation suggests that the fluctuation spectrum should exhibit 1/g? scaling,
where q is the effective wavelength. Surprisingly, experimental analysis revealed that the active
membranes exhibit 1/g* scaling, which is conventionally associated with local splay deformations
that are not observed in experiments. To resolve this apparent conflict, we developed a theoretical
model of active membranes. Linear stability analysis reveals that activity can drive the effective
surface tension to zero or even negative, which can explain the experimental results. These results
demonstrate the rich dynamics of active membranes.
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Low activities of the Kinesin-4 system generated wall-induced membrane formation, while the
bulk of the active suspension remained uniform. In the second study, we increased the motor
concentration, which increased the effective filament-filament attractions, in turn generating a bulk
instability. In this regime, we
initially observe the formation
of dense globules, dispersed
through the bulk suspension.
Single  filament  imaging
revealed that such globules

» Height=z[um] o Density [uM] . 1V [um/s] |

Fig. 5. Quantitative image analysis reveals all continuum fields that describe
have an isotropic structure fluctuations of active membranes, including the height field, the density field, and
has the in-plane velocity field.

and the  process

intriguing analogies with the conventional spinodal decomposition that is observed in unstable
fluid mixtures. After an initial period of globule compactification, we observe a sudden and
unexpected transition in the active dynamics. Droplets that initially contract suddenly expand and
grow in size. This transition is accompanied by the appearance of local orientation order of
microtubules as well as the formation of high-density shell-like structures at the droplet periphery.
Eventually, one observes the formation of vesicle-like structures consisting of a one-microtubule-
thick monolayer. A theoretical model explains these experimental observations. It demonstrates
how the switchable temporal dynamics can be engineered by merging contractile stresses that are
generated by the end-binding motors with self-straining stresses generated by effective filament
sliding.

Future Plans.

A series of experimental and theoretical results and associated quantitative analyses highlighted
above have been completed. In the short term, these and a few other advances are being prepared
for several publications. In the longer term, we aim to extend our studies of active wetting. Current
results indicate that the shape of the interfaces and droplets is determined by both local forces
generated by the extensile microtubule bundles trapped at the contact line as well as the longer-
ranged hydrodynamic flows generated in the interior of the active phases. The proliferating
interfaces need further characterization and require theoretical explanation. With the newly
developed kinesin-4 systems, we have only characterized the initial bulk instabilities and those
induced by the boundaries. Next, we aim to characterize the long-term steady-state dynamics of
such systems. Preliminary data demonstrated the existence of a systems-spanning network and
foams that are continuously reconfigured by active stresses. We are also planning to study the
behavior of the kinesin-4 system in the presence of specific microtubule-based crosslinkers.
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Hierarchical Assembly in Biomimetic Active Interfaces
Guillaume Duclos

Department of Physics, Brandeis University, Waltham, Massachusetts 02453, USA

Keywords: active matter; active interfaces; active solids; spontaneous symmetry breaking;
morphological instabilities

Research Scope

Cells undergo shape change while consuming chemical energy. Their cytoskeletal skeleton bears
stress and pushes on the cell wall to drive shape change. We use reconstituted cytoskeletal
materials to elucidate how energy-consuming proteins work coherently over multiple length scales
to generate complex, yet organized, structures and motion. We are particularly interested in the
multiscale impact of active mechanical stresses, which can be produced either by molecular motors
or by non-equilibrium turnover of biopolymers. First, we consider liquid interfaces driven by
microtubule-kinesin active fluids. At these boundaries, active hydrodynamic flows push and pull
on the interface to drive large non-equilibrium deformations. These active flows cause the interface
to undergo linear instability, spontaneously break up-down symmetry, and focus the smooth
boundary into a sharp cusp. We compare these fluid interfaces with polymerizing actin networks
that behave as growing active solids. Continuous assembly loads the network against the
surrounding fluid and can trigger fluttering, beating, and chiral motion. Both platforms use
hierarchical assembly to turn molecular-scale activity into micron-scale shape change. Studying
them together lets us ask how activity, geometry, and material properties control the dynamics of
active biomimetic materials.

Recent Progress

At the interface between a passive fluid and a cytoskeletal active fluid, we find that extensile
microtubules destabilize an initially flat interface. The first growing mode produces nearly
symmetric crests and troughs. As the deformation grows, a second harmonic appears, causing
wave crests to broaden and troughs to sharpen. The interface chooses a preferred up-down
direction. Flow measurements reveal a layer of counter-rotating vortices near the boundary. This
vortex layer rotates the interface and causes the growth of the first two interfacial modes. A
hydrodynamic description reduces near the selected wavelength to deterministic KPZ dynamics
for the height and Burgers dynamics for the slope. The same transport process continues beyond
the first symmetry-breaking event. Higher harmonics onset and form a coherent cascade that
sharpens the trough into a logarithmic cusp. Experiments and continuum simulations show the
same spectral pathway and the same real-space cusp shape.

Regarding the impact of non-equilibrium turnover, branched actin is nucleated on a colloid and
extruded into the surrounding fluid as a cohesive tail. The tail grows straight until viscous drag
creates enough compression to overcome bending stiffness. The active solid then enters a growth-
driven flutter instability and develops beating, meandering, or spiraling motion. Experiments and
simulations show that faster growth lowers the onset length and raises the beating frequency, while

a stiffer tail delays the instability and slows the motion. These results show that polymerization
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alone can sustain oscillatory and chiral motion in a soft solid. Together, the liquid and solid systems
show how unique shape dynamics emerge from active biomaterials far from equilibrium.

Plans

We propose to investigate the impact of non-equilibrium turnover on phase separation. Liquid-
liquid phase separation is central to cellular organization because it creates membraneless
compartments that concentrate reactions and sort molecules. In cells, these condensates often
coexist with cytoskeletal networks that act as active, solid-like mechanical scaffolds. We will
couple a programmable DNA nanostar phase-separating system to actin polymerization and
turnover. This platform allows us to independently tune activity and mechanical properties of the
condensates. We will ask how growth-generated stress, elastic confinement, and network
remodeling suppress, modify, or enhance phase separation by changing nucleation, coarsening,
and coexistence. We will also test how phase separation changes the onset and shape of the active-
solid instability. We will compare experiments and theory. Our goal is to build lifelike materials
in which assembly, mechanics, and phase separation regulate one another far from equilibrium.
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Research Scope

Materials with well-defined, bicontinuous nanostructures feature exquisite
properties for catalysis, filtration, photonics, and mechanics. Synthetic
bicontinuous soft materials are made using two established approaches.
Arrested phase separation works with simple molecules and processes and is
established at an industrial scale. However, its microstructure is poorly defined,
and limited to thin film geometries. Block copolymer self-assembly features
precise thermodynamically defined microstructure. However, robust
microstructures are limited to spacings on the order of the macromolecular
building blocks, typically tens of nanometers.

Alternatively, living systems produce diverse bicontinuous materials with low
energy budgets and readily available materials. Astonishingly, the
characteristic spacings of these structures are much bigger than the size of their
molecular building blocks (Fig. 1a,b). Nevertheless, these nanostructures are
made with great precision not only across millions of cells in a single organism
but also across all members of a species. Morphological and developmental 4
studies suggest that many of these nanostructures emerge through a form of
phase separation. :

Inspired by these observations, the Dufresne lab recently developed Elastic
MicroPhase Separation (EMPS)?. This simple process produces bicontinuous
morphologies at the sub-micron scale (Fig. 1c). Like block co-polymer
assembly, EMPS produces structures that are defined thermodynamically, p-keratin nanostructures
i.e. independent of quench rate. Like arrested phase separation, it produces Produce color in  bird

. . o feathers' (c) sub-micron
structures at scales much bigger than its molecular building blocks and picontinuous  structures

utilizes simple molecules. by elastic micro-phase
separation

The goals of this project are to 1) reveal the mechanisms that underly

length-scale selection and stability in Elastic MicroPhase Separation (EMPS) and 2) generalize
EMPS, so that it can create bicontinuous monoliths with a wide range of chemistries and functional
material properties. This work will articulate simple design rules that enable the large-scale
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production of chemically diverse materials with well-defined bicontinuous morphologies for a
wide range of applications.

Recent Progress

In the original implementation of EMPS?, sub-micron bicontinuous morphologies emerge through
thermally-drive phase separation of a guest fluid (fluorinated oil) in a host elastomer (silicone).
The resulting structures are independent of the quench-rate, appear in a few minutes, and never
coarsen. The microstructures fade away slowly (> several hours) from the surface of the elastomer,
as the polymer network de-swells. The microstructures are uniform across the sample. Their
length scale can be tuned by varying the crosslinking density of the host network. As crosslinking
density increases (stiffer networks), the characteristic spacing of the bicontinuous structure
shrinks. At low crosslink densities (softer networks), the phase separated guest forms disconnected
domains.

While promising, EMPS must overcome multiple limitations before it can be widely implemented
to produce functional bicontinuous materials. First, thermal EMPS is very sensitive to the
compatibility of the host and guest. It appears to require incubation temperatures near the critical
point of mixtures of the guest and uncrosslinked host polymer. This severely limits host-guest
combinations. Second, we do not understand the fundamental mechanism of length-scale selection
during EMPS, and do not know what range of length scales can be accessed.

We have recently been exploring multiple methods to drive phase separation of guest molecules
in host elastomers. We find that polymerization is a robust mechanism to drive phase separation
of guest molecules within a host elastomer. While a wide range of guest monomers readily swell
a host network, polymerlzatlon limits the entropic incentive for mixing and drives them to phase

¥y separate. Thus, we expect a much wider range of host-guest
combinations to be accessible through polymerization.
Further, polymerized structures should be stable against de-

stretched

swelling of the host network.

Working with silicone elastomers, we have demonstrated
polymerization-induced phase separation of methyl
methacrylate, styrene, and 2-vinyl pyridine, among others?,
shown in Fig. 2. Polymerization-induced phase separation of
these monomers produces monodisperse spherical micron-
Tl scale domains for monomer loadings up to about 20%.
sl Domain size varies smoothly with monomer loading. When

Fig. 2. Polymerization-induced phase polymerization of the guest is driven in a uniaxially strained
separation in elastic matrices” (top) elastomer, the domains are prolate ellipsoids (Fig. 2 top-
poly(methyl-methacrylate) (bottom) i ’ p . p (Fig. p
poly(acrylonitrile) and poly(2-vinyl right). This demonstrates that mechanics of the host couple

pyridine) to the morphology of the domains. At the same time,
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however, we do not see a smooth variation of ultimate domain size as we vary the crosslinking
density of the network. At high monomer loadings, we observe poorly resolved sub-micron
structures, suggestive of bicontinuous structures.

Future Plans

Theory predicts that the ultimate lengthscale in EMPS is determined by a balance of interfacial
forces, elasticity, and long-range structural correlations in the host elastomer®. We will test this
hypothesis through the design, synthesis, and characterization of host elastomers with tunable
structural correlations, and explore the impact of these different network architectures on the
morphology of phase separated domains.

We will continue to explore the range of chemistries accessible to EMPS. Preliminary experiments
suggest that elastic control of domain morphology is limited by a glass transition of the guest
polymer. We explore this hypothesis through polymerization-induced phase separation of guests
above their glass-transition temperature. Further, we will explore the impact of different
polymerization processes (e.g. controlled versus free radical polymerization, chain growth versus
step growth) on material structure and properties.

These studies will reveal the practical range of length-scales accessible by EMPS and design rules
for functional, bicontinuous structures across a wide range of polymeric materials.
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Research Scope

This project focuses on the preparation of novel, bio-inspired materials by translating functional
systems in Nature to state-of-the-art synthetic methodology and materials design. With focus on
synthetic polymers and fluid interfaces, new macromolecular materials and soft mesoscale
structures are emerging from this work and driving advances in materials interfaces, dynamic
surfaces, extended filaments, and functional droplets with morphologies and responsiveness
reminiscent of biology. In essence, by combining novel organic and polymer synthesis with
mesoscale structure fabrication, we access new routes to exploit the combination of interfacial
interactions and materials recognition. Specifically, this project targets the cross-section of: 1)
designer polymer surfactants that embed functionality directly into zwitterionic sub-units of
the polymer structure and 2) soft, polymer-based, mesoscale materials that function as
mesoscale surfactants by localizing at fluid-fluid interfaces. Insights gained from this research
advance the fundamental science of materials interface and fluidic droplets and generate novel
systems spanning nano-to-mesoscale dimensions. Our work creates novel materials systems that
are far simpler than those of biology, thereby advancing the science of energy-efficient materials
needed for new discoveries in: 1) materials synthesis spanning multiple length scales and 2)
materials design that localizes reactivity at interfaces.

Bio-inspired materials design. This project is underpinned by ways in which the complexity of
biological cells, and their morphologies, instruct the design of dynamic materials. Consider the
example of dendritic cells—key connecting components between the adaptive and innate immune
systems—that are morphologically unique for their dendrite extensions that participate in signaling
mechanisms. Such striking morphologies inspire our discovery of fully synthetic systems with
well-coordinated assembly in fluids. The biological structures and processes that inspire this work
reinforce our materials design concepts for smart emulsion droplets, with design elements
comprising molecular components rooted in biology, such as zwitterions, and synthetic methods
that yield novel materials with interfacial impacts. For example, inserting hydrophobic
functionality into polar, water-loving polymer zwitterions creates structures with complex solution
and interface characteristics, e.g., nanotube formation in liquids or hydrophobic films that are
water-adhesive. For mesoscale materials, new insights are derived from fibrillar and sheet-like
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structures with surfactant properties extending far
beyond those of conventional small molecule or
polymer surfactants, and which yield non-
equilibrium  droplets and  inter-connected
networks.

Recent Progress

1. Designer functional zwitterions: synthetic
advances and dynamic surfaces. Our strategy to
discover routes to novel zwitterionic structures
with embeded functionality merges Nature’s
design principles with efficient coupling
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Figure 1. Versatile synthetic route to substituted
sulfobetaine methacrylate monomers.

chemistry, such as acidity-driven substituion reactions and click chemistry. Figure 1 illustrates
recent progress, where functional group transformations on 1,3-propanesultone ultimately yield
substituted sulfobetaine methacrylates. As shown, in one case we utilize fluorocarbon substitution

to covalently connect omniphobic fluorocarbon moieties to water-loving zwitterions. In the other

case, silylilane units produce related materials that build on efforts to stategically replace PFAS

components with fluorocarbon-free alternatives.

Key to these syntheses is the facile preparation of the allyl-substituted propanesultone and
subsequent chemical reactions on the double bond, e.g., fluorocarbon groups via thiol-ene coupling
or silylsilane groups (especially tris(trimethylsilyl silane)) (TTMSS) by free-radical addition. This

synthetic methodology produces a library of substituted sultones that, by ring-opening with N,N-

dimethylaminoethyl methacrylate  a) Dynamic, water-adhesive Amphiphilic ZW surfaces

(DMAEMA), yield functionalized
sulfbetaine zwitterionic methacrylates. These
novel ~monomers were  polymerized

;/\/(CF2)7CF3 FSB

successfully by controlled free radical
techniques, typically by RAFT though also
ATRP, to yield polymers of pre-determined
molecular weights (typically 8-15 kDa based
on monomer:initiator:chain-transfer agent,
though higher molecular weights are
achievable). A complete set of synthetic
details is given in our published

manuscripts.'? dimension,
R=1nm -N-

Figure 2 illustrates new findings from our
studies of surface wettability of these unusual
polymer zwitterions, performed using contact
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angle probe fluids on 50-100 nm thick polymer films. For films of fluorinated polymer zwitterions
(FPZs), as might be anticipated, the static water contact angle (WCA) is intermediate between that
of Teflon, which repels water, and PSBMA, which is wet by water. However, for FPZs, dynamnic
contact angle measurements revealed water-repelling properties with unexpectedly large WCA
hysteresis, on order 100 degrees. The consequence of this hysteresis is most evident when tilting
the substrates on which a water droplet rests: unlike Teflon, with its low hysteresis that causes
water to roll off easily upon tilting, on FPZ surfaces water adheres upon titling at a 90-degree
angle. As seen, the front edge of the droplet is pinned by a large advancing CA, while the trailing
edge of the droplet wets the surface with a low receding CA. Thus, films of FPZs are
simultaneously hydrophobic and water-adhering, effectively exhibiting properties similar to those
of rose petals (or more generally the petal effect) that retain water owing to Nature’s complex
topological design, a complexity that is replaced here with simple, smooth films of functional
polymers. Moreover, the general solvent resistance of FPZs precludes the need for covalent
grafting and thus further simplifies the system relative to surface grafting methodology.

Remarkably, thin films of TTMSS-substituted SBMA polymers perform simililarly, with large
(near 100-degree) WCA hysteresis values also leading to retention of water on the otherwise
hydrophobic surface. In addition, these silylsilane zwitterions display exceptionally unusual
solution properties, much more complex than their fluorocarbon counterparts, a likely consequence
of the combined hydrophobicity and steric bulk of the TTMSS pendant groups. The combination
of size-exclusion chromatography, NMR spectroscopy (including diffusion measurements), and
liquid-phase intermediate angle x-ray scattering (IAXS) provides evidence for the formation of
nanoscale cylindrical objects from these silylsilane polymer zwitterions (on order of 15 nm x 1
nm). Microscopic characterization (electron microscopy and stochasitic fluorescence techniques)
is underway in attempts to gain direct

visual evidence of these Obj ects. Polymer photoresist: MPS-Laden Wafer:

y
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O
1. Wrapping fluid interfaces with ,Cd) -
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surfactants. Our approach to zﬂim 1 Carbony/

designing mesoscale structures l t-Boc deprotection:
exploits photolithographic e é H, é
methodology to pattern polymers into Inadialel?) Bake e e

% 90 °C, 5 min
multi-lengthscale objects of well- %o

defined shapes based on the features of
the selected mask. While most of our
prior work focused on filamentous or
ribbon-like  objects,  Figure 3
highlights the versatility of this method to obtain sheet-like objects with excellent fidelity,
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Figure 3. Photolithographic MPS production to yield ultrathin
stripes, circles, and triangles.

illustrated for ribbons, squares, and triangles. Such mesoscale polymer surfactant (MPS) structures
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offer potential insights into the properties of soft, ultrathin objects as they approach, and ultimately
wrap, fluid-fluid interfaces, a process enabled by their sub-100 nm thickness.

Key components of our photoresist design include the covalent integration of 1) acid-sensitive t-
boc-substituted styrene units; 2) benzophone cross-linkers; and 3) fluorescent tags. Films of these
polymer photoresists are well-suited for patterning via 254-nm photo-induced crosslinking of the
exposed regions, followed by removal of the uncrosslinked regions with a developing solvent.
Performing this photoresist patterning atop a release layer (composed of a water soluble polymer)
liberates MPS objects into an aqueous fluid where morphological evaluation is performed as a
function of the parameters employed, noting that from a single Si substrate on order 1000 MPS
objects are produced.

Our recent work on MPS-droplet interfacial contact extends beyond “dendritic droplets” (i.e.,
droplets with MPS filaments emanating from the fluid interface) to droplet networks and non-
equilibrium droplet shapes, as illustrated for different MPS shapes in Figure 4.3 For example, we
find MPS  filaments
bridging emulsion
droplets, effectively
holding them at some
given separation distance
based on the length of the
filament and extent of
wrapping. Building from
this concept, we find that
bringing an abundance of

droplets into contact with  Figure 4. MPS-wrapped oil-in-water droplets showcasing: a) bridged droplets, b)
droplet networks, and ¢,d) droplets packaged into non-equilibrium shapes.

the developed photoresist
yields droplet-filament networks, where individual filaments wrap around multiple droplets in
synthetic networks that resemble the entangled architecture of the rough endoplasmic reticulum
and the cellulor resovoirs of vacuoles. In many cases, droplets are trapped in non-equilibrium
shapes, especially when MPS filaments are lifted from the release layer as inter-connected
structures, which we surmise to wrap multiple droplets, forcing their coalescence into larger
droplets, then jamming the oil-water interface into non-equilibrium shapes.

Figure 4 also illustrates the product of MPS sheets (circles and triangles) wrapping the interface
of oil-in-water droplets. Here, droplets produced by microcapillary flow focusing were introduced
to the releasing MPS-sheets, each wrapped individually as they came into contact with the sheet.
As for the MPS filaments, the sub-100 nm thickness enables droplet wrapping in a manner that
resembles capillary origami and related processes, but here is performed in a parallel fashion and
on a much smaller size scale. Unlike the filamentous objects, this finding offers routes to rapid,

57



efficient droplet packaging and subsequent triggered release of contents based on the responsive
elements of the polymer sheet (i.e., bond degradation or on-demand changes to interfacial energy.

Future Plans

Going forward, we seek to capitalize on recent progress with new studies that exploit functionality
and reactivity at fluid interfaces through materials advances made via biomolecular design. For
example, microrheological evaluation of droplet networks holds promise for understanding the
adhesive and cohesive impacts of mesoscale surfactants as they wrap and connect droplets, with
potential routes to iontronic and/or dropletronic outlets.* Concurrently, the ability to individually
wrap droplets with mesoscale sheets points to new routes to microencapsulation and in-flow
processes that maximize the materials and energy efficiency of encapsulation. Our focus on
functional polymers and their interfacial properties will be enabling as these and other studies
proceed.
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Research Scope

The current project is focused on understanding the role of interfaces in guiding the earliest stages
of nanostructured organic and inorganic hybrid materials assembly and crystallization pathways,
resulting in composites with precisely-controlled structures across length scales, from the near-
molecular all the way to the macroscopic scale. The work has been built around three materials
platforms to elucidate solution-based assembly pathways, with an increasing emphasis on the role
of the solid-liquid interface composed of solvent molecules, polymer chains, and inorganic
materials precursors and clusters. In the first materials system, we have been probing early
assembly stages in the formation of sol-gel derived ultrasmall (<10 nm diameter) fluorescent
amorphous silica-core poly(ethylene glycol)-shell (core-shell) nanoparticles (NPs) as well as of
surfactant micelle self-assembly directed ultrasmall (~10 nm diameter) amorphous silica cages
with different topologies. In both cases structure formation in aqueous solutions occurs via
metastable ~2 nm sized primary silica particles. Efforts are geared at understanding how those
primary building blocks are assembled into the final structures. In the second system, we have
been investigating the role of the solid-liquid interface in directing the incorporation of NPs during
crystallization. Using insights from the first materials system, we have been performing studies as
a function of ultrasmall fluorescent silica NP (vide supra) surface chemistry (e.g., different surface
functional groups) and silica cage topology. Finally, in the third system, by inverting the approach
taken in the second system, we have been developing methods to elucidate the energy landscape
associated with block copolymer self-assembly based nanostructured substrates in controlling
nucleation and growth of inorganic materials. Here we are focused on elucidating the role of the
solid-liquid interface during such growth phenomena. In all cases, we are interested in revealing
the early stages in structure formation. We are striving to understand the “active” role of the solvent
in directing hybrid assembly pathways, and importantly in mediating the “cross-talk” (information
transfer) between organic templates and growing inorganic materials. To accomplish this goal, we
are employing two techniques ideally suited to probing molecular-scale features of surfaces and
interfaces important for determining assembly pathways in hybrid materials, but not yet well
established in this line of research: High-performance liquid chromatography (HPLC) and three-
dimensional atomic force microscopy (3D-AFM).
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Fig. 1. (Top row), Magic-size cluster (MSC) formation from ~2
nm sized primary silica particles into pentagonal bipyramidal
structure (left) and experimental HPLC elugram showing most
abundant peak 7 (right). (Bottom row), SALR model-based
simulations showing different cluster geometries found (left) and
their relative sub-population occurrence, nicely recapitulating
HPLC results. (Ref. 3)

Recent Progress

Magic-size (MSC)
phenomenon the
aqueous synthesis of ultrasmall
Sfluorescent core-shell silica
nanoparticles (NPs). Despite over 20
years of research, little was known
about the exact structure of the dye-
encapsulating 3-4 nm diameter
amorphous silica cores in ultrasmall
(diameters <10 nm) fluorescent core-
shell NPs with poly(ethylene glycol)
(PEG) shells, the first organic-
inorganic hybrid nanoparticles that
received investigational new drug
(IND) FDA approval in the US for

cluster
occurring in

human clinical trials. Using a combination of reverse-phase high-performance liquid
chromatography (RP-HPLC) and cryogenic transmission electron microscopy (cryo-TEM), we
made the surprising discovery of a MSC in the form of a well-defined pentagonal bipyramidal core
structure preferentially formed from seven primary silica NPs (Fig. 1) during the synthesis of the
core-shell NPs. Such primary silica NPs of around 2 nm diameter are known metastable
intermediates in aqueous silica sol-gel synthesis solutions from alkoxysilanes employed as
precursors. In the past such magic size cluster (MSC) phenomena had been observed for
monodisperse atomic and large (hundreds of nm diameter) colloidal particles. In contrast, we have
shown that the primary silica NP building blocks studied here are

size dispersed. The use of HPLC enabled the discovery by
providing 1 to 10 well-resolved peaks that could be assigned to
core-shell silica NP cores build from 1-10 primary particles.
Coarse-grained simulations based on short-range attractive and

\ &
51268 (D)

52 (Iy) 51262 (Dga)

long-range repulsive (SALR) particle interaction potentials

provided fundamental insights into the formation mechanism. In
particular, they revealed a relatively simple geometrical
argument for the unusual stability of the most abundant seven-

Fig. 2. Amorphous ~10 nm sized
silica cages with different
topologies and point symmetries.
(Ref. 5)

member MSC (Fig. 1). Results rationalize the successful NP
synthesis scale up from 1 mL to 50 L and open a pathway to substantially improved control over

ultrasmall particle size distributions, e.g., via chromatographic separations, all critical issues for

successful translation of nanoparticles into the clinic.

Identification of different ultrasmall amorphous silica cage topologies. Cages are fundamental
structural motifs of clathrates and their topological duals, Frank-Kasper phases, are constituents of
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mesoporous silica frameworks, and are known from the discovery of carbon-based fullerenes.
With one exception, however, they had not been synthesized as discrete particles via surfactant
self-assembly directed aqueous sol-gel silica synthesis routes. By varying reactant ratios of
surfactant, oil, and silane, we discovered 5'26> and 5'26% amorphous silica polyhedra (Fig. 2),
each coexisting with the previously identified 5! cage, using combined cryo-TEM and single-
particle reconstruction. Notably, the 5'26® polyhedron represents a topology not previously
observed in any mesoporous silica frameworks. In this work, we further demonstrated control over
structural features of individual cages (e.g., strut thickness and window size), and we gained first
insights into cage formation mechanisms. Structural outcomes were summarized in a ternary
morphology diagram alongside prior results, bridging serendipitous discovery and intentional
design of silica cages displaying a level of control over silica polymerization rivaling nature. Such
cages may provide novel carriers for drug delivery or substrates for catalytic conversions.

Incorporation of secondary phases (nanoparticles) during crystallization. We proposed to and
succeeded in advancing well beyond the current literature to achieve a predictive understanding
of particle incorporation in crystal growth. The incorporation of nanoscale additives into
solution-grown single crystals is an interfacial problem of fundamental relevance to
understanding the formation and properties of hierarchical biominerals and bio-inspired hybrid
nanocomposites with enhanced mechanical, optical, and electronic properties. To date, almost all
work on this topic has focused on empirical observations of particle incorporation and chemical
intuition about the role of functional o e
groups. This lack of comprehensive Ry ) o | FEG-OHProbe
understanding of the underlying e e e
mechanisms is largely due to the SiProbe  PEGProbe  NH/PEGProbe DR me o PECCO0H Prove
complexity of the organic-inorganic
interactions occurring at the interfaces

and limited techniques for probing Fig. 3. Technique developed through this project for
functionalizing AFM nanoprobes with similar chemistries to silica

nanoparticles synthesis. (Ref. 4).

azido PEG acid

azido PEG amine

PEG-NH, Probe

nanoscale features of this interface
under growth conditions. Furthermore,

little is known about the role of
structured water (hydration layers) at the growth front on controlling nanoparticle incorporation.

In our approach, we leveraged key capabilities in a way that is only possible in this type of
collaborative, multi-PI PEG-OMe PEG-OH PEG-COOH PEG-NH,

program: 1) expertise in oz [ '
synthesis  of  ultrasmall 5

fluorescent silica 04
-0.6 Calcite (104)

nanoparticles with well-
defined surface chemistries
(Wiesner), 2) expertise in
crystal growth and

Fig. 4. Interfacial solution structure as measured by 3D AFM and forces
encountered by particles of different chemistries as they penetrate hydration
layers at the calcite-solution interface (Ref. 4).
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biomineralization (Estroff), 3) expertise in particle interactions and interfacial solution structure
(Nakouzi). Each of these capabilities individually is world-leading, and the unique synergy
between them has enabled substantial progress during the previous project period on understanding
how the organic-inorganic interfacial solution structure drives nanoparticle incorporation into
single crystals.

One of the key novelties of our approach is the use of state-of-the-art atomic force microscopy
(AFM) tools to directly measure the particle-surface interactions at the relevant solution
conditions. We developed a methodology for functionalizing AFM silicon nanoprobes using click
chemistry, leveraging our extensive experience with silica surface chemistry (Fig. 3). The
functionalized probes were employed in 3D AFM measurements to establish the first reported
force mapping datasets using functionalized probes with customized surface chemistries (Fig. 4).

Achieving a predictive understanding of interfacial phenomena requires connecting molecular-
D g scale structure and interactions to
emergent interfacial behavior, which
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fluorescent nanoparticle incorporation
in growing crystals. Specifically,
using particle fluorescence as a
measure  to  quantify  particle

incorporation (Fig. 5, left) and 3D

Fig. 5. (Left) We used confocal scanning fluorescence microscopy | AFM to quantify interfacial forces
to measure incorporation efficiencies of surface-functionalized . .
silica nanoparticles in calcite crystals. (Right) We developed a (Fig. 4), we developed and validated
model that successfully predicts the particle incorporation| the first comprehensive analytical

efficiency (@) using two experimentally measured parameters, model that successfully predicts
namely the kinetic barrier for particle approach to the surface and

the particle-surface binding energy. (Ref. 4). nanoparticle  incorporation as a
function of kinetic and
thermodynamic parameters, enabling us to quantitatively account for the unique behaviors
measured for four different particle surface chemistries (Fig. 5, right). To achieve this success, we
used emergent experimental methodology, including best-in-class 3D atomic force microscopy
and surface-functionalized nanoprobes to mimic ultrasmall fluorescent nanoparticle surfaces to
parameterize and validate our model (Fig. 5). Significantly, we showed for the first time that
kinetic barriers originating from interfacial solution structure play a pivotal role in controlling
incorporation processes. This recognition of kinetic barriers to surface engagement as a key factor
opens an entirely new design space for single crystal composite materials and raises fundamental
questions like “how do we design particle chemistry and topology to minimize/maximize this
barrier?” Our synthesis science framework links interfacial solution structure, particle dynamics,
and crystallization kinetics, identifying kinetic barriers as a key design principle for engineering
bio-inspired nanocomposites beyond empirical approaches.

-
o
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Future Plans. Building on the successes of the last funding period, and inspired by biological
systems, we propose a project focused on rationally designing nanostructured materials with
precisely controlled structure-property profiles across length scales, from the near-molecular all
the way to the macroscopic scale. With our foundational work, we strive to establish a fundamental
understanding of how interfacial structures and forces can be harnessed to structure-direct the
assembly and growth of amorphous and crystalline inorganic hybrid materials. The proposed work
focuses on two materials platforms, one amorphous and one crystalline, to delve into the question
of elucidating early formation stages of solution-based hybrid assembly. In the first materials
system, we aim to discover new ultrasmall (~10 nm diameter) surfactant self-assembly directed
high-symmetry silica cages increasingly using GPC and HPLC to preselect optimal sample
compositions. We will also probe the earliest formation stages of these silica cages in water by
halting their formation at various early time points. In the second system, we will use our first-of-
its-kind comprehensive analytical model for predicting nanoparticle incorporation into single
crystals by expanding and diversifying the accessible types of host and guest materials. This will
allow us to establish a connection between molecular scale interfacial structure, nanoscale particle
incorporation, and mesoscale spatial distribution, ultimately predicting emergent properties at the
full material scale. Overall, the objectives of proposed work are: 1) To understand the molecular-
scale mechanisms involved in silica nanocage formation; 2) To identify synthetically accessible
nanoscale silica cage topologies; 3) To evaluate how solution chemistry (e.g., pH, ionic species)
determines the kinetic barrier for surface engagement at mineral-material-fluid interfaces; 4) To
demonstrate the generalizability of our newly developed analytical model for predicting particle
incorporation into single crystals; 5) To investigate mixed particle surface chemistries and the role
of particle topology in particle incorporation; 6) To connect mesoscale particle distributions within
single crystals to macroscopic mechanical properties.
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Research Scope

Biological cells take in energy from the environment and use it to perform a variety of multi-step
physical operations in parallel. For example, cell division requires the timed, coordinated assembly
of filaments (actin and microtubules) that sort and partition other components, deform and split

the cell, and restore cellular organization before the next division. This requires multiple chemical
reactions that harness and store energy, and ultimately dissipate it in processes such as
polymerization, generating dynamic pulling and pushing forces. This coordinated architecture
enables the repeated execution of behaviors, such as microscopic motion, transport, and self-repair,
by molecular components that are organized by chemical reactions. Inspired by these architectures,
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Figure 1. Design of a reversible DNA-based filament motor. The chemical
potential from free monomers biases monomer insertion or removal depending on
free monomer concentration; monomers attach at sites that are free at a filament-cap
junction. The resulting displacement of the cap can be used to perform specific
work by, for example, attaching the cap to a specific site. Molecular architecture and
endpoint constraints thus determine whether and how filament contour-length
change induces motion, elastic stress, or force.

we are using nucleic
acid self-assembly to
design and build
active materials that
perform prescribed
work, where precise

instructions for
action can be
encoded as
molecular sequences.
The resulting
material systems will
produce responsive

and programmable
materials that can
operate under a range
of environmental

conditions, and help us understand how molecular interactions, mesoscale architecture, and
nonequilibrium reaction conditions jointly determine the force, speed, range, and efficiency of
prescribed material responses.

We are designing filament architectures and reaction cycles that leverage polymerization to
reliably and efficiently execute specific mechanical tasks, such as positioning components and
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rasmarcpmas | 0ENAINg materials. We are
& using computational models
and experiments to design,
build, and characterize
&l filamentous actuators that 1)
apply specific loads to other
materials at controlled rates
and in specific directions, 2)
adjust where and when loads
are applied, and 3) respond
dynamically to external cues.
(©)
Here, we  describe the
development of a reversible
DNA nanotube motor that
Figure 2. A processive nanotube-cap interface supports reversible isolates the elementary
filament growth. (A) Local cap-domain detachment from the filament operations of a synthetic
expose§ insertion/removal sites. (B) Two-color microscopy localizes polymerization ratchet:
newly incorporated monomers next to the cap. Scale bars, 1 pm. (C) .
Lowering the monomer chemical potential can reverse the flux, templated nucleation,
shortening the nanotube. processive end tracking,
reversible monomer exchange,

and load coupling. DNA origami seeds prescribe nucleation and polarity, while a flexible origami
cap presents six quasi-independent binding domains at the distal end. Transient release of
individual domains exposes sites for tile insertion or removal while the remaining domains retain
the cap at the dynamic end. The cap, therefore, acts as a kinetic gate and an addressable mechanical
interface.

Raising the monomer chemical potential drives insertion and extension; lowering it below the
critical concentration drives removal and retraction. We are using this system to develop a
programmable and reversible chemical actuator that can operate under a range of conditions and
whose properties could be altered to achieve specific engineering goals. More broadly, this
actuator can be used as a primitive in higher-order architectures, such as filament bundles or
branched filament networks, to move cargo, reshape soft compartments, and execute staged or
cyclic motion.

Recent Progress

A processive interface converts assembly chemistry into directional motion. We engineered
seeded and capped nanotubes (SCNTs) in which the origami cap remains coupled to the filament
end while individual adapter domains fluctuate between bound and unbound states. Two-color
fluorescence experiments were used to visualize how new monomers were incorporated: after
preassembling nanotubes from one fluorescent monomer population, a second monomer
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population with identical activity but a distinct fluorescent label was introduced. New fluorescence
accumulated next to the cap rather than along the nanotube body, demonstrating that elongation
occurs through cap-gated insertion at a defined terminal interface. At lower monomer
concentrations, we observed monomer removal, while caps remained attached. These results
demonstrate how self-assembly can lengthen or shorten a filament and, because the caps remain
attached, how these changes might be translated into the directed motion of an addressable
endpoint.

Chemical potential sets actuator polarity. We used nanotube growth at different monomer
concentrations to measure the critical monomer concentration under defined conditions, which we
found to be about 60 nM. We observed that at a monomer concentration of 110 nM, filament
dynamics are biased toward insertion and produce an average growth of approximately 1.2 um
over 24 h, roughly 40% of the starting length during a relaxation to the critical concentration.
Dilution below the critical concentration reverses the thermodynamic bias and produces
approximately 1.0 um of shortening over 6 h, about 25%. Thus, free monomer concentration and
thus chemical potential can control whether filaments extend or retract. Caps remain attached
during both growth and shrinkage, suggesting the capacity for bidirectional motion and thus the
ability to perform work against a load. We also observed that filaments could grow and then shrink
as the monomer concentration was varied, suggesting how a series of actions could be prescribed
for a single filament motor.

Filament growth is gated by capping and can store energy in its conformation. We compared
three geometries that progressively restrict nanotube motion: seed-tethered uncapped nanotubes
(SNT-S), seed-tethered capped nanotubes with a mobile distal end (SCNT-S), and SCNTs tethered
through both seed and cap (SCNT-SC). The open geometry elongated fastest. Introducing the cap
reduced growth through interfacial gating, as the cap decreased the rates of both monomer
attachment and detachment. These experiments suggested a reduction in growth rate upon
capping, i.e., a gating factor, of approximately 0.35. We then sought to measure the capacity of
filament growth to use the chemical potential in monomer attachment to drive energetically
unfavorable conformational changes in filaments; the ability to directly observe these polymer
conformations makes it possible to more precisely characterize energy transduction. Two-color
imaging confirmed that insertion persisted at the cap under dual anchoring. We also observed that
filament growth rates varied with filament conformation. Filaments grew more slowly in
conformations for which further growth required energetically unfavorable bending. In some
cases, no growth could be observed for long periods. Such reduced growth is a mechanical
signature of load-bearing assembly.
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confinement affect filament
growth rates and the
generation and propagation of
stresses. The coarse-grained
molecular dynamics model
reproduces the nanotube
persistence length, resolves
the onset of buckling under
compressive loading, and
predicts how force
transmission deteriorates as chains become longer and more compliant (Figure 3D). The resulting
inverse-square dependence of critical load on filament length is consistent with Euler-type theory
and with the sub-piconewton force range inferred from constraint-induced suppression of growth.
Together, experiment, simulation, and theory identify the transition from a stiff, productive regime
to a compliant, dissipative regime as a function of chemical potential and filament contour length.

Figure 3. Boundary conditions determine rates of polymerization-
driven actuation. (A) Seed-only, cap-gated, and dual-anchor geometries
progressively restrict endpoint motion. (B-C) Time-lapse and ensemble
measurements show reduced growth as the mechanical constraint
increases. (D) Experiment, coarse-grained simulation, and worm-like-
chain buckling theory define a length-dependent, sub-piconewton
operating regime.

Future Plans

Measure the capacity for filament-generated work. We will use the direct displacement of a
microsphere load by a single- or multi-filament actuator to measure the capacity of filament growth
to perform programmed work. We will tether a bead to a glass surface using a seeded, capped
filament. To measure the work performed by filament growth, we will track bead height and
trajectory during insertion and removal, together with independent measurements of attachment
compliance to produce force-velocity curves. We will use these experiments to better characterize
a filament motor’s stall force and buckling length and its mechanical efficiency. We will also test
whether load-dependent slowing can serve as intrinsic mechanochemical feedback, allowing an
actuator to stop at a prescribed mechanical state rather than after a prescribed time.
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Maximize actuator performance through design. We will vary contour length, persistence
length, cap gating, filament number, crosslink density, and branch geometry, then use experiments
and simulations in a prediction-test-refinement loop to understand how these parameters affect
actuation speed, range, and stall force [4]. Bundles should increase stiffness and extend the
productive force-transmission regime; branched architectures should distribute or redirect loads;
dynamic crosslinkers may trade stiffness for reconfigurability.

Control actuation in space and time. RNA activator fields produced by transcriptional hydrogel
generators [3] will be coupled to inactive tile monomers, converting a diffusible molecular signal
into a spatially patterned chemical potential. We will measure local growth rate, actuator velocity,
and stall force across these fields and identify regimes where localized resupply increases
performance while suppressing wasteful homogeneous nucleation. Composite caps and strand-
displacement controls will independently regulate whether a motor is on, its gating factor, and its
polarity. These experiments move the system from externally titrated actuation toward molecularly
encoded control over where and when work is performed.

Programming autonomous tasks. Timer and feedback circuits will stage monomer activation,
depletion, and cap state to produce cyclic extension-retraction and to coordinate two or more
filament types for steering. Initial targets are 1) the upward and downward motions of a bead to
achieve a motion cycle and 2) programmable two-dimensional load trajectories. The key scientific
question is how temporal programs and mechanical coupling jointly determine task fidelity. We
will ask whether a prescribed sequence of molecular signals produces the intended mesoscale
trajectory despite load, fluctuations, and component variability. Establishing this link between
molecular program and task performance would transform the present filament motor from a
biomolecular component into a primitive biomolecular robot.
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Research Scope

This project seeks to establish fundamental principles for programming the assembly of nano-scale
objects using sequence-encoded DNA interactions. By integrating experiments, theory, and
computation, we aim to identify the key factors that control structural organization, assembly
pathways, and defect formation in DNA-guided nanoparticle lattices. We will develop an inverse-
design framework that starts from a targeted 3D structure and determines the nanoscale
components and interactions required to realize it. This includes accounting for addressable bonds,
their energetic landscapes, particle orientations, and the intentional inclusion or removal of
nanoscale elements to shape lattice topology. The outcomes of this effort will enable predictive
strategies for constructing complex nanomaterials, such as defined lattice geometries and
controlled topologies, as well as nanoparticle organizations. The resulting design rules and
assembly methods will advance programmable fabrication of 3D nanomaterials and expand the
range of functional structures achievable through DNA-directed assembly.

Recent Progress
1. Revealing and Engineering Assembly Pathways of 3D DNA Origami Crystals

Programmable DNA origami enables the construction of highly ordered three-dimensional
nanomaterials through precisely engineered interactions between nanoscale building blocks.
Although structural design has advanced rapidly, crystal formation has largely relied on empirical
slow-cooling protocols lasting several days, limiting both mechanistic understanding and scalable
fabrication. We established a quantitative framework for understanding and engineering the
thermal assembly pathways of DNA origami superlattices'. Using complementary in situ optical
microscopy, small-angle X-ray scattering (SAXS), and electron microscopy, we directly
monitored crystal nucleation and growth over multiple length scales. These measurements show
that DNA origami crystallization follows classical nucleation-and-growth behavior and occurs
within a remarkably narrow thermal window (<1°C), with crystals forming within several hours.
The assembly represents only a small fraction of conventional multi-day annealing protocols,
enabling assembly times to be reduced by nearly two orders of magnitude.

The combined in situ measurements enabled construction of the first time-temperature-
transformation diagram for DNA origami crystallization, providing a predictive map linking
temperature, nucleation, growth kinetics, and crystal size. The study also identifies the principal
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experimental parameters governing reproducible assembly, including DNA sequence, magnesium
concentration, and origami concentration, establishing practical design rules for programmable
nanomaterial fabrication. Beyond accelerating crystal growth, this mechanistic understanding
enables thermal pathway engineering as a new strategy for controlling self-assembly. By
exploiting small differences in the melting temperatures of independently encoded DNA-binding
motifs, we selectively assembled distinct superlattice architectures from a single mixture solely by
modifying the thermal annealing pathway. This approach introduces an additional programmable
control without requiring chemical triggers or added molecular components. The resulting kinetic
framework substantially reduces fabrication time while enabling precise control over nucleation,
growth, morphology, and pathway selection when assembled in bulk and on surfaces®?.

1. Programming of Arbitrarily Designed Nanomaterials
The realization of functional 3D nanomaterials requires not only precise placement of nanoscale
building blocks but also design strategies capable of encoding increasingly complex architectures.
As structural complexity increases, the number of unique building blocks and interactions expands
rapidly, limiting fabrication efficiency and assembly fidelity. To address this challenge, we
developed a rational inverse-design framework for assembling hierarchically ordered lattices of
DNA frames and nanoparticles that dramatically reduces the complexity required to realize
prescribed three-dimensional architectures while preserving complete structural programmability®.
By exploiting the inherent symmetry of a target structure, the framework identifies the minimum
set of unique building blocks and bond identities needed to assemble an arbitrarily defined three-
dimensional arrangement of nanoscale components.

The fundamental building block is a DNA origami frame, termed a material voxel, which either
encapsulates a nanoparticle or remains empty. In our implementation, octahedral DNA frames
form directional bonds with six neighbors to assemble into a simple cubic lattice, providing a fully
addressable three-dimensional grid for positioning nanoscale objects. Neighboring voxels interact
through orthogonal DNA “chromatic” binding sequences. Although assigning a unique sequence
to every bond enables complete addressability, this approach becomes impractical for complex
structures because it requires an excessive library of orthogonal sequences and introduces kinetic
barriers to self-assembly. Instead, our inverse-design framework exploits local symmetry to
minimize the number of unique voxels and chromatic interactions, defining a higher-order design
motif termed the mesovoxel. A mesovoxel comprises the minimal set of uniquely encoded material
voxels whose repetition reconstructs the complete architecture. By encoding structural information
into mesovoxels, this strategy substantially reduces design complexity and assembly constraints
while enabling programmable fabrication of prescribed nanomaterials. To further streamline the
design, we developed the Mapping Of Structurally Encoded Assembly (MOSES) algorithm, which
converts an arbitrary 3D material arrangement into an optimized set of DNA voxels by identifying
structural symmetries®. The algorithm outputs the required voxel identities, stoichiometries, and
external-binding and cargo-loading DNA sequences, providing a direct materials assembly recipe.
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plasmonic nanoparticles, each with a period of ~240 nm (Figure 1A). The mesovoxel output from
the MOSES algorithm contains 9 unique voxels with a total of 15 addressable colors.
Characterizations based on the SAXS and SEM (Fig. 1B,D) confirm the intended helical
nanoparticle structure assembles, and the resulting crystals have micron-scale domains. To
enhance the optical properties, we designed several external binding sites to capture nanoparticles
on the faces of the frames (Fig. 1C), allowing a 2-fold increase in particle size and decreasing the

Using our MOSES algorithm to program

particle separation from above 70nm to 10-15nm. SEM characterization shows the intended chiral
particle superlattices with much smaller inter-particle separation.

3. Assembly pathway control and optimization through tuning interaction strength

Increased design complexity requires more components and a more complex network of
interactions, often leading to kinetic limitations. A key goal is to develop methods to control the
assembly pathway to avoid kinetic traps. During assembly, however, the system can become
trapped in disordered configurations. The defects do not result from individually incorrect bonds,
but from collections of valid bonds forming cyclic topologies that are incompatible with the
underlying lattice. To identify these kinetic traps, we are developing an algorithm that enumerates
local cyclic bonding topologies up to a specified interaction-neighborhood cutoff and classifies
them as lattice-compatible or lattice-incompatible (Figure 2). The resulting minimal basis set of
crystalline and amorphous motifs is then used to enumerate their possible labeled realizations
within a designed established with the MOSES algorithm. This provides a quantitative measure of
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Figure 2. Topology-guided control of assembly Kinetics. (A) Minimal MOSES design for the chiral superlattice,
consisting of 9 unique material voxels and 15 chromatic bond identities. (B) Minimal basis set of lattice-
compatible and lattice-incompatible topological motifs. The labeled realizations of these motifs are used to
quantify the participation of chromatic bonds in crystalline and defect-forming structures and to determine the
bond interaction strengths. (C) Fractional crystallinity from 15 independent molecular dynamics simulations using
uniform bond energies, randomly assigned nonuniform bond energies, and topology-informed bond energies.
how strongly each chromatic bond contributes to desired lattice motifs or to competing defect-
forming structures. We use this classification to construct a nonuniform interaction-energy map in
which bonds associated primarily with lattice-compatible motifs are strengthened, while bonds
that frequently participate in lattice-incompatible motifs are weakened. Fig. 2C compares the final
fractional crystallinity from 15 independent molecular dynamics simulations using uniform bond
energies, randomly assigned nonuniform energies, and the topology-informed energy mapping.
The topology-informed design produces substantially greater crystallinity, demonstrating that
motif-based bond-energy programming can suppress kinetic traps and steer assembly toward the
intended thermodynamic state.
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strand displacement, disconnecting specific structural elements and allowing them to diffuse from
the lattice. This programmable editing transforms a dense parent lattice into targeted low-packing-
fraction architectures while preserving long-range crystalline order. The versatility of ABEL was
demonstrated by creating multiple architecturally distinct nanostructures that are difficult or
impossible to obtain through conventional assembly. For example, a Heusler-type Cu-MnAl
template lattice is selectively transformed into a low-density Cu2Al framework by removing one
sublattice. Compared with direct assembly of the same structure, the ABEL-derived lattice can
substantially improve crystallinity, with experiments demonstrating more than a twofold increase
in correlation length and significantly sharper SAXS diffraction peaks. These results show that
template editing effectively overcomes kinetic and entropic limitations associated with assembling
open crystal structures directly.
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Catalytic Enzymes as Active Matter

Steve Granick, University of Massachusetts at Amherst

Keywords: active matter, chemical-to-mechanical, catalyst, energy dynamics
Research Scope

This project establishes fundamental materials science principles for chemically fueled matter,
using biological catalysis as a design blueprint for converting chemical free energy into directed,
programmable mechanical function. The central problem is how the free energy dissipated by a
chemical reaction, together with the noise and entropy production that accompany it, is rectified
into coordinated motion and force. We pose this at the scale of individual catalytic molecules and
follow the resulting energy transduction upward to mesoscale objects and to assemblies of several
catalysts acting together. The long-term aim is programmable design principles for molecule-scale
machines.

The work addresses the Basic Energy Sciences transformative opportunity of mastering beyond-
equilibrium matter: functional matter organized in time as well as in space, sustained away from
equilibrium by continuous chemical input. Its distinctive contribution is to carry active-matter
concepts from the colloidal and biofilament scales, where they are established, down to the scale
of individual catalytic molecules, and then to reconnect that molecular scale to mesoscale
collective behavior. The research is organized around three questions. First, whether a shape-
asymmetric mesoscale object placed in a reacting bath rectifies its random rotational diffusion into
net directed rotation, and how that directionality is set by shape asymmetry and reaction rate.
Second, whether passive molecules and objects are entrained by the hydrodynamic fields that
catalytic turnover generates, and how the effect scales with tracer size and catalyst concentration.
Third, what collective phenomena emerge when catalytic activity is distributed across several
species acting in sequence or on the same molecule, and whether cooperative hydrodynamic
coupling scales differently from single-catalyst prediction. A cross-cutting requirement runs
beneath all three. Because catalytic chemistry is the energy source that drives every function
studied here, the fuel must be reproducible and quantitatively controlled before any driven
behavior can be treated as designable. We therefore develop preparation and measurement
protocols that render catalytic activity reproducible and controllable by concentration, and we
apply them across enzymes of different catalytic mechanism, from highly active oligomers to
monomeric enzymes.

Recent Progress

Reproducible and controlled catalytic activity. Using urease, a workhorse enzyme of active-matter
studies, we found that the same nominal enzyme yields materially different mobility signatures
depending only on preparation: measured by fluorescence correlation spectroscopy, one protocol
gave apparent diffusion enhanced above the Brownian level and another gave no measurable

76



deviation. The determining variables lie in the preparation, and we identified and documented
them, covering preprocessing, labeling at a defined functional group, purification of the labeled
species, filtration to remove aggregates before measurement, and substrate-induced pH change. A
separate quantitative requirement is to hold enzyme and substrate concentrations in the regime
where the response is linear in concentration, since outside it the apparent behavior turns nonlinear
or erratic and corrupts both the measured value and its interpretation. This control is the
precondition for every measurement reported below, and may account for the divergent enhanced-
diffusion results reported across laboratories.
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Fig. 1. Urease concentration-dependent diffusion coefficient (D,) that defines the aggregation threshold,
measured using fluorescence correlation spectroscopy (FCS). (a) D, as a function of urease concentration in
PBS buffer. At very low enzyme concentrations, weak fluorescence signals limit accurate measurement, while
at very high concentrations enzyme aggregation causes slower Dy. (b) Comparison of nominal enzyme
concentration determined gravimetrically and apparent concentration detected by FCS. Deviation from linearity
at high concentrations indicates enzyme aggregation, resulting in reduced particle count and underestimation of
enzyme concentration by FCS. Error bars represent standard deviation from n = 30 independent measurements.

A single-molecule imaging capability for catalytically driven motion. Molecular-scale transduction
has been characterized almost entirely by fluctuation-correlation methods, which average over the
ensemble, cannot resolve individual trajectories, and therefore cannot separate a fast or
heterogeneous subpopulation from the bulk, nor trace a mesoscale mechanical response to its
molecular origin. We built an instrument to remove this limitation. A homebuilt stroboscopic
microscope combines highly inclined and laminated optical sheet illumination, a qCMOS detector
at 426.9 frames per second, and laser triggering synchronized to millisecond pulses. Together these
recover individual trajectories of up to about twenty points and accumulate more than ten thousand
single-molecule displacements in two minutes, while suppressing out-of-focus background and
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motion blur at the weak labeling densities that activity measurements require.

(@)

'Pimpernel''Desirée’
250 kDz=—

(i) (i)
150 kDim =

100 kDz— 0.8+
75 kD=a— ‘Desirée’
[ |*Pimpernel’

50 kD=a— ‘- 4
0.4t

37 kDa— '

1 nolll ol

00 [l

-
20kDa— gy - ) 37 48 100

&

Ratio

I

0.4 AT Paass INDP s

- Desirée E
ATPase/ADPase ~1:1 T =]
g o2 z
E ) R
ST w 1
o0 ok ) @ -}
ATP ———+ ADP ———+ AMP .
. . . . . . '
a 40 80 200 [} 30 60 o.M
X (um) t(s)

ATP concentration (pM}

Fig. 2. Apyrase exhibits concentration-dependent enhanced diffusion with normal Brownian statistics. (a)
Purity characterization. (i) SDS-PAGE of commercial apyrase isoforms: 'Pimpernel' (Type VI) and 'Desirée’
(Type VII). (ii) Component ratios from densitometric analysis. (b) Normalized diffusion enhancement (AD/Do)
versus ATP concentration. (¢) Turn angle distributions between consecutive displacements. (d) Representative
long trajectory reconstructed from pooled short trajectories at 100 uM ATP (scale bar: 2 um). (¢) Ensemble-
averaged mean squared displacement (MSD) at 0 and 100 uM ATP. Power-law fits MSD(t) = 4D't" yield a. =
1, confirming normal Brownian diffusion.

Chemical free energy transferred to mechanical work in passive mesoscale objects. The most
direct test of chemical-to-mechanical energy transfer is whether a passive object, carrying no
catalyst of its own, is mechanically driven by a reaction in the surrounding bath. We performed
this test on two objects of contrasting mechanical character. A rigid colloidal bead held in an
optical trap showed enhanced position fluctuations during reaction, appearing as white noise across
the experimental bandwidth, with the effective diffusion coefficient raised by up to twenty percent
in the early stages and decaying continuously to Brownian motion as the reactants were exhausted.
The enhancement thus exists only when the system is driven and vanishes when it returns to
equilibrium. A soft object reports drive through its shape: using Forster resonance energy transfer
to gauge end-to-end distance, we find that a flexible polymer expands in an active urease bath, in
proportion to the level of catalytic activity. To our knowledge, this is the first such measurement
for a molecular-scale polymer in a chemically active bath.

Directed mechanical work at a shape-asymmetric object. Bacterial baths are known to rotate
asymmetric gears in a preferred direction, and the question we posed is whether molecular-scale
chemical activity can do the same. We used asymmetrically toothed SU8 microgears as shaped
probes, driven by a CuAAC reaction bath. During reaction the gears rotated preferentially along
the short edge of the teeth. Tracking the angular trajectories, the distribution of angular step size
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at fixed lag time developed a non-zero mean that grew with lag time and returned to zero once the
reaction ended. Reducing the catalyst concentration reduced the directional bias. These
observations establish that the reaction rectifies the otherwise random rotational diffusion of the
gear, and that both reaction rate and concentration set the amplitude of the directionality. At
substantially higher reaction concentration the rotation remained persistently unidirectional but in
some runs reversed sense, a behavior we tentatively attribute to adsorption and do not yet control.
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Fig. 3. During hydrolysis of urea by the enzyme urease, FRET measurements show that polyethylene oxide
polymer swells. In this example, concentrations are 0. 5 nM urease and 1 mM urea.

Future Plans

Three manuscripts covering the results above are in preparation and moving them to submission
is the immediate priority. The next period's science focuses on the shape-asymmetric rectification
result, our clearest demonstration of directed work from chemical free energy. We will establish
quantitative control over the amplitude and sense of directed rotation as functions of reaction rate
and catalyst concentration, resolve the adsorption-linked sense reversal seen at high concentration,
and extend the single-catalyst measurements toward multiple catalysts in sequence or on the same
molecule, where the open question is whether cooperative hydrodynamic coupling yields
collective directional behavior absent at the single-catalyst level. The accumulated single-molecule
trajectories may also lend themselves to machine-learning analysis of heterogeneous
subpopulations, a direction we expect to explore.
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Transient amplification and interfacial instability in chemically active materials

Jason R. Green, University of Massachusetts, Boston
Joseph P. Patterson, University of California, Irvine

Keywords: Dissipative self-assembly, transient growth, liquid phase electron microscopy, active
condensates

Research Scope

Chemically active materials derive their function from nonequilibrium reaction networks that
continuously assemble, remodel, and disassemble structure. Unlike equilibrium materials, these
systems can respond strongly to small perturbations, reorganize across multiple length scales,
and sustain products that are only transiently stable. Our research program seeks to establish
quantitative principles for learning and controlling these dissipative behaviors directly from
experiments. To do so, we combine nonequilibrium statistical mechanics, dynamical-systems
theory, multiscale modeling, and in situ microscopy of supramolecular materials and peptide
condensates.

The long-term goal is to connect microscopic structural dynamics with the thermodynamic costs
and control principles of active assembly. In the current project, this means: (i) quantifying
structural dynamics from time-resolved microscopy, (ii) building reduced dynamical models that
identify amplification, decay, and instability in chemically driven systems, (iii) linking these
models to reaction-network and reaction-diffusion descriptions of active matter, and (iv) using the
resulting theory to guide experimental design. A central theme emerging from our recent work is
that dissipation does more than sustain nonequilibrium steady states: it can also reshape short-time
response, interfacial stability, and the dynamic fate of assembled materials.
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monotonically back to steady state. Instead, the
linearized dynamics can be nonnormal, allowing
small concentration perturbations to grow
temporarily and produce a burst of assembled
material above the steady-state yield. We derived a
precise criterion for this effect from the largest
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eigenvalue of the symmetric part of the Jacobian matrix, which identifies when a steady state is
reactive and capable of transient growth. Across the parameter space, chemical driving controls
the magnitude, timing, and localization of this amplification. Stronger driving generally increases
transient growth and can localize it in the target assembled species, providing a quantitative design
rule for responsive active materials.

Nanoscale interfacial organization governs whether condensates mature or collapse. In parallel,
we used liquid-phase TEM, cryo-TEM, optical microscopy, and modeling to study passive and
active FFssFF peptide condensates across nanometer-to-micrometer scales [2]. In passive droplets,
we observed metastable multiphase intermediates with membrane-like interfaces, slow maturation,
arrested coalescence, and eventual fibril formation. Cryo-TEM resolved interfacial boundaries
with thicknesses on the order of a few nanometers, indicating that nanoscale interfacial
organization is an intrinsic structural feature of passive FFssFF condensates. Under active
chemical or electrochemical driving, these same droplets behaved very differently: multiphase
maturation was bypassed, interfaces destabilized, and droplets exhibited rapid shrinkage or
spontaneous bursting. Simulations supported a mechanism in which local membrane degradation
and faster interior chemical conversion trigger collapse. Taken together with our theory of transient
growth, these observations suggest that dissipation governs both the short-time amplification of
perturbations and the longer-time structural fate of chemically active materials.

Data-driven analysis of microscopy and nonequilibrium dynamics. These theoretical and
experimental advances strengthen the goal of learning dissipative behavior from microscopy. Our
earlier work established structural dissimilarity workflows for quantifying structural change in
time-resolved imaging, while recent results now provide clearer physical targets for those analyses:
transient amplification, interfacial reorganization, delayed relaxation, and collapse. We are using
kinetic models, reaction-diffusion simulations, and simulated TEM images to bridge the gap
between observables in microscopy videos and latent dynamical quantities such as amplification
envelopes, linear stability, and dissipation rates. This joint workflow is creating a practical route
from raw movies to predictive models of active materials.

Future Plans

Our next objective is to integrate these directions into a single predictive framework for chemically
active materials. First, we will apply data-driven reduced modeling tools to experimental and
simulated microscopy videos to infer short-time linear response, identify reactive states, and test
whether transient amplification signatures can be recovered directly from image sequences.
Second, we will use reaction-network and reaction-diffusion models to map how chemical driving,

interfacial stability, and noise determine whether a material exhibits enhanced assembly,
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controlled remodeling, or catastrophic collapse. Third, we will compare these predictions against
in situ microscopy of electrochemically and chemically driven assemblies, with emphasis on the
conditions that favor selective amplification of desirable structures. More broadly, our aim is to
move from descriptive imaging of active matter to predictive control of how dissipation shapes
structure and function.
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A framework for exploring and controlling non-equilibrium coherent states in active fluids
based on global phase space geometry

Piyush Grover and Jae Sung Park, Mechanical and Materials Engineering, University of
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reaction-diffusion

Research Scope

We are developing theoretical and computational tools using nonlinear dynamics theory to
understand the global phase space of active fluids. In this project, we have showed that this infinite
dimensional phase space in active nematics is populated by Exact Coherent Structures (ECS),
which are exact solutions of the physical dynamics with distinct and regular spatiotemporal
structure; examples include unstable equilibria, periodic orbits, and traveling waves. The ECSs are
connected by dynamical pathways called invariant manifolds. Building upon the success of ECS
framework in inertial passive fluids over the past two decades [1], our main hypothesis is that
active/mesoscale turbulence corresponds to a trajectory meandering in this phase space,
transitioning between neighborhoods of unstable ECSs by traveling on the invariant manifolds.

The main goals of the project are 1). To develop a framework for predicting and classifying various
classes of ECSs, and dynamical connections between them, as well as quantifying their robust-
ness with respect to change in models, parameters and system geometries. The analysis will be
based on exploiting various symmetries inherent in the active fluid systems, as well as the interplay
between system symmetries and geometric properties of invariant manifolds. This analysis will
also illuminate the minimum ‘model ingredients’ needed to program active nematics into various
time-periodic (cyclic) states.

2. To verify the ECS hypothesis in the fully turbulent regime in simulations, as well as using
existing data from various active nematic experimental studies. A key aim is to extract a
deterministic dynamical skeleton of active turbulence and build reduced order models for
prediction and control.

3.The third objective is to develop theoretical and computational machinery for incorporating a
controller into the material itself. This type of embedded or ‘endogenous’ control is the defining
feature of biological systems, where chemo-mechanical pathways orchestrate the dynamics of life
at all scales. Motivating examples include morphogenesis, whereby feedback between chemical
patterns and tissue structure leads to robust structure formation.

Recent Progress: We have partially resolved two major open questions related to the space-time
structure of active turbulence in 2D channels [2]. In our prior work, we have computed a large
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number of ECSs in the preturbulent regime. The open questions tackled in the current reporting
period are:

1). Can we provide conclusive evidence that the fate of arbitrary trajectories in active
turbulence is strongly determined by the scaffolding provided by the ECSs and their
connecting orbits?

Using a combination of analytical arguments and computation, we have established a minimal
flow unit (MFU) which is big enough to sustain active turbulence, but small enough so that a
collection of about 10 ECSs is enough to qualitatively and quantitatively explain all observed
behavior in the system. For this system, we showed that the active turbulent trajectory closely
shadows the small set of the ECSs. To establish this shadowing, we showed that the trajectory
and ECSs are close according to several metrics that measure trajectory similarity. The measures
include computing pointwise distance in the underlying infinite dimensional space, as well as
physically meaningful measures of channel-averaged kinetic energy, elastic energy and
enstrophy.

A key result is that the ECS structure in the MFU system reveals the origin of experimentally
observed persistent, but random reversals between the right and left flowing almost uniaxial
flow in active nematic channel flows [4]. Our work has uncovered the deterministic skeleton
underlying this intriguing behavior. In the MFU, we discovered that the dominating ECSs come
in two types: the first type are symmetric copies similar to left and right flowing states, while the

Channel-averaged streamwise velocity

(a) (b)

Fig. 1. (a) Velocity field snapshots from active nematic experiments of Doré [4] of a reversal event in a channel.
The colormap shows the speed. The flow evolves from a left-flowing almost-uniaxial state ( <u> < 0) to a right-
flowing almost-uniaxial state (<u> >0) via an intermediate vortex-dominated configuration (<u> ~ 0) (b) Similar
reversals in the model shown in reduced phase space in the active turbulent regime, primarily shadowing three
ECSs. A segment of the turbulent trajectory is shown in black, while the shadowed left-flowing ECS is in blue,
shadowed right-flowing ECS is shown in red, and the two-vortex ECS is shown in green.

second type are those similar to zero net- flow vortex dominated states. Our shadowing analysis
conclusively shows that the transitions between the two symmetry related left and right flowing
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ECS identifier

states often pass close to the vortex dominated state, matching yet another another experimental
observation.

LR

1

m #\ i | 'y m
mm [ m Iﬂ m If" ’m 2 Fig. 2. Distance plot showing the closest
W T PR ‘I o m, i 1 WNW g HN encounters between the chaotic trajectory and
R | i P R | | the ten most relevant ECSs and their symmetry
W e LU 05 copies. The ECS list on the left follows the same
M mm ‘ ‘ | Iu”ﬂ H MI ey m color scheme as in Fig. 1. The plot shows a clear
LRy L | el Iy fl Iﬂ mER YN Im i pattern of repeated transitions (i.e., reversals)
243 TN, O I“|H o between “left flowing' (blue) and 'right flowing'
E 1 |Iﬂ|' / ‘ mim 'm f m 1 s | (red) ECSs, via the vortex-like (green) ECSs.
1 II /| dh 14 I ‘

How are the ECSs computed in the turbulent regime related to those found in the
preturbulent regime?

We use ideas from Equivariant bifurcation and group theory to provide a symmetry-based
framework for predicting and organizing the collection of ECS in the preturbulent regime (Fig.
3), and provide strong evidence that the relevant ECSs found in the turbulent regime are slightly
symmetry-broken descendants of those in the preturbulent regime. This is established using
multiple measures, including a novel remanent symmetry analysis which provides a quantitative
measure of the amount of broken symmetry. While it is prohibitive to compute all bifurcation

branches from low activity to high activity turbulent regime, this result establishes the utility of
cataloguing the preturbulent ECSs using the toolbox of symmetry and group theory. Equivariant
bifurcation theory uses the base-state symmetry and its action on the kernel to predict the
spatiotemporal symmetry-allowed bifurcating branches.

3). Progress in control of active fluids: Co-PI Norton contributed to the Brandeis/UCSB effort
on developing a closed-loop control framework and its validation in experimental active
nematics [7]. Additionally, the effect of topological defects in calcium signaling waves was
investigated theoretically and experimentally in epithelial cells [8]. The main takeaway for
control purposes is that nematic cell alignment has a significant impact on signaling waves, and
hence, for bio-mimetic devices, optimal design/control of nematic orientation could be used to

efficiently direct signals towards or away from targets.
Future work

Our main focus will be on exploiting and characterizing the low-dimensional structure uncovered
in the MFU of active nematic channel flow. We will use the autoencoder neural-network
architecture, in conjunction with knowledge of the symmetries of the underlying ECS, to learn a
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minimal low-dimensional (<10 dimensions) ordinary differential equation (ODE) model for
turbulent active nematic channel flow. The model will be capable of reproducing the turbulent
statistics seen the full-order continuum/partial differential equation (PDE) model currently used
by the community. The value of such models is not just in computational efficiency. Rather, such
interpretable models can serve as testing grounds for complicated control strategies currently
being designed by the community [5]. Furthermore, such models are amenable to techniques
developed over the last five decades in the dynamical systems community and applied to inertial
passive turbulent flows with great success [6].

We will design controllers to exploit the structure revealed by the ECSs and their connecting
orbits in the MFU. Since we know that highly robust pathways exist between left and right
flowing states, we will devise an inverse design methodology to find endogenous control (in
form of reaction-diffusion PDEs as envisioned in our previous work [3]) that can couple with the
active nematic system, and promote/suppress flow reversals.
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Fig. 3. Primary and secondary bifurcations from the trivial state in 2D active nematic channel flow, arranged
using symmetry in a “isotropy lattice’. The primary bifurcations yield uniaxial (UNI) and laning (LAN)
solutions. Superscripts indicate the order in which unstable eigenvalues appear for UNI and LAN with

increasing activity. Arrows indicate subgroup inclusion. The secondary bifurcations result in a). traveling
waves with shift-reflect symmetry and b). vortex-like states with x-y reflection symmetry, both eventually
giving rise to defect-laden states. @ is x-reflection, Ty is y-reflection and 7 is x-translation. The ECS that
are shadowed by turbulent trajectories can be traced back to these steady states via remnant symmetry analysis.
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Combining machine learning and feedback control to understand and manipulate active
matter

Michael F. Hagan, Brandeis University

Seth Fraden, Brandeis University
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Zvonimir Dogic, University of California Santa Barbara

Keywords: Active matter, machine learning, data-driven methods, optimal control, deep learning

Research Scope: We aim to bridge the gap between active and living matter by implementing
external control that stabilizes a target dynamics, through two objectives. In Objective 1, we use
optically responsive microtubule-based active fluids and real-time feedback to generate prescribed
patterns of active stresses and flows. In Objective 2, we use these active flows to assemble actin
filaments into elastic membranes, extending the concept of self-assembly to non-equilibrium
active suspensions. Driven by the enveloping active fluids, the membranes exhibit in-plane and
out-of-plane driven deformations that lead to system-sized spontaneous oscillations. We then
control the active fluid flows to imprint designable strains into a membrane, which in turn drives
its folding into prescribed 3D shapes, a key structural motif of biological morphogenesis.

Recent Progress: 1)
Development of control

(a) 64

Y | = Eerma frameworks for  active
B materials. Hagan performed

o | extensive  testing  and
‘ \/ development on 2D active

y S 0T o3 o5 o o5 Nematics to establish
nolse strength e, frameworks  for  optimal

0 o4 control theory and

X -
Fig. 1. Model-free reinforcement learning (RL) control of active . )
nematics. Results are shown for a target state that mimics coherent flow of reinforcement learning (RL) to
specified magnitude through a channel, without any confining walls. (a,b) drive active materials into
The initial and final (a) velocity profiles and (b) director field (lines) and
activity profile (color map). (c) The error in the final state as a function of ]
intrinsic (Eipermal) OF Measurement (€,y,s) noise. [1]. He showed that optimal

control theory can be used to
drive active materials into arbitrary states, including those that are not attractors in the absence of
control. Hagan and Hong then developed an RL framework that, once trained, can drive the system
into target states from arbitrary initial conditions. Notably, the RL framework is exceptionally
robust to experimental noise and measurement error (Fig. 1). Furthermore, Hagan and Hong

exhibiting desired behaviors

identified key limitations in conventional RL approaches that are accentuated by the high
dimensionality of our observation space (the director and velocity fields) and action space (the
spatiotemporal activity field). With such high-dimensionality, typical RL algorithms are sample-
inefficient (and thus require long training times) due to the exploration—exploitation tradeoff: the
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P-only control (Ki;;ns*) agent must explore a large action space to discover

(8133;4 Kpo12 Do effective control policies. To overcome this
g 1 B dimensionality bottleneck, we developed p-
306 proimstl sty 05) . Deerment| - variational autoencoders (B-VAEs) that compress the
a s of [=Theory inputs into low-dimensional latent representations,

0 200 00 e00 0 % % and we have initiated model-based RL methods that

Fig. 2: Proportional-Integral (PI) control of leverage these latent spaces to achieve more efficient
light-activated 2D active nematics in

experiments and simulations. The plot shows o .
that P-only control leads to droop, which is significantly reduce computational cost, enable

captured by simulations and theory. large-scale RL training, and lay the foundation for
data-driven closed-loop control of 3D active materials.

and predictive control. Together, these advances

(2) Proportional-Integral (PI) control of 2D active nematics in experiments and theory: as a
first step toward implementing control protocols in experiments, Fraden and Dogic developed an
experimental platform that combines optically responsive MT-based nematics with video
microscopy and our ML tools to measure spatially averaged speeds in real time and, using PI
feedback, adjust the applied light intensity to drive the system toward a target speed. With this
approach, Fraden, Dogic, and Hagan demonstrated stabilization of flows in active nematics
against external and internal perturbations, including temperature changes, biomolecular
degradation, protein aggregation, and sample-to-sample variability. By combining theory and
simulation with the experimental observations, we uncovered and understood features such as
droop and nontrivial behaviors that arise during control of an active
material, such as induced oscillations. (Fig. 2) [2].

(3) Control of 3D isotropic fluids in bulk: We extended the suite of
theoretical and experimental tools to advance a quantitative model of active
isotropic fluids [3]. Experiments showed that optically responsive
microtubule-based active fluids develop density contrast when illuminated :
with a sinusoidally varying activity pattern (Fig. 3a). The density contrast kI oo ggp:f;,m

MT density contrast A,

0 2 4 6 8

depends on the wavelength of spatial modulation. An improvement of a it
well-established theoretical model of active fluids, which accounts for the Fig. 3: Controlling the

isotropic active pressure term, quantitatively explains the experimental -circulation of bulk 3D
data (Fig. 3b). Complementary experiments/numerical work and particle- Eggoﬁlsci;::gi’g:l]“'ds'
based simulations revealed universal aspects of compressible active activity pattern generates

isotropic fluids. a density contrast of
MTs. (bottom) The

(4) Control of 3D isotropic fluids in circular confinement: Hagan, gi"ti’;ypz(t’t‘;i;m depends
Dogic, and Fraden are combining experiments, theory, and machine wavelength. A new
learning to control the active isotropic system in 3D disk and annulus theoretical model

. . . explains the experimental
geometries. Previous work showed that this system undergoes

data.
spontaneous coherent circulation when the aspect ratio (height/radius) of
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Fig. 4: Controlling circulation of confined 3D isotropic active fluids. (a) Chamber geometry.

(b-d) A radially varying activity profile (b) leads changes circulation and density profile in

experiments (c) and simulations (d). (¢) Simulation results showing that radial profiles lead to

higher circulation then uniform activity.

the container is approximately 1, but exhibits incoherent turbulence for asymmetric aspect ratios.
We are developing protocols to control the existence and speed of circulation, including
achieving circulation in more asymmetric aspect ratios. First, we performed extensive
experimental work to identify confinement materials and surface treatments that avoid surface
aggregation of the optogenetic motors and microtubules, and robustly achieved circulation under
uniform activity for aspect ratios near 1. We then showed that we can change the system density
and circulation by imposing nonuniform light profiles (Fig. 4). At the same time, we used the
new theoretical model (see Fig. 3b) with our GPU-enabled in-house solver to simulate the
system; the results closely match the experimental observations (Fig. 4). Notably, simulations
predict that radial variations of activity increase circulation, and allow for circulation over a
wider range of aspect ratios compared to uniform activity. The next step is to identify optimal
spatiotemporal activity profiles using optimal control and RL.

(5) Controlling 3D active
nematics in experiments and
simulations. We significantly
= = advanced our ability to develop and
> b : characterize 3D active nematic
fluids. We developed a
Fig. 5: Controlling disclination loops in 3D active nematics. (a) 3D tomographic  optical ~microscopy
disclination lines observed in an active droplet extracted from the method that can measure the
holographic tomography technique. (b) Simulation of controlling the

number (set to 1) and size (varying over time) of disclination loopsina | .
channel. The arrows show the director field near the loop. liquid crystalline samples at about

30 fps, about two orders of

isotropic dielectric tensor of 3D

magnitude faster than our previous capabilities. This enables studying the dynamics and structure
of disclination lines of 3D active nematics, a prerequisite to control them. In particular, we have
confined active nematics in deformable droplets and are investigating how active stresses and
motile disclination lines couple to the surface deformations (Fig. 5a). In parallel, Hagan has
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combined control theory, simulation,
and his recently developed theoretical
analysis of disclination lines or loops in
3D active nematics [4] to control the
number and size of disclination lines.
In a first step, we simulated a 3D active

simulations

nematic in a channel using our in-house
PDE solver, and implemented
feedback control in which the applied
activity level is varied based on the
number and sizes of disclinations in the
simulation (Fig. 5b). time

Fig. 6: Active assembly of passive filaments in experiments
(6) Controlling the assembly and and simulations. Actin filaments embedded in an MT-based

active fluid assemble into a system-spanning network with
properties that depend on factors such as cross-linker density.

experiments
s
Al
™\,

dynamics of elastic filaments and
membranes. We are using the chaotic
flows of the active microtubule fluid to assemble fiber-based membranes with tunable
architectures that are not realizable using assembly methods that use thermal noise. Once the active
flows assemble an active membrane, they continue to actuate non-equilibrium strain fluctuations.
For certain molecular parameters, the finite-ranged active drive induces a long-ranged response of
the passive elastic network. Over time, such cascading dynamics can generate macroscopic
autonomous oscillations [5]. In another regime, the filaments assemble system spanning
aggregates that exhibit highly collective motion (Fig. 6 top). Inspired by these experiments, Hagan
developed a novel method to simulate active fluids via spatiotemporally correlated noise, enabling
large-scale simulations of active composite materials [6]. We are applying this method to model
the above-described active assembly of actin filaments, to understand the assembly dynamics and
the factors that control assembly geometry, velocity, and mechanics (Fig. 6 bottom). These
observations help explain Dogic’s observation of the large-scale collective motion of crosslinked
actin filament networks embedded in an active bath, and provide a starting point to developing a
theoretical model and training machine learning techniques.

Future Plans: 3D isotropic fluids in bulk: We will better match the theory to experiments by
adding nonlinear terms that account for relaxation timescales apparent in the traveling sinewave
experiments. We will experimentally implement the first control goal — coherent flow through a
“channel” in the center of the chamber — with a protocol computed from optimal control theory.
Then we will pursue the same goal using reinforcement learning. 3D isotropic fluids in
confinement: We will implement the first control goal — controlling the magnitude and direction
of circulation in disks — using optimal control theory and then reinforcement learning. 3D Active
nematics: we will experimentally implement control of the number and size of defect loops.
Simultaneously, we will extend the theoretical model to account for deformability of the enclosing
vesicle. Elastic filaments and membranes: We will complete parameterizing the computational
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model to describe the existing experimental data on filament assembly. We will then use a machine

learning approach to control the porosity of the assembling filament network, and test this

experimentally. In the regime where the system forms membranes, we will compute protocols to
control membrane bending fluctuations and oscillations.
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Chemically fueled dissipative assembly of complex molecular architectures
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Research Scope R . j\ .

T
I

Many of the remarkable behaviors of biological R
materials, such as actuation, self-healing, and
replication, derive from complex networks of
chemical reactions that operate out of equilibrium. In

. o} o] O O

many cases, these systems are driven by the \ej\ )g/ \8]\ _
. . . « . OH HO (o) <= Function
hydrolysis of ATP, which acts as a chemical “fuel”. _ _
. L . (resting) (transient)
Inspired by nature’s example, abiotic reaction
networks based on the same principles are currently \{
being developed, yielding materials and molecular H.0
2

machines with time-dependent behavior.! :
Scheme 1. Treatment of aqueous carboxylic

acids with carbodiimides gives transient

Controlling reaction rates within a network is
anhydrides.

challenging; thus, it is important to develop fuel
reactions that can be used broadly. The hydration of carbodiimides is among the most versatile of
the abiotic fuel reactions developed so far. In its simplest form, shown in Scheme 1, carbodiimides
couple aqueous carboxylic acids to anhydrides, resulting in a transient covalent bond. This simple

chemistry has been applied to a wide range of functional systems, from molecular motors to
responsive polymer materials.

The goal of this project to control out-of-equilibrium chemical reaction networks and to exploit
them in the design of new functional materials. We currently have three Specific Aims: (1) to
control the rates of anhydride formation, hydrolysis, and exchange in nonequilibrium systems; (2)
to develop polymer network hydrogels with both persistent and transient dynamic bonding; and
(3) to couple fuel chemistry to phase transitions in materials for amplified responses.

Recent Progress

Controlling anhydride formation, hydrolysis, and exchange. Controlling the rate of deactivation,
or anhydride hydrolysis, in carbodiimide-driven reaction networks is critical for regulating out-of-
equilibrium behavior, especially transient property lifetimes in materials. We recently investigated
how pyridine derivatives with varying nucleophilicity (pyridine, 4-methylpyridine, 4-
methoxypyridine, and DMAP) can be used as catalysts to control this step.? Kinetic modeling
revealed that while the rate of pyridine attack on the anhydride follows expected nucleophilicity
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trends, this effect is offset by the increased
protonation of the more nucleophilic 2
pyridines at typical operating pHs. Further, -
we made the unanticipated discovery that the 1-
most commonly used carbodiimide fuel
itself, EDC, and its urea byproduct, EDU, -i"I
are not passive participants; their tertiary
ammonium groups catalyze and accelerate
anhydride hydrolysis. This work provides a
valuable framework for fine-tuning the
kinetics of carbodiimide-fueled reaction
networks by carefully balancing the
nucleophilicity and basicity of the chosen
catalyst at a given pH.

Nat axchangaimdroiyais

il 1 10 10* 10 10*
Cong. added aokd (mbd)

. . Figure 1. Top: Exchange in a transiently generated

We have also built on previous work on polymer. Bottom: Ratios of exchange to hydrolysis for

chemically ~ driven  polymerization 0 | yaying concentrations of an anhydride model treated
measure the extent to which anhydride bonds | with a rapidly hydrolyzing additive.

dynamically exchange in the transient state,
an underappreciated feature of these networks. We used '*C NMR spectroscopy to quantify
concentrations in both small molecule and polymer models. We discovered that, under typical
conditions, bond exchange is frequent relative to hydrolysis. For instance, introducing a different
carboxylic acid to an already-assembled system results in the rapid formation of mixed anhydrides,
suggesting that there are multiple exchange events for each hydrolysis, as illustrated in Figure 1.
This rapid exchange dictates what can be achieved in out-of-equilibrium design: while it prevents
the use of kinetic control to program sequence (because the polymers are scrambled), it can be

exploited to generate closed architectures, such as macrocycles, through self-correction
mechanisms analogous to those used in thermodynamically controlled self-assembly.

Related to this work, we have completed an additional study on transient covalent polymerization
that explores structure—property effects in these systems. These results will provide useful
guidelines as we continue to use this system as a general model for nonequilibrium self-assembly.

Materials with transient and persistent dynamic bonding. We recently developed self-healing
polymer hydrogels that integrate persistent dynamic metal-ligand coordination with transient,
carbodiimide-generated anhydride crosslinks. Initially, we used terpyridine (tPy) ligands
coordinated with varying divalent metals (Fe**, Ni**, Co**, Zn?*, Cu®") to dictate the resting-state
stiffness and long-term recovery of the materials.> When fueled with EDC, these networks exhibit
a temporary, independent boost in mechanical properties as transient anhydrides form.

Building upon this, we have developed a next-generation system using bis(pyridin-2-
ylmethyl)amine (DPA) ligands, which allow us to systematically tune coordination strength via
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electron-withdrawing (chloro) or electron-donating (methoxy) substituents. Further, replacing
aliphatic acrylic acid with aromatic benzoic acid monomers extends the lifetime of the transiently
reinforced state by slowing down the rate of
anhydride hydrolysis. Unlike the orthogonal
behavior observed in the tPy system, the DPA-
based networks show synergy between the two
dynamic bond types. As shown in Figure 2, the
EDC-treated samples exhibit faster healing to
the same final end point. Notably, this is not just

an effect of reinforcement through additional E
transient crosslinks. At 15 h, all of the #
anhydrides have hydrolyzed, and yet the 5 1
. . . . . ] L +ilabar [cantral)
material retains its superior mechanical E o
properties. T —
L & 10 15 20
An advantage of the DPA-based materials is Tima {h)

that the monomers are much easier to | Figure 2. Self-healing of poly(DMAmss-BAsgo-
DPA;;) crosslinked with Fe?".

synthesize, which has allowed us to build a

library of materials with varying metal ion, acid structure, chain length, and network architecture.
The library can be screened for interesting mechanical properties in the resting and transient states.
To take advantage of this efficiency, we have developed a robotic mechanical tester that allows
high-throughput screening of materials, with interesting cases then selected for full
characterization. We have carried out our preliminary testing of 144 materials and are currently
working to fully characterize the materials of interest.

Coupling phase changes to fuel chemistry. A 100 N
current challenge for the field is translating
chemical changes driven by fuel chemistry into
large-scale effects on macroscopic properties.
We are exploring whether carbodiimide

— 28.0 °C

TramsEmillance {%)

chemistry can be coupled to phase changes, . - . .
specifically the LCST of poly(NiPAm). Our 0 0 100 150
hypothesis is that treatment of suitable Time i

hydrogels with the carbodiimide will trigger the
phase transition as hydrophilic carboxylates are
converted to hydrophobic anhydrides. This
should cause the material to expel water and
shrink before returning to its resting state as the anhydrides hydrolyze. We have found that the

Figure 3. Transmittance vs time for NiPAm and
maleic acid copolymers after treatment with
carbodiimide, showing that at 26 °C the polymer
undergoes transient aggregation.

addition of carbodiimide does decrease the LCST of copolymers of NiPAm and maleic acid. In
the example in Figure 3, the LCST of the starting polymer is 27 °C. Treatment with EDC lowers
it, causing the polymer to temporarily aggregate so long as the temperature is between the LCSTs
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of the two states. We are currently adapting this chemistry to hydrogel polymer networks that
should undergo shape changes through this process.

Other work. In addition to the work described above, we also produced a review on nonequilibrium
polymer materials and developed a precursor polymer that only undergoes carbodiimide-driven
crosslinking after photochemical activation.

Future Plans

Controlling anhydride formation, hydrolysis, and exchange. We have largely completed the work
for this aim, but we have learned a lot about the importance of exchange in nonequilibrium reaction
networks. We are currently working to design new systems that would be expected to minimize
exchange reactions compared to the polyanhydrides.

Materials with transient and persistent dynamic bonding. There are several directions for these
materials that are being pursued. First, the ready availability of the DPA ligands makes it possible
to explore a wider variety of network architectures. We are particularly interested in investigating
telechelic materials, where the metal-ligand bonding is in the polymer main chain instead of in
randomly distributed pendant crosslinks. These materials are expected to exhibit improved
mechanical properties through better controlled networks of persistent crosslinks.

We are also investigating the DPA-containing materials as pluripotent materials, that is, materials
with multiple distinct functions. The DPA ligands are basic (Figure 2), and thus the metal-ligand
exchange chemistry should be pH-sensitive. We are interested in taking advantage of transient acid
fuel chemistry* to temporarily activate self-healing in these materials, addressing the fundamental
tradeoff between healing and creep in dynamic materials. Current results have shown that the gels
are is indeed sensitive to pH, and we are optimizing the chemistry to work with transient acids.

A new direction for the project is to create materials with multiple dynamic chemistries that are
both controllable through external stimuli. Accordingly, we are combining the fuel-driven transient
anhydride chemistry with photochemical dynamic covalent disulfide chemistry.
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Chaos, Mixing, and Energy Extraction in Active Nematics
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Research Scope

The objective of this project is to control chaos and mixing in active materials, using a combination
of experiment, simulation, and theory. Active materials are a new paradigm in soft condensed
matter physics. Nature provides many examples, from flocks of birds to sheets of cells and swarms
of bacteria and in the lab, biomimetic active materials include self-propelled colloids and dense
phases of biopolymers driven by molecular motors. Although they are non-living, these active
materials share the non-equilibrium property of living matter, consuming energy to maintain their
complex structures. As such materials do not fit the framework of conventional thermodynamics,
their study requires new perspectives and techniques. This project focuses on active nematics, a
class of active materials consisting of small rod-like subunits that tend to locally align with one
another. We study a prototype biomolecular active nematic composed of kinesin molecular motors
and microtubules. The motors consume energy and generate self-sustained flows. These active
nematics represent a new class of fluids that exhibit spontaneous, self-driven mixing and in this
collaborative project we aim to inject a new perspective into the current understanding of active
nematics by uniting concepts from fluid dynamics, chaos theory, and the mathematics of braids.

The two main aims of the project are to

1. Investigate and control the self-mixing dynamics of active nematics by engineering the
boundaries of wells and via the insertion of motile microparticles.

2. Connect a form of entropy for the active nematics to the amount of work that can be
extracted from the system.

We approach both of these aims in tandem using a synergistic combination of experiment and
simulation. We have developed new mathematical models for the experiments, and are testing new
simulations based on this new model, designed to guide experimental plans and be used to interpret
new experimental results.

Compared to the long-established field of equilibrium materials, the field of active matter is still
rapidly evolving, dominated by just a few materials. With this project we hope to spur interest in
new synthetic materials using the principles of active nematics to drive self-mixing flows. Control
of these self-mixing flows is the next step to achieve a useful new class of solvents. Such solvents
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might revolutionize micro-mixing technologies and produce novel biomimetic mixing
environments.

Recent Progress

The experiments in this project use microtubule-based active nematics, that create spontaneous
motion via kinesin molecular motors. Using microfluidic techniques to place the material at a 2D
oil-water interface, and imaging the resultant nematic order with fluorescence microscopy. The
nematic order breaks down at localized points called topological defects. ATP fuel produces
extensile motion of the microtubules causing the nematic material to flow chaotically. The
topological defects are created and annihilated in pairs, dancing around one another forming a
braid in space-time. The material can be confined in wells of various geometries, dramatically
influencing defect dynamics. In a recent paper by Hirst and Mitchell [1] we investigated active
nematic flows confined to cardioid shaped wells, finding spontaneous mixing in the golden-braid
— an optimal mixing pattern. Various microprinted particles and shapes can also be inserted, both
affecting and responding to the fluid flow. Micro-gears can be placed within the fluid to extract
work and potentially perform useful functions and in this project we leverage a platform designed
by our collaborators to achieve this set-up [2].

In this project four research groups are working collaboratively. Hirst, and experimentalist and
Mitchell a theorist — both in the UCM Physics Department — are partnered with Dogic
(experiment) and Marchetti (theory) both E '
in the physics Department at UCSB.

Nematic locking. Although numerous
theoretical ~ studies have modeled
microtubule-based active nematics, no
consensus has emerged on how to fully

We model microtubule-based active nematics based on the

L foundational idea that an initial curve following the director
and quantitatively capture the features of | field must continue to follow the director field as it evolves.

the experimental system. To better The resulting model shows improved agreement with
experiment. a)fluorescence microscope image of active

nematic from the Dogic lab, b) The director field is
modeling this system, we have proposed overlayed as yellow segments. Topological defects in the
a fundamental principle we call the director field are shown as blue circles (+1/2) and red
triangles (—1/2). A segment of a bright nematic contour is
shown in red and indicated by the white arrow. (¢) The
microtubules cannot rotate without all | active nematic at a later time showing the advected red
curve, which clearly remains a nematic contour.

understand the theoretical foundations for

nematic locking principle—individual

neighboring microtubules also rotating.
Physically, this is justified by the high
density of the microtubules, their elongated nature, and their corresponding steric interactions. We

assert that the nematic locking principle holds throughout the majority of the material, but breaks
down in the neighborhood of topological defects and other regions of low density. In a new
publication lead by Mitchell [3] and UCM grad student Mainul Sabbir and in collaboration with
the Dogic lab, a general nematic transport equation, consistent with this principle is derived. We
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compare our results with a standard Beris—Edwards approach, commonly used to model this
system, to show that it violates the nematic locking principle throughout the majority of the
material. Our group proposed a modification to the Beris—Edwards model that enforces nematic
locking nearly everywhere. This modification shuts off fracturing except in regions where the
order parameter (a proxy for density) is reduced. Simulations show strong nematic locking
throughout the bulk of the material, with narrow bands of fracturing, consistent with experimental
observation. The new model also eliminates nontrivial stationary state solutions, common in
Beris—Edwards simulations but not seen in experiments.

Modeling of inclusions and complex boundaries. An important step has been to successfully
modify the theory of active nematics to allow for density variations in the material. This is critical
because inclusions create voids in the active material. This new theory of active nematics with
density variations is a first principles rethinking of how microtubule-based active nematics should
be modified and is an important theoretical advance in its own right. Recently we have successfully
implemented walls that bound the active material into, e.g. a disk-shaped region. These walls are
soft walls rather than a strict boundary condition. They are achieved by imposing a steep potential
energy function on the active material to exclude them from the boundary. We will continue these
efforts to design a versatile simulation platform for modeling inclusions in active flows under
geometrical confinement.

Training and collaboration wtih UCSB. In addition to the new
theory work we have published this year [3,4], an important first
phase of the project has been to focus on skill building for two early-
stage graduate students at UCM. These students have benefited
from working with the Dogic and Marchetti groups at UCSB — our
partner in the project. Regular collaborative meetings on Zoom | (a) Chiral gear in active nematic
and visits to Santa Barbara by the UCM team have created key | from [2], (b) chiral gear confined
skill building opportunities for the UCM students. Sabera Borno | 0 @ circular well.

Mustary, a second year PhD student in the Hirst lab at UCM
spent two weeks at UCSB with the Dogic lab intensively learning methods to prepare active
nematics in a configuration suitable for the proposed experiments using inclusions. These methods
include formation of 2D and 3D active nematics, two-color sparse labeling (a technique developed
in the Dogic lab essential for accurate analysis of the velocity field) and imaging, handling and
insertion of gears and small inclusions.

Future Plans

A key next step in this project will be for theory student, Sean Ricarte at UCM to develop
numerical methods and accompanying Python code to model the motion of inclusions, i.e. small
objects, embedded in the active nematic. This will complement the experimental work in the Hirst
lab of placing similar inclusions, such as disks or microgears, into the active nematic. This will
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create a close synergy between the experimental and theoretical groups’ work. To model an
inclusion, we will first turn the exterior boundary wall into an internal wall, e.g. bounding an inner
solid disk. This step is easy to do. The second step requires allowing the boundary to translate
and rotate. To find the force and torque acting on the boundary, we will simply use Newton's third
law. Since we already know the force that is active on the active nematic, we can simply use the
opposite force acting on the inclusion. Once we can successfully model a single inclusion, we can
introduce multiple inclusions (with repulsive potentials to prevent them from overlapping). The
dynamics of multiple inclusions embedded in the active material will be an entirely new system to
study, as the inclusions themselves will be propelled by the active material. We can also study the
impact of the inclusions on the mixing of active nematics, such as the impact on the topological
entropy and Lypaunov exponent.

A next step for the experimental side of the project will focus on the work of Sabera Borno Mustary
in the Hirst lab at UCM. Borno is collecting data on gear motion in the active nematic using gears
fabricated in the Dogic lab at UCSB. A second objective will be to construct a magnetic field
apparatus designed to hold the gears under a known force in the active flow, to the rotate and stir
the active nematic. These experiments will feed into the theoretical results from the Mitchell lab
on work and energy extraction in the active fluid.
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Active-Passive Colloidal Experiments and Simulations for Programmable Active Matter

Daphne Klotsa (Iead PI) (University of North Carolina at Chapel Hill), John F. Brady
(California Institute of Technology), David J. Pine (New York University)

Keywords: active matter, colloidal self-assembly, hydrodynamic interactions, active doping,
Stokesian dynamics

Research Scope

Our combined program investigates how activity, introduced either through synthetic self-
propelled colloids or algorithmically in simulation, can be harnessed to control the crystallization,
morphology, and reconfigurability of colloidal assemblies. We pursue three complementary
strands: (i) synthetic active-colloid experiments using catalytic Janus (hematite/TPM) particles to
drive "active annealing" of passive colloidal crystals; (ii) coarse-grained simulations of active-
doped colloidal monolayers to establish design rules linking doping fraction, interparticle forces,
and packing density to crystallinity and morphology; and (iii) development of a hydrodynamically
resolved simulation code, built on our Active Fast Stokesian Dynamics method, that captures full
many-body hydrodynamic interactions among active and passive particles near a solid boundary.
Together, these efforts aim to establish a predictive framework for designing reconfigurable active-
matter assemblies.

Recent Progress

Experimentally, we use catalytic Janus (hematite/TPM) active particles to drive active annealing
of passive colloidal crystals. We identified several key mechanisms governing active-passive
interactions: propulsion direction reverses depending on electrolyte composition, substrate surface
charge, and trace ion leaching from glass and polymer substrates; peroxide-derived radicals
degrade steric Pluronic F108 brush layers, weakening depletion-driven crystallization; and
commercial silica passive particles suffer dissolution instabilities, which we are now addressing
using chemically crosslinked, monodisperse TPM microspheres. We are developing substrate
passivation and fuel-purity protocols to achieve stable, reconfigurable assemblies.
Computationally, we have shown that doping colloidal monolayers with active particles produces
two distinct regimes of crystallization behavior for repulsive versus attractive passive colloids,
separated by a critical packing density ¢c that coincides with the hexatic transition of passive hard
disks. Above @c, active doping universally enhances grain-boundary mobility and crystallization;
below ¢c, its effect depends strongly on interparticle forces, promoting annealing for attractive
particles but disrupting it for repulsive ones. In both regimes, crystal size varies non-monotonically
with active energy, and for attractive particles the crystal morphology tunes continuously from
large, porous domains to small, dense crystallites as the doping fraction increases at fixed active
energy input. In parallel, we are building an in-house simulation code that resolves full many-body
hydrodynamic interactions among active and passive particles near a physical wall, mimicked by

a dense stacking of spherical particles, based on our recently developed Active Fast Stokesian
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Dynamics method [1]. The code has been validated on single-particle and few-particle test
systems.

1.4 pm Active particle, 6 wt% H,0,

speed (um/s)
s

B V.4 @R

0 50 100 150 200
Bistris conc. (uM)

Figure 1. Light-activated particle average velocity across different concentrations
of Bis-Tris buffer. Positive indicates the hematite cube facing forward; negative
indicates the opposite orientation. Around 40 uM buffer, the active propulsion
direction reversed.

silica washed silica TPM

0 min

3 min

1.53 pm Active particle (RITC dyed, orange)

Figure 2. Evidence of dissolution of commercially purchased silica particles
compared to non-degrading TPM particles.
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Future Plans

We will parameterize the hydrodynamic simulation code to directly match the size, activity, and
interaction characteristics of the experimental active and passive particles, enabling quantitative,
particle-resolved comparison between simulation and experiment. Experimentally, we will pursue
two strategies to prevent degradation-induced melting of depletion-stabilized crystals: using bare
TPM particles to bypass polymer-brush degradation, and employing larger macromolecular
depletants to stabilize the attractive potential. We will also extend the active-doping simulations
to explore activity versus passive-particle packing density and activity versus passive-particle size,
further mapping the design space for controlling crystallinity and morphology through active
doping.
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Ion-Ion discrimination in biomimetic ligand appended artificial channels
Manish Kumar, Venkat Ganesan, Carlos Baiz; University of Texas at Austin
Keywords: Biomimetic transport, channels, lanthanides, lithium

Research Scope

The overall objective of our work in this program is to identify origins of ion selectivity between
ions of similar size/valence and hydration states in ligand appended artificial biomimetic channels
as a stand in for the wider class of molecularly precise membrane nanochannels (such as membrane
proteins). So far, we have developed a class of ligand appended biomimetic channels based on a
pillar[5]arene that can discriminate between members of the lanthanide series and between
Lithium and its most common co-occurring ions Magnesium and Sodium. Selectivity values
include Eu**/La’" selectivity of >40 and Eu*"/Yb?" selectivity of ~30 for the lanthanide selective
channels and ~100 for Li*/ Na*, ~ 500 for Li*/Mg*", respectively for the lithium selective channels.
Molecular dynamics simulations were used to investigate mechanisms of selectivity and indicate
water exchange dynamics and confinement as a major factor in lanthanide-lanthanide selectivity
in these channels and ligand-ion interaction and size as major factors in Li selectivity over
monovalent ions and over divalent ions, respectively. We will continue to investigate mechanism
of selectivity using an expanded set of synthetic molecules, simulation techniques and
spectroscopic analyses.

Recent Progress

We have created, for the first time, a class of ligand appended pillar[n]arene (LAP) channels
that have high lanthanide-lanthanide selectivity and Li* over Na* selectivity. We have synthesized
diphenyl phosphine (DPP) appended pillar[5]arene channels (or ligand appended pillar[5]arene,
channels represented using the acronym LAPS5) with 6 or 10-carbon alkyl chains as spacers represented
by the addition of n6 or nl0 after the acronym. Thus, these channels are referred to as LAP5n6/
LAP5n10. They are selective for Lithium and Lanthanides over commonly occurring ions. LAPS
channels were synthesized using a three-step process, beginning with the hydroquinone isomer,
followed by attachment of alkyl chains, and subsequent Arbuzov reaction involving alkyl chain
appended pillar[5]arenes and iso-propoxydiphenylphosphine prepared previously (Scheme 1). 1H
NMR and ESI-Mass confirmed the formation of LAP5n10 channel.

Scheme 1: General procedure adopted for synthesis of LAP5n10 channel 1.
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LAP5n10 channels show highly selective Li* transport. We have incorporated the LAP5n10
channels into lipid membranes, utilizing it as a model system to explore fundamental transport
properties and quantify ion selectivity. We demonstrated, using a patch clamp bilayer setup, that the
DPP based LAP5n10 channels transport Li" ions selectively while excluding other more abundant
mono- and divalent metal ions across the lipid membranes (Figure 1).

Patch clamp bilayer setups are extensively employed in electrophysiological measurements to
quantitively assess the ion transport properties of biological ion channels. Moreover, they have been
modified to access the ion transport properties of artificial/engineered channels, enabling reproducible,
high-throughput analysis of ion transport rates and ion selectivity. Single channel activity for LAP5Sn10
with periodic opening and closing events (a characteristic of biological channels) was observed for Li"
ions and the single channel conductance of this channel for Li* was determined to be 13.35 pS, which
is equivalent to Li*-ion transport rates of approximately 1.34x107 ions/s per channel under a potential
gradient of -160 mV. Notably, minimal activity was seen for other mono- and divalent ions under the
same experimental conditions, even at higher LAP5n10 channel concentration ( of up to 5 mol%) in
the membrane (Figure 1B). The current output for each ion at different applied potentials was used to
generate an [-V curve (Figure 1B). The conductance values obtained from this curve were then applied
to calculate selectivities (Figure 1C). In our multichannel patch clamp experiment, the LAP5n10
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Figure 1. Patch clamp electrophysiological characterization of ion-selective LAPS channels, when incorporated
into painted lipid bilayers reveal high selectivity for Li* over other more abundant monovalent ions (Na*, K*)
and divalent ions (Ca**, Mg?*); and high Lanthanide-Lanthanide selectivity. A. Patch clamp apparatus and a
painted lipid bilayer membrane. B. LAP5n10 I-V plot for Li* and competing ions under symmetrical metal chloride
solution conditions, C. Li selectivity values over other ions. D. LAP5n6 lanthanide transport I-V plot for each ion
under symmetrical metal chloride solutions; E-F. The conductance calculated from the corresponding I-V plot
revealed significant selectivity for Li* ions over mono- and divalent ions.
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channel exhibited very high selectivity for
Li* ions; ~100 times higher than both
Na*, K*, and between ~ 500 and ~230
times higher than Mg>*, Ca’" ions,
respectively (Figure 1C).

LAP5n6 channels show highly selective
Lanthanide transport. When
incorporated into  lipid membranes.
LAP5n6 channels showed high transport
selectivity (~18:1) of the medium
lanthanide, Europium (Eu®"), over all
measured monovalent and divalent ions,
including protons. These membrane
channels also have high lanthanide-
lanthanide transport selectivity ~with
Euw’"/La** selectivity of >40 and
Eu’"/Yb*" selectivity of ~30 (Figure 1 D-
F). Additional tests with lanthanides show
higher  lanthanide-lanthanide
selectivites as discussed in a subsequent
section.

cven

We have utilized MD simulations to
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Figure 2: Potential of Mean Force (PMF) calculations
based on molecular dynamics simulations provide a mechanistic
reason for lanthanide over metal ion selectivity and lanthanide-
lanthanide selectivity, based on coordination of ions with channel
binding motifs and ion dehydration. A. Illustration of PMF
experiment (reaction coordinate) for measurements B. PMF traces for
all ions tested C. Illustration of inner and outer shell complexation
for ions. D. Number of water molecules coordinated with the ion as it
transfers across the reaction coordinate. Error bars represent the
standard errors from four independent samples.
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Figure 3: Water exchange dynamics of lanthanide ions plays
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exchange rate constants of lanthanide ions, obtained from 7O
NMR experiments and MD simulations, with the LAP5n6-DPP
channel’s conductance for tested lanthanide ions (La®*, Nd*,
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as channel binding sites compete with inner
hydration shells (Figure 2).

Multivalent ions (Ca*", La*", Eu’*",
Yb>") maintain their strongly bound water

structures  throughout  the channel,
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coordinating only with phosphine oxide and central ring oxygens. Ca*" and La** are excluded as their
persistent hydration shells exceed the channel's ~ 0.50 nm pore radius.!

Despite similar size constraints (Eu**: 0.364 nm, Yb*": 0.354 nm), both Eu** and Yb*" access 8-9
coordinated structures, allowing exchange with channel oxygens. Eu** demonstrates superior transport
efficiency due to its higher water exchange kinetics.

The delicate balance between hydration characteristics and channel dimensions governs selective
transport. lons with rigid, large hydration shells cannot navigate channel constrictions, while those with
flexible coordination numbers can adjust their hydration structure to pass through efficiently.This
coordination flexibility provides the molecular basis for observed lanthanide transport selectivity
across LAP channels.
We have used literature data and experiments to further develop hypotheses connecting ion
dehydration and ion transport. As discussed in the previous paragraph, a possible origin for the
observed selectivity is the first hydration shell water exchange frequency (Figure 3). The water
exchange frequency reported for La*", Eu**, and Yb*" was 0.095x10%s, 11.78%x10%s™!, and 3.17x10%s"
I'respectively.? This trend aligns well with the water exchange rate constants obtained from 'O NMR
experiments (Figure 3).>* Further, more broadly the LAP5 channel demonstrated significantly higher
selectivity between middle-lanthanides versus both light and heavy lanthanides with the following
selectivities Tb**/La*" (~140), Tb**/Yb** (~72), Tb**/Nd** (~58), Eu*/La*" (~41.4), Eu’" /Yb*" (~21.4)
and Eu**/Nd** (~17), while the selectivity between adjacent middle lanthanide Tb*/Eu** was ~3 .We
hypothesize from this work that the high selectivity of LAP5-DPP channels for middle lanthanide over
light and heavy lanthanides is closely linked to the water exchange dynamics of lanthanide ions that is
exploited for separations in the confined central channel of the LAP pore.

Future Plans

We propose that the closeness in size of the hydrated lanthanide ions and the size of the central pore
contributes to the sensitivity of selectivity of the LAP channel to the water exchange kinetics of specific
lanthanides. In continuing work, we will verify both this proposal on relative size and the overall
hypothesis. Additionally, we will use this effort to build on our computational work on channel ring
sizes and their impact of water permeability to build out a computational screening framework to
evaluate pore size effects on relative ion flux (and thus selectivity), which will be further developed
for screening a wide range of ligands. We will then use spectroscopic techniques (170 NMR, 2DIR
and Neutron Spin Echo techniques) to evaluate our hypothesis about the local effects of pore size by
measuring the effect of specific pore designs on water exchange rates, hydrogen bonding populations,
and picosecond level fluctuations of channel structure.
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Bio-mimetic material design based on principles of disorder
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Research Scope

We have pioneered the field of non-biological tunable matter in order to create and control novel
material properties. These properties range from tuning moduli and mechanical allosteric
interactions to the creation of memories in granular packings, and the training of flow, electrical
and mechanical networks to perform desired input-output tasks. We also address fundamental
theoretical questions about how microscopic tunability leads to desired collective functionality.

The field of tunable matter, while arising out of purely physical considerations, owes a tremendous
debt to biology in that it trains systems to develop function inspired by biomolecular systems such
as proteins. Despite their heterogeneity, proteins are not completely disordered; each amino acid
can be viewed as having been selected by the evolutionary process so that the folded protein has
at least one function that aids survival of the organism. Like their biological inspirations, trained
tunable materials are highly heterogeneous but not purely disordered because their functionality
arises from correlations.

Our research investigates various new principles to study tunable matter with novel and flexible
biologically-inspired functions. We are extending the study of tunable matter in five new
directions. (i) Previous work on tunable matter has focused on athermal systems. In the previous
funding cycle we have studied the influence of thermal fluctuations on systems tuned at zero
temperature. We now propose to tune thermal systems at nonzero prestress, to bring such systems
into the framework of tunable matter. (ii) We previously developed a method of shearing systems
with periodic boundary conditions in arbitrary directions. We will use this to study how external
strain affects buckling and nonlinearities in tuned function. (iii) Previous tuning processes have
relied gradient descent, simulated annealing, directed aging and local rules based on contrastive
learning. We are investigating a new set of rules based on cooperative learning. (iv) In previous
work, we made major advances in characterizing and understanding the topography of the cost
landscape locally, in the immediate neighborhood of the tuned minimum. We also developed a
global analysis of the landscape for systems with two incompatible tuned functions. We are using
these approaches for systems trained for multiple functions to study the extent to which the tuning
process affects the topography. (v) In the previous work, we developed local rules for tuning
systems with non-reciprocal interactions to develop desired functionalities. We have tuned such
systems to desired dynamical fixed points and limit cycles. We now extend our understanding of
the link between structure and function provided by our local cost landscape analysis to such
systems.
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Recent Progress

Effect of temperature on function: Understanding that tuning in function is encoded in the low

frequency modes of a network has led us to extend our studies of allostery to cooperative binding
in networks [1]. Our earlier work, based on mimicking the functional behavior of proteins,
trained networks to produce a desired strain at an output location in response to a distant input
strain. Now we have tuned for bidirectional allostery: a symmetric coupling where the strain
propagated between the two sites is independent of which site is perturbed. The effects of
temperature can be estimated theoretically using a normal mode analysis. The low eigenmodes of

the physical Hessian encoding the learned function are the least robust to temperature. We
identified a crossover temperature above which functionality breaks down due to thermal
fluctuations. We then introduced a modified tuning process to increase this crossover
temperature, showing that function can be robust at biologically relevant temperatures if thermal
stability is important (Fig. 1). These protein-function-inspired results have implications for
material science at the nanoscale or below [1].
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Fig. 1. A dimensionless crossover
temperature ©®*, above which
function fails, as a function of the
ratio of the output response to the
input strain A at increasing values of
the parameter r, which controls the
relative importance of thermal
stability. Vertical and horizontal
bars (too small to see) indicate
standard errors. The gray dashed line
corresponds to 300 K, obtained by
matching our coarse-grained model
with typical (median) protein values.
The shaded gray region reflects the
25th-75th percentile range across
different proteins.

Tensor nature of failure: In order to appreciate how disordered
solids fail under sufficiently large perturbations, a material
should be regarded as a network of potentially interacting

instabilities occurring along different directions of forcing. We
developed a tool for simulations with periodic boundary
conditions that allows strains to be applied at a continuously
variable angle, 0 [2]. This reveals an underlying landscape
which consists of lines and planes of instabilities. A modified
polar plot provides a visualization of this strain landscape
while also allowing a graphic measure of an instability's
quadrupolar structure. Some lines persist over a broad angular
range of applied strain; some pass through one another; others
change continuously with angle or end by smoothly decreasing
their magnitudes to zero. Appropriate paths through phase
space allow instabilities to be circumvented and hence avoided
entirely. We show that as the end of an instability line is
approached, the separation between the forward and backward
instabilities vanishes.

Viable switching of function in tunable networks: An elastic
spring network is an example of evolvable matter that can be

pruned to couple separated pairs of nodes so that when a strain
is applied to one of them the other responds either in-phase or

out-of-phase. This produces two pruned networks, with incompatible functions, that are nearly
identical but differ from each other by a set of “mutations” each of which removes or adds a single
bond in the network. We have generated ensembles of network pairs that differ by a fixed number,
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M, of discrete mutations and evaluate all mutational paths between the in- and out-of-phase
behaviors. With a threshold response for the network to be considered sufficiently fit for either
function, so that non-functional networks are disallowed, only some mutational pathways are
viable as shown in Fig. 1. We found that there is a surprisingly high critical response threshold
above which no evolutionarily viable path exists between the two networks [3]. The few remaining
pathways at this critical value dictate much of the behavior along the evolutionary trajectory. The
effect of multiple mutations is epistatic, that is, the impact of a mutation is not invariant but
depends on what other mutations have already occurred. The analysis clarifies how the number of
mutations and the position of a mutation along the pathway affect the evolutionary outcome.
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Fig. 2: Viable evolutionary paths with widening forbidden region for M=9. Viable pathways maintain single-step
connections between the variants that are sufficiently fit, i.e., that fall outside a forbidden region [—thresh, Mthresh]
along a trajectory from 7 at m = 0 to 17-, at m = M. Plots from Left to Right: nuresh = 0, 0.3, 0.6, and n. = 0.856, as
indicated by the Top arrow. Viable variants with |1|> Nuresh are gradually eliminated as Nmresn increases. Above a
critical threshold 7. , no viable trajectories between +A and—A exist.

Tuning complex dynamical systems: We have developed local rules for tuning dynamical systems
described by coupled ordinary differential equations to have desired behaviors via supervised
learning. We showed that for systems that violate

. Fig. 3. Training a network of . .

- Kuramoto oscillators. (Top) | time reversal symmetry, local rules with

N i Before training, the network | supervision supplied through output nodes
¥ ¥ has weak couplings between .

r . , . cannot reduce to gradient descent on a cost
¥ . nearest neighbors. We want : ] o

« ., * " | totransmit a signal from an | function in any limit. Nevertheless, they

e input oscillator (blue) to on | typically lead to successful tuning of desired

output oscillator (orange) on . . .
l. th;p opposite si(de ng )the functionality. This opens up a far broader class

network. (Bottom) After | of systems to scalable tuning than before [4]. As

it training, some  network |, example, we have tuned a system of
' { | «| couplings strengthen or .
v . / weaken significantly, | Kuramoto oscillators so that an output node
» a#—* | indicated by edge colors. (orange in Fig. 3) synchronizes to the same phase
g as the input node (blue).

Future Plans

Training at T>0: Previous work showed that if we train conformational allostery at 7=0, we can
identify a crossover temperature 7* above which this functionality breaks down due to thermal
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fluctuations. We used a variant of the training process for allostery to tune mechanical networks
at zero temperature to display cooperative binding functionality. We will now generalize this
process to introduce entropic effects into the training itself. We now propose to study the behavior
of networks trained for allosteric behavior at a non-zero temperature. This will surely provide
microscopically different states than those trained at 7=0. We are interested in creating these
states and investigating how they are similar to or different from those trained at 7=0. For
example, does training at higher 7 make the final solution more robust to being destroyed by
temperature? If so, it will convey stability on the function that would not have been attained by
training at 7=0. We will extract lessons from this that will be applicable to other trained functions.

Cooperative learning: Coupled learning provides a well-developed method for a network to be
trained to perform a set of pre-determined tasks. Until now, this protocol has required that two
copies of a network be created and compared as one of them is strained only at the source and the
other is strained at both the source and target. We now introduce a different approach that extends
the ideas of contrastive learning. Its main benefits are that (i) it does not require a duplicate
network, (ii) it tunes bonds in a more efficient manner so that every move is consequential for the
training, (ii1) we can tune many tasks simultaneously, and (iv) because of this simultaneity, it can
learn in a cooperative manner which may lead to faster and better training of more tasks compared
to sequential rules.

Encoding with frequencies, simultaneous and cooperative learning: We are now using frequency
to extract the signals efficiently. If we oscillate the source and target at different frequencies: Sj =
Sjo cos(wst) and Tj = Tjocos(wrt), we can extract the signal, without using a second network for
contrast, by analyzing the sum and difference frequencies. This presents an enormous advantage
when designing analog learning circuits or mechanical networks. One attractive aspect of
frequency encoding is that it can train many tasks simultaneously by encoding each task at a
separate unique frequency. Because it is linear, each learning task is updated separately from all
the others; with frequency-encoding, we no longer have to train one task before going on to the
next. This has the potential to speed up (by the order of the number of tasks being trained) the
total training time. Simultaneous learning has another advantage. The way in which the tasks are
learned depends on the history of the network. For example, if one task is trained first, then that
affects how the next task can be accomplished. That second task has to be performed with fewer
degrees of freedom in play because some of those were already set to make the first task work. As
one approaches the network’s capacity to learn, later tasks are harder and more time-consuming to
train. Learning all the tasks simultaneously allows optimization of learning as the network settles
into the ultimate learned state. We are testing how learning can be enhanced by cooperation.

The work on evolutionary matter detailed above also opens the door to studying the evolution of
networks in other physically relevant contexts by including the effects of prestress and nonlinear
elastic response. The definition of fitness could also be augmented to include more than one
function, which allows us to test our findings against different models of molecular and
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macroevolution and susceptibility to an environmental selection pressure. We will probe the cause
for the large function switch. Soft modes have been found to accompany training for allosteric
function. We are now interested in seeing if the function switch itself is related to a feature in the
modes. Finally, while we have concentrated on studying the average values for the entire ensemble,
the question remains as to whether all members of the ensemble—for example, systems with large
and small critical thresholds—behave similarly.

References

[l] “Cooperative Function with Thermal Fluctuations in Mechanical Networks,” B. Pisanty, J. Andrejevic, A.J. Liu,

S.R. Nagel, PRX Life (2026, in press). arXiv:2509.20560.

[2] “The landscape of instabilities versus shear angle in simulations,” C.W. Lindeman and S.R. Nagel [submitted]

(2026). arXiv:2603.12457

[3] “Epistatic pathways in evolvable mechanical networks,” S. Alqatari, S.R. Nagel PNAS 123, €2505183123 (2026).
https://doi.org/10.1073/pnas.2505183123

[4] M. Stern, A. G. Frim, R. Candas, A. J. Liu, V. Balasubramanian (2026). arxiv: 2603.26969;

https://doi.org/10.48550/arXiv.2603.26969

Papers published in past 2 years

[1] L. E. Altman, M. Stern, A. J. Liu, D. J. Durian, PR Applied 22, 024053 (2024),
https://doi.org/10.1103/PhysRevApplied.22.024053

“Experimental demonstration of coupled learning in elastic networks.”

[2] Heinrich M. Jaeger, Arvind Murugan, S.R. Nagel Soft Matter 20, 6695-6701 (2024). “Training physical matter to matter.”
[3] Savannah D. Gowen, Thomas E. Videbak, S.R. Nagel Phys. Rev. Fluids 9, 053902 (2024).
https://doi.org/10.1063/pt.zork.luqw

“Measurement of Pressure Gradients near the Interface in the Viscous Fingering Instability.”

[4] M. Stern, M. Guzman, F. Martins, A. J. Liu, V. Balasubramanian, PRL 134, 147402 (2025),
https://doi.org/10.1103/PhysRevLett.134.147402

“Physical networks become what they learn.”

[5] Chloe W. Lindeman, S. R. Nagel New Journal of Physics 27, 085001 (2025),

“Minimal cyclic behavior in sheared amorphous solids.”

[6] M. Guzman, F. Martins, M. Stern, A. J. Liu, PRX 15, 031056 (2025), https://doi.org/10.1103/f2hb-c9s1
“Microscopic imprints of learned solution in tunable networks.”

[7] S. Alqgatari, S.R. Nagel, PNAS 123, ¢2505183123 (2026), https://doi.org/10.1073/pnas.2505183123
“Epistatic pathways in evolvable mechanical networks.”

[8] B. Pisanty, J. Andrejevic, A.J. Liu, S.R. Nagel, PRX Life (2026, in press).
arXiv:2509.20560.“Cooperative Function with Thermal Fluctuations in Mechanical Networks.”

114


https://doi.org/10.1073/pnas.2505183123
https://doi.org/10.1063/pt.zork.luqw

Understanding and Informed Manipulation of Functional Dynamics on the Nanoscale
Through Integrated Experiments and Computation

Erik Luijten (lead PI), Northwestern University; Qian Chen, University of Illinois, Urbana
Champaign

Keywords: Nanoparticle self-assembly, patchy nanoparticles, electric field effects, liquid-phase
transmission electron microscopy

Research Scope

This research project aims to bridge the critical nanoscopic length-scale gap in understanding and
emulating the functional dynamics of living systems in synthetic materials and harnessing these
materials for macroscopic function. Through an integrated experimental-computational program
supported by machine learning (ML) and other data-mining approaches, we will synthesize, image,
model, and understand synthetic nanoparticles (NPs, several to 100 nm) that collectively transmit
information through force, motility, and energy in a dynamic, self-correcting manner to generate
functional structures spanning millimeters to centimeters. Specifically, we seek to uncover the
fundamental mechanisms governing NP dynamics and use this knowledge to control their
aggregation into materials with tunable, responsive structures and properties. The dynamics we
investigate include complex equilibrium behaviors, such as the layered engineering of NP moiré
lattices with tunable phononic properties, as well as nonequilibrium dynamics driven by chemical
fuels or external fields. Our team has made significant advances in directly imaging large NP
assemblies with unprecedented spatial and temporal resolution using liquid-phase transmission
electron microscopy (TEM), integrating these observations with advanced computational methods
to extract mechanistic insights and extending them to field-driven systems. In parallel, we have
established an “atomic stenciling” approach to synthesize patchy NPs with designed surface-
charge patterns and steer their dynamics through external energy inputs. We combine the unique
real-space observations provided by liquid-phase TEM with predictive modeling of diffusional
dynamics, dielectric polarization, charge regulation—the dynamic response of NP surface
ionization—and hydrodynamic flow fields. These procedures and insights will enable new
pathways toward scaled-up patchy-NP assemblies and establish a real-space understanding of how
particle design governs functional dynamics and how this relationship evolves upon assembly
under dynamic, non-dilute, and nonequilibrium conditions. The research will advance DOE
Biomolecular Materials program priorities in bioinspired materials for harsh and nonbiological
environments, predictive modeling through tightly integrated in situ experimental-computational
feedback, and scalable manufacturing.
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Recent Progress

Atomic stenciling synthesis of patchy NPs. The design paradigm of patchy NPs has sparked a

synthesis “arms race” to develop methods that — =  Femesuece Masking _ Paining
provide precise control over patch number, size, patiem ‘

shape, and placement. Existing approaches, \ﬁ x L=
including polymer segregation, phase separation of 20—:1‘; = - TG'mﬂpmgﬂ
mixed ligands, solvent-induced ligand attraction, Pt e 2
dewetting, DNA origami-defined association sites, O:ON: @ { \ - l ﬁ
and curvature-selective  ligand  attachment, -
generally remain limited by uniformity and low % S h A _
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yields. We have established a new method of ° ' ‘ A

atomic stenciling: a bottom-up strategy that uses “** oo NaABsN cer
chemical bonding to mask NP surfaces with - Q AW E@. P
nanometer-scale precision. By exploiting the ,;‘3 N S;%‘ @& ﬁ Lk
preferential adsorption of iodide on gold {111} SN BE ,J ’5%
facets, we use i1odide as a molecular mask and @7 \ i @it & o &

subsequently functionalize the exposed regions
with  2-naphthalenethiols.  Polystyrene-block- ” ) "
Stenciling of pottery. (b) Schematics of stenciling

pOI?'(acryhc acid) can then. b.e grafte.d onto these on faceted NP surfaces. (¢) Library of patchy NPs:
regions through hydrophobic interactions between | TEM or scanning electron microscopy (SEM)

Fig. 1. Patchy NPs via atomic stenciling. (a)

the images (left) and scaling theory (right). Scale
bars: 20 nm. Chen, Nature 646, 592 (2025)

polystyrene block and the 2-naphthalenethiol-
functionalized sites, thereby forming well-defined
patches. This  bottom-up method enables
deterministic, high-yield synthesis of patchy gold
octahedra, bipyramids, thombic dodecahedra, cubes,
and cuboctahedra (Fig. 1). Polymer scaling theory
and molecular dynamics simulations further reveal
that the interplay between polymer energetics and
entropy during stenciling can generate previously
inaccessible patch patterns. Owing to their highly
uniform patches, the resulting NPs assemble into

moiré peak intensity @

04 @ e 1 ® . | . 94° °©94° |

extended crystals, including a variety of non-close-
acked superlattices that span macroscopic length
phase TEM of moiré. (b) Anisotropic p P p . P . g
interactions drive moiré growth. (d) Simulated scales. More broadly, atomic stenciling provides a
band structures of moiré. (e) Moiré peak height | general route for patterning NPs and substrates with

and (f) antisymmetric band splitting at M scales | nanometer-scale precision, enabling spatial control
with 7. Chen and Luijten, under revision.

Fig. 2. Moiré of gold nanorods. (a,c) Liquid-
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over surface chemistry and reactivity for applications in catalysis and integrated metamaterials.

Self-assembled NP moiré lattices and phononic properties. We achieved the first real-time
observation of dynamic NP moir¢ lattice self-assembly using liquid-phase TEM, in which two
layers of NP lattices stack with a twist angle. This work establishes a new design principle based
on the layered engineering of NP superlattices, inspired by atomic moirés, which are at the
forefront of condensed matter physics because they can amplify small geometric variations, such
as twist, lattice mismatch, and local registry, into large changes in electronic, optical, and phononic
properties. In particular, we showed that gold nanorods can spontaneously assemble into moiré
bilayers with a wide range of twist angles, Om, governed by inter-NP interactions and nanorod
aspect ratio (Fig. 2a—c). Using accurate models, we confirmed that nanorod aspect ratio influences
the balance between in-plane and out-of-plane interaction energies (Fig. 2b). By combining
analytical theory with molecular dynamics (MD) simulations, we further showed that the resulting
strain patterns and modified phononic band structures (Fig. 2d) are governed by a dimensionless
interlayer coupling parameter, . From the MD simulations, we extracted phonon band structures
and observed broken degeneracy along the M—K line of the moiré Brillouin zone (Fig. 2d—f).
Together, these results demonstrate both the emergence of moir¢é effects in self-assembled bilayers
and the extent to which they can be tuned, highlighting the promise of NP-based moir¢ structures
at the nano- and microscales.

Non-equilibrium dynamics of NPs. We applied the same technique to achieve the first liquid-
phase TEM imaging of gold nanosphere self-
assembly under an electric field (Fig. 3a.b).
Specifically, we applied a coplanar direct-current
(DC) electric field that generated an electric-field
c i e pau v . component perpendicular to the substrate and,
: : consequently, a net attractive electroosmotic flow
(Fig. 3b). This flow drove the nanospheres to
assemble into hexagonal lattices that were
crystalline yet exhibited liquid-like, fluctuating

500

edges (Fig. 3c—e), including transient negative
curvature and propagating waves. Single-particle
analysis further revealed the nonequilibrium
dynamics underlying this behavior. Together, these
; results demonstrate the direct nanoscale imaging of

03 =03 cun ' field-driven, nonequilibrium assembly and suggest
Fig. 3. Electric field driven assembly of gold | new strategies for creating dynamic structures and

nanospheres. (a) Schematic of the electric field- | 15idly deformable systems. In a parallel effort, we
based SiN cell. (b) ECEO-induced NP

interactions. (c—e) Liquid-phase TEM images
(c,d) and displacement analysis of the DC-driven
NP assembly. Scale bars: 50 nm. consequently, potentially richer collective

investigated self-driven spinners capable of
independent three-dimensional reorientation and,
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behavior. Using molecular dynamics simulations coupled with fully resolved three-dimensional
direct numerical simulations of hydrodynamics, we examined minimal systems of spheres
subjected to intrinsic torque. We showed that rotational motion alone is sufficient to generate
translation, collective behavior, and both spatial and orientational order. In addition to the primary
rotational flow, each spinner produces a secondary flow directed inward toward its poles and
radially outward along its equator. Near a substrate, the axial symmetry is broken, and the resulting
flow imbalance generates an attractive motion toward the substrate that increases with Reynolds
number. At low concentration, the spinners form a racemic monolayer and predominantly align
their rotational axes along the z direction. At substrate packing fractions above approximately 0.7,
long-range spatial order emerges, accompanied by geometric frustration in the anti-alignment of
neighboring spinners. The system relieves this frustration by reorienting the rotational axes into
the x—y plane. The spinners also align pole-to-pole to form antiparallel stripes driven by the
secondary flow. We further found that the particle—particle and particle—substrate separation
distances govern the emergent order, demonstrating that spinner organization can be tuned through
these parameters to design bioinspired materials with controllable properties.

Future Plans

Building on the team’s recent advances, including high-yield synthesis of patchy NPs, joint
experimental-simulation characterization of NP moir¢ lattices and their phononic behavior, and
liquid-phase TEM coupled to predictive modeling, we will (1) quantify diffusion, energy barriers,
and assembly pathways via liquid-phase TEM and large-scale simulation to derive design rules for
equilibrium self-assembly tuned to plasmonic and mechanical function; (2) adapt layered moiré
engineering to NP assemblies to create new controls over emergent phononic band structures; and
(3) elucidate non-equilibrium, field-driven assembly mechanisms by probing electric-field—
mediated interactions and comparing nanoscale behavior with micron-scale colloidal counterparts.
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Multiscale Modeling of Water and Peptide Self-Assembly through Probabilistic
Backmappings

Jacob I. Monroe, Ralph E. Martin Department of Chemical Engineering, University of
Arkansas, Fayetteville
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normalizing flows

Research Scope

Simulating systems with tight coupling across length scales remains a critical challenge, limiting
our understanding of hierarchical molecular assemblies in biological systems, as well as synthetic
soft materials with nano- to micro-scale heterogeneities, such as flexible electronics. To address
this, we are developing simulation methodologies that benefit from the speed of low-resolution
simulations while recovering fine-resolution details. The focus described here is on developing
probabilistic backmapping models, which predict ensembles of fine-resolution features given low-
resolution information, for water and small self-assembling peptides. These systems are important
building blocks on the way to more complex self-assembling soft materials.

Recent Progress o\ BBc @ /é‘(éf N
In previous efforts, we developed probabilistic . @& .- ’ SC1_c o a
. . . . . ~ED"
backmapping models of protein sidechains, with all A\, SC3n
backbone atoms included in the lower-dimensional, SCi_n /\Q
coarse-grained (CG) representation. More typically, é@@l !
CG models do not include any original atoms, but k-2 oY
. sC2_ir.. & )
only beads representing groups of atoms. As our first -0
N-terminal Phe C-terminal Phe

effort to backmap entire molecules from only CG  pecoging order
beads, we applied our backmapping procedure to - ¢* Ty e ¥ ¢y

©

phenylalanine dipeptide (FF). Despite consisting of Bn Soln Soan  Soun  BBe SoLe sze  soue

only two residues, FF exhibits a rich set of self- Figure 1: Schematic showing atom assignments to
each CG bead (top) and fixed order of backmapping

assembled morphologies that are prohibitively (bottom). Our mapping places CG bead locations at
expensive to study with all-atom simulations. the centers of mass of their constituent atoms.

However, CG simulations must be backmapped in

order to understand and estimate properties, in particular the electrical conductivity of FF
assemblies. Backmapping multiple FF molecules entails predicting the global translational
position and orientation of each molecule as well as atoms in adjacent CG sites. Though global
coordinates and CG bead adjacency present significant challenges compared to protein sidechains
alone, we have successfully developed models that accurately backmap FF molecules from CG
representations, including multiple molecules within a simulation.
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Our probabilistic backmapping models follow an autoregressive structure, backmapping each CG
bead in turn. Each model predicts internal coordinate representations of atoms and is conditioned
on CG positions and previously backmapped atoms (Fig. 1). We train a separate model for each
CG bead type, with two distinct models required for the first sidechain beads of each residue
(SC1 _c and SC1 _n) due to differences in their molecular connectivity. We train 6 backmaping
models in total, each being a rational quadratic spline normalizing flow! with masked
autoregressive structure.> Normalizing flows are conditioned on embeddings that describe the local
environment of a CG bead through geometric algebra attention.®> The structure of our protocol
allows its application to any number of molecules and promises extensibility to longer peptides.
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Figure 2: .Individual atom RMSD between backmapped and j[r.aining We also assessed accuracy of
configurations for each bead (bar plots) and probability densities for . .

the RMSD of the center of mass of backmapped configurations from reconstructions with Ramachandran

the center of mass (CG bead location) of training configurations. free energy surfaces and mutual
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information analysis. Notably, higher
RMSDs and more variability is observed for more flexible species, such as hydrogen atoms.

Distributions of potential energy components for backmapped conformations compare favorably
to those of the reference all-atom ensemble. Bonded energy terms (bonds, angles, and dihedrals)
are broadened and shifted to higher energies relative to the reference while nonbonded LJ and
Generalized Born solvation energy distributions are well-reproduced. Importantly, 84% of
generated conformations lead to physically reasonable structures that can be used to initiate
simulations at 300 K without energy minimizations. Since configurational log-probabilities are
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known, each backmapped conformation can be —— reference (MD)
generated, unweighted
(56.0% in range)

reweighted (P=99.46)
ESS=480

reweighted to recover the exact total potential 0,020+
energy distribution (or any property of interest)
in the all-atom ensemble, representing a crucial
advantage of our probabilistic backmapping

method. In principle, Boltzmann reweighting
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was also identified as a significant challenge in Figure 3: Distributions of potential energies from 50,000

previous work with protein sidechain independent configurations generated by models are
shifted to higher energies. After truncated importance
sampling, ESS increases and the potential energy
identified truncated importance Sampling4 distribution is reweighted to more closely match the

through weight clipping as a highly effective reference.
strategy to improve ESS, in this case from 0.008% to 0.96%. With truncation, reweighted samples
much more closely match the simulated energy distributions.

backmappings. To address this, we recently

We applied the same methods as described above to backmap CG representations of liquid water
consisting of a single spherical bead at the center of mass of each molecule. We only consider
backmapping to rigid all-atom water models (specifically SPC/E) such that only the orientational
degrees of freedom of the molecule are predicted. While seemingly simple, large amounts of
degeneracy exist in water orientations given fixed CG positions. Further complications arise due
to the high level of coorporativity amongst waters in forming extended hydrogen bond networks.
Thus, predicting all orientations of waters from CG beads alone requires accurately capturing
degeneracy in long-range correlations. For a granular assessment of model performance, we
consider backmapping single waters with only CG beads present (scenario 1), and with all atoms
present except for the water being backmapped (scenario 2). Encouragingly, inclusion of all-atom
information improves radial distribution functions between the molecule of interest and its
surrounding waters (Fig. 4a), as well as the distribution of potential energy differences between
backmapped and simulated configurations (Fig. 4b). As further evidence of our model’s awareness
of a water’s local environment, Fig. 4c shows scenario 1 and 2 applied to a single water from a
simulation with all water CG beads tightly restrained. As such, only reorientations of waters are
allowed. Though the model broadens distributions compared to simulation, the preferred water
orientation is captured. Tightening of the distribution occurs once information on surrounding
atoms is included in scenario 2. Including all-atom information also improves the average number
of hydrogen bonds from 2.05 to 2.19. However, comparing to the value of 2.51 from molecular
dynamics simulations at 300 K and 1 g/cm?® shows that hydrogen bonding is underpredicted at even
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H-O RDF (Target water to other waters) H-H RDF (Target water to other waters)

Scenario 2

3.9% lower energy
(AE < 0)

13.9% lower energy
(AE < 0)

Figure 4: (a) H-O and H-H radial distribution functions of
a single target water to other waters from simulation and
generated by both backmapping scenarios. (b) Distributions
of energy differences between backmapped and simulated
configurations. (c¢) Oxygen (blue) and hydrogen (green or
orange) positions for a single water in the restrained
simulation and backmapped configurations from both
scenarios

a single-water level. This then results in

significant reductions in overall system
potential energies when backmapping all
molecules. To identify key improvements, we
are currently correlating local structural order
parameters and local orientational entropy
with model-predicted likelihoods, hydrogen

bonding, and potential energies.
Future Plans

Immediate goals relate to improving the
performance of both backmapping models of
water and FF peptides. For water, this includes
a more detailed analysis of how a water’s local
environment impacts model performance.
Refinement training protocols that penalize
high energies during backmappings of entire
simulation boxes of water are also underway.
While it seems that large improvements may
be gained from addressing individual waters’
hydrogen bonds, an eventual transition to
transformer architectures may be necessary for
capturing long-range hydrogen bonding
correlations. In the case of FF peptides, more
sophisticated importance sampling protocols,
such as Rosenbluth-inspired schemes and

sequential Monte Carlo, are being tested to further improve ESS. Increasing ESS is essential since
it is directly related to computational efficiency and is expected to impact scaling to larger system
sizes. Longer term, a key step will be the merging of water backmapping models with those for
peptides and other solutes, as well as ions. This will enable large-scale simulations of flexible
electronic materials, where CG models are need to reach relevant length and timescales while

atomistic resolution is necessary to study conductivity.
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Electrostatic-Driven Self-Assembly Design of Functional Nanostructures
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Research Scope

Biological structures have impressive functionalities that require the organization of
heterogeneous molecules into mesoscale structures with precise compositions and architectures.
We aim to understand the basic principles that govern such a robust biological assembly and
discover ways to actuate these structures to exploit their functions. By assembling heterogeneous
molecules, one can mimic the organization and function of specific biomolecular assemblies, such
as microtubular structures and bacterial microcompartments. We design and characterize the
organization of heterogeneous molecules with polar, non-polar, and charged groups, including
proteins and amphiphiles, into specific nanostructures with broken symmetries to explore their
functionalities.

The specific aims of this proposal are to: (1) elucidate the influence of heterogeneous chirality and
tail length of self-assembling amphiphiles in molecular packing and crystallinity of membrane
architectures in different ionic environments; (2) analyze the structural changes of multicomponent
membranes with ion pores to generate functional microstructures; (3) investigate how surface
structural organization governs the dynamic behavior of synthetic multicomponent membranes
functionalized with ion-pores
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Coupling of geometry and charge regulation. Molecular
charge determines the assembly morphology, which in turn

Fig. 1: SAXS intensity profile (red)

) L. ) o and the corresponding core-shell
dictates the molecular ionization as the solution ionic | fm-factor fit (blue) for a CieKo

conditions (pH, salt concentration) are varied. By analyzing | spherical micelle and pH titration
the assembly of a peptide amphiphile Ci6K2, with two | curve of CieK; in 5 mM NaCl:
ionizable lysine headgroups covalently coupled to a 16- | experimental titration (purple) and
. . . . back-calculated from SAXS-derived
carbon tail via small/wide angle X-ray scattering . .

. . structural parameters combined with
(SAXS/WAXS), nonlinear Poisson-Boltzmann (nl-PB) | e ni-PB model (black). Schematic
theory and hybrid Monte Carlo-molecular dynamics (MC- | morphologies at 250 mM NaCl.
MD) simulations, we showed that the morphology transitions
and the underlying degree of ionization are two expressions of the same electrostatic origin [1].

SAXS-derived morphology parameters at low and high ionic strengths when fed into the geometry-
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specific nl-PB potentials produced back-calculated titration curves (Fig. 1) that matched
experiment with no adjustable parameters. This marks considerable progress over the customary
charge-regulation that require an empirical effective pK, with no structural justification.
SAXS/WAXS combined with MC-MD simulations produced effective charges of the assemblies
that matched those derived from zeta-potential measurements.

Charge regulation modeling. Dissociable functional groups in molecules regulate their hydration,
solubility, and molecular interactions, thereby leading to striking properties, such as the assembly
geometry changes discussed above. The charge of these dissociable groups is regulated by changes
in pH through the association/dissociation of protons and hydroxyl groups. These reactions are
crucial in energy processes and for designing the functionalities of novel soft materials. We
investigated the pH-dependent phase diagram of co-assembled assemblies by considering an
equimolar mixture of acid- and base-functionalized colloidal ..
particles and compared it with a mixture of nanoparticles of 2| |

fixed positive and negative charges. We found that the system £z} %
of nanoparticles with fixed charges tends to form a percolated \
network, whereas in the system containing ionizable groups,
denser clusters are favored [2]. [CaCl] (M)

. .. . . | Fig. 2. Nearest-neighbor
Charged nanoparticle assemblies in extremely saline solutions. separation (Du) versus CaCly

The electrostatic potential of charged objects in aqueous | .oncentration shows contraction-
solutions is screened by the surrounding counterions. Classical | to-re-expansion.

theories predict that with increasing salt concentration the range

of the electrostatic potential decreases monotonically, which should compact arrangements of like-
charged objects with increasing salinity. However, we find re-expansion of lattices with increasing
salt concentration in assemblies of gold nanoparticles coated with single-stranded DNA (DNA-
NP), without the possibility of canonical base-pairing interactions [3]. DNA-NP assembled into
FCC lattices contracted with added salt and transitioned to BCC, and to random-closed-packed
(RCP) structures when the packing density of the particles starts increasing with increased salinity
(Fig. 2). MD simulations and WAXS showed that at very high salt concentration, the ionic
correlations between the salt ions led to clustering of ions and reduced the concentration of free
ions available to screen the electrostatic interactions between neighboring particles resulting in re-
expansion of the lattices [3]. Lowering the permittivity strengthened this ion-ion coupling and
shifted the re-expansion threshold to lower salt concentration, linking bulk ionic correlations to
the assembly response.
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lon fluxes in confinement. lon fluxes mediated by ion pores
are highly interactive processes that give rise to unique
functions. We developed a description of self-generated ,
electrolyte flow in capillaries composed of heterogeneous o
cylindrical micelles or microfluidic devices whose walls
feature both nonuniform charge distributions and nonuniform

active ionic fluxes [4]. This morphology generates an
electrolyte velocity forbidden in the absence of charge and o cseo ‘ =
fluxes. We demonstrated that these flow states emerge when
modulated boundary patterns of charge and flux are offset by
a flux-charge phase difference, corresponding to the

Fig 3. Flows generated by ion fluxes and
charge patches are enhanced from
diffusivity mismatch in microfluidic
Separation between the Sites Oftheir peak denSitieS on the Wall chamber as a function of the Separati()n

(Fig. 3). Our numerical work demonstrated that this

mechanism can be realized with a microfluidic generator powered by enzyme-coated patches that
catalyze reactants in solution to produce ion fluxes, or by ion fluxes generated through ion pores.
Local ionic elevation or depletion, which disrupts a nonuniform double layer, promotes self-
induced gradients that yield persistent body forces to generate bulk fluid motion. Our work
provided a theoretical framework for understanding the combined effects of active and charged
boundaries in biological and soft-matter systems, with applicability to electrofluidic and iontronic
applications.

Quincke colloids. We examined populations of self-oscillating Quincke colloids [5]. Depending

on the initial distribution, these active oscillators spontaneously organize into distinct collective
states characterized by temporal synchronization and directional alignment, termed
synchronematic order. In fluid-like clusters, this order is short-ranged and decays over a length
scale set by the competition between hydrodynamic interactions and athermal noise. In crystalline
clusters, these interactions drive global synchronization and circular alignment-synchronematic
crystals-whose collective frequency increases with cluster size due to non-reciprocal interactions

Future Plans

Coupling of geometry and charge regulation in chiral amphiphiles. We aim to complete the phase
diagram of commonly observed chiral shapes by identifying the conditions under which the helical
assemblies transform to twisted ribbon structures and extend the chiral assembly studies to the
case of enantiomeric mixtures to determine under which conditions left- and right-handed

amphiphiles mix homogeneously, segregate into domains, or generate new packing motifs, and
how the local molecular arrangements propagate into membrane-scale chiral morphology. Since
bending rigidity strongly shapes soft membranes, we will vary amphiphile tail length and
enantiomeric ratio to test whether rigidity mismatches favor segregation, or uniform mixing.
SAXS/WAXS, circular dichroism, cryo-EM, and polarized microscopy will map the lipid tail and

126



headgroup organization and defects across enantiomeric ratios, with molecular dynamics and
Monte Carlo simulations providing a mechanistic framework for the observed motifs.

Charged nanoparticle assemblies’ response to temperature. We hypothesize that dehydration of
the nanoparticles and the enhanced ionic correlations at high salinities will produce assemblies
with negative thermal expansion (NTE) coefficients. Based on our previous results discussed
above, dehydration leads to more compact assemblies. The dehydration is entropically favored
with increasing temperature. At molar salt

solutions, the bulk solution consists of ionic 1:1 2:1 3:1
DSPC:DOPC DSPC:DOPC DSPC:DOPC

clusters, which could be broken down at elevated
temperatures. This could increase the concentration
of free ions to screen interparticle interactions. Both

these effects should lead to NTE assemblies. Fig. 4. Microscopy images of phase separation
of saturated lipids and unsaturated lipids (red).

Charge regulation in all-atom MD simulations: To | Scale bars are 10 p. Tmage from [7].
advance understanding of ionizable soft materials,
we will develop a method to account for acid-base
association-dissociation reactions in atomistic, explicit-solvent force-field models. We propose
performing charge exchange between the ionizable groups and water molecules by
creating/eliminating H3O" (or OH") ions by switching water molecules between the neutral and
protonated/deprotonated states. Local pH and interfacial electric fields play critical roles in
interfacial redox processes, electrocatalysis, and energy processes. Our method and simulations

will determine the local pH of water at interfaces.

lon fluxes in confinement. Ion pores will be incorporated into vesicle membranes using peptides

that self-assemble into pores upon interaction with membranes or through cell-free protein
expression. We will leverage our finding that phase-separating membranes and hydrophobic
mismatch between membrane peptides/transporters and membranes can be used to vary the spatial
organization of proteins within synthetic membranes [6]. Self-directed motion can be achieved via
nonuniform pore placement on the phase-separated vesicles (£ig. 4) [7]. Our work will provide a
platform to insert enzymes or ion pores into specific vesicle positions, empowering them with self-
diffusiophoresis.

Chiral Quincke Colloids. In collaboration with Alexey Snezhko’s at Argonne National Laboratory,
we are extending our study of self-oscillating Quincke rollers to a regime in which the particles
perform circular chiral trajectories. These chiral oscillators are realized using pear-shaped Quincke
rollers, whose shape anisotropy produces differential friction and, consequently, a persistent torque
that continuously bends their trajectories into circular motion. Depending on initial conditions,

individual rollers spontaneously select either clockwise or counterclockwise motion with equal
probability, giving rise to two clearly distinguishable chiral states. We will incorporate
hydrodynamic and electrostatic interactions to describe the motion of Quincke rollers to reproduce
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the spontaneous selection of chiral trajectories. The broader goal is to establish a predictive model
for the nonequilibrium states of matter observed experimentally in chiral active suspensions.
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Nonequilibrium Transport: Interfaces, Nucleation, and Bulk Dynamics

Ahmad K. Omar, Department of Materials Science and Engineering, University of California,
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Research Scope

Living and biological systems across an outstanding range of length scales can display dynamical
properties that appear fundamentally different from those of conventional synthetic materials. The
breaking of parity and time-reversal symmetry at the microscale frees biomolecular materials from
the constraints these symmetries impose on the transport coefficients of traditional “passive”
systems. Indeed, from the chiral motion of starfish embryos that generate “odd” transport
coefficients to the predator-prey interactions among microorganisms resulting in traveling states,
the living world motivates the need to advance our fundamental understanding of active transport
mechanisms. Such an understanding could pave the way towards the design of next-generation
materials with novel dynamical properties that could improve performance and potentially unlock
new applications. Taking inspiration from a variety of recent experiments characterizing
biomolecular material transport, this research leverages theory and computation to develop a
microscopic understanding of some of the exotic dynamical properties exhibited by these
materials. We address theoretical questions surrounding the origins of odd diffusion, explore the
implications of violating Newton’s third law on multicomponent diffusion, and develop a theory
for the dynamics of active interfaces and nucleation. Alongside these theoretical advancements,
we build and develop tools for the characterization of these transport coefficients that can be used
in both computational and experimental settings. Moreover, as the line between structure and
dynamics is blurred for these out-of-equilibrium systems, we will explore the implications of these
transport mechanisms on material structure and stability.

Recent Progress

The statistical mechanics of equilibrium interfaces has been well-established for over a half
century. In the last decade, a wealth of observations have made increasingly clear that a new
perspective is required to describe interfaces arbitrarily far from equilibrium. These include the
reports of a negative surface tension of active liquid interfaces despite the interface appearing
stable. Beginning from microscopic particle dynamics that break time-reversal symmetry, we have
systematically derived the interfacial dynamics of coexisting motility-induced phases. Doing so
allows us to identify the athermal energy scale that excites interfacial fluctuations and the
nonequilibrium surface tension that resists these excitations. Our theory identifies that, in contrast
to equilibrium fluids, this active surface tension contains contributions arising from
nonconservative forces which act to suppress interfacial fluctuations and, crucially, is distinct from
the mechanical surface tension of Kirkwood and Buff (see Fig. 1). We find that the interfacial

stiffness scales linearly with the intrinsic activity of the constituent active particle trajectories, in
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Figure 1: The three surface tensions of out-of-

equilibrium fluids as a function of activity with an path for phase transitions, is typically
additional distinction between the Ostwald tensions | understood on thermodynamic grounds through
of bubbles and droplets. At equilibrium, all these
tensions are identical.

the prism of classical nucleation theory.
However, recent studies have suggested the
applicability of classical nucleation theory to systems far from equilibrium. We have formulated a
purely mechanical perspective of homogeneous nucleation and growth, elucidating the criteria for

the properties of a critical nucleus without appealing to equilibrium notions. Applying this theory
to active fluids undergoing motility-induced phase separation, we identify three distinct surface
tensions (see Fig. 1) -- the mechanical, capillary, and Ostwald tensions — that play a central role in
our theory. While these three surface tensions are identical in equilibrium, our work highlights the
distinctive role of each tension in the stability of active interfaces and the nucleation and growth
of motility-induced phases.

Importantly, we have extended our theory to apply to systems with chiral dynamics in two
dimensions. Spatial parity symmetry is routinely broken in experimentally realized active matter
systems. We have recently derived a theory for the phase coexistence and interfacial fluctuations
for a system that microscopically violates spatial parity. We find suppression of the phase
separation as chirality is increased as well as the development of steady-state currents tangential
to the interface dividing the phases. These odd flows are irrelevant to stationary interfacial
properties, with stability, capillary fluctuations, and surface area minimization determined entirely
by the capillary surface tension. Using large-scale Brownian dynamics simulations, we found
excellent agreement with our theoretical scaling predictions.

Future Plans

Our work on active interfacial theories suggests that interfacial phenomena in achiral active
Brownian particles should be remarkably similar to that of equilibrium fluids. Yet, some phase-
separated active systems display a large population of bubbles distributed in the dense phase that
is at odds with equilibrium liquids where appreciable bubble formation is energetically prohibitive.
We thus conducted large-scale simulations to understand the origin of bubble formation by probing
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proliferation (see Fig. 2)! Whether this transition is truly discontinuous or simply incredibly sharp
remains an outstanding question, but the difference in bubble populations coincides with a sharp
distinction in dense-phase dynamics. Dynamics in the athermal dense phase are sluggish, reflected
in a subdiffusive mean-square displacement while those for the thermal system are fast and
diffusive at all times. We are currently working to make this dynamical and structural link more
explicit with a theoretical perspective linking bubble formation and bulk transport. An additional
fascinating dependence is revealed when comparing monodisperse and polydisperse systems. The
hexagonal order present in the dense monodisperse liquid appears to be a crucial ingredient for
bubble proliferation, in addition to thermal noise.

This program has long sought to understand bulk linear transport phenomena in systems arbitrarily
far from equilibrium. Linear constitutive laws describe transport across a remarkable range of
systems, including many in which the local-equilibrium hypothesis underlying linear irreversible
thermodynamics cannot hold. It is well established that driving a system out of equilibrium can
lead to new classes of macroscopic transport phenomena that are forbidden near equilibrium. We
are currently examining two representative nonequilibrium systems through simulations and a
mechanical perspective: a system with pairwise nonreciprocal interactions between distinct species
and a system with applied one-body parity-breaking nonreciprocal torque. For the pairwise
interacting system, nonreciprocity is found to gives rise to characteristic oscillatory relaxation in
the dynamic structure factor, even in a homogeneous state. In the chiral system, an applied torque
breaks parity symmetry and leads to diffusion perpendicular (“odd’") to density gradients. We can
extract the diffusion tensors from simulations using several approaches and find good agreement
between our numerical results and mechanical theory. For both model systems, our mechanical
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Figure 3: Schematic illustrating the regression-hypothesis and tilting construction used in the main text. (a) A
dynamical ensemble produces a mean response for a given realization of the slow variable. (b) From the
conditional-regression viewpoint, this mean response is expressed as a stationary conditional expectation at the
specified value of the slow variable. (c¢) When the slow variable is sufficiently concentrated, the conditional
stationary ensemble can be approximated by an exponentially tilted ensemble with the same mean. Dot size
indicates statistical weight.

perspective connects microscopic features of the dynamics to macroscopic nonreciprocity and
provides a practical mechanical route for probing unusual transport phenomena directly from the
microscopic equations of motion.

Finally, we are working to show that the transport coefficients governing linear constitutive laws
can be expressed as a linear regression coefficient in a reference ensemble. This identification
follows from a time-dependent projection operator whose action can be well approximated by
cumulants in a reference state. Importantly, this construction yields a route to go beyond linear
transport, facilitating the calculation of transport coefficients of arbitrary order expressed as
steady-state cumulants of observables. This procedure will further provide explicit bounds on two
key approximations, and a unified perspective which recovers linear irreversible thermodynamics
and Green-Kubo relations for odd transport as special cases. Because we can apply this procedure
to any intensive variable, this approach is not limited to transport and can be used to systematically
relate different intensive variables in and out of equilibrium.
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Research Scope

Predictive kinetic models of complex molecular system, in many cases, rely on a coarse-grained
description that emphasizes a few stable states. Two assumptions pervade standard approaches to
coarse-graining: 1) that the reduced dynamics are Markovian, and 2) that the system is in
thermodynamic equilibrium. Memory is an unavoidable consequence of projecting high-
dimensional dynamics onto a handful of observables, and many systems of interest are actively
driven and settle into nonequilibrium steady states. The aim of this work is to build reduced
dynamical models directly from data that capture memory exactly, remain thermodynamically
consistent and physically valid, and remain accurate and out of equilibrium. Ensuring these
properties allows us to move towards predictive models of how coarse-grained kinetics respond to
perturbations. The approach is grounded in nonequilibrium statistical mechanics and connects to
recent machine-learning advances in score-based (diffusion) modeling.

Recent Progress

Kinetic analyses of single-molecule and simulation data are typically built on Markov state models
(MSMs), which discretize configuration space and assume memoryless transitions between states.
Because memory is generically introduced by coarse-graining, MSMs can misrepresent the true
dynamics. Generalized master equations (GMEs) address this by explicitly encoding memory
through a kernel, but they are notoriously difficult to parameterize and, in the discrete-time setting
native to experiments, are usually only formally approximate.

Coarse-grained Constrained e s e I
trajectory data maximum likelihood pabb SRR e e
’ reversibility ’ ap(t) = EK(T) p(t—1)
@f @5 @‘b@ stationarity T
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7
e
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|
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Figure 1. Data-driven workflow. From discrete-time trajectories (experiment or simulation, in or out of equilibrium),
a constrained maximum-likelihood procedure parameterizes a formally exact generalized master equation with
memory kernel K(t), enforcing reversibility, stationarity, and physical feasibility [1]. Planned work (dashed) extends
this to nonequilibrium response via score-shifted effective dynamics [2].
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We recently introduced a maximum-likelihood framework that parameterizes formally exact,
physically feasible, discrete-time GMEs directly from experimental and simulation data, in and
out of equilibrium [1]. The central object is a discrete-time memory kernel inferred from observed
transition counts. The algorithms impose reversibility and stationarity as explicit constraints, are
guaranteed to return valid evolution equations (stable, probability-preserving propagators), and
conditionally maximize the likelihood of the observed data. Crucially, the method operates on the
discrete-time data experiments actually produce and applies to nonequilibrium steady states, while
many methods rely on assumptions of thermodynamic equilibrium. Our approach provides a
principled, statistically optimal route from raw trajectories to kinetic models that are
simultaneously accurate and physically well posed (Fig. 1).

Future Plans

The GME framework describes nonequilibrium dynamics; we next plan to understand how to
deduce the response to perturbations from the coarse-grained dynamics of these systems. Classical
linear response interprets a perturbation through equilibrium fluctuations in a conjugate
observable, but this reasoning breaks down out of equilibrium. Response around a nonequilibrium
steady state requires additional dynamical information, and perturbations that change the diffusion
constant or temperature cannot be captured by conventional path-ensemble averaging. In recent
work we showed that such responses can nevertheless be computed by constructing an effective
physical process whose dynamics acquire an extra drift proportional to the score, V log p, of the
instantaneous density—the same object at the heart of modern diffusion models—so responses
follow even when the score is only learned [2].

We plan to unify these two lines of work. Specifically, we will 1) generalize the score-shifted,
effective-dynamics response formalism from continuous stochastic differential equations to the
discrete-time, non-Markovian GME setting; 2) derive memory-aware response functions and learn
the requisite score (or response kernel) from the same trajectory data used to parameterize the
GME; 3) carry the reversibility, stationarity, and feasibility constraints through to the response, so
that predictions remain thermodynamically valid. The resulting pipeline both learns exact
nonequilibrium coarse-grained dynamics and predicts their response, bridging generalized master
equations and score-based methods.
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Tension and Curvature -Driven Interactions Producing Touch-Sensitive Patterning in
Biomolecular Lamellae

Maria M. Santore and Gregory M. Grason; Department of Polymer Science and Engineering
University of Massachusetts, Amherst

Keywords: clasticity, assembly, lattice, transition, crystallization

Research Scope

The discovery and understanding of touch-sensitive F -
elasticity-driven patterning mechanisms in flexible |
ultrathin composite sheets is advanced in this program
through the integration of theory and experiment focused
on biomolecular lamellae containing coexisting fluid and
solid (crystalline) phases. Sought after properties not
achieved with classical ultra-thin solid sheets such as
graphene, nor in canonical fluid membranes and lamellae
include the ability to reversibly shift between complex
contours having different non-zero Gaussian curvatures,
to reversibly assemble solid constituents into arrays and networks in response to mechanical
stimuli, and to switch pattern spacing and topology using mechanical triggers with response times
as short as a second. Examples of patterns include soccer ball-like pseudo-hexagonal lattices with
varied spacings, parallel stripes, and interconnected chains, some with selectivity in the
arrangements of different sized constituents in bimodal systems. These sheets also undergo sharp
transitions between different patterns and complex global shapes.

Figure 1. Assembled configurations of
monomodal and bimodal domains

This program exploits the 4 nm thick lamella of giant unilamellar phospholipid vesicles containing
fluid and crystalline membrane domains to establish mechanisms of pattern formation. These two
phase biomolecular membranes comprise 2D fluid regions with integrated 2D solids, both having
bending and stretching elasticity. The fluid membrane flows while large solid in-plane moduli
effectively eliminate shear deformation. Thus the solid shear elasticity underlies the geometrically
non-linear coupling between Gaussian curvature and in-plane strain of 2D sheets. Combined
analytical and finite element modeling along with experiments leads to a predictive framework
that guides understanding of complex function and establishes generality.

Recent Progress
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Membrane-Templated Morphologies of 4 0% 0PPC G e R e,
Ultra-thin Crystals We demonstrated °*/* € oc) B
how the combined bending and line
energies in composite membranes select
for the morphologies of growing
crystals, for the case of vesicles having -~ -
30% DPPC and 70% DOPC, producing R R

crystals that make up 13% of membrane T
area independent of vesicle size.! We
further determined how the competition
between bending and line energy is shifted by the membrane tension, such that experimental
tension is predictive of crystal morphology. This understanding established that complex flower-
shaped crystals grew on larger higher-tensioned vesicles compared with the more compact crystals
on small vesicles, a dependence on vesicle size opposing established arguments for the assembly
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Figure 2. Different tension evolutions and corresponding state
spaces for fixed and evolving crystal morphology.

of colloidal crystals on spheres.> Most recently, detailed analytical modeling of evolving
membrane tension, taking into account separately measured membrane properties from the
literature and including no adjustable parameters, predicts evolution of membrane tension for a
broad composition of vesicle membranes and predicts a greater array of behaviors for morphology
development in membranes of different compositions. For instance, we can now explain and
predict morphological transitions from compact to flower shapes that occur at elevated
concentrations of the crystallizing species, and we can extend the treatment developed for
phospholipids to morphology in other membrane-templated 2D crystals, or employ synthetic
polymer-surfactant membranes, establishing the generality of our discoveries.

Robust Single 2D Crystal Mechanics and Extreme Elastic Deformation. Solid deformation is
expected to profoundly influence assembly. We explore the mechanics of solid domains (single

crystals) and highlight their distinctions from single lipid multi-crystalline vesicles. In the latter,
the inability of the solid to assume the Gaussian curvature of a closed vesicle forces the solid
membrane to form multiple crystallites separated by disordered regions.

We study vesicles containing one or two large single crystals
grown upon progressive cooling from individual nuclei.
Applying suction to the face of single crystal revealed just how
robust these 4 nm crystals are: No yielding into the micropipette
was seen as suction was increased, placing a lower bound on its

modulus.  Further, suction applied to a crystal face was not | fjgure 3. Floppy crystal, suctioned
transmitted to the surrounding low tension or flaccid membrane. | against pipette
These vesicles remained flaccid with the fluid membrane phase

unstretched. As suction on the crystal was increased, ultimately at a pressure exceeding 4 kPa, the
crystal failed and was lost into the pipette, demonstrating a large stress to failure for these 2D
biomolecular crystals.

137



BEFORE IN PIPETTE

Separately, application of micropipette suction to the edge of
a large slightly hexagonal crystal triggered it to collapse in
order to fully enter a micropipette (Figure 4) one fourth its
diameter. The interior aqueous vesicle liquid and the in-tact
fluid membrane prevented the crystal from being lost down
the pipette. It is not clear if the crystal scrolled cylindrically
to enter the pipette or if it folded, umbrella-like. The crystal
remained integrated with the fluid membrane; however, a
subsequent reduction of suction enabled the crystal to eject
from the pipette, whereby it invaginated into the vesicle and
was only partially visible. Increasing suction of the fluid
membrane caused the crystal to resurface and revealed that

its shape was minimally affected by the mechanical abuse. E;Eﬁgi:d’gﬁggzczssrﬁﬁg llrrll‘\t]{:‘glza tod

Some alteration of the crystal shape and loss of interior liquid | domain), reappearance of domain after
suction of membrane fluid

EJECTED RECOVERED

suggests membrane rupture and resealing. While the elastic
character of such single crystals is clear, it is not obvious if
the crystal broke and then healed.

These behaviors of single elastic 2D crystals contrast those of multi-crystalline vesicles of a single
lipid, where vesicles can be aspirated at modest suctions into a pipette. Release reveals yielding
and that the membrane has been molded into the shape of its projection.

Elastic pattern selection in single solid domains on inflated vesicles We considered the elementary
case of a single, circular solid domain and using a combination of finite-element simulations of
composite vesicle elasticity and Foppl-van Karman theory for the elementary case of a single,
circular solid domain on a vesicle, we showed vesicle shapes exhibit a generic pattern of shapes
with increasing inflation. This sequence, in Figure 5 top proceeds from smoothly rolled shapes at
zero tension to isometrically folded shapes above a threshold tension. Raising tension (inflation)
further we find a transition to increasingly non-isometric solid domain configurations adopting
first a pattern of crumples then  y=~ increasing inflation >

fine, radial wrinkles, before 3 IR
exhibiting smoothly stretched
spherical cap shapes. Notably,
this latter elastic  pattern

sequence has been previously
shown from microscopic elastic
sheets at fluid (e.g. air/water)
interfaces,>> but our study is the

first to determine the regime of
crumple to wrinkle transitions in
the context of bilayer vesicle

Figure 5. Calculated and observed elastic patterns on a solid domain.
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systems. We show that these complex patterns are determined by the ratio of membrane tension
relative to two mechanical scales, one controlled by isometric bending and the other non-isometric
spherical distortion of the solid domains. We further predict that isometrically folded solid shapes
are especially likely for even only slight inflation of GUVs. Consistent with this prediction,
fluorescence microscopy of DPPC-DOPC composites with single, large solid domains (Figure 5
bottom) shows striking evidence of both smoothly rolled and polygonally-folded solid domain
patterns.

A State Space for Solid Domain Assembly. A state space summarizes the impact of key variables
on the structure and properties of dynamic crystal assemblies, providing insights into the

interactions, the stability of assemblies, and a working map for creating functional materials. Key
variables include the vesicle inflation or excess area, and domain number or size, and overall solid
area. For vesicles of a broad size range containing about 18% solid area fraction (Figure 6A), we
mapped the state space to identify variable ranges producing patterns that were pseudohexagonal

arrays or chains. This revealed an A —+—~—+_B

extremely sharp boundary or first order = .

transition between the two pattern ,” '

types: In the limit of low excess area, o = .t d

a small change (1%) in excess area 3151';";;{.:_&,, §:

produces a dramatic reconfiguration of TS S B E

patterning. In the distant part of the state | pigyre 6. A. state space of assemblies for 18% solids. B.
space at high excess area, | transition at low excess area. C. transition at high excess area

pseudohexagonal lattice patterns persist
over a broad range of crystal sizes, numbers, and excess area. Here the pattern can adjust to
perturbations and retain order. Ongoing studies of the impact of solid area suggest a similar first
order phase transition in the limit of low excess area, with the exact excess area corresponding to
the transition being determined. Newly discovered in the limit of high excess area are shape
transitions corresponding to reconfigurations of pseudohexagonal patterns. In Figure 6C a vesicle
contains two flat-ish islands of relatively closely-spaced hexagonal assemblies separated by a
domain-free border. This object spontaneously reconfigures to a sphere covered uniformly by a
pseudo-hexagonal lattice of greater spacing.

Future Plans

Next steps will continue to address the ranges of assemblies that can be achieved in elastic ultrathin
composite sheets, focusing on the role of elasticity and curvature on their phase and shape
transitions to develop a predictive mechanistic understanding.
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Emergent functionality generated from excitonic building blocks using DNA origami
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Research Scope

Our research program establishes a class of materials that support emergent functionality of
electronic excited states, i.e., excitons. In Nature, essential biological functions emerge from the
precise geometric arrangement of protein networks. In particular, the molecular machinery
responsible for photosynthetic solar energy conversion is exquisitely sensitive to structural
organization, owing to the need to manage high energy electronic excitations. While replicating
this spatial precision in artificial light-harvesting systems has remained long-standing challenge,
DNA-based excitonic architectures offer a synthetic route to achieve programmable photophysical
functionality. The structural variety and geometric precision afforded by higher-order DNA
origami architectures enable the development of bioinspired excitonic systems with broad and
tunable functionalities that mimic or potentially exceed those found in Nature. Previously, we
demonstrated that DNA can position embedded chromophores to control the intermolecular
interactions that dictate excitonic properties. Using this control, we developed DNA-based
excitonic building blocks selective for the foundational properties of energy transfer, charge
transfer, and excimer formation. We are advancing in the complexity and precision of these
structures to explore how excitonic processes, such as energy transport, charge separation, and
singlet fission, emerge from the number, scale, and combination of distinct building blocks.

Recent Progress

A major focus of this work has been the modular design of excitonic circuitry with programmable
emergent electronic properties. In these systems, collective functionality arises from the coaction
of interfaced DNA-based excitonic building blocks, each engineered for specific and selective
functions such as energy capture or charge conversion. In recent work, we have introduced a toolkit
of such excitonic building blocks to manage the flow of energy, electrons, and photons.

Transport of delocalized excitons through DNA-based molecular photonic wires. Natural
photosynthetic systems leverage the strong excitonic coupling between scaffolded chromophores
to transport captured light energy as delocalized excitons. Inspired by this natural design, we used
DNA nanotechnology to engineer molecular photonic wires (MPWs) with weak, intermediate, and

strong interchromophore coupling to achieve transport across long-range distances (Figure 1A).!
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Figure 1: Engineering delocalization for energy transport. (A) DNA DX tile MPWs. Subunits of Cy3 monomers
and coupled dimers separated by one or zero nucleotides (nt) are scaffolded onto a DX tile with a donor (Atto 425,
purple) and an acceptor (Cy5, pink) at opposing ends. (B) Left: Experimental time-resolved fluorescence traces
showing the rise of the Cy5 acceptor of each MPW in A. Right: Zoom-in of acceptor rise. (C) Exciton diffusion
coefficients extracted from numerical modeling.

Combining time-resolved fluorescence spectroscopy with microkinetic modeling demonstrated
that intermediate coupling (~ks7T) yielded the fastest rates of exciton transport by balancing two
competing parameters: chromophore density and the nature of the excitonic coupling (Figure 1B).
The optimum identified matches the coupling strengths found in photosynthetic systems,
suggesting a universal principle for rapid diffusion of excitons (Figure 1C). Overall, this work
provides a blueprint to guide the design of nanoscale machinery best suited for dynamical
processing applications, where rapid exciton transport is required.
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Figure 2: Transitioning from incoherent to coherent energy transfer. (A) Schematics of Cy3-Cy5 dimers
templated on DNA duplexes, with donor-acceptor separations varying from Ont to 6nt. (B) Absolute 2D spectrum
of the Ont dimer at T = 200 fs, with the corresponding linear absorption spectrum shown above. (C) Experimental
and theoretical energy transfer times across donor-acceptor separations. (D) Beating frequency map at 1600 cm-1
from the real rephasing signal of the Cy3Cy5 Ont dimer.

Controlling the electronic coupling in chromophore heterodimers. Efficient energy capture and

transport rely on densely packed networks of chromophores, where close proximity gives rise to

interchromophore couplings. To isolate the contributions of these couplings, we engineered DNA—
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Cy3—CyS5 heterodimers with precisely tuned coupling strengths by varying the inter-chromophore
separation from 0 to 6 nucleotides (nt) and resolved their ultrafast dynamics using two-dimensional
electronic spectroscopy (2DES) (Figure 2A-C).> Molecular dynamics (MD) and quantum-
mechanical simulations identified a transition from classical incoherent transfer in weakly-coupled
dimers to exciton delocalization in the strongly-coupled dimers. The 2DES spectra revealed
vibronic mixing between the donor and acceptor chromophores (Figure 2D). These findings
provide mechanistic insights into how strong coupling drives dynamics in molecular systems and
establish design guidelines for next-generation excitonic platforms.

Programming the dynamics of excimer-like photoproducts via geometric confinement in DNA
origami. We used DNA six-helix bundles (6HBs) templated with perylene diimide (PDI)
aggregates to dictate the dynamics of exciton trapping and relaxation by leveraging the geometric

constraints of the scaffold (Figure 3A).> Steady- A
state spectroscopy and MD simulations showed
that the 6HB motif confines chromophores to
dimer-like interfaces, with distinct aggregate a seral
organizations depending on the sequence B
positioning and chromophore density. Transient
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erasure, to guide the design of quantum

technologies.*

Complex-valued intermolecular coupling enables directional exciton transport. Complex-valued
intermolecular coupling regulates coherent exciton transfer by incorporating the phase of
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electronic interactions. In highly symmetric molecules like porphyrins, circularly polarized light
generates a current within the macrocycle that can couple with a low-symmetry linear
chromophore with an imaginary coupling component, forming the basis of complex coupling. We
successfully demonstrated that the directionality of exciton flux can be dynamically modulated by
tuning the complex coupling. This work highlights the potential of leveraging complex coupling
as a design principle to drive the flux of excitons in optoelectronic devices.’

Future plans

Our ongoing and planned work focuses on broadening the toolkit of DNA-based excitonic building
blocks and their integration in several areas, particularly the following two major directions:

Many-body coupling asymmetrically tune energy transfer. Delocalization is a key mechanism for
exciton dynamics within strongly coupled chromophore domains, but has only been examined
systematically in dimers. We are establishing a DNA-templated chromophore trimer platform that
selectively places excitonic delocalization on either the donor or acceptor side. We are employing
2DES and multiscale modeling to resolve the underlying dynamics. Our results are revealing that
delocalization within the donor domain suppresses energy transfer, whereas delocalization within
the acceptor domain enhances it. This work establishes an asymmetric design rule, with
delocalization placed at the energy accepting side, and offers quantitative guidance for engineering
energy flow in synthetic excitonic systems.

Advent of singlet fission in DNA-acene materials. Singlet fission (SF) presents a pathway to
generate an entangled triplet pair, but its efficiency is strictly governed by near-field intermolecular
geometry. To address these constraints, we are utilizing DNA duplexes to systematically organize
tetracene aggregates with sub-nanometer precision. By varying dimer separations from 0-5nt, we
achieved tunable excitonic coupling, confirmed by a progressive blue-shift in linear absorption
spectra. Preliminary ultrafast measurements indicated rapid population growth where the triplet
excited-state absorption (ESA) is expected. Next steps will focus on verifying triplet yields and
resolving the formation mechanism through replicate measurements, ultimately establishing a
proof-of-principle for our DNA-templated acene architectures.
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The Role of Nanoparticle-Based Bonds in Polymer Networks
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Research Scope

Bio-inspired, self-repairing materials prolong their lifespans against physical damage, providing
a more sustainable path to lower carbon and life-cycle costs. Most self-repairing polymers require
reversible noncovalent bonds and high segmental mobility to facilitate self-repair in polymer
networks. Due to limitations on crosslinking chemistries that can impart self-repairing, these
systems have mostly been demonstrated in gels and elastomers,

which are relatively soft with Young’s moduli of ~10°-10* Pa

and low glass transition temperatures (Tg). These materials are

prone to creep and undergo significant deformation under load,

making them unsuitable for high-performance applications. A

long-standing trade-off between self-repairing kinetics and

mechanical robustness has been the major limitation in

expanding the scope of these materials. The core of thisresearch |, | i
program leverages nanoparticle-enabled control over polymer
structure and function (Fig. 1). Guided by molecular and
nanoscale design principles, my group pioneered dynamic
nanoparticle—based strategies for mechanically robust, self- | gigure 1. The concept of surface-
repairing materials and enabled low-energy, near-IR—activated | tajlored nanoparticle-based
photothermal assembly into a solid object. The objective is t0 | crosslinks to engineer polymer
synthesize nanoparticles bearing tailored ligands that can form | networks.

multiple noncovalent interactions with the polymer matrix,
thereby creating multifunctional nanoparticle-based crosslinks. The fundamental research focus
lies on resilient, multiscale materials that demonstrate coordinated functionality akin to biological
materials and withstand harsher environments, aligning with the mission of Biomolecular
Materials in the DOE’s Basic Energy Sciences program. Our group will explore bio-inspired
designs for adaptive, multi-responsive materials whose interfacial behavior and morphology are
regulated at the nanoscale through external stimuli and translated into macroscopic material
performance.

Polymer Crosslink

Recent Progress

Mechanically Robust, Self-Repairing Polymer Nanocomposites with Tailorable Nanoparticle-
Based Bonds. A trade-off between mechanical strength and self-repairing kinetics can be overcome
through judiciously designed nanoparticle-based bonds. We hypothesized that dynamically tuning
the number of interfacial hydrogen bonds and ligand flexibility shifts the nanoscale bond exchange
rate (i.e., the overall rate of binding and unbinding) and bulk mechanical properties (e.g., slow
versus fast self-repairing ~ stiff versus soft). In this study, we investigate how the number of
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Figure 2. (a) Schematic of the polymer nanocomposite with complementary interfacial hydrogen bonding
interactions between polymers and surface-functionalized nanoparticles. (b) Varying stoichiometric ratios of 11-
mercaptoundecanoic acid (MUA) and 1-dodecanethiol (DDT) on nanoparticle surfaces. (¢) Ty and (d)
characteristic relaxation time of polymer nanocomposites with two different nanoparticle sizes and a range of
ligand densities. (e) Optical images of a polymer nanocomposite before and after self-repairing, and the recovery
of storage moduli before and after self-repair. (f) T, and storage moduli of the initial and reassembled
nanocomposites.

interfacial hydrogen-bonding interactions between polymers and surface-functionalized
nanospheres alters bulk mechanical properties at extremely low nanoparticle concentrations (the
volume fractions of 5 and 18 nm diameter nanoparticles are 1.1 x 107 and 5.3 x 107 v%).!
Assembly of poly(N, N-dimethyl acrylamide) and carboxylic acid-functionalized gold
nanoparticles was performed to synthesize a stand-alone polymer network (Fig. 2a). UV—-Vis
spectroscopy was used to track the localized surface plasmon resonance peak of dispersed
nanoparticles and confirm that no nanoparticle aggregation occurred during the assembly process.
We observed that weakly interacting polymers effectively stabilize nanoparticles in a solvent in
which nanoparticles are typically not stable during processing and functionalization. Key
variables, including nanoparticle concentration, size (5 and 18 nm), and ligand density (11-
mercaptoundecanoic acid and 1-dodecanethiol via co-functionalization), were systematically
varied and characterized for Ty, stress relaxation, modulus (via dynamic mechanical analysis), and
self-repairing kinetics and recovery. The ligand density was varied by co-functionalizing
nanoparticle surfaces with different ratios of 11-mercaptoundecanoic acid and 1-dodecanethiol to
control the number of potential hydrogen-bonding interactions at the interface between
nanoparticles and polymers (Fig. 2b). Self-repairing efficiency was quantified by comparing the
storage modulus before and after fracture using tensile testing.
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Ligand density on the nanoparticles plays a critical role in precisely tuning the thermomechanical
properties, as evidenced by systematic changes in the bulk material’s Tg corresponding to
variations in surface ligand density (Fig. 2¢). Notably, nanocomposites containing carboxylic acid-
functionalized nanoparticles with poly(», N-dimethyl acrylamide) exhibited the fastest self-repair
kinetics (compared to controls: neat polymer without nanoparticles and polymer nanocomposite
with dodecanethiol-functionalized nanoparticles), a significant Tg increase (120 °C; > A30 °C),
slower stress relaxation rate, and storage moduli in the GPa range, demonstrating exceptional
mechanical performance for a self-repairing polymer (Fig. 2¢, d, ). Lastly, reversible disassembly
and reassembly offer a promising route to recyclability, addressing a longstanding challenge in
composite materials arising from their heterogeneous composition and strong interfacial adhesion.
We demonstrate reversible assembly behavior, with full recovery of mechanical properties
(storage modulus and Tg), using an energy-efficient density-separation method, highlighting
opportunities for material repurposing and enhanced sustainability (Fig. 2f).

Rapid Light-Driven Self-Assembly of Polymer Nanocomposites. This project has been extended to
expedite assembly by combining the thermoresponsive polymer poly(N-isopropylacrylamide) with
surface-functionalized
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nanocomposites from the solution phase (Fig. 3a). This “phase separation” or self-assembly
behavior, as well as the final mechanical properties, can be altered by tuning interfacial interactions
(Fig. 3b). With favorable hydrogen bonding interactions at the interface, the cloud point (the coil-
to-globule transition of polymers closely related to the LCST behavior) decreases (i.e., favorable
interfacial interactions drive the assembly to occur at a lower temperature) and the flocculation
behavior is enhanced due to increased interaction between phase-separated microspheres, leading
to an extended polymer network (Fig. 3c). More importantly, additional hydrogen bonding
interactions at the interface improves the stiffness of the dynamic polymer nanocomposite material
after assembly (Fig. 3d). A central advantage of the method is that it couples near-infrared light
penetration with self-assembly dynamics, which is useful for patterning materials that benefit from
mild, localized activation rather than high-energy irradiation. This strategy expands
microlithography beyond conventional photochemistry by using photothermal control to organize
material structure during processing. The broader impact is a fabrication platform for polymer
nanocomposites that can be patterned by controlling when and where assembly is triggered.

Future Plans

We will expand the library of nanoparticle-based crosslinks by incorporating additional interfacial
interactions, including ionic bonds and synergistic combinations of hydrogen and ionic bonding,
alongside polymer matrices tailored to complement these interactions. Homopolymers, random
copolymers, and block copolymers will be synthesized to access a broader spectrum of mechanical,
self-repairing, and stimuli-responsive behaviors. In block copolymer systems, morphology is
expected to play a pivotal role by directing nanoparticle-based crosslinks to specific domains,
providing an additional level of structural and functional control. In collaboration with an expert
in advanced solid-state NMR spectroscopy, we will elucidate interfacial bonding interactions in
polymer nanocomposites under varying thermal and humidity conditions and develop a
quantitative framework that links nanoscale interfacial interactions to macroscopic nanocomposite
properties.
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Research Scope: Biological active matter systems show how molecular-scale interactions can
generate organized motion, transport, and mechanical work at the scale of cells. We aim to
establish a synthetic model system in which the geometry and nanoscale patterning of micrometer-
scale objects determine their motion across a surface. Using our recently developed crisscross
DNA origami technology [1], we seek to build DNA gliders whose shape and interaction sites are
specified by design, allowing structure-level design parameters to be connected to experimentally
observable trajectories.

We aim to study programmable DNA origami gliders using two complementary surface-based
propulsion assays [2]. In the molecular-motor assay, glass surfaces are coated with chimeric dynein
motor proteins engineered to walk on DNA instead of microtubules [3]. These motors interact with
motor-binding motifs placed on the DNA origami gliders by design, providing a direct route for
coupling nanoscale sequence patterning to surface-based glider motion. In the electrokinetic
assay, DNA gliders are driven on illuminated ITO electrodes, where local electric fields and
electrokinetic flows couple to the shape and orientation of the structures [4]. Together, these assays
test how programmable molecular structure can be used to control motion across larger length
scales.

Recent Progress: A major emphasis of the current work has been the development of a design
and manufacturing platform for fluorescent crisscross DNA origami gliders. We established a
design and manufacturing pipeline for crisscross DNA origami gliders (Figure 1a). Crisscross
structures are challenging to produce because each design contains many distinct DNA origami
slats, and each slat contains hundreds of individual DNA strands. To make this process
experimentally tractable, we developed a workflow that connects CAD-based structure design,
DNA sequence assignment, liquid-handler instruction generation, robotic handling of thousands
of DNA strands, folding and purification of individual DNA origami slats, assembly of the final
crisscross structure, and imaging-based validation. This pipeline enables iterative design and
testing of micrometer-scale DNA structures and provides the fabrication basis for programmable
glider experiments. The associated computational framework for designing micron-scale
crisscross DNA megastructures was recently accepted for publication in Nature Communications
[5]. Using this platform, we experimentally realized a range of crisscross DNA origami structures,
including multilayer geometries that provide greater design freedom than planar structures (Figure
1b). We used this platform to develop fluorescence-labeling strategies compatible with crisscross
assembly, which enabled real-time fluorescence imaging of the structures (Figure 2a and 2b).
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Figure 2. Fluorescently labeled crisscross structures and snake-like glider design. a) Rendering and fluorescence
image of a hexagon decorated with fluorescent patches attached through binding handles. b) Rendering and
fluorescence image of a hexagon composed of red- and green-labeled slat types. ¢) 3D rendering of the snake-like
crisscross design, with fluorescent red and green tail slats that polymerize indefinitely. d) TEM image of the snake-
like structure. €) Red-green fluorescence overlay showing the red-only head and repeating red-green tail pattern.

Using these fluorescence-labeling strategies, we designed and experimentally realized an
elongated snake-like crisscross glider (Figure 2c-e). The structure consists of a finite head region
and a polymerizing tail composed of alternating fluorescent slats. The snake-like architecture was
chosen as a common test geometry for both propulsion strategies. For dynein-based assays, the
extended body can accommodate motor-binding motifs along a defined structural axis. For
electrokinetic assays, the elongated geometry provides an anisotropic object whose orientation can
be coupled to field-induced forces, flows, and rotational alignment.

We assessed dynein-mediated propulsion using DNA nanotubes as a control system, following the
published gliding assay by Ibusuki et al. [3] (Figure 3). Consistent with the published assay, DNA
nanotubes associated with dynein-coated surfaces at 200 mM KCI but not at 400 mM KCI.
However, the bound nanotubes remained immobile, and no measurable gliding was observed.
ATP-consumption assays confirmed motor activity (Figure 3b), suggesting that processive dynein-
driven motion, rather than motor inactivity, is the unresolved bottleneck.
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To study glider motility under externally driven conditions, we developed an electrokinetic assay
based on illuminated ITO electrodes (Figure 4). DNA structures are negatively charged and can
therefore be localized near an electrode by an applied electric field. Unexpectedly, compact
crisscross structures accumulated specifically in the illuminated region of the ITO surface,
suggesting that illumination locally increases the electric field at the electrode and attracts
negatively charged DNA structures (Figure 4a,b). Elongated DNA nanotubes behaved differently.

a 200 mM KCI 400 mM KCI b Luminescence-Based ATP Detection

Luminescence (log scale)

yark oxe® uffet
e oot b G\\dmg

Figure 3. Assessment of dynein-mediated DNA glider motility. a) Fluorescence images of DNA nanotubes on
dynein-coated surfaces under two KCl concentrations. DNA nanotubes associated with the surface at 200mM KCI
but not at 400 mM condition. No measurable gliding was observed. b) Luciferase-based ATP-consumption assay.
Reduced luminescence in the motor-containing sample compared with the ATP-containing buffer control indicates
ATP consumption by the dynein motors.
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Figure 4. Electrokinetic motion of DNA structures on illuminated ITO electrodes. a) Schematic of the
electrokinetic assay, in which DNA structures are attracted toward the illuminated region of an ITO electrode. b)
Time series showing accumulation of compact crisscross structures in the illuminated region. ¢) Time series
showing directed motion of DNA nanotubes along their long axis and toward higher illumination intensity. d) Time
series showing directed motion of a snake-like crisscross structure within the illuminated field region.

Instead of only accumulating, they showed directed motion that combined migration up the light
gradient with motion along their long axis (Figure 4c). A similar orientation-dependent motion
was observed for the snake-like crisscross structure (Figure 4d). These observations provide initial
evidence that elongated DNA glider geometry can couple to electrokinetic flows, linking the
structural axis of the object to the direction of motion.
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Future Plans: We will next determine the mechanism underlying the illuminated-ITO glider
assay and identify how the observed motion depends on applied voltage, illumination intensity,
electrode geometry, buffer composition, and glider shape. In particular, we will test how local field
gradients, surface electrochemistry, electroosmotic flows, and structure orientation contribute to
the combined gradient-directed and orientation-dependent motion of elongated DNA structures.

Once the mechanism is understood, we will use this coupling to design gliders with controlled
trajectories. In this system, voltage and illumination define where motion is activated, while the
programmed glider geometry determines how the structure moves within the activated region. This
separation between external control and local geometry-dependent response could enable DNA-
based active materials for programmable motion, sorting, localization, and transport. Dynein-
mediated propulsion will remain a complementary molecular-motor route, but the near-term focus
will be on establishing quantitative design rules for the illuminated-ITO assay.
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Transient Microstructures Inspired by Mycorrhizal Fungi Arbuscules
Meredith Silberstein, Cornell University

Keywords: phase transition, manufacturing, tip growth, metal-coordination bond
Research Scope

Polymer nano, micro, and meso-structure are critical for functionality in many applications. For
example, many electrochemical energy related technologies require large surface areas as catalyst
support in conjunction with channels to enable fluid access to make these sites active. Polymers
with multiscale structures also enable membrane separation processes (e.g. water, air, chemicals).
These hierarchical structures are most often created through subtractive manufacturing, additive
manufacturing, and/or phase separation, however, each of these approaches has critical
deficiencies in terms of accessible geometries. Further, they are typically static, maintaining their
form and function once established, limiting our ability to realize functionality on demand in the
most efficient use of resources.

Biology suggests an alternative route to creating hierarchical structures. Approximately 80% of
land plants have a symbiotic relationship with arbuscular mycorrhizal fungi, by which fungi
penetrate the plant root cell wall and grow arbuscules (compact, branched, hollow, structures)
within plant cells only when the plants need access to additional nutrients. Interestingly, the
arbuscular structure is transient, and after 1-3 days, the components are recycled. We are
mimicking the essential components of this system to establish a new manufacturing method for
hierarchical transient transport microstructures. Our materials rely on polymers whose transition
from liquid to solid is controlled by salt content — a fully reversible mechanism. Our research
approach combines experimental and computational work, using and advancing state-of-the-art
modeling approaches for materials that with both solid-like and liquid-like natures.

Specifically, the research plan focuses on deposition and transience within a single cellular unit.
Metal-ligand coordination bonds will be employed as the non-covalent interaction crosslinking the
otherwise linear polymers. The research approach is organized into three aims. Aim 1: Hollow
microstructure formation by salt inducible second order phase transition. Aim 2: Lateral branch
formation via bulging instabilities. Aim 3: Complete dissolution of the microstructure via swelling
of the microstructure followed by competitive chelation of the salt.

Recent Progress

Over the past year, we made substantial progress in establishing both the theoretical and
experimental foundations needed to realize controllable hollow microstructure formation (Aim 1).
A major accomplishment was completion of a constitutive material model describing polymer
solidification driven by salt diffusion, including specific implementation and parameterization for
alginate—Cu and alginate—Ca systems. This model captures the coupled transport and solidification
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processes central to the proposed manufacturing concept and provides a predictive basis for design.
We have applied this material model in a custom finite element implementation to simulate tip
growth deposition.

We identified several important physical conditions governing hollow structure growth. First, the
simulations indicate that adhesion of the polymer to the growing tip is a key requirement for
sustained tip growth rather than simple extrusion. Second, while dual-nozzle architectures in which
polymer is fed within the salt solution can give a balloon like tip growth, those in which salt is fed
internally, and polymer externally appear significantly more favorable for tip growth. These results
provide the first mechanistic guidance for design of transient transport microstructures in this
platform. In addition, we initiated parameter sweeps to determine how process variables influence
wall thickness and cylinder diameter, beginning to establish quantitative structure—processing
relationships.

Informed by these simulations, we implemented a physical manufacturing system for dual-nozzle
tip growth deposition of polymers based on salt-driven solidification. The system employs a
coaxial nozzle architecture with independently controlled polymer and salt flows to localize
crosslinking at the fluid interface and enable hollow cylinder formation. Using this platform, we
demonstrated formation of cylindrical structures across a range of flow conditions (Figure 1).
Validation is underway to determine tip growth versus extrusion.

Deposition Conditions Snaps Shots of Deposition After

Removal
=

E

Figure 1. Two example depositions of hollow cylinder composed of polymers solidified by salt.

6 % wiv 0.120 mL/min
0.1 M 0.141 mL/min

6 % wiv 0.160 mL/min
0.05 M 0.377 mL/min

The dissolution of the structure and recovery of the material components is essential for realizing
the transient concept (Aim 3). We developed an experimental protocol for systematically
quantifying the dissolution of different candidate materials in matched solutions — a procedure we
term decantation as the salt is progressively removed resulting in liquid polymer floating up from
the solid, salt coordinated polymer. We have conducted dissolution experiments on metal
coordinated PDMS with different types of salt, using an aqueous-EDTA solution. In parallel, we
have adapted the simulation framework from the deposition process to study this dissolution
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process. Sample results showing both simulations and experiments are shown in Figure 2. The
EDTA solution chelates cations at the polymer interface, enabling them to diffuse away rapidly
into the bulk solution. This concentration gradient then drives a slower diffusion of salt ions from
the bulk solid polymer to the interface. The removal of salt decreases the density of the polymer
below that of the solution, which drives polymer to the surface. Surface tension is a critical
component of the phenomenology, setting the condition for when part of the polymer breaks away
from the bulk.

Figure 2. Metal-coordinated PDMS dissolution by aqueous EDTA solution. Top: Snapshots of finite element
simulations of the dissolution process showing volume fraction of polymer. Bottom: Snapshots of experimental
result.

Future Plans

To broaden our study of tip growth deposition, we will use the implemented material model and
simulation framework, finish a broad parameter sweep of the manufacturing conditions, and study
their influence on the resulting cylindrical structure. We will then interpret these results through a
set of critical non-dimensional parameters. In parallel, and using the simulation results, we will
work on our experimental implementation to get clear evidence of tip growth. We will develop
methods to image, flow test, and mechanically test the manufactured channel. We will also probe
the extrusion (rather than tip growth) regime to verify those results as well. We are aiming for a
unified picture of concentric nozzle, second order phase transition driven, hollow tube
manufacturing that can be extended to different polymers, salts, and dimensions.

Then we will move onto the next phase of this deposition process, which is realizing branching
within the hollow cylindrical structures. As with earlier stages of this project, we will take a
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combined computational and experimental approach. We will experimentally characterize rate

dependent fracture under bulging conditions, utilize this information to update our material

models, determine required deposition conditions via simulation, and then impose these conditions

experimentally.

Publications

1.

E. W. van Wijngaarden, M. P. Brunette, A.G . Goetsch, I. L. Brito, D. M. Hershey, and M. N. Silberstein.
Rheinheimera sp. T2C2 Bacterial Biofilm for Bioremediation of Cobalt(Il). ACS Applied Polymer
Materials. 8, 7168-7180, (2026).

T. Hana, S. Aiden S, K. Orme, T. Kolozsvary, Z. Bernheimer, H. Cai, M. T. Lam, S. Chen, R. Tobias, M.
K. Tragn, R. Doherty R, M. N. Silberstein, and B. R. McDonald. Tailoring Crosslinks Through Time — A
Paradigm for Tough Hydrogels. Chemical Reviews. 126, 2006-2082, (2026).

L. He, H. Cai, R. S. Gona, T. C. Rohe, M. S. Gangan, T. Lai, D. R. Sullivan, M. N. Silberstein, and A. S.
Meyer. 3D-Bioprinted Marine Bacteria for the Degradation of Polyhydroxybutyrate Bioplastics. ACS
Applied Polymer Materials. 8, 6086-6100 (2026).

M. Tepermeister M, M. N. Silberstein. Conceptualization and Implementation of a Faster Than Real Time
Simulation Tool for lonic Material and System Modeling. Physical Review Applied. 23, 054047, (2025).
H. Cai, M. Tepermeister, C. Yuan, M. N. Silberstein. Regulating Hydrogel Mechanical Properties With an
Electric Field. Materials Horizons. 12, 5388-5399, (2025).

157



Biomimetic Strategies for Field-Driven Defect Annealing in Microparticle Crystals
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Research Scope

The purpose of this project is to seek scientific principles that expand our understanding of defect
annealing to produce high-quality crystals in materials self-assembled from microscale building
blocks. Our guiding inspiration is life’s capacity to create high-quality crystal structures from
microscopic building blocks, yielding materials that produce important functional properties like
structural color. To discover such principles, we have developed techniques based on electric field
assisted self-assembly to anneal defect structures in colloidal crystal monolayers of microparticle
spheres, discs, and ellipsoids. We resolve the spatiotemporal evolution of these structures at the
single-particle level by confocal microscopy and use computational simulation to yield
mechanistic understanding of the annealing pathways. The fundamental questions this project
addresses are: (1) How does the orientation-dependence of an applied electric field couple to the
fundamental lattice symmetry of colloidal crystals? (2) How may such electric fields be configured
to generate rapid transitions between different, high quality crystal phases of anisotropic colloids?
(3) How does the shape of an active particle affect its dynamics and defects in a crystal lattice
comprised of passive colloids? These scientific questions motivate our work plan. The scientific
outcome of this work are new principles that enable the coupling of fields sculpted in space and
time to specific features of colloidal crystals—including their symmetry and the anisotropic
particle shape of their building blocks—to control the quality of their order both locally and
globally. The impact on basic energy sciences are governing principles that translate into new
strategies for spatiotemporal control of annealing in self-assembled materials comprised of
microscale building blocks like colloids, polymers, and proteins, with implications for structural
color and thermal management materials.

Recent Progress

We report recent progress toward: (1) annealing of colloidal crystals by rotating electric fields; (2)
reconfiguration of liquid crystal structure by rotating electric fields; (3) active ellipsoids with
variable trajectories as dopants for colloidal crystal annealing.

Annealing of colloidal crystals by rotating electric fields. Defects such as grain boundaries
significantly limit the structural quality and functional performance of colloidal crystals formed
through directed self-assembly. Periodic external stimuli can anneal defective colloidal crystals by
driving particles in the crystal to collectively reorganize, traverse free energy barriers, and adopt
lower free energy states with reduced defect levels [1]. In this study, we present a strategy for
defect annealing using rotating alternating current (AC) electric fields [2] with six-fold symmetry
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to progressively convert polycrystals into a single colloidal crystal by removal of grain boundaries.
The applied field cyclically rotates among electrode pairs, generating dielectrophoretic (DEP)
forces that drive particles along closed, triangular trajectories. These field-induced cyclic
movements cause local particle rearrangements that promote grain boundary defects to migrate to
the edge of the crystal and eventually be expelled. Using confocal microscopy, we tracked particle-
level dynamics and quantify structural evolution through the hexatic order parameter, crystal phase
angle, and Voronoi analysis. We identified optimal operating conditions for annealing, with
complete defect removal achieved for certain field amplitudes, frequencies and cycle periods. We
developed a molecular dynamics simulation model of the system that captures the interplay
between DEP forces, dipolar interactions, and cycle time, reproducing experimental trends and
extending the accessible parameter space beyond that of the experiments. The simulations
demonstrate that annealing behavior is governed primarily by the magnitude of the applied field
rather than the relative strength of dipolar interactions, suggesting generalizability across various
materials (c.f. Figure 1). We also explore through simulation and experiment the hypothesis that
the annealing performance is governed by the amount of active energy that is injected into the
system due to the applied electric field, less the dissipation generated by drag.
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Figure 1. (a) Heatmap showing that the annealing behavior is governed primarily by the magnitude of the electric field
strength (through o) rather than the relative strength of dipolar interactions (through ). s is an order parameter that
characterizes crystal quality. The parameter o controls the magnitude of the electric field strength and  controls the
dipole interaction between particles. (b) At constant dipolar interactions (8 = 100), we find an optimal electric field
strength that achieves the best observable crystal quality.

Reconfiguration of liquid crystal structure by rotating electric fields. Anisotropic colloids align
with the field direction under electric field applications in addition to dielectrophoretic translation.
Here, we study the dynamics and structures of self-assembled ellipsoids in a six-fold rotating
electric field. First, we investigated the dynamics by varying rotating frequency and cluster size.
After sedimentation of polystyrene ellipsoids (Figure 2a) in 0.05 mM NacCl in water, we applied
the rotating electric fields by connecting a pair of electrodes to the AC electric field one pair at a
time; one is connected to the waveform source (“+”) of 1 MHz and 20 Vpp, and another is to ground
(“0”). Others were disconnected (“-”). In this case, the connection is “+--0--" for electrodes 1 to 6
(Figure 2b). The connection was switched to “--+--0" and then “-0--+-" with an interval switching
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time ts; the rotation cycle was completed after 3ts through the 3 distinguishable rotation states.
Upon field applications, particles assembled at the center of the device due to dielectrophoresis.
After 900 seconds, smaller clusters with longer 1s were more loosely packed and the particles
rotated freely. For larger clusters and at smaller ts, the clusters were more compact with less
rotational motion, varying from static to edge-rotating (Figure 2 c,d). We then tuned the cluster
shape and orientational order (Figures 2 e,f) by varying the connectivity patterns and the rotating
sequence. By changing the rotating sequence of “+--0--" pattern from cycling through 6 states (C6
sequence) to 3 states (C3 sequence), the cluster shape changed from hexagon-like to triangle-like
with higher orientational order.
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Number of particles
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rotating
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Figure 2. (a) Ellipsoids of aspect ratio 2.6 + 0.25 were synthesized by thermo-mechanical stretching of spheres of
diameter 3.9 + 0.045 um. (b) Image of the six-fold electrodes labelled from 1 to 6 in a counterclockwise direction. (c)
Images of the self-assembled ellipsoids at the center of the device after 900 seconds of rotating electric field
application at different initial volume fraction and switching times (scale bars: 50 um), and (d) the respective phase
diagram based on the dynamics. The self-assembled ellipsoid clusters (initial volume fraction 0.05%, ts = 1 s) are
shown by their (¢) confocal images (scale bars: 50 um) and (f) detected ellipses with the colorbar as their orientation
in degrees. The images in (e) and (f) from left to right represents “+--0---" with C6 sequence, “+--0---" with C3
sequence, and “++00--" with C3 sequence.

Active ellipsoids with variable trajectories as dopants for colloidal crystal annealing. Active
colloidal particles differ from Brownian particles because they convert external energy, such as
light, electric fields, magnetic fields, or chemical reactions, into directed motion. Here we
characterize how the Janus balance and aspect ratio of active colloidal particles affect their
propulsion dynamics, with the intention of using these particles as dopants affecting crystal quality.
In this study, we synthesized 4um spherical polystyrene (PS) active particles with varying platinum
(Pt) coatings by embedding them in polyvinyl alcohol (PVA) films of different thicknesses. This
method was applied to spheres and two types of anisotropic active particles: end-coated ellipsoids
and side-coated ellipsoids. Image sequences taken by confocal laser scanning microscopy (CLSM)
revealed that end-coated ellipsoid particles tended to exhibit ballistic trajectories, whereas side-
coated ellipsoids preferentially followed helical paths, suggesting that variations in Pt-coated

regions significantly impact propulsion behavior. These trajectories were identified in the two-
160




dimensional propulsion profiles by distinguishing between the linear profile of the ballistic
trajectory and the sinusoidal profile of the helical trajectory. To further investigate the effect of
Janus balance and aspect ratio on active particle motion, we designed a molecular dynamics (MD)
simulation framework and constructed coarse-grained ellipsoidal particles with surfaces divided
into 32 sub-regions. By selectively activating 2 to 5 adjacent sub-surfaces, we generated 28 distinct
active configurations, examples of which are shown in Figure 3a. The resulting simulation library
established a quantitative relationship between the ratio of end-to-side active forces and trajectory
curvature, revealing three propulsion regimes: ballistic straight-line motion, low-curvature circular
motion, and high-curvature circular motion, as plotted in Figure 3b. This simulation-based
approach can serve as a valuable tool for guiding experimental studies.
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Figure 3. (a) Examples of distinct active ellipsoid configurations studied by simulation. (b) The simulation library of
trajectory curvature as a function of the end-to-side force ratio shows three propulsion types: ballistic straight-line
motion (blue curve, for side-coated particles), circular motion with high curvature (red curve, for end coated particles),
and circular motion with low curvature (green curve, for ring-coated particles).

Future Plans

In the next phase of the project, we will: (1) Change the symmetry of the applied field in the
computational model of rotating electric field device to explore the role of this variable on
annealing; (2) Control the tilt angle of liquid crystals produced from colloidal ellipsoids by spatial
control of electric fields according to the programmable method explored in this abstract; (3)
Mechanistically understand how the active patch geometries of anisotropic particles determine the
nature of their active trajectory.
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Synthetic Methanotrophs: a methane powered platform for active matter
Michael S. Strano, Department of Chemical Engineering, MIT

Keywords: chemically powered active matter; synthetic methanotroph; urea-formaldehyde
polymerization; synthetic organism

Research Scope

Living organisms that utilize methane as their sole carbon energy source, known as methanotrophs,
represent a remarkable class of chemically powered systems. These bacteria oxidize methane at
ambient temperature and pressure using membrane-bound enzymes, channeling the resulting
chemical energy and carbon intermediates to synthesize new biomass, self-repair damaged cellular
components, and move through their environment. This leads us to ask whether this biological
design principle can be extracted and realized in synthetic materials: can we build systems in which
this type of active chemistry drives matter assembly, repair, and locomotion, independently of
living cells? This version of chemically powered active matter expands the foundations of the
former using biomimetic methanotrophy. The chemistry pioneered in this work offers active matter
systems the prospect of not just energy and power for functions, but the ability to grow in the
context of carbon fixation. This extends active matter concepts to the most powerful versions found
in nature: living plant extension and growth, biofilm formation, and tissue repair. The benefits to
fundamental materials science are manifold.

Our past work created gel materials capable of active and continuous CO2 fixation utilizing
photosynthetic proteins producing materials that strengthened and repaired over time in the
presence of ambient CO>'. Methane presents a unique set of advantages for active matter — it is
both a carbon and energy source simultaneously. It is ubiquitous in the environment in the form of
biogas, and abundantly present from organic decomposition. Methanotrophy can enable active
matter systems to achieve the most impressive functions of living materials. Our current DOE
program learns from and applies the CHa4 chemistry of bacterial methanotrophs to create
nanoparticle complexes that extend it to active matter systems. This is accomplished through three
interconnected thrusts: (i) development of synthetic methanotrophic membranes that mimic the
membrane-bound methane monooxygenase (MMO) of natural bacteria, (ii) demonstrate self-
powered systems capable of methanotrophic biofilm growth and repair from methane, and (iii)
demonstrate a pathway from methane to locomotive power of synthetic organisms as active matter
systems, utilizing H2O2 as a methane derived oxidation fuel. Central to our contribution to this
space is our development of the methanotrophic catalytic couple: two inter-connected catalytic
cycles that we have engineered to mimic the key methanotrophic chemistry of living organisms.
An Fe or Cu based partial oxidation catalyst for methane creates an alcohol for dehydrogenation
at a coupled catalytic cycle. The pair generates a hydrogen peroxide H202 intermediate that can be
used to power the partial oxidation — enabling carbon fixation and repair, materials that literally
grow from ambient carbon — or as an energy source itself, powering coordinated locomotion. We
show that this chemistry is easily transferrable to many different active matter systems — from
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films and interfaces to particle swarms and swimmers. In this way, methanotrophy extends some
of the most powerful active matter functions found in nature to synthetic, human derived systems
for the first time, advancing the basic goals of the field.

Recent Progress
1. Biomimetic Synthetic Methanotrophic Catalytic Membrane Assembly

To give active matter systems access to a simultaneous carbon and energy source, our strategy has
been to look to nature. Natural methanotrophs oxidize methane via membrane-bound particulate
methane monooxygenase (pMMO), a copper-dependent enzyme that activates the methane C-H
bond using electron transfer chain®. Inspired by this, we have developed a synthetic analog to this:
a catalytic couple consisting of iron-modified ZSM-5 zeolite (Fe-ZSM-5) and immobilized alcohol
oxidase (AOX) working in concert’. In this system, methane reacts at Fe-ZSM-5 to produce
methanol (Reaction 1), which is then immediately oxidized by a nearby AOX to formaldehyde and
H202 (Reaction 2). The H20z, in turn, can subsequently react back at the original Fe-ZSM-5 to
again convert methane, perpetuating the catalytic chain. The self-sustaining catalytic couple
mirrors the redox cycling of pMMO. It imparts to an active matter system the ability to harness
usable carbon, in the form of the C1 formaldehyde and an energy source, H202, commonly used
in laboratory systems to power propulsion and actuation. Formaldehyde is easily polymerized to
create a myriad of functional materials, which can grow and repair when coupled with the
methanotrophic couple. Taken together, this catalytic couple, which we term the synthetic
methanotroph, has been refined to achieve methane-to-formaldehyde conversion at room
temperature where active matter systems are desired for study. We also demonstrate urea-
formaldehyde polymer growth matching or exceeding those of living methanotrophic organisms,
as the first realization of a synthetic methanotroph.

CH,+ H,0, - CH;0H + H,0 (D
CH;0H + 0, - HCHO + H,0, (2)
Net: methane — carbon source + fuel source

Building on these results, we advance this work by assembling Fe-ZSM-5 and AOX into a
membrane architecture, which we term the methanotrophic catalytic membrane assembly (Figure
1). We achieve this by immobilizing Fe-ZSM-5 and AOX on porous carbon paper, which, when
assembled, forms a biomimetic membrane-like architecture with a triple-phase interface that
enables efficient gas delivery and H202 and methanol turnover.
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Figure 1. Biomimetic synthetic
methanotrophic membrane assembly
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2. Methanotrophic Biofilm
Growth and Repair
Powered by Methane

A key output of our synthetic methanotrophic system is
formaldehyde, which serves as a reactive C1 monomer for

urea-formaldehyde  (UF)  polymerization.

tandem (black) and continuous-flow
tandem (orange) operation, showing
sustained productivity in the flow
system versus rapid decay in batch. c,
d, SEM image of the carbon paper
support with the immobilized Fe-ZSM-
5 and AOX.

Natural

methanotrophs use formaldehyde similarly, as the entry point for carbon assimilation into biomass
(e.g., Ribulose monophosphate cycle), and we leverage this analogy to demonstrate methane-

driven biofilm growth. UF condensation is strongly acid-catalyzed, proceeding rapidly below pH
4 and negligibly near neutral pH. The monomer of urea and formaldehyde, MMU dominates under
neutral pH. This pH sensitivity provides a handle for spatially controlling biofilm growth by locally

acidifying the reaction environment at a surface.

Periplasm where assembly happen

|

Lo CHOH =
H* +Oﬁ{

g >: HCHO

3 __)_ Uvea
R 9 Cytoplasm where
2 the reaction happens

I 3
[
MDU <—— MMU

Bulk neutral pH

The polymerization can actively proceed
selectively at the defined zone, producing a
structured solid deposit directly from the
methane-derived monomer.

Figure 2. Polymer biofilm growth from methane-
derived formaldehyde. a, Schematic of the
biomimetic architecture of the local acidic pH zone
(periplasm analog, yellow) where assembly occurs and
the bulk neutral pH zone (cytoplasm analog, blue)
where methane-to-formaldehyde reaction happens.
Formaldehyde reacts with urea to form MMU, which
converted to methylene diurea (MDU) and UF polymer
via a subsequent chain elongation. b, Local pH (right
axis) and current (left axis) during the polymerization.
The local pH drops sharply to ~3, driving urea-
formaldehyde condensation for the growing polymer.
SEM images below show the evolution of the biofilm.

3. H,0:-Powered Synthetic Organisms as Chemically Driven Active Matter

The promise of methanotropy for active matter is that methane itself can be both a carbon source
and a fuel to power functions. Accordingly, we explored the use of H2O2 from the cycle to enable

actuation of propulsion of synthetic organisms.

H202 is a high-energy-density chemical fuel

generated by our catalytic couple and is well-suited to powering microscale autonomous motion.
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To mathematically characterize the dynamics of our synthetic methanotrophic system and identify
the conditions under which stable H202 concentrations emerge, we formulate a dimensionless
model (Equations (3)-(6)) for a continuous stirred-tank reactor (CSTR).

dz—;ﬂ} =1- New, — DalnCH477H202 (3)

d%;oz = —Nuy0, — DaaNcu,Mu,0, + Da2lchyon 4)

dniiI;(SOH = Ncnzon,0 ~ Neuzon T Darllen,Mi,0, — Dazllcuzon %)

dng% = —Nucro t Da2Mlchyon (6)

where 7; = CCCTZ,O(i = CH,, CH;0H, HCHO, H,0,), X = 7. Da1 = k1Cenyo 5 Do, = kzgand

q
C; is the concentration of specie 1, V is the volume of the reactor, q is the flow rate, k; and k, are

the kinetic coefficients for reaction 1 and reaction 2.

These four equations concisely encode the dynamics of the methanotropy, allowing the study of
its non-linear dynamics to be tractable. By analyzing the steady-state solutions and transient
trajectories of this system, we can delineate the parameter space — particularly in terms of the
Damkohler numbers D,; and D,, — over which sustained H20: accumulation, and thus
autonomous organism motility, is achievable. Our work develops design rules for harnessing
chemical couples like this one for active matter systems.

We develop several classes of H2O2-powered synthetic organisms to this end. The first exploits
geometric asymmetry to generate materials with spontaneous oscillatory mechanics: coupled
particles with broken symmetry undergo sustained beating in the presence of the air-liquid
interface powered by H202, with emergent collective oscillation arising from hydrodynamic
coupling between neighboring units* (Figure 3). The second class in an attempt to implement
chemotactic steering: particles trace isochemical contours in a chemical gradient field by coupling
asymmetric H202 decomposition to directed propulsion, enabling autonomous navigation toward
chemical sources without external control, mimicking natural chemotaxis®. H20z, acting as a
stimulus, alters the resistance of the sensor and the conformation of the actuator. These systems
with synthetic organisms demonstrate that H2O2 generated by our synthetic methanotrophic

. — o Figure 3. H20:-Powered Synthetic Organisms as Chemically
/ \",'". \‘. =L / \{ \ Eo = =

: ‘ Driven Active Matter. a, Schematic of a two-particle system,
e ceiton ' exhibiting an emergent and self-sustained beating behaviour as
the bubble merger restores the previously hindered reactivity, thus
disrupting the equilibrium state. b, Tracked coordinates of a two-
particle system with emergent beating. ¢, Micrograph of a two-
particle system with emergent beating. Adapted from Ref. 4.

166



platform can, in principle, be directly harvested to power mechanical work at the microscale.
Future work seeks to create materials that collective “beat” in regular mechanical contractions,
similar to cardiac muscle, powered by methanotrophy.

Future Plans

The three thrusts described above — synthetic methanotrophic catalytic membrane, methane-
derived biofilm growth, and chemically powered synthetic organisms — will be integrated into a
unified chemically powered active matter platform. The system will demonstrate end-to-end
methane-to-material conversion within concomitant active mater functions. The ability to control
the direction and location of carbon fixation enables active matter systems to mimic the most
powerful functions of living materials. In this way, our work is advancing the science of active
matter: moving from systems powered by external fields or pre-stored fuels to systems that
generate their own chemical energy and carbon fixation from the natural environment in direct
analogy with living organisms.
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Dynamics of Superstructure Formation from Supramolecular Assemblies

Samuel 1. Stupp, Department of Materials Science and Engineering, Department of Chemistry,
Department of Biomedical Engineering, Department of Medicine, Center for Regenerative
Nanomedicine, Northwestern University

Keywords: Supramolecular polymers, dynamics, organic ferroelectrics, photocatalysis
Research Scope

Cells rely on compartmentalization to perform functions across length scales, from the outer
membrane down to organelles with distinct metabolic and transport functions. It has been
suggested that liquid-liquid phase separation (LLPS) occurs because of incompatibility between
two fluid-forming materials such as hydrophilic and lipophilic domains or condensed and dilute
phases, leading to systems that are highly dynamic, despite having a high degree of order. In our
previous research funded by the DOE Biomolecular Materials program, we observed the growth
of ordered arrays of filamentous nanostructures in water driven by repulsive electrostatic
interactions as well as the formation of superstructures of these assemblies enabled by the dynamic
exchange of molecules to allow optimal cohesion between the molecules.' We present here two
projects involving catalysis in superstructures. In the first project, we investigate the use of
confinement to enhance catalytic turnover of enzymes and peptide-based enzyme mimetics for
reactions like the reduction of COz and the production of H202 within the superstructures. In the
second project, we use organic ferroelectric/piezoelectric materials, which generate electrical
signals with mechanical deformation, to enhance photocatalysis. We previously reported on these
supramolecular polymers composed of segments of the widely used ferroelectric polymer
poly(vinylidene fluoride) in which peptide hydrogen bonding enhances the content of the
ferroelectric phase.* Our recent research on the effects of macromolecular crowding on the
ferroelectric behavior of these assemblies unexpectedly revealed that the ferroelectric
supramolecular polymers can enhance photocatalytic production of fuels using supramolecular
assemblies of chromophore amphiphiles (CAs) as photosensitizers. We are now exploring these
systems with catalysts that can increase conversion to interesting fuels.

Recent Progress

Based on our understanding of charged and uncharged PA—polymer structures developed
previously with BES support, we are studying how PA scaffolds and macromolecular crowders
influence the recruitment and catalytic activity of enzymes that can mediate the interconversion of
CO2 and potential fuel molecules. As a proof of principle, we explored formate dehydrogenase
(FDH) and its “forward” reaction converting formic acid to CO2 using nicotinamide adenine
dinucleotide (NAD") as a redox mediator (Figure 1). Since our goal is to use the PA bundles as
confined reaction environments for enzyme cascades, we examined how enzyme-scaffold
interactions vary across three PAs: anionic palmitoyl V3As3E3; (E3), cationic palmitoyl-V3A3K3

(K3), and an uncharged PA bearing histidine and PEG groups for solubility at low pH. Confocal
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Figure 1. Enzyme recruitment and activity in PA—polymer systems. (a)
even at high dextran | Confocal micrographs of FDH colocalizing with E3, K3, and uncharged
concentrations. In histidine-PEG PA bundles. (b) Pearson’s coefficient and (c) Mander’s
contrast, FDH exhibits coefficients comparing colocalization in 0 wt.% and 5 wt.% dextran PA—
polymer solutions. (d) Schematic showing FDH forward reaction converting
formic acid to CO, mediated by nicotinamide adenine dinucleotide (NAD™). (e)
FDH enzyme activity in PA—polymer systems with 0 wt.% and 5 wt.% dextran.
high colocalization in N=3; error bars report standard deviation.
both 0 wt.% and 5 wt.%
dextran. Notably, in the absence of dextran, FDH appears to crosslink K3 fibers acting as a
multivalent, negatively charged protein bridging positively charged fibers. For the uncharged
histidine-PEG PA, FDH displays intermediate behavior: partial adsorption to fiber surfaces and
partial partitioning into the dextran-rich phase. We also observed, by testing multiple enzymes in
the uncharged PA—polymer system, that crowding plays a secondary role that depends on protein
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size, with larger enzymes experiencing stronger partitioning. Enzyme activity measurements
further support the idea that the nature of scaffold—enzyme interactions determines catalytic
efficiency. For example, the enzymatic activity is nearly eliminated with K3 PA, consistent with
strong electrostatic adsorption leading to immobilization, misorientation of the active site, or
partial enzyme unfolding. In samples using E3 PA, FDH does not partition into bundles, yet
activity still decreases, suggesting indirect effects such as sequestering of the cofactor NAD* by
the anionic PA network. Lastly, for the uncharged histidine-PEG PA, activity decreases with
increasing PA concentration. This supports a model in which weak, reversible adsorption and
confinement are sufficient to dampen catalytic turnover, even without strong electrostatic binding.
Together, these results show that PA filaments can modulate enzyme function through a
combination of physical confinement and non-specific interactions, and that scaffold peptide
sequence provides a tunable parameter for controlling both recruitment and activity.
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In a second project, we are studying the
effects of our recently developed
supramolecular  ferroelectric/piezoelectric
materials incorporating oligo(vinylidene
fluoride) on photocatalysis (Figure 2). We
began our investigation by bundling OVDF-
PA assemblies with perylene monoimide
ribbons, which we have previously reported
to be useful for solar fuels production with
visible light given their ability to efficiently
harvest light.> Our approach here involved
introducing pre-annealed OVDF-PA
assemblies into an aqueous solution
containing PMI nanostructures serving as
photosensitizers, = molybdenum  sulfide
clusters as catalysts, and ascorbic acid as a
sacrificial electron donor. Liquid atomic
force microscopy (AFM) revealed that at pH
~4 OVDEF-PA fibers colocalize with PMI
nanoribbons, with their ferroelectric
polarization direction aligning along the n—mn
stacking axis. Based on these images, we
speculate that the proximity and alignment
between OVDF-PA and PMI nanoribbons
provides a cooperative interaction between
ferroelectric domains and chromophore
assemblies, potentially enhancing charge
separation and transport.
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Figure 2. Improved photocatalytic H, production by
introducing supramolecular ferroelectric nanostructures. (a)
Chemical structure of an OVDF-PA molecule VDFs-Et-
VVEE and AFM image of the ferroelectric assemblies. (b)
Chemical structure of PMI and illustration of the ribbon-like
PMI assembly and the molybdenum sulfide catalyst crystal
structure. (c) AFM image of bundles formed by VDFs-Et-
VVEE assemblies and PMI nanoribbons in the hydrogen-
evolving solution. (d) H, evolution TON values after 18 h of
white light illumination on solutions containing only
PMI/catalyst (PMI-Cat), control with the addition of non-
ferroelectric acetate-capped peptide (Ac-VVEE), and
sample with ferroelectric VDFs-Et-VVEE assemblies.

Photocatalytic hydrogen evolution assays were conducted under simulated solar irradiation (~3%
sun intensity) of these samples in sealed vials. After 18 hours of illumination with gentle agitation
(motion on the s™! timescale), hydrogen accumulation in the headspace was quantified and used to
calculate catalytic turnover numbers (TONs). Incorporation of ferroelectric OVDF-PA assemblies
resulted in more than a twofold increase in TON relative to both the PMI/catalyst (PMI-Cat)
system and the non-ferroelectric control with the acetamide-capped peptide (AcVVEE). While the

source of this enhancement is not well understood based on current literature, we speculate that it
is related to better mass transport of reagents, products, and ions in these materials when the
ferroelectric OVDF-PA is used. It could also be related to changes in polarization in and around
the catalytic site. We plan to quantify the mass transport enhancement through fluorescence
recovery after photobleaching (FRAP) experiments similar to those previously performed on PMI

nanoribbons.
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Future Plans

In the first project, we will examine how intermolecular cohesion and nanostructure rigidity of the
PA assemblies influence catalytic turnover, thereby establishing how supramolecular dynamics
govern enzyme behavior under confinement. In parallel, we will also pursue the reverse FDH
reaction to convert CO2 to formic acid and implement a tandem FDH and glucose dehydrogenase
(GDH) system for cofactor regeneration to sustain continuous formic acid production within PA—
polymer bundles. As we transition from single-enzyme systems to tandem reactions, additional
constraints will certainly arise from differences in optimal pH, cofactor dependence, and kinetic
rates among natural enzymes confined within the same architecture. We also want to expand the
range and architectural flexibility of the PA—polymer platform with enzyme-mimetic peptides as
modular catalytic components that complement natural enzymes and enable the development of
hybrid reaction systems. In the second project, we will leverage our previous work by introducing
other chromophore amphiphiles. While PMIs have been extensively studied for their hydrogen
evolution reactions, ullazines and aminonaphthalene monoimides have band gaps and lowest
unoccupied molecular orbital (LUMO) levels that can drive more challenging reactions such as
peroxide formation and carbon dioxide reduction. One of the key aspects that distinguishes our
supramolecular approach to piezo-photocatalysis from the use of traditional inorganic
piezoelectric materials is the programmability of dynamic supramolecular assemblies versus fixed
crystal lattices, which can tune the vibration frequency responsiveness. We hypothesize that the
frequency response of the supramolecular assemblies is a unique handle for controlling the
photocatalytic activity linked by the mechanical properties of these supramolecular polymers, and
aims to establish design rules for materials stiffness, dimensions and input energies versus
chromophore bandgap and turnover frequencies. This materials stiffness will be further tuned by
the combination of depletion force-induced bundling of the OVDF-PA / CA assemblies upon
addition of polymers, providing orders-of-magnitude differences in vibration frequency from
gentle shaking at Hz to ultrasonic vibrations at MHz.
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Simulation-driven design for experimental realization of 3D complex nanostructures
Petr Sulc (Arizona State University)

Keywords: inverse design, coarse-grained models, molecular simulation, self-assembly, DNA
nanotechnology

Research Scope

We develop inverse design methods to realize self-assembled materials at nanoscale, with the goal
of uncovering fundamental design principles that govern the assembly, as well as investigating the
thermodynamics and kinetics of self-assembled materials which consist of multiple different
components. From design space, it presents a challenge in terms of large number of parameters of
possible solutions, as well as long timescales associated with system assembly, making
computational design difficult. The goal is to establish modeling and simulation methods to
understand the free energy landscape and kinetics of self-assembly of multicomponent periodic as
well as finite-size
structures. Towards this

goal, we develop new
efficient algorithms to
search the design space as

-
Patchy particle simulation w
* !

well as multiscale

simulation  approaches,
representing  individual
building blocks at
different resolutions in
trade-off between speed
and accuracy. We develop
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Figure 1: Design pipeline for nanoscale self-assembly of arbitrary target: For
a specified target (a finite size structure or periodic crystal lattice) our models

systems in DNA | find a minimal number of distinct building blocks that are required for reliable
. self-assembly in high-yield. As a proof of principle, we verified the assembly

nanOteChHOIOgy’ which experimentallv using DNA nanostructures.

we also realize and

characterize experimentally using DNA origami nanostructures used as a basic building block.
Recent Progress

We developed a complete theory-to-experiment pipeline for the inverse design of multicomponent
self-assembling systems [1]. It is applied to aa universal polycube platform for programmable
assembly of arbitrary three-dimensional nanostructures out of cubic-shaped boxes (Figure 1). We

established the “minimal kit concept, defining the smallest set of distinct components needed for
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high-fidelity assembly. Using multiscale modeling, inverse thermodynamics, and DNA origami-
based fabrication, we achieved predictive design and experimental realization of complex finite as
well as crystalline, reconfigurable, and multifunctional nanostructures, including hierarchical
DNA assemblies with up to 400 distinct components, which presents the largest non-crystalline
3D nucleic acid structure demonstrated to date. These results establish a predictive, model-driven
framework linking microscopic interaction rules to macroscopic material behavior and provide
new capabilities for engineering programmable nanoscale materials.

Future Plans

We will extend the inverse-design framework to the programmable self-assembly of tetrahedral
open colloidal crystals using a single DNA-origami scaffold. The work will focus on
demonstrating that crystal lattice topology can be controlled through encoded interaction rules
rather than particle geometry. A computational pipeline combining SAT-based inverse design,
positive and negative design principles, and patchy-particle simulations will be developed to
identify interaction schemes that selectively stabilize target lattices while suppressing competing
structures, which are some of the main reason for the difficulty of achieving complex open lattices.
These designs will then be experimentally realized using tetrahedral DNA-origami building blocks
with programmable binding sites and orthogonal DNA sticky-end interactions. Systematic studies
of assembly conditions, thermodynamic phase behavior, kinetics, and defect formation will be
performed across multiple lattice types to establish general design principles for selective self-
assembly.
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Rational Chemical Design of Dynamic Protein Materials
F. Akif Tezcan, University of California, San Diego

Keywords: Protein-Based Materials, Dynamic/Stimuli-Responsive/Adaptive Systems, Protein-
Polymer Interface, Computational Protein Design

A. Research Scope. The overarching goal of our DOE-funded research program is to develop
design strategies inspired by principles of supramolecular, inorganic and polymer chemistry for
controlling the arrangement of proteins into dynamic high-order architectures. Through these
efforts, our laboratory has established new approaches (e.g., metal- and disulfide-directed protein
self-assembly), which, in turn, led to state-of-art protein materials (e.g., hyperstable protein
assemblies, coherently dynamic protein crystals, protein-metal-organic frameworks, polymer-
integrated protein crystals). These materials not only display unprecedented physical and
mechanical properties, but also provide new platforms for studying and understanding
biomolecular self-assembly, enabled by their externally-controllable mode of construction. While
we are still pursuing methodology development for designing new protein architectures (see
Objective 1), a considerable fraction of our ongoing efforts now centers on engineering adaptive
protein-based materials, and programming their macroscale structural dynamics and
functional/mechanical properties through atomic-scale interventions (Objective 2). Importantly,
an important new focus of our research program is to design dissipative protein architectures,
which, like natural cytoskeletal assemblies, require constant energy input/consumption for
maintaining their self-assembled states (Objective 3).

B. Recent Progress
Objective 1. Control of protein_assembly through host-guest interactions: As an alternative to
designing responsive protein structures exclusively through non-covalent networks, the use of
discrete chemical bonding

interactions provides an expedient s T
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surfaces, rendering these bonds
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interaction motif, namely non-covalent host-guest (HG) interactions. Earlier we demonstrated that
RhuA (a Cs symmetric tetrameric protein) could be functionalized in its four corners with -
cyclodextrin (CD) or azobenzene (AZO) groups, and the resulting variants (“°RhuA and
AZORhuA) paired with one another to form well-ordered 1D nanotubes and crystalline 2D
nanosheets (Chem, 2025, Publication 3). These assemblies, which form with the azo group in the
thermodynamically favored trans (E) state, could be dissociated upon UV irradiation to cause the
trans-to-cis (E-to-Z) isomerization of azo. In this period, our efforts focused primarily on
synthesizing cyclic/constrained-derivatives of AZO, namely diazocines (DAZ), whose ground-
state conformation is the Z state and can only pair with CD hosts (Fig.1A) upon visible light
irradiation (followed by thermal relaxation to reverse-isomerize), thus opening the path the
generate dissipative/non-equilibrium protein assemblies. Indeed, the co-assembly of PA?RhuA and
PCDRhuA does not occur in the dark (Fig.1B) but could be initiated by irradiation with 405-nm
light, leading to the formation of stacked 2D crystals (Fig.1C) as induced by the Z-to-E
isomerization of DAZ. Yet these nanosheets did not dissociate upon removal of light and could
only be disassembled upon prolonged exposure to 530-nm light (Fig.1D). Our TEM analyses and
computational modeling suggest the E form of DAZ still be able to form kinetically stabilized HG
interactions with CD groups within the 2D sheets (manuscript in preparation).

Objective 2a. Dual-energy control of dissipative enzyme assembly and catalysis: 1.iving systems
integrate multiple energy sources to regulate molecular function far from equilibrium. Chemical
energy and environmental cues such as light cooperate to control protein assembly, enzymatic
activity, and metabolism across multiple length and time scales. Although significant advances
have been made in engineering stimuli-responsive proteins and dissipative biomolecular systems,
synthetic protein assemblies generally rely on a single energy source and rarely couple transient
structural states to programmable biological function. Consequently, general design principles for

engineering protein systems that integrate multiple energy inputs remain largely unexplored.
Building on our recent development of an ATP-driven dissipative protein assembly based
on the AAA+ ATPase FtsH (Nat. Chem. Biol. 2025, Publication 2), we asked whether distinct
energy sources could be programmed to perform complementary functions within a single protein
system. We coupled ATP-dependent FtsH assembly to a visible-light-responsive photoacid that
converts photon flux into
reversible changes in proton
concentration (Fig.2A). In
this design, ATP and light
play fundamentally different
yet cooperative roles. ATP
activates FtsH into an
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formation. Neither energy source alone is sufficient; only their simultaneous presence produces a
transient assembled state that rapidly dissipates upon removal of light (Fig.2B,C). Thus, the
structural state of the protein is governed by the integration of independent chemical and photonic
energy inputs rather than either stimulus alone. Most importantly, the assembly state directly
determines enzymatic function. Free FtsH protomers actively hydrolyze peptide substrates,
whereas assembly into nanotubes allosterically suppresses proteolysis without altering the
catalytic center itself (Fig.2D). Light therefore reversibly switches enzyme activity by controlling
dissipative assembly rather than by directly modifying catalysis. Because ATP hydrolysis occurs
primarily in the unassembled state, light-driven assembly also suppresses ATP consumption,
allowing one energy source to regulate utilization of another. Together, these findings establish a
new strategy for engineering protein systems in which multiple energy inputs cooperatively
regulate structural organization, catalytic activity, and energy consumption.

Objective 2b. Designing an artificial, ATP-dissipative protein dimerization motif: Our efforts to
construct protein dissipative materials have emphasized engineering NTPases to build extended

protein assemblies. The ATP/GTP binding/hydrolysis requires large, evolutionarily conserved
sequence/structural motifs. Clearly, the addition of modular motifs that bind and hydrolyze
ATP/GTP into the protein

design toolbox would greatly R

enhance our ability to design — s ™ 3]
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active for ATP hydrolysis
(Fig.3A).

Using the active sites of the YMEI1 protein (an FtsH analog) as our template, we proceeded
with the two distinct design/splitting strategies for the complementary protomers. In the first
approach, we kept the original phosphate-binding interfaces (where catalytically important

arginine residues are separated from the phosphate-binding P-loop) while we split the residues
responsible for adenine and ribose binding into different protomers (Fig. 3B). The second strategy
created two entirely new protomers: one housing all residues that primarily interact with ATP, and
the other containing the residues that coordinate the y-phosphate and Mg*" ion (Fig.3C).
Following the first strategy, we experimentally tested seven complementary pairs after
multiple rounds of in silico design. Gratifyingly, two pairs showed preliminary ATP hydrolysis
via an NADH-coupled assay. Interestingly, one design (5A and 5B) showed increased ATP
hydrolysis from the 5A and 5B mixture as well as from one protomer (5A) alone (Fig. 3D). We
are currently investigating whether ATP hydrolysis occurs after the heterodimerization of 5A and
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5B or after the homodimerization of 5A by implementing a tripartite GFP reporting system. At the
same time, we proceeded with the second strategy and selected six candidates after screening and
filtering more than 1000 designs in silico. Notably, AlphaFold3 predictions performed on one
representative design suggested ATP-dependent complex stability. This was further supported by
RMSD and potential energy calculations using steered MD simulations.

Objective 3. Programming Adaptive Protein Crystals: One of the central challenges in materials
science is integrating the structural precision of crystalline materials with the adaptability and
programmability characteristic of living systems. We sought to address this challenge by
developing polymer-integrated protein crystals (P1X), a class of hybrid biomaterials that combines
the long-range order of engineered protein crystals with the dynamic behavior of synthetic polymer

networks. In earlier funding periods, we established that 1%'-generation PIX (composed of ferritin
crystals and polyacrylate-co-acrylamide polymers) underwent exceptionally large and reversible
lattice expansion while preserving crystallinity, enabling self-healing, and reversible encapsulation
of biomacromolecules. To understand the physical determinants of this unusual combination of
crystallinity and adaptability, we combined small-angle neutron and X-ray scattering and
multiscale MD simulations to elucidate the polymer-protein interface within PIX (JACS 2026,
Publication 5). These studies revealed that lattice integrity is maintained through an extensive
network of electrostatic, ion-mediated, H-bonding, and hydrophobic interactions that collectively
stabilize the crystalline framework while accommodating large-scale structural motions.

This mechanistic understanding led us to ask whether we could convert adaptive behavior
of 1%-generation PIX from an emergent property into a programmable one. To this end, rather than
relying on diffuse electrostatic interactions, we site-specifically installed azobenzene guest
molecules at the Cs-symmetric interfaces of ferritin crystals and incorporated B-CD host groups
into the infiltrated polymer network (Fig. 4A). These host-guest (HG) interactions thus
superimpose a molecularly encoded interaction layer onto the protein-polymer framework,
allowing lattice mechanics to be programmed through precursor composition, molecular
recognition, and external stimuli (Publication 6, in preparation). The resulting host-guest polymer-
integrated protein crystals (HG-PIX) displayed several properties that distinguish them from 1%'-
generation PIX. Rather than expanding continuously until lattice integrity is lost, HG-PIX undergo
finite and reproducible lattice expansion into discrete structural states whose final dimensions are
programmed simply by varying the B-CD content of the polymer network (Fig. 4B). These
structural states correspond to precisely defined inter-ferritin spacings spanning nearly an order of
magnitude, thereby providing predictable control over lattice porosity and molecular transport. We
further found that changing the azobenzene linker by only a few atoms markedly altered polymer
mobility and expansion behavior, demonstrating that subtle molecular-scale changes are
cooperatively amplified into material-scale mechanical responses.
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Quantitative control over inter-protein spacing allowed us to achieve predictable size-
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recognition, we further

demonstrated orthogonal, stimulus-specific cargo release, in which changes in pH selectively
released electrostatically bound proteins while light independently released HG-bound cargo from
the same crystal. Thus, this study begins to establish a general strategy for programming collective
behavior in crystalline biomaterials by encoding molecular recognition into periodic protein
architectures.

C. Future Plans. (Objective 1) We are currently synthesizing DAZ derivatives with functional
groups that will (a) have longer linker lengths allow for in-plane bending of the 2D sheets to
disfavor stacking and favor 1D nanotube formation, and (b) shorted excited state lifetimes
compared DAZ. In parallel, we will also functionalize other proteins besides RhuA with our
available AZO and DAZ groups to investigate their HG-mediated self-assembly. (Objective 2)
We will express and purify all design candidates for ATP-mediated dimerization motifs, and
determine their biochemical/biophysical properties (including ATP-dependent oligomerization
and ATP hydrolysis). The successful pairs will be used to generate extended protein-based
materials with dissipative properties. (Objective 3) We will use the HG-PIX platform to construct
multi-enzyme platforms whose catalytic activities are coupled to the structural states of the
crystalline framework. We will also investigate whether the scope of HG-PIX can be extended to
the crystals of proteins besides ferritin.
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Merging non-equilibrium stat mech and Al for the design of intelligent adaptive bio-
inspired materials

Suriyanarayanan Vaikuntanathan, University of Chicago
Keywords: non-equilibrium stat mech, physical learning
Research Scope

This research proposal aims to develop a novel framework combining non-equilibrium statistical
mechanics with machine learning principles to create intelligent, adaptive bio-inspired materials.
Understanding how force-generating biological materials can be tuned, built, and sustained can
lead to the discovery of general design principles for the construction of non-equilibrium
bioinspired materials with similar exotic adaptive properties. While machine learning
methodologies have opened up new ways to design materials with such properties, the basic
foundational principles for their bottom up design remains elusive. This is emerging as a grand
challenge at the interface of statistical mechanics and artificial intelligence. Recent work from our
group and others have shown how progress towards this grand challenge can be made by
combining mathematical and computational frameworks developed in the context of machine
learning with novel powerful non-equilibrium statistical mechanics frameworks, sone of which
have been developed by our group. Our proposed work seeks to exploit this opportunity to develop
a systematic framework for the design of bio-inspired materials that can adapt, learn and perform
computations autonomously.

Recent Progress

In the first year of this project we have made progress along multiple fronts, both towards
advancing the state of the art in non-equilibrium statistical mechanics and combining such
advances with Al inspired techniques.

We showed that bioinspired chemical reaction networks (CRNs) can perform in-context learning
(ICL), inferring a task rule at run time from a sequence of examples rather than from weights fixed
during training. This in context learning property of transformers is thought to be responsible for
their ability to generalize to unseen scenarios. ICL is normally tied to the pairwise dot-product
attention of transformers, which has no natural physical/chemical realization Here we found how
ICL can be achieved using a new geometric mechanism: rather than comparing the query to each
context element pairwise, the CRN projects the full context vector onto a set of learned encoding
vectors, and successful inference amounts to positioning those vectors so they cover the pairwise-
comparison subspaces of the input space, the regions where a given context element matches the
query. Similarity is thus read out from which subspace a steady state can classify, not from any
explicit dot product. Our theory (and numeric calculations) predict onset of accurate ICL across
first-order, autocatalytic, and winner-take-all kinetics; nonlinear winner-take-all dynamics can
exploit thresholding to succeed below this count. The same subspace-coverage mechanism lets
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CRNs solve regression and anomaly-detection ICL tasks with accuracy matching multilayer
perceptrons, and because it depends only on the dimensionality of the controllable parameters
rather than the details of the dynamics, it should extend to other physical substrates such as elastic
and resistor networks. These results give a concrete design target for adaptive synthetic chemistry
and candidate mechanisms for contextual computation in cells.

Future Plans

Moving forward, we plan to explore how some of the above described physical learning
mechanisms generalize to more complex setups (as described in the proposal).
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Polymer Origami — A Blueprint for Hierarchical Folding Multiblock Copolymers

Thi Vo, Chemical and Biomolecular Engineering, Johns Hopkins University

Keywords: Single-Chain Nanoparticles, Foldamers, Self-Assembly, Polymers, Theory/Modeling
Research Scope

Directing macromolecular organization into spatially and orientationally defined nanostructures
presents a grand challenge for bottom-up materials engineering. Common approaches borrow from
protein design to create foldamers (folding oligomers), wherein information about desired
morphology is programmed directly into its molecular sequence. However, due to their sequence-
specific synthesis requirements, state-of-the-art approaches are mostly constrained to be
oligomeric in nature. Along the same vein, directed folding of polymeric macromolecules via
hydrophobic collapse — single chain nanoparticles (SNPs) — serves as a promising alternative, but
are mostly limited to globular structures with close-packed, amorphous internal ordering. Our
project combines self-consistent field theory, scaling theory, and molecular dynamic simulations
to characterize how the interplay between stiff and flexible polymeric domains can be leveraged
to sculpt hierarchical chain folding. Our findings showcase newer avenues for programming
multiscale complexity into synthetic macromolecules, encoding chains to not only spontaneously
fold into monodispersed morphologies but also hierarchically organized into structures previously
unattainable using traditional polymers'. The former serves as a critical step for establishing a truly
synthetic analog of protein folding while the latter expands the library of morphological diversity
accessible to block copolymers for technological applications across filtration, templating, and
nanostructured materials.

Recent Progress

Here, we report our recent progress in predicting polymer conformations and designing polymer
architectures to target chain folding into ordered nanostructures. Our major findings for this report
span two polymer designs (Fig. 1):

1) Folding of achiral homopolymers into chiral, helical nanostructures (Fig. 1a)

2) Assembly of foldameric copolymers into ordered nanostructures (Fig. 1b)
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Figure 1. Overview of Major Findings. We showcase two designed polymer architectures that fold into a)
chiral nanostructures and b) porous, patchy polygonal nanostructures.

Folding of Achiral Homopolymers into Chiral, Helical Nanostructures. Our previous works
have shown that monomer anisotropy and connectivity impose strong entropic constraints that can
impact chain conformation®. Building upon this idea, we develop an achiral homopolymer that
self-folds into chiral nanostructures with tunable pitches (Fig. 2). We first employ theory to
highlight the complex conformational space accessible in chain folding for our designed polymers.
Specifically, we compute the free energy per monomer (Ey) between two neighboring pendant
groups at varying backbone separation distance (7). Plotting the predicted energy yielded a non-
monotonic trend (Fig. 2¢), where tilted pendant alignments (Fig. 2b, II) and not perfect -7
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Figure 2. Folding of Achiral Homopolymers into Chiral, Helical Nanostructures. a) Design of homopolymer
with chiral folding properties. b) Visualization of equilibrium conformation between neighboring monomers for
equilibrium bond distances (7,4) of 1.0dg, 1.12dg, and 1.22dp (left to right). c) Energy as a function of
equilibrium bond length, showing a non-monotonic trend and optimal chain energy at intermediate regimes
(Region II). d) Simulation snapshots of folded chain showing rigid chain (I), hollow helical tube (II), ¢) expanded
twisted spring (I11), and twisted backbone with homochirality (IV). ) Computed curvature for dg = 1.0dp for
backbone and pendant particles. f) Scaling collapse of curvature across all simulated results. Scatter points
indicate simulation results and backgrounds are phase characterization for RT, CT, and BT.



pendant stacking (Fig. 2b, III) are the lowest in energy. Such findings indicate that chain twisting
can be obtained at intermediate 7,,.

To corroborate theory, we study the equilibrium conformation of the designed polymers in coarse-
grained molecular dynamics simulations. Characterization of the folding results reveal three
dominant chain conformations (Fig. 2d): rigid (RT), cooperative-twisting (CT), backbone-twisting
(BT). These regimes exactly correspond to the distinct regions of pendant energies computed in
Fig. 2¢. Here, the rigid regime (RT) reflects the short 7, limit where the backbone is so stiff that
bending constraints completely suppress favorable pendant-pendant interactions, thereby locking
the chain into a linear conformation (Fig. 2d, I). Conversely, large 1, give rise to a backbone-
twisting (BT) regime, where significant backbone flexibility produces: 1) a linearly rigid
cylindrical core that arises from pendant stacking, and 2) a helical coil wrapped around the
cylindrical core due to backbone twisting (Fig. 2d, III and IV). More importantly, at intermediate
Tpq» W€ observe chain folding into helical coils with varying pitch length and angle (Fig. 2d, II)
due to cooperative twisting (CT) between both pendant and backbone. Additionally, we perform
quantitative analysis of the folded conformations to corroborate the various twisting regimes
observed (Fig. 2e). Lastly, we further show that the observed behavior is universal across different
monomer sizes (Fig. 2f), all of which can be theoretically predicted using a corresponding state-
like universal twisting curve for the designed class of folding polymers. Combined, these findings
indicate that chiral nanostructures can be obtained as a product of relieving geometric frustration
between backbone rigidity and pendant-pendant associations. The former deepens our fundamental
understanding of chain folding while the latter expands the library of chemical space available for
use in chiral materials engineering.

Foldameric Copolymer Assembly into Porous Nanostructures and Open Lattices. We next
develop a polymer design that synergistically merges self-folding helices (foldamer) with flexible
SNP-like domains into a unified architecture. Specifically, we construct block polymers exhibiting
alternating regions of flexible (SNP-like) and foldameric sequences (Fig. 3a). These hybrid
polymers utilize the foldameric blocks to define rigid structural domains within the polymer and
the flexible blocks to organize the rigid domains into ordered nanostructures. Here, our design is

a diblock copolymer with a repeating A,-[B-A,],,- motif, where A, define a flexible segment of
degree of polymerization x, B define a helix-forming foldameric sequence, and n is the number of
repeat units of the B-A, motif (Fig. 3a). Characterization of the folding behavior using coarse-
grained molecular dynamics simulations reveal that chains readily fold into porous triangular (n =
3), square (n = 4), pentagonal (n = 5), and hexagonal (n = 6) nanostructures, respectively (Fig.
3b). Importantly, quantitative characterization of the folded structures indicates that the measured
edge lengths are identical for the same foldamer block length across all systems (Fig. 3¢). These
findings indicate that increasing the number of foldameric segments purely serves as a handle to
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control the emergent shape of the folded copolymer. In other words, geometrical features such as
edge lengths and pore areas can be a priori designed for each folded nanostructure via tuning the
synthesized foldamer block lengths. To further confirm the universality in folding behaviors, we
additionally show that all folded chains results (n = 3 — 6) readily collapse onto a composite phase
diagram that can be defined using the foldamer length (N},), flexible length (Nf), and insphere

radius (a,) of each folded nanostructure (Fig. 3d).

We additionally posit that inter-chain associations between the collapsed flexible domains are
possible if the nanostructures are aligned vertex-to-vertex relative to each other (Fig. 3e), meaning
that the folded nanostructures can be hierarchically organized. Indeed, simulating a system of
interacting folded nanostructures results in the formation of open network morphologies as shown
in Fig. 3g. Characterization of the interior angles (Fig. 3f) across all nanostructures reveal values
that directly match those computed from polygonal geometry (black lines). These findings indicate
that the folded nanostructures maintain their shape and do not refold in the presence of neighboring
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Figure 3. Copolymer Folding and Hierarchical Assembly. a) Polymer architecture for nanostructure folding.
b) Snapshots of folded chains across all polygonal nanostructures. c) Helix lengths across nanostructures show
identical scaling (1.0) and length for all systems. d) Scaling collapsed of morphology phase diagrams across all
simulated polymers, solid line indicates theoretical folded-misfolded transition in the collapsed landscape of
Nrag ~ Ny, where a,, is the circumcircle radius for each respective folded nanostructure geometry. e) Inter-chain
interactions mediated by collapsed flexible blocks serving as “patchy” interaction sites. f) Measurements of
interior angle of each folded nanostructures within the ordered network compared to idealized geometrical
values. g) Assemblies of folded triangular (left) and square (right) nanostructures into porous, open networks.
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chains. Through this lens, our polygonal nanostructures can be viewed as polymeric analogs of
patchy nanoparticles that are commonly used in colloidal self-assembly**. Combined, our study
presents new avenues for engineering programmable soft materials with applications in molecular
separations, adaptive membranes, sensing platforms, and reconfigurable devices.

Future Plans

For our on-going works, we anticipate that we can combine the different components highlighted
above to obtain folded polymers whose structural complexity can rival their protein-inspired
counterparts. More specifically, we plan to expand the design rules obtained for porous 2D
nanostructures (Fig. 3) to access 3D porous nanocages and leverage those designs to create
network/membrane structures transport/separations applications. Similarly, we plan to study how
the designed chiral folding polymers (Fig. 2) can be deployed as novel polymeric brushes for
advanced sensing and electrochemical applications. We additionally plan to expand folding
polymer designs across the suite of experimentally accessible molecular polyhedral monomers
(polyoctahedral silsesquioxanes, carboranes, triptycene etc...) to access folded polymers with
crystalline internal ordering. This will augment the range of crystal motifs accessible from polymer
folding, providing a more expansive suite of scaffolding morphology for use in catalyst design.
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Research Scope

This project aims to 1) gain a quantitative, mechanistic understanding of the interactions between
DNA origami and nanopatterned solid materials, and 2) rationally engineer these interfacial
interactions so that DNA origami can be accurately and selectively placed on surface patterns and
programmably interconnected, enabling 2D and 3D hierarchical networks.

Recent Progress

Mechanistic understanding of DNA origami placement on nanografted self-assembled
monolayer patterns:

Precise placement of nanomaterials on patterned surfaces is a prerequisite for many nanoelectronic
and nanophotonic circuits. A promising strategy is DNA origami placement (DOP),* which uses
lithographically generated binding sites within a passivating background to selectively bind and
align DNA origami, which in turn can display nanomaterials in arbitrary arrangements with few-
nanometer lateral resolution.

0 min 5 min

4 nm
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0 0.2 0.4 0.6
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Figure 1. In situ AFM images of diluted DNA origami deposition on a large (1000 nm x 1000 nm) MUDA binding
site within EG3 background, before incubation, 5 min after incubation, and 60 min after incubation. Origami tiles
colored in bright green represent tiles that are visible under AFM, and tiles colored in dark green are invisible under
AFM due to high mobility. Right image: Higher resolution AFM image of diluted DNA origami deposition on a
large (400 nm x 400 nm) MUDA binding site within EG3 background 5 min after incubation. A cross-sectional
height profile is shown below the image. Scale bars: 400 nm.
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In the previous project period, we discovered that charge-neutral, hydrophilic background
functional groups dramatically improve the yield, alignment precision, and speed of DOP relative
to hydrophobic groups. However, the mechanism of this acceleration remained unclear. To

Figure 2. Top: Double layer DNA origami

Bottom: Connector DNA origami.

discriminate between 2D and 3D diffusion pathways, the
Ye group studied DNA origami deposition on an
oversized binding site, which permitted in situ AFM
imaging as DOP proceeded (Figure 1). Deposition
preferentially occurs at the edge of the binding site. This
edge preference is readily explained by the 2D diffusion
pathway: origami transiently trapped by the background
must cross the binding-site boundary to be captured.
Consistent with this, the higher-resolution snapshot in
Figure 1 (right) captures numerous tiles straddling the
boundary, supporting diffusion along the hydrophilic
background into the binding site.

Surface mediated DNA origami interconnection:

We aim to achieve programmable interconnection between surface-bound DNA origami using
multiple layers linked by flexible tethers. The bottom layer binds the surface, allowing the second
layer to interconnect via DNA origami connectors. In the previous reporting period, the Ye and Ke
groups designed and assembled both the multilayer origami and the connector origami (Figure 2),
demonstrated that double-layer origami connect with origami in homogeneous solution, and
showed that the bottom layer selectively binds to mercaptoundecanoic acid (MUDA) binding sites

within an oligoethylene glycol
SAM background that resists
nonspecific  adsorption.  The
bottom layer was  imaged
successfully, but the tethered top
layer moved in and out of the tip-
surface junction too rapidly to be
visualized by AFM. We overcame
this challenge using Ni** , which
immobilizes DNA origami more
strongly, allowing both layers to be
visualized. We further found that
an OEG6 background aligns
double-layer origami better than
OEG3: whereas OEG3 binding
sites often induce side-by-side

Figure 3. Surface-mediated DNA origami interconnection. A, MUDA

binding sites are patterned into OEG6 background. B, Deposition of
double-layer DNA origami onto the binding sites. C, After binding of

connector DNA origami to the double layer DNA origami. The top row

includes AFM images and the bottom row includes schematics.
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adsorption of both layers, OEG6 favors selective adsorption of the bottom layer, owing to the
larger energetic for misalignment. We also found that the connector tile binds the surface-bound
double-layer origami (Figure 3C).

In parallel, the Arya group developed an analytic model for the configuration-dependent free
energy of the tethered two-layer origami assembly, treating the two DNA tethers as ideal polymer
chains and the origami layers as rigid bodies. Minimizing this free energy predicts the preferred
interlayer angle as a function of the distance between tether connection points. The predicted
angular variation agrees well with molecular dynamics simulations, showing that the interlayer
angle can be tuned between ~20° and ~180° by manipulating the tethering points (Figure 4A).
Extending the model with an analytical treatment of the rotational entropy of the upper layers, we
determined the minimum bond strength required to directly interconnect pairs of tethered origami
layers: bonds stronger than ~10 ksT (6 kcal/mol) are needed, and this threshold rises with
increasing tether-point separation (Figure 4B). We are now extending the model to interconnection
via externally supplied origami connectors in solution, mirroring the experiments above.

Figure 4. Theoretical modeling of DNA
origami interconnection. A, Model
predictions for the relative angle between
the surface-bound origami layer and tethered
origami layer above as a function of the
distance between single-stranded DNA
tether points, assuming similar tether points
‘ ; R Eer on both layers, i.e., d = |Ci| =|C3|. B,

e i e PO 117 s S el ) Diagram showing the possibility
(probability>50%) of two surface-tethered origami (width=6 nm) interconnecting as a function of the distance
between the tether points and the bond interaction strength.

Angle (degrees)

Interaction strength (ksT)
0 |
3

Patterning of DNA Origami on Surfaces using Polymer Brushes:

Controlling the local arrangement and long-range order of DNA origami on surfaces remains a
central challenge. Surface-assisted self-assembly of symmetric, non-interacting origami offers a
facile route to 2D superlattices, but typically yields close-packed arrays with little control over
inter-origami spacing. Combining experiments (Ke group) and simulations (Arya group), we
demonstrated a new strategy for regulating lateral spacing during assembly. Growing uniform
single-stranded polynucleotide brushes from the origami surface modulates their effective
geometry by introducing longer-ranged entropic repulsion, enabling precise, adjustable control of
inter-origami distances across macroscopic areas. Systematic variation of brush length, surface
adsorption strength, and brush density yields tunable patterns across different origami shapes
(Figure 5). This approach advances DNA-templated nanofabrication by providing highly
programmable templates with precise spatial control, and offers a foundation for integrating
functional nanomaterials. It is also synergistic with the present project: brushes can regulate
origami-surface interactions to further improve DOP accuracy and yield, and brush-functionalized
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origami can be used for multilayer assembly of origami on surfaces, as brushes have been shown
to reduce unwanted nonspecific origami-origami interactions.

Figure 5. Control DNA origami placement with DNA polymer brushes. (a) Single-stranded
DNA brushes can be grown on DNA origami in a programmable manner. (b) and (c)
experimental data and simulation showed the brushed DNA origami can form nematic pattern
on surface with regular inter-origami spacing. (d) the inter-origami spacing can be readily

Future Plans:

We will quantify the surface forces and dynamics of mesoscale DNA origami self-assembly on
nanopatterned solid supports and rationally engineer interfacial interactions so that top-down
techniques can program 2D and 3D origami superstructures.

Elucidate how interfacial interactions drive the binding of DNA origami on nanopatterned solid
supports. We will use a novel single-molecule force spectroscopy method to quantify the adhesion
and lateral forces between DNA origami and the patterned surface, and to understand how they
impact DOP. These measurements, coupled with mesoscopic modeling and simulations, will
reveal how interfacial forces determine DOP dynamics.

Design interfacial interactions for constructing 3D hierarchical networks. We hypothesize that
the bottleneck for interconnecting pattern-bound origami lies in competing demands: the
conformational freedom needed for facile interconnection versus the confinement imposed by
binding to lithographic patterns. We will explore how a strategy based on DNA origami
multilayers can meet both needs.
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Research Scope: The overarching vision of this project is to establish fundamental principles for
the design of high-information content polymers that would promote selective nucleation and
growth of nanostructured materials. We have been progressing toward this vision by advancing
our understanding of molecular interactions with CO2, water, carbonate minerals, and the
constituent ions focusing on the design of peptoid materials that promote CO2 hydration and
carbonate formation. Progress achieved during the current project has shown that our long-term
vision for enabling cost-effective CO2 usage is viable. Promotion of CO2 hydration, accelerated
conversion of bicarbonate to carbonate, and accelerated metal carbonate formation can
significantly reduce the time required for carbonate formation and enable new energy technologies.

Recent Progress

Promotion of CaCOs nucleation by carboxyl- and amine-terminated peptoid nanotubes
(Langmuir, 2026). The use of surfaces to promote heterogeneous nucleation of CaCO3 has been
extensively studied to develop bioinspired PoptiR= N,

approaches for synthesizing composite NQ’WQW(JW J " @‘
materials, and as a route towards accelerating Pepz R4 codn . d ng ﬁ
CO:  mineralization.  Recently,  we
investigated the ability of films of seltf-
assembled -NH: and -COOH terminated
peptoid nanotubes to promote the nucleation
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of CaCOs (Figure 1).! Using a combination

of atomic force, scanning electron and Fig. 1. Peptoid assemblies with aligned -COOH groups
optical microscopy, we found that accelerate the nucleation of calcium carbonate crystals. The

int fil £ tubes fi df films of nanotubes assembled from Pep2 promote the
Interwoven Hims of nanotubes formed rom . ieation of vaterite crystals much more significantly than

peptoids with -NHz side chains promoted the those from Pepl.

preferential formation of vaterite with the

(001) plane parallel to the film and exhibit a lower interfacial energy than that reported for
inorganic surfaces. In contrast, the film of -COOH-functionalized peptoid nanotubes is a much
stronger promoter, giving a particle density five orders of magnitude larger than for the -NH2
terminated peptoid nanotubes and enabling complete coverage of individual peptoid tubes with
CaCOs nanoparticles that results in a composite material with a 50-fiold increase in Young’s
modulus. Thus, interwoven films of peptoid nanotubes provide a useful platform for investigating

the impact of specific chemical groups on nucleation and offer potential application to accelerated
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mineralization of CO:2 for removal from the environment or modulation of mineralogy and
properties of carbonate-based building materials.

Accelerated phase transformation of magnesium carbonates by self-assembled carboxyl-
containing peptoid nanosheets and nanotubes. Magnesium carbonates, such as magnesite, are
a class of very important mineral materials for long-term storage of carbon dioxide. However, the
formation of magnesites in natural environments is very slow due to the strongly hydrated
character of Mg?*. By assembling Mg?*-binding carboxyl groups of amphiphilic peptoids into
crystalline nanosheets and nanotubes, we demonstrated that these well-organized carboxyl groups
were able to accelerate the transformation of amorphous magnesium carbonates (AMC), which is
stable at room temperature for many days, into much more thermodynamically stable crystalline
phases: nesquehonite, hydromagnesite, and magnesite. We found that peptoid nanosheets and
nanotubes exhibited distinct acceleration in the phase transformation of AMC. Specifically, while
peptoid nanosheets accelerated the transformation of AMC into nesquehonite crystals, peptoid
nanotubes led to the formation of much more thermodynamically stable hydromagnesite, as
revealed by liquid-cell TEM results (Figure 2). We further demonstrated that the number of
carboxyl groups and the assembled peptoid architecture and crystallinity are significant for such
accelerated transformation. Solution NMR results suggest that peptoid assemblies regulate AMC
crystallization by creating a confined interfacial reaction environment that retains Mg** and
carbonate species while facilitating
proton-transfer processes. The nanotube
architecture maintains this reactive
interface  longer than nanosheets,
providing a mechanistic basis for its
direct transformation of AMC into
hydromagnesite. Molecular dynamics . i ;
(MD) simulations were performed to walig A o : L
understand this acceleration process and e ey

showed that increased carboxyl content
raises the surface density of solvent-
exposed groups at the membrane—water

E > . S

interface before reaching a saturation Fig. 2. -COOH containing peptoid sheets and tubes accelerate the
regime. Carboxyl density contributes to a transformation of amorphous magnesium carbonates (AMC) into
crystalline phases, revealed by in situ liquid-cell TEM observation
of the time-resolved transformation of AMC in the absence and
simple enhancement of interfacial presence of self-assembling peptoids. (A-D) Control AMC
binding. Carboxyl groups appear to showing no observable dissolution or recrystallization within 6 s.
.. . (E-H) AMC incubated with NbrpmeNce;, nanotubes showing
control the probability and persistence of synchronous dissolution of AMC and nucleation of
the initial peptoid-AMC association; once hydromagnesite; FFT pattern (H) confirms the indexed
reflections. (I-L) AMC incubated with Nbrpe¢Nce;, nanosheets

. . ] showing rapid nucleation and growth of nesquehonite; FFT
extensive, the interface can sustain the pattern (L) confirms the indexed reflection.

local ionic flux needed for rapid

more nuanced mechanistic role than a

that association becomes sufficiently
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transformation. Furthermore, we demonstrated that these peptoid nanosheets and nanotubes were
able to accelerate the transformation of AMC into magnesite under 50 °C and 90 bar CO.. Both
peptoid nanosheets and nanotubes remained intact after such acceleration under high temperature
and high pressure. These results establish a new platform of using crystalline self-assembled
peptoid nanomaterials to accelerate the formation of magnesite and offer great potential for
permanent CO: storage.

Role of histidine-containing peptoids in accelerating the Kinetics of calcite growth (Adv.
Funct. Mater., 2026). Previously we discovered that amphiphilic |

peptoids were able to accelerate the calcite step speeds by more lfdulia\lv(lf\T'I‘(gl\ElRL
than an order of magnitude at only nanomolar concentrations.? MATERIALS
Recently, we found that peptoid accelerators have multiple roles, .

including facilitating HCOs™ deprotonation and Ca®" desolvation,
and disrupting the interfacial hydration structure at the calcite
surface. Collectively these effects combine to determine the
magnitude of peptoid-driven acceleration of calcite growth.’
Drawing inspiration from carbonic anhydrase (CA), we designed a
class of histidine-containing peptoids capable of coordinating with
Zn*" ions to act as CA mimetics for accelerating calcite step growth
(Figure 3). Our results revealed that these peptoids significantly

B
Fig. 3. We designed a class of

) ) o - ] ] histidine-containing peptoids that,
observed when combined with Zn™" ions and under higher calctum-  coordinating  with  Zn?*, form

to-carbonate activity ratios, indicating that peptoids facilitate the carbonic anhydrase (CA)

incorporation of CO3* ions into step edges. Solution NMR and mimetics. These mimetics act as
calcite growth accelerators by

facilitating the deprotonation of

the deprotonation of HCO3™ to CO3*" and restruct the interfacial picarbonate lons. Feptoids were
p 3 10 LLs™ and restructure the Interiacial - foynd to enhance step growth

hydration layers on calcite, collectively lowering the activation rates, and the acceleration effect
barrier for step growth. These findings establish a design becomes more pronounced when
framework for sequence-defined synthetic polymers to regulate combined with Zo*" addition.
carbonate mineralization, offering promising applications in CO2 capture and long-term storage.

WILEY #ven

enhance step advancement, with a more pronounced -effect

three-dimensional atomic force microscopy (3D AFM) analyses
showed that the coordination of peptoids with Zn** promote both

Computational understanding of peptoid-promoted CaCOj3 nucleation. The central modeling
development of this period is GB*, a correction to the Generalized Born (GB) implicit-solvent
model that makes it accurate for the short-range ion interactions that govern CaCOs nucleation.
Standard GB describes these interactions poorly, overstabilizing Ca** pairing by up to ~2 kcal/mol
and missing the solvent-separated minima and desolvation barriers. Building on the project's
STEPs-SOL peptoid force field, GB* adds a PMF-derived potential that matches full explicit-
solvent simulations while reducing an ion-binding calculation from hours to minutes and reaching
the dilute conditions explicit solvent cannot. This is already moving the modeling from
rationalization toward prediction: for the calcite-growth-accelerator Pepsa4: NcesNpes,® GB*

reproduced the Ca**-induced change in carboxyl dynamics measured by NMR and predicted that
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the ion-binding region alone could not explain it, directing new 8
experiments that identified the hydrophobic block as the
controlling element. The next step turns this toward nucleation
itself: pairing GB* with aggregation-volume-bias Monte Carlo
(AVBMC) sampling to directly simulate ion clustering and the
formation of critical CaCOs nuclei on peptoids, a rare-event

PMF (kcal/mol)

process long out of reach for atomistic simulation, while folding
local-pH and protonation chemistry into GB* makes the growth
environment realistic. Together these keep the multiscale )

problem accurate yet cheap enough to be used for design: Fig. 4. Potential of mean force
computationally proposing peptoid sequences that control CaCO; (PMF) between Ca?* and CO5* from

. full all-atom simulation (blue) and
nucleation, toward the goal of durable CO: capture and storage. . uncorrected GB mod(el (bfack).

0.2 0.4 0.6 o8 1.0

. . . . . . GB fails t ture the short-
Understanding peptoid-CaCOs; interfacial dynamics using inter;:ltison(s) tclfapt g’vers isonopa?;gge_

solid-state NMR. To address a current gap in our molecular the GB* correction reproduces the

understanding of the peptoid-mineral interfaces, we have utilized @ll-atom PMF with quantitative
accuracy at orders-of-magnitude

solid state nuclear magnetic resonance (sSNMR) to characterize |ower cost.

the site-specific dynamics of peptoids associated with carbonate

mineral surfaces. To distinguish the interfacial behavior of these two regions, the calcite-growth-
accelerator: Pepsa4: NcesNpes was selectively '*C-enriched at the Ca positions of either the
hydrophobic block or the hydrophilic block, enabling site-resolved measurements of '*C transverse
relaxation times 72 and rotating-frame spin—lattice relaxation times 71,. In the absence of mineral
surfaces, the labeled sites in the hydrophobic and hydrophilic blocks exhibit comparable '*C T»
and T, values. Upon interaction with calcite, the hydrophilic block displays a longer '*C 7> but a
shorter 3C Ti, than the hydrophobic block, suggesting that the carboxyl-rich block remains
dynamically active at the calcite interface. By contrast, the slower dynamics in the hydrophobic
block may arise from hydrophobic clustering, aromatic packing, or hydration shells around the
phenyl-containing residues. Replacing CaCO3 with CdCO3 produced only minor changes in the
BC T» and T, suggesting that the observed peptoid dynamics are not governed solely by a rigid
inner-sphere metal—carboxyl binding.

Future Plans

Our future plans center on continuing to develop a molecular understanding of peptoid-promoted
CO:2 hydration and mineralization by advancing three scientific objectives: 1) Determine the
molecular-scale interactions and reactions by which peptoids act as soluble additives to accelerate
carbonate crystal growth; 2) Understand how peptoid orientation and packing within crystalline
peptoid scaffolds promote carbonate crystal nucleation with control over mineral phase and
orientation; 3) Determine how active site organization and peptoid sequence translate into efficient
hydration of COz and accelerated deprotonation of HCO3™ into CO3™, coupled to mineralization of
metal carbonates, to form hierarchical peptoid-carbonate composite materials. Synthesis, in situ
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characterizations, simulations, and measurements of function will be integrated to establish the
scientific basis for making peptoid materials that accelerate CO2 hydration and mineralization.
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Research Scope

This project advances the discovery of new principles toward a fundamental understanding of the
chemistry, physics, and materials science of charged, nanostructured, and functional polymer and
soft-matter systems, both at equilibrium and far from equilibrium. Our approach relies on the
synthesis of polymers with precise composition, and on processing these materials through
controlled molecular self- and directed self-assembly, which encode specific intra- and
intermolecular interactions that drive assembly with hierarchical structure. A unifying strength of
the project is the combination of experiment, autonomous laboratories, theory, computation, and
data-driven approaches to accelerate materials discovery and design. Our effort is organized along
three interrelated thrusts: Thrust 1: Fundamental Investigation of Water Absorption and Ion
Transport Mechanisms in Homopolymer and Block Copolymer Electrolytes; Thrust 2: High-
Throughput Robotic Experimentation and Computation for Designing Mixed Conducting
Polymers; and Thrust 3: Hybrid Coacervation, Surface Interactions and Their Modification with
Polyampholytes. Fundamental materials and principles discovered here will impact a wide array
of energy technologies, ranging from fuel cells, electrolyzers, and desalination to energy storage,
energy-efficient and neuromorphic microelectronics, and electrochemical sensors, as well as
antifouling coatings for separation membranes.

Recent Progress

During the last project cycle, substantial
progress was achieved across all three thrusts.
In Thrust 1, we established how water
content, local solvation, and nanoscale
connectivity govern ion transport, providing

Resolidification

® &r Polymer

design principles for ionic conductors that @rar @O,

retain high conductivity at reduced hydration Fig. 1. Recent progress across the program. Thrust 1

while minimizing swelling and mechanical  explored water-mediated ion transport in hydrated

degradation!’. In Thrust 3, we combined polyelectrolytes (left) while Thrust 3 revealed how
microscopic interactions control yielding pathways in

rheology, coherent X-ray scattering, charged soft materials (right).

simulations, and Al-assisted analysis to
reveal how interparticle interactions and cooperative rearrangements govern yielding and recovery
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in charged soft materials, enabling microscopic control over when these materials flow, arrest, or
restructure under stress? .

For this DOE/BES Biomolecular Materials Principal Investigators’ Meeting, we will highlight
progress in research Thrust 2, which integrates Al, data-driven analysis, and robotic
experimentation to navigate the chemical, morphological, and processing design space of mixed
ionic and electronic conducting polymers (MIECPs)!=. Our goal is to determine how polymer
structure and assembled morphology govern coupled ion transport and electronic charge mobility,
ultimately establishing design principles for durable dry-state mixed conductors.

Our work spans three interconnected efforts. First, we investigate post-polymerization
functionalization as an automation-compatible synthetic strategy and understand how the resulted
linkage chemistry regulates the physical properties of polymerized ionic liquids. Second, we
designed Al-guided autonomous experimentation to study how polymer chain packing influences
mixed ionic/electronic conduction under conventional aqueous electrolyte conditions. Third, we
develop dual-network, interpenetrating morphologies for efficient dry-state mixed conduction
through a newly developed Al-guided autonomous experimentation platform. Results from each
of these research directions are described below.

Influence of linkage chemistry and side-chain polarity on ion transport in click-functionalized

polymerized ionic liquids. Post-polymerization functionalization offers precise molecular weight
control and enables the high-throughput investigation of structure—property relationships in

polymer research. However, post-polymerization functionalization strategies often introduce
additional linkage chemistry,and

© EO3 (CUAAC)
its role in the physical properties of fo,;o\/to/\t;:g"\ é : "
polymerized ionic liquids (PILs) No CuAAC chemistry i ; . qA.
has yet to be explored. In this ﬁo‘/‘“\t \g:'g,\“-/ ; } ;
work, a series of PILs were With CuAAC chemistry ma - o "
synthesized using Cu(I)-catalyzed — T
azide—alkyne cycloaddition — Fp Bl e I e =

- - A Feb it e
(CuAAC), with comparison made Frr st o e /
to  N-alkylation  substitution - SR EN R \/’/
- s ! “l* Qu t
: q

chemistry. The triazole ring et co ' |

introduced by CuAAC chemistry ..
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Intensity (a.u.)
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was found to induce extensive ion Fig.2: Chemical structures, ionic conductivity, and WAXS profiles

aggregation and deteriorate ion comparing CuAAC and N-alkylation linkages (top) and polymers with
transport. The impact of linkage varied side-chain polarity (bottom)

chemistry on ion transport can be alleviated by incorporating polar ethylene glycol spacers in the
side chain, achieving an ionic conductivity of 2.1x10~* S/cm at 30 °C. Furthermore, the effect of
polar spacer placement was explored, revealing that overalls ide-chain polarity, rather than polarity
in the vicinity of the ionic group, governs ion aggregation and ion transport in PILs.*
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Understand the impact of assembled microstructure diversity on mixed conducting properties

using adaptive autonomous robotic platform. To achieve effective ionic and electronic conduction
in MIECPs, we hypothesized that the preferred morphology of MIECPs for achieving the high
mixed conduction property relies on three key features: (1) planar chain conformation that extend
n-electron delocalization, (2) sufficient m—mn stacking for efficient interchain electronic charge-
carrier hopping and (3) large interfacial areas to enhance ion-electron coupling. However,
achieving control over the assembly of MIECPs into the hypothesized film morphology through
solution processing remains challenging owing to the highly non-equilibrium conditions that can
lead to unpredictable morphological Autonomous experimentation Adaptive Al supervisor

variability. To explore a broad 4 = | 557 (A
processing conditions to facilitate the Sy i ” o
formation of diverse packing, we ‘ ! WL - o
developed an adaptive Al-driven W " \» ) -~
robotic  platform  for  solution- e, TR S

shearing  MIECP  films on gt ey e

nanogrooved substrates, with the Eﬁ? Sptiona N
conditions informed by autonomous B - ’\

device characterizations on the films & & Data visualization

(Fig. 2). Using organic ) Human sclentists

electrochemical transistors (OECT) { »

to evaluate the mixed-conducting z‘s' \ R}

figure of merit, defined as the product L .

of charge-carrier mobility and = ,

volumetric capacitance (nC*), our ; n ‘:’\

platform achieved a broad uC* range o Aoant =

from 166 to 1,275 Fem™' V' s !in T I

just 64 autonomous trials. The Fig. 3: (Top) Al-robotic platform for automated OECT fabrication,

analysis identified two key structural ~ pC* measurement, and Al-guided experimentation. (Bottom)
factors for higher volumetric Multiscale characterization of representative MIECPs (S1 is the

) . best one) by Raman spectroscopy, X-ray scattering, and AFM”".
capacitance:  larger  crystalline

lamellar spacing and higher specific surface area, and uncovered a previously unknown polymer
polymorph”’,

Dual-network, interpenetrating morphologies to enable efficient mixed conduction in the dry state

through a newly established dry-state Al-guided autonomous experimentation platform. We
hypothesize that dual-continuous pathways for ion and electron transport, formed by MIECPs and
an ionically conductive polymer matrix within a single assembled microstructure, can enable
effective dry-state mixed conduction. To realize such architectures, we explored two strategies:
(1) promoting the assembly of percolated MIECP networks within a polymerized ionic monomer
matrix through solvent exchange, and (2) leveraging Li salts to suppress macrophase separation in
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MIECP/ionic polymer blends and drive the formation of interconnected nanostructures. Both
approaches exhibited effective dry-state mixed conduction behavior (Fig. 3).

To systematically investigate these dual-network systems, we developed an integrated autonomous
screening pipeline encompassing metric definition, device standardization, automated fabrication,
and data infrastructure. We established a quantitative figure of merit (FOM) that can be extracted
directly from solid-state measurements, enabling rapid, physically meaningful ranking of
candidate materials without multiple independent measurements or thickness calibration. We also
developed a standardized multilayer OECT platform for reproducible fabrication and direct FOM
extraction, together with an autonomous glovebox workflow integrating solution preparation, film
deposition, thermal annealing, device assembly, and electrical characterization. A dedicated data-
management system automatically captures and standardizes experimental metadata and results.
The platform generates two continuously expanding datasets: one for high-throughput
performance screening and one for long-term operational stability, supporting machine-learning-
guided analysis and closed-loop discovery of high-performance, durable solid-state OMIECs.

Electronic ‘Intrinsic’ lonic
Properties Diffusivity
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YL‘)/\’O\/\"NOV\"JY
TEGDMA

Evaluation Merit ~

I Transconductance? (G,,)
_— ~ u2C*xD
l Response Time (z,,) (Rewme> RosetReecrope) 12

Material Design

Conductive = lon-conductive

0.1 0.2 0.3 0.4 05
7, (Vp=-0.8V)

Fig.4: (Left) Two strategies for forming dual-continuous ion- and electron-transport networks. (Middle) Thickness-
independent FOM screening using a standardized OECT test structure*>. (Right) Glovebox-integrated autonomous
fabrication, data processing, and Al-ready infrastructure for high-throughput performance and long-term stability
evaluation of dry-state MIECPs. The lower-right panel shows the ongoing high-throughput screening of MIECP.

In ongoing work, we are leveraging this platform to explore large chemical, formulation, and
processing design spaces to uncover the fundamental design principles governing dry-state mixed-
conducting polymers. In parallel, we are integrating experiments with simulations to investigate
how electronic polymeric materials undergo damage under internal electric fields during operation
and cycling. These efforts aim to enable the synergistic design of functional electronic polymers
that simultaneously achieve functional properties and long-term durability.
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Research Scope

Structuring liquids by the formation, binding, and assembly of nanoparticle surfactants (NPSs) at
fluid interfaces remains central to this FWP. Our advances and recent discoveries open new
opportunities for energy generation, storage and transduction that capitalize on the dynamics,
responsiveness, and adaptability of the NPS assemblies. Intuitively, NPSs form monolayers at
liquid interfaces, recent studies indicate the assemblies may be more complex. We will high
resolution microscopies and microfluidic liquid cells for TEM to visualize NPS assemblies in situ
with single NP-size resolution to resolve the structure and dynamics of the interfacial assemblies.
The high interfacial coverage of NPSs imparts an elasticity to the assemblies. These elastic
assemblies allow droplets encapsulating active particles to assume nonequilibrium shapes with a
shape-evolution needing a statistical mechanical description of the soft membrane and their
response to the active media. Pore formation in NPS bilayers

between liquid droplets uncovered behavior relevant to
neuromorphic computing. We will use dynamic covalent
chemistries to form responsive NPS bilayers. By modulating
external stimuli dynamic covalent bonding will control the
NPS assemblies and tune pore formation, acting as adaptive,
reconfigurable channels for ions and molecules, akin to
synaptic plasticity, where the strength of connections (pores)
can be adjusted dynamically. By programming response to
specific external stimuli, we will emulate memory processes,
e.g., signal propagation, threshold gating, and transduction
pathway reinforcement, leading to liquid-based neuromorphic
systems that integrate computation with environmental
adaptability.
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Recent Progress

Self-Propulsion by Directed Explosive Emulsification (Helms, Ashby, Omar, Russell, Adv.
Mater. 2024, 36 (19). €2310435.https://doi.org/10.1002/adma.202310435) An active droplet
system, programmed to repeatedly move autonomously at a specific velocity in a well-defined
direction, was shown. Coulombic energy is stored in oversaturated interfacial assemblies of

charged nanoparticle-surfactants by an applied DC electric field and can be released on demand.
Spontaneous emulsification is suppressed by an increase in the stiffness of the oversaturated
assemblies (Figure 1). Rapidly removing the field releases the stored energy in an explosive event
that propels the droplet, where thousands of charged microdroplets are ballistically ejected from
the surface of the parent droplet. The ejection is made directional by a symmetry breaking of the
interfacial assembly, and the combined interaction force of the microdroplet plume on one side of
the droplet propels the parent droplet distances tens of times its size, making the droplet active.
The propulsion is autonomous, repeatable, and agnostic to the chemical composition of the
nanoparticles. The symmetry-breaking in the nanoparticle assembly controls the microdroplet
velocity and direction of propulsion. d as higher current and power generation systems.

Ion Transport Through Reconfigurable Nanoparticle-surfactant Stabilized Droplet
Interface Bilayers (Ercius, Helms, Ashby, Omar, Russell, Proc. Nat. Acad. Sci., 123 (8),
€2522349123 (2026)). https://doi.org/10.1073/pnas.2522349123) Nanoparticle-surfactant (NPS)
stabilized droplet interface bilayers (NPS-DIBs) enable mechanically robust, chemically

y & [P e e | reconfigurable ion transport platforms that operate without
. NSk ionophores or nanochannel-forming proteins (Figure 2). We
- P— | show that jammed interfacial assemblies spontaneously or
Q ﬁ & ;r ¢ | electrically generate nanoscopic, ion-selective channels,

Synapse. I NPSDEB _227‘% T N . . . .
8 Y =t supporting size- and charge-specific transport along with

w neuromorphic functions, such as short- and long-term plasticity.
. _ These nanoscopic channels emerge from packing defects in the
Fig. 2 ((A,B) Schematics of | . ) ) )
nanochannels within the droplet jammed interfacial assemblies of the charged NPSs and support
interface bilayer mimicking that of | size and charge selective, hysteretic ion transport governed by
biological synapses; (C) paired- | i arfacial electrostatics and dimensional constraints. The NPS-
pulse facilitation behavior. L o o . L
DIBs exhibit memristive ionic conduction and maintain

structural integrity under strong stimuli, overcoming the stability and tunability limitations of lipid
systems. This versatile approach couples soft-matter mechanics with interfacial ionic functionality,
offering a generalizable route to adaptive iontronic devices and synthetic synapses with
applications in neuromorphic computing, and nanofluidic separation.

205


https://doi.org/10.1002/adma.202310435

Self-Assembly of Anisotropic Particles on Curved Surfaces (Russell, Omar, ACS Nano,
2025, 19, 38803.
https://doi.org/10.1021/acsnano.5¢15378) The
surface curvature of membranes, interfaces, and
substrates plays a crucial role in shaping the self-
assembly of particles adsorbed on these surfaces.
However, little is known about the interplay
between particle anisotropy and surface curvature

I EEEEERK
o 0 o

Increasing Curvature
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Fig. 3 Mapping of hexagonal and square ordering
and how they couple to alter the free energy of NPs on curved surfaces as a function of

landscape of particle assemblies. Using molecular | curvature and areal density.

dynamics simulations, we investigate the effect of prescribed curvatures on a quasi-2D assembly
of anisotropic patchy particles (Figure 3). By varying curvature and surface coverage, we
uncover a rich geometric phase diagram, with curvature inducing ordered structures entirely
absent on planar surfaces. Large spatial domains of ordered structures can contain hidden
microdomains of orientational textures imprinted by the surface on the assembly. The dynamical
landscape is also reshaped by surface curvature, with a glass- like state emerging at modest
densities and high curvature. Changes to the symmetry of the surface curvature are found to
result in distinct structures, including phases with mesoscale ordering. Our findings show that the
coupling between surface curvature and particle geometry opens an unexplored space of
morphologies and structures that can be exploited for material design.

Transient Structuring of Liquids using Dissipative Interfacial Assemblies (Ashby, Russell,
Helms, Matter 2024, 7 (3): 1092-1105. https://doi.org/10.1016/;.matt.2023.12.025) To prescribe
a lifetime for structured liquids requires that the interfacially trapped material eventually reverts
to molecularly dissolved species. Here, it was shown that poly(acrylic acid) fueled with
carbodiimide segregates to an oil-water interface and forms assemblies of aggregates, solidifying
the interface. With fuel consumed, the assembly changes into soluble polymer chains, destroying
any out-of- equilibrium structure imparted to the liquid, dissipating energy. Crossover points in
the interfacial storage and loss moduli at times commensurate with the fuel concentration were
determined, evidencing transitions from solid-like to liquid-like assemblies.
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Oscillatory and Collective Dynamics of Gold-Nanoparticle-Laden Droplets Driven by
Photothermal-Induced Thermocapillarity (Russell, Adv. Mater. 2026, 38, ¢14793. DOI:
10.1002/adma.202514793) Droplets have long intrigued
researchers due to their ability to exhibit complex and
fascinating behavior when subjected to external stimuli.
Here, we investigate a coupled oscillatory behavior of gold-

nanoparticle-surfactant-laden aqueous droplets at an oil—oil
interface stimulated by light. We show that the interaction | B e
between light and‘ the (?lroplets g‘lves rise to a‘ range of T
oscillatory modes, including bouncing and clustering, where
droplets exhibit collective movement (Figure 4). From | Fig. 4 (top) Successive side-view
experiment and numerical simulations, we elucidate the snapshots of a 2-uL aqueous droplet
) . . o during one bouncing cycle under laser
underlying mechanism: upon laser irradiation, gold | illumination. The scale bar is 1 mm.
nanoparticles convert light into heat, generating asymmetric | (bottom) Simulations (0.02 s after the
. . . beginning of heating) of convection.
temperature gradients that drive an upward thermocapillary | 51 . rows denote net forces acting
flows and a hydrodynamic force from photothermal | on the droplets.
convection. These forces compete with gravity and buoyancy
to induce droplet bouncing, while the resulting asymmetric flow fields bias neighboring droplets
toward the illuminated droplet, leading to clustering. Our findings not only expand the library of
dynamic droplet behavior but also offer insights into the potential applications of light-driven

systems in materials science, soft robotics, and microfluidics.

Future Plans

Recent findings in our laboratories have uncovered new energy transduction pathways that demand
investigation. Only by the development of novel chemistries, theories to quantify the interfacial
assembly and dynamics of NPSs, and the development of methodologies to characterize the
assemblies with NP-resolution in-sifu and in real time will we be able to capitalize on these
discoveries. We will pursue three independent, though interrelated research foci to meet these
challenges. Thrust 1. In-situ Imaging and Manipulating Interfacial NPS Assemblies, Thrust 2.
Evolutionary Structured Liquids from Confined Active Matter and Thrust 3. Using Dissipative
Reactions to Impart Responsiveness and Adaptability. We will develop chemistries that impart
responsiveness to the packing and dynamics of the NPS assemblies to build-in, dissipative
processes and external triggers (Thrusts 1,3). We will use in-situ liquid transmission electron
microscopy (LTEM) and super-resolution optical microscopy to visualize the nanoparticle
surfactant assemblies and their dynamics at liquid-liquid interfaces with single NP resolution
(Thrust 1) to obtain unprecedented insights into jamming and vitrification, long-standing
challenges in materials science. Our recent findings of NPS-ladened droplet interface bilayers
show charge transduction behavior comparable to that seen in synapse junctions (7hrust 1). Non-
equilibrium thermodynamic arguments are being used to predict the shape evolution of structured
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liquids confining active matter that will be experimentally validated by varying interfacial tension,
(Thrust 2), drawing on the imaging capabilities of Thrust I and the dissipative assembly studies in
Thrust 3. Recent high resolution fluorescence confocal microscopy studies suggest more complex
interfacial assemblies at high ligand concentrations (7hrust 1). These challenges can only be met
by integrating the different expertise of the PIs in this FWP.
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Research Scope

Self-assembly, a natural tendency of simple building blocks to organize into complex
architectures, is a unique opportunity for materials science. Materials that can spontaneously
organize into hierarchical structures with unique and complex properties are currently exhibited
only by living systems. Achieving in-depth understanding of out-of-equilibrium collective
dynamics, active microscopic transport and dynamic self-assembly mechanisms is essential for the
rational design of advanced materials and the discovery of tailored self-assembled architectures
that can adapt to environmental conditions, self-heal, and regulate physical properties. Developing
fundamental understanding and control of self-assembled out-of-equilibrium (active) materials,
however, poses a significant challenge as they are intrinsically complex, with often hierarchical
organization occurring on many nested length and time scales.

The program is focused on the fundamental aspects of out-of-equilibrium dynamics and self-
organization of bio-inspired materials. Current research directions focus on the design and
exploration of novel active materials based on out-of-equilibrium colloids powered by external
electromagnetic fields and synthetic active liquid crystals. The difference between the two thrusts
is in the way the injected energy is utilized: active colloids transform it into a mechanical particle
motion, while in active liquid crystals it is used for reorientation of a local nematic order. We
investigate the role of chiral behavior, spontaneous synchronization, confinement and memory
effects on the onset of special and temporal coherence in active ensembles; we develop
fundamental understanding and control of emergent patterns and topological defect dynamics in
active nematic materials energized by acoustic waves. The program is aimed at advancing
understanding and providing access to novel dynamic self-assembled materials that exhibit tunable
structural and transport characteristics at the microscale unattainable under equilibrium conditions.

Recent Progress

In the past two years, we discovered and explored novel active colloidal molecules with
reconfigurable chiral behavior dynamically self-assembling in binary mixtures of spherical rollers
powered by Quincke phenomenon. We investigated spontaneous phase separation by chiral state
and synchronization in chiral active colloidal fluids. We explored the role of shape anisotropy and
chiral behavior in the collective memory of emergent self-organized structures in active colloidal
ensembles. The program yielded the inversion of the global collective behavior in active chiral
fluids in response to complex interplay between temporal activity modulations, shape-anisotropy

and ensemble’s collective memory [1, 2]. We utilized the emergent collective behavior of active
209



magnetic colloids to demonstrate the self-organization of a colloidal swarm into a dynamic
architecture capable of controlled transport of passive cargo particles [3]. We demonstrated
turbulent-like behavior of quasi two-dimensional dense suspensions of motile colloids with
memory [4]. We explored complex behavior of active nematic droplets energized by acoustic
waves and discovered the onset of spontaneous spinning and locomotion [5]. The research also
yielded evidence of topological charge polarization at active-passive interfaces in active liquid
crystals energized by an acoustic field [6].

Reconfigurable chiral colloidal molecules encode emergent dynamics of active fluids. Nature uses
chirality and shape reconfiguration as pathways to achieve structural variety and adaptive
functionalities. Unlike biological active matter, their a
RN Q g
N o

synthetic counterpart — active colloidal particles— are
typically rigid, operate at constant force and often lack X
the flexibility of their shape significantly limiting their

dynamic behavior. Here, we report active colloidal o
molecules with reconfigurable chiral behavior i =y i
dynamically self-assembling in binary mixtures of | » ) §
spherical rollers powered by Quincke phenomenon. - - ';

The intricate balance between electrostatic and EE e :i%%l \

-1 44Vum" 1

hydrodynamic interactions results in the formation of 330 12|
robust heterogenious bound pairs of rollers moving on
curved trajectories, see Figure 1. The structural
flexibility of the pair enables its motion to adapt to

environmental changes through variations in trajectory
curvature and even inversion of chiral handedness. We
demonstrate that the chiral pairs form collective
dynamic states ranging from a global polar state to a
multi-vortical state comprised of free-standing self-
organized vortices with quasi-antiferromagnetic
arrangements of their vorticities (Figure lc). In a

global polar state the pairs imprint the dynamic state of
the whole ensemble forming a state memory that
facilitates robust polar state reversals of the whole
ensemble upon activity cycling. By combining
experiments and computational modeling we
demonstrate that the heterogeneous pair formation is
promoted by electrostatic interaction between spheres
of different diameters once certain threshold is met.
We find that in a global polar state the pairs imprint the
dynamic state of the whole ensemble forming a

Figure 1. (a) Spontaneous formation of particle
pairs in binary mixtures of Quincke roller. The
red arrows indicate the propagation directions.
Scale bar 20um. (b). Radius of curvature of the
trajectories is controlled by the applied electric
field. Insert: Time evolution of the mean
square displacement of paired Quincke rollers
shown for a set of driving electric field
strengths. (c) self-localized free-standing
vortices comprised of roller pairs: trajectories
(left) and corresponding vorticity field (right).

collective state memory that facilitates robust polar state reversal of a whole ensemble upon the
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cessation of activity beyond all relevant timescales and subsequent activity restoration. The
reversal driven by the self-assembled reconfigurable pairs results in up to one order of magnitude
decrease in the characteristic reversal time demonstrated by spherical rollers. We show that the
swift reversal is driven by symmetry breaking at the level of heterogeneous pairs, in striking
contrast to the polar-state reversal observed in systems of purely spherical rollers, where the
reversal is facilitated by the accumulation of local positional asymmetries within the ensemble [2].
Our findings provide insights into the dynamics of active heterogeneous ensembles with collective
motion orchestrated by dynamically assembled, structurally flexible colloidal molecules,
suggesting a design pathway for responsive active materials at the microscale.

Topological charge polarization at active-passive
interfaces in acoustically powered active liquid
crystals. The behavior of topological defects in
nonhomogeneous active materials with modulated
activity or coexisting phases (nematic/isotropic) is
nontrivial. It was predicted that in the mixtures of ] I I
active and passive nematics, the nematic-isotropic i ‘ 2 WEy
interfaces become topologically charged. In 1 HHN ‘
acoustically powered liquid crystals, the interference By Wi = i \
of the driving field naturally creates spatially '
nonuniform activity, separating the material into
neighboring active and passive regions [7]. The |
characteristic size of these regions, and therefore the - o AEEEROW
spacing of the active-passive interfaces, is tuned by the %WW
acoustic wave excitation frequency. We used this | , , |
nonuniform activity to investigate how topological s = T = =
defects respond to activity gradients within the same
material [6]. The conversion of acoustic energy into
local extensile stresses of the liquid-crystalline medium

Figure 2. (a) Topological charge
polarization at active-passive interfaces in

) ) ) o acoustically energized liquid crystals.
results in the emergence of an undulation instability | positive topological defects migrate into

(with the characteristic wavelengths governed by the | passive zone. (b) Topological charge

amplitude of the acoustic field) and proliferation of | density across interface taken at different
times. The interface is topologically

topological defects [7]. We find that in the presence of
polog 7] p charged with negative topological defects.

an active-inactive interface positively charged +1/2
topological defects, which are motile and sensitive to the activity gradient, preferentially reorient
and migrate towards the passive zone, while negative defects remain immobile (see Figure 2a).
This asymmetric defect transport produces a layer with net topological charge at the interface,
forming a polarized state [6] with the strength of the polarization tuned by activity. Following the
cessation of acoustic excitations, defect generation stops and the polarized layer gradually relaxes
through annihilation of opposite topological charges. This process resembles charging and

discharging of a capacitor, but with topological defects playing the role of mobile charges. The

211



findings highlight the potential of activity patterning for manipulation of topological defect
dynamics, storage and release of topological charges in active liquid crystals.
Dynamics of Acoustically Energized Active Nematic Droplets. Active nematics confined in

droplets support diverse spatiotemporal patterns and dynamics [8]. We investigate the behavior of
nematic tactoids in a thin quasi-2D film of DSCG liquid crystal subject to acoustic waves. The
acoustically energized active liquid crystal provides a controlled environment where the activity
is manipulated by the amplitude of the excitation signal. We demonstrate that at low acoustic field

amplitude nematic tactoids primarily undergo
stretching and bending. As the activity increases,
tactoids exhibit a directional rotation with an
oscillating rate. At high activity levels nematic
droplets demonstrate shape changes, fission and
spontaneous self-locomotion [5] (see Fig. 3 left
panel). The behavior is driven by an interplay of
introduced at the
microscopic level, nematic order, hydrodynamics

active extensile stresses
and elasticity of the droplets. Our work provides
fundamental insights into the behavior of synthetic

active nematic droplets powered by acoustic fields.

Figure 3. Dynamics of acoustically energized
active nematic droplets. Left panel: Topological
transformation of nematic droplets. Actively
spinning droplets transition into circular shape
with two +1/2 point defects, and as activity
increases, the defects merge into a single +1
defect, forming a toroid with an isotropic phase
in the center. Right panel: Emergence of droplet
self-propulsion. Nematic droplet stretches and
bends while moving forward reminiscent of
biological cells. The dashed line indicate the
initial position of the droplet. The local nematic
orientational order is shown by color and line

The results suggest strategies for the design and control of active nematic states, and tunable
transport at the microscale.

Future Plans

We plan to continue focusing our research on new approaches to discovery, synthesis and
characterization of active (out-of-equilibrium) colloidal materials stemming from advances of our
program. We will explore a nontrivial interplay between chiral motion, spontaneous
synchronization, confinement, and emergent memory in a broad class of active colloidal materials.
We plan to systematically investigate the emergence of correlated states in heterogeneous active
ensembles supporting the formation of reconfigurable active colloidal units and architectures with
out-of-equilibrium collective states controlled by a spontaneous symmetry breaking at multiple
scales - from particle, and molecules to collectives. We will continue to advance the fundamental
understanding of active liquid crystals powered by acoustic waves focusing on controlling the
transport of individual topological defects with activity patterning, and exploring their use as
functional elements in active materials. We plan to design and utilize activity landscapes to
orchestrate large scale behavior of topological currents in active liquid crystalline materials.
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