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al. and Oleg Gang. Three-dimensional nanoscale metal, metal oxide, and semiconductor frameworks
through DNA-programmable assembly and templating. Sci. Adv. 10, eadl0604 (2024).
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Foreword

This volume comprises the scientific content of the presentations made at the 2024 Biomolecular
Materials 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). The meeting’s
focus is on the fundamental science supported by the Biomolecular Material Core Research Area (CRA).
The meeting took place July 30-August 1, 2024, in Rockville, MD as an in-person event with virtual option.

This is one of the series of Principal Investigators’ Meetings organized regularly by BES. The purpose of
the meeting is to bring together all the Principal Investigators with currently active projects including new
projects in the Biomolecular Materials program for the multiple purposes of 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 provides an opportunity for the Program
Managers and MSE/BES management to get a comprehensive overview of the program on a periodic
basis, which provides opportunities to identify program needs and potential new research directions.

Biomolecular Materials (BMM) program supports fundamental materials science research for discovery,
design and synthesis of functional materials and complex structures based on principles and concepts of
biology to create materials and multiscale systems that exhibit well-coordinated resiliency, functionality
and information content approaching that of biological materials but capable of functioning under
harsher, non-biological environments. New synthetic approaches, unconventional assembly pathways,
and development of predictive models and Al/ML for data-driven science are sought to accelerate
discovery/design of materials with transformative potential on carbon dioxide removal, advanced
manufacturing, and energy transfer and storage technologies.

This was the first BMM Pl Meeting since the untimely passing of Mike Markowitz who served as the
Program Manager for the BMM program from 2009 to 2022. Mike has had a tremendous impact on the
shaping of the BMM program and related soft matter and active matter fields. He is greatly missed for his
surprisingly dry sense of humor and his deep technical and programmatic knowledge. | would like to
specially thank Anna Balazs and Suri Vaikuntanathan for organizing and leading the Special Session in
Honor of Mike Markowitz and all those who shared their stories.

Finally, | would like to thank the meeting attendees for their active participation and for sharing their ideas
and new research results, which will bring fresh insights into the continued development of this field.
Sincere thanks also go to Teresa Crockett of BES/MSE and Stephanie Fox and her colleagues at the Oak
Ridge Institute of Science and Education (ORISE) for their excellent work providing all the 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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Computationally Driven Design and Synthesis for Electron Transfer Materials based on
Nonnatural Polymers

Marcel D. Baer, Pacific Northwest National Laboratory
Keywords: nonnatural polymer, reduction potential, computational design
Research Scope

This project focuses on the computational design of biomimetic polymer units that integrate
adjustable redox centers and structural elements, such as helices, to facilitate assembly into robust
materials.

Using nature's blueprint, which employs ancient small protein modules, we aim to regulate electron
transfer processes crucial for energy production and storage. These modules drive coupled
oxidation and reduction reactions through redox centers, with their reduction potential and spatial
arrangement controlled by the local environment, enabling precise electron flow control. However,
replicating nature's intricate design in energy technologies involves overcoming the challenge of
harsh non-biological conditions. By elucidating the structural requirements for incorporating these
redox centers into synthetic biomimetic polymers, we aim to develop robust, functional materials
to enhance the creation of advanced materials for energy applications.

The objectives include predicting the minimal sequence for binding redox-active iron-sulfur
clusters (FeS), elucidating the conformational stability of non-natural polymers, and developing
biomimetic units for the higher length-scale organization. These designed units can enable
materials that mimic nature's spatial control of electron transfer, offering complex functionality in
non-biological conditions.

Recent Progress

To test the hypothesis that redox cofactors stabilized and tuned locally by the residues of synthetic,
sequence-defined polymers—without relying on secondary structure elements—exhibit the same
range of redox properties as natural redox cofactors stabilized by proteins or synthetic alpha
peptides, it is essential to improve our predictive capabilities for local structure, secondary
structure elements, and the reduction potential of FeS clusters based on ligating residues and the
local environment. We have made significant strides in developing atomistic interaction potentials
that efficiently incorporate new chemical functionalities and enable accurate exploration of
conformational space while considering solvent-specific polarization effects. We identified several
stable helical backbone conformations for peptoids that increase the potential design space.
Additionally, we benchmarked the prediction of reduction potentials for materials containing
multiple iron centers, which pose challenges for quantum mechanical methods. We developed a
model revealing a linear relationship between charge magnitude and ionization potential for [2Fe-




2S] and [4Fe-4S] clusters, significantly advancing our understanding of their electronic properties

and redox behavior.

Development of a solvent-specific systematic and extensible force field for peptoids

(STEPs-SOL). Peptoids (N-
substituted glycines) are a class
of biomimetic polymers gaining
significant attention due to their
accessible synthesis and
enhanced enzymatic and thermal
stability compared to natural
polypeptides. ~ While  these
polymers hold promise for
creating  robust  functional
materials through hierarchical
approaches, they pose challenges
for computational structure
prediction in materials design.
We have developed a solvent-
specific, systematic, and
extensible force field for
peptoids, termed STEPs-SOL.
Building on our previously
developed STEPs force field,'
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Figure 1. Workflow for Peptoid Conformational Analysis and
Charge Fitting. Peptoid conformations are generated using the STEPs
force field based on initial 12 backbone state defined conformational
space, represented in a Ramachandran-like plot. The conformations
undergo energy evaluation and K-means clustering based on rotatable
side chain dihedrals with representative low-energy conformations
selected from each cluster. Subsequently, the conformations are solvated
and simulated, with partial charges fitted using the ipolq scheme in
Ambertools. This workflow integrates molecular dynamics and density
functional theory calculations to optimize peptoid design and accurately

represent major conformations.

designed for a systematic and expandable description of peptoids, we present the STEPs-SOL
force field parameterization. This advancement significantly enhances the simulation of
biomimetic polymers by incorporating solvent effects to improve accuracy, particularly in
describing cis/trans equilibria. The general workflow, depicted in Figure 1, involves optimizing
partial charges by considering all relevant backbone and sidechain conformations. This addresses
computational challenges from non-bonded energies influenced by electrostatic and Lennard-
Jones interactions, thus broadening the applicability of the STEPs force field across various
solvents, including acetonitrile, chloroform, methanol, and water. Using meta-dynamics for

conformational sampling, we evaluated equilibrium cis/trans ratios to capture the impact of
solvent-specific polarization on peptoid architecture and structural dynamics. These findings
contribute significantly to biomolecular materials research, offering crucial insights that can drive
further advancements in material science and biomimetic polymer design.




We identified several potential stable helical backbone conformations. We identified several

potential stable helical backbone conformations
based on our previously calculated peptoid
backbone library. In this library, we precompute the
available conformational space, considering all
combinations for up to 7 monomers using the
minima (I-XII) as shown in Figure 1. Helical
structures were identified for capped peptoid 15-
mer. Figure 2 shows the three lowest energy helical
structures, including their pitch and residues per
turn, and highlights the position of the side chains
that can be optimized using a new PyRosetta
protocol by probing the stability through point
mutations.  Understanding how  non-natural
sequence-defined polymers fold into different
helical structures is crucial for predicting their
physical and chemical properties. This knowledge
enables precise control over their structural
configuration, providing insights into designing

A o © ©

Figure 2. Low energy helical structures for
peptoid 15-mer; backbone shown in licorice
and sidechain position are highlighted in
orange. A) the experimentally and theoretically
proposed most stable helical structure? with a
pitch of 6.6 A and three residues per turn (ccc), B)
helix with a pitch of 10.7 A and five residues per
turn (ccccee), and C) helix with a pitch of 12.3 and
8 residues per turn (ctccte).

and optimizing new biomimetic materials with tailored properties.

We developed a qualitative model that can predict the changes in the reduction
potential for Fe:S: and FesS4 clusters due to a single-charged residue. Testing 50 DFT
functionals identified B3LYP as the most reliable for single iron complexes across low-lying spin

states. For multi-iron systems,

broken-symmetry DFT accurately =~ «f ™

described spin states and reduction
potentials, validated against Fe>S»
complexes like Ferredoxin and

experimental / V

Rieske (see Figure 3). Our , }»%g

computational and theoretical ks

assessment of electrostatic ? cakuiaiod/V o . |
Figure 3. Left: computed versus experimental reduction potentials for

F2S2 containing small sysnthetic molecules show good performance

interactions across the  full

dielectric range from gas to liquid of BS-DFT. Right: Response of vertical electron affinity EVEA,

water replicated experimental

OEVEA/0q, to the field of a point charge at different locations around
the [2Fe-2S](SCH;)4* (top panels) and [4Fe-4S](SCH;)4> complexes.

observations  for  biologically  Different views for each cluster are shown. Positive (blue) values
derived materials. Introducing a correspond to a shift toward more positive values, the converse for

point charge at various positions on
the van der Waals surface revealed

negative (red) values. The positions that affect the VEA the most are
highlighted as grey circles.

pronounced anisotropy effects near bridging sulfides compared to ligating thiolates, with a linear
relationship between charge magnitude and ionization potential (see Figure 3). The observed
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ionization potentials varied with Fe coupling constants, indicating overall tuning of reduction
potentials through electrostatic interactions. These findings are crucial for understanding the
electronic properties and redox behavior of [4Fe-4S] clusters, essential for developing design
principles for materials that mimic nature's use of FeS clusters for electron transfer.

Future Plans

Using the methodological advancements discussed above, as well as the developed framework to
predict the structure and reduction potential for short sequences bound to FeS clusters, we will test
our hypotheses by exploring the conformational space of sequence-defined polymer chains and
their capacity to bind FeS clusters (1) and investigate the stability and properties of secondary
structure elements (2).

(1) Unlike in proteins, where the most common ligating residue is cysteine, we will screen tens of
sulfur-containing side chains and their combinations. Initial combinations are chosen to span the
relevant reduction potential space using our XTB>-based framework. The ionization potential will
be screened at the XTB level for stable conformations, and the reduction potential will be
calculated using a Marcus theory approach to include solvation and dynamic effects. The
systematic variation of sequence, ligand, and the predicted reduction potential allows testing the
hypothesis that FeS-clusters can be stabilized and tuned locally by the residues of synthetic
sequence-defined polymers without relying on secondary structure elements having the same
range of redox properties as natural redox cofactors stabilized by proteins or within synthetic
alpha peptides.

(2) To understand the stability and properties of secondary structure elements, we will study the
helical peptoid sequences and triazine-based polymers known to form secondary structure
elements. Qualitative effects on the electronic properties of these secondary structure elements will
be studied using quantum mechanical methods. We will utilize the already-developed force field
by systematically modifying side chain chemistry (charged, hydrophobic, steric). This approach
will allow us to test the hypothesis that secondary structure elements' stability and electronic
properties can be tuned through side chain chemistry and linker choice, enabling the design of
features that either block or enhance electron transfer.
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Bio-inspired Durable Storage of CO:
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Keywords: Peptoids, CO; mineralization, crystal nucleation and growth, phase transformation

Research Scope: The purpose of this project is to develop bio-inspired peptoid-based materials
that enable removal and durable storage of atmospheric CO,. Motivated by the urgency of reducing
COgz levels in the atmosphere, our vision is to (1) discover and exploit the physical and chemical
principles underlying accelerated CO> mineralization by peptoids and (2) use those principles to
develop rules for designing robust and scalable organic additives that convert CO2 into useful metal
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lack of systematic can facilitate HCOs™ deprotonation, Ca** desolvation, and disruption of the

. 1 . : calcite surface hydration structure, thus promoting calcite crystal growth.
experimental or computationa (a) Dependence of critical length of calcite steps on inverse supersaturation
insights  into  either the (1/o), (b) dependence of average terrace width on supersaturation (o), (c)

structural relationship between
these growth accelerants and

and (d) In situ high resolution AFM image of the calcite step structure in a
supersaturated solution (6=0.226), (¢) 3D AFM slices from force gradient

maps normal to calcite surface with the hydration layers labeled with white

the steps to modify step edge :
dashes, in the absence and presence of Peps 4 (63.1 nM).

structure  and  dynamics,
interfacial hydration structure and energetics, or the barriers to desolvation and/or to deprotonation
of the solute ions, leaves the mechanisms by which they impact step rates at the crystal surface
largely unknown. To evaluate the roles of peptoid sequences, supersaturation and the
stoichiometry of ions on accelerating the incorporation of growth units into the crystal steps and
achieve the molecular level mechanistic understanding, herein, we designed a series of peptoids
through systematic variations of the sequence that exhibited the greatest level of acceleration in
our previous study'.We systematically investigated the acceleration in step growth rate of calcite

crystals using in-situ atomic force microscopy (AFM), varying peptoid sequences and
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concentrations, CaCOs supersaturations, and the ratio of Ca*/ HCOs". Mechanistic studies (Figure
1) using NMR, three-dimensional fast force mapping (3D AFM), and isothermal titration
calorimetry (ITC) were conducted to reveal the interactions of peptoids with Ca?>" and HCO3 ions
in solution, as well as the effect of peptoids on solvation and energetics of calcite crystal surface.
Our results indicate the multiple roles of peptoid in facilitating HCOs deprotonation, Ca**
desolvation, and the disruption of interfacial hydration layers of the calcite surface, which
collectively contribute to the peptoid-accelerated calcite growth. These results provide a molecular
view of peptoid-induced acceleration of calcite growth, as well as essential principles of designing

biomimetic organic additives
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Figure 2. a) Peptoid monomer charges in STEPs force field (blue squares)

The additional complexity of ) _
and compared to STEPs-SOL force field in water (orange diamonds),

considering how a designed methanol (pink upward-pointing triangles), acetonitrile (yellow ‘+’

peptoids can alter the initial signs), and chloroform (red downward-pointing triangles). b) Energy as
stages of CaCOs nucleation | a function of distance between ions in simulation with Ca>* and COs* in
requires the extension and | 2 box of water. All atom simulations with explicit water (solid lines).
Simulations run with our reduced model, GB* (dotted lines).

development of theory and

molecular simulation tools. In this project, we developed peptoid force fields (FFs) with enhanced
accuracy in liquid phase simulation. Specifically, we used the IPolQ method to extend the
previously developed the STEPs® FF for peptoid parameterization, and tested the higher accuracy
of these FFs in four solvents — water, acetonitrile, chloroform, and methanol that differ in dielectric
constants. This extension captures polarization effects of the solvents on peptoid charges, which
is especially important for peptoids with charged side chains. An example of the adjustment in
charges is shown in Figure 2a). We also developed an efficient simulation framework to study the
effects of peptoid sequence on the initial stages of CaCO3 nucleation, which enables us to create
an efficient model for simulating dilute solutions of CaCO3 (e.g. ~1-10 mM) that can be extended
to describe interactions with peptoids. Our previously developed tools® necessitated the
construction of a reduced model for ion—ion interactions via the potential of mean force (PMF)
between all ion pairs to capture the physics of short range interactions, and a continuum model for
long range interactions. To consider additional complexity in the model to capture both peptoids
and ion clustering, herein we utilized and extended the Generalized Born (GB) to GB” where the
“*> denotes corrections to GB to account for the molecular details of the short-ranged interactions
afforded by molecular simulation. We corrected for this difference by adding an external potential
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that represents the difference between the Generalized Born and the all-atom PMF. Once this
correction was implemented, we achieved perfect agreement with the all-atom PMF (Figure 2b).
The GB™ reduced model achieves perfect agreement with the all-atom model in the dilute limit that
is corrected to fit the infinite dilution potential of mean force of all ion pairs. Moreover, the GB
performed well even at high concentrations demonstrating the efficacy to capture the collective
effects of solutions both efficiently and accurately. Using this reduced model allows us to easily
probe the dominant physics of interactions at CaCOs supersaturation concentrations and below,
saving over five orders of magnitude in computational time and resources while keeping the
simulation in a lower order of time complexity. Future work will be to incorporate both newly
extended tools into simulation to probe CaCOj3; dynamics in the presence of peptoids.

Understanding interactions of peptoids with CaCOs surfaces using solid-state NMR. To
understand mechanisms of peptoid-promoted CaCOs formation, a peptoid with alternating
hydrophobic and carboxylic acid side chains was bound to ACC. With the hypothesis that the
tighter the peptoid binds to a surface, the less motion it will have, we characterized this binding
with solid state NMR to assess the dynamics of the surface bound peptoid, specifically looking at
the backbone carbonyls, on the timescale of 10~ to 10~ seconds.* Three different labeled peptoids
were synthesized by having the: 1) last two C-terminal, 2) middle two or 3) first two N-terminal
backbone carbonyls '*C labeled. These !°C labeled peptoids were incubated with pre-formed
amorphous calcium carbonate (ACC) to produce the peptoid bound ACC sample for solid-state
NMR. A peptoid shoulder is present for the C-terminal labeled peptoid in preliminary cross
polarization magic angle spinning (CP-MAS) experiments, whereas only a weak shoulder is
detectable for the N-terminal labeled peptoid and no shoulder is detectable for the spectra with the
peptoid labeled at the middle two backbone carbonyls. Since cross-polarization efficiency is
expected to decrease as a function of increased mobility, we conclude from these NMR results that
the C-terminus is highly rigid on the ACC surface, whereas the N-terminus is only interacting
moderately, and the middle region of the peptoid has nearly no interaction with the surface. Similar
approaches were used to investigate these three '*C labeled peptoids for their interactions with
aragonite. Again, there appears to be a distinct peptoid shoulder present for the C-terminus labeled
sample, whereas no detectable peptoid shoulder is present for the N-terminus or middle-labeled
samples, further confirming the most important role of C-terminus for interacting with CaCOs.

Peptoid-based crystalline nanomaterials as carbonic anhydrase (CA) mimics for promoted
hydration and sequestration of CO: (Figure 3). CA mimics have recently received significant
attention due to their promising applications in the enhanced hydration and sequestration of COs».
Despite significant advances have been made in design and synthesis of CA mimics using
sequence-defined macromolecules, this area is underexplored with limited success. Herein, we
report the assembly of peptoids into crystalline nanomaterials with controlled microenvironment
of active sites as CA mimics through the coordination of imidazolyl with Zn and the variation of
peptoid side chains. These synthesized Zn-containing crystalline nanomaterials exhibited
effectively mimetic function with natural CA for catalytic p-nitrophenyl acetate (p-NPA). We

demonstrated that the tuning of morphology, crystallinity, surface and ligand chemistries of
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peptoid assemblies are crucial for catalytic hydrolysis of p-NPA. Among them, Pep12-Zn**
nanotubes exhibited the catalytic efficiency comparable to those of bovine carbonic anhydrase, a
natural enzyme often used to evaluate CA mimetics. Molecular dynamics (MD) simulations
revealed the critical roles of peptoid-Zn** binding energy and of the local microenvironment of
active sites on the catalytic performance of these peptoid-based biomimetic catalysts. Moreover,

they could remarkably promote the hydration
and sequestration of CO> while retaining high
thermal and chemical stability. NMR results
(Figure 3b-e) further confirmed the catalytic
nature of these CA mimics and the accelerated
CO2 hydration and CO; mineralization through
a unique formation pathway. This work offers
essential guidance for the future design of
high-performance CA-mimics for applications
in carbon capture and sequestration.

Future Plans

Our future plans center on continuing to design
and peptoid sequences and
crystalline for promoting the
nucleation and crystal growth of carbonate
crystals. To better understand how peptoids
function at the solid-liquid interfaces of
carbonate crystals for accelerated -crystal
nucleation and/or growth, we will continue
using solid-state NMR along with 3D AFM
techniques to investigate how peptoid
sequences, assembly structures and surface
chemistries impact the interfacial solution
carbonate  crystal

synthesize
materials

structure to promote
nucleation and phase transformation.
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Bioinspired Metamaterials
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Research Scope

The Bioinspired Metamaterials FWP at the Ames National Laboratory focuses on developing
fundamental bioinspired approaches for creating self-assembled mesoscale two- and three-
dimensional (2D and 3D) structures that can serve as optical metamaterials. We are developing
bioinspired, bottom-up synthesis approaches using DNA origami templates for further
metallization to create nanoresonators that are functionalized to enable their assembly into 2D and
3D mesoscale organization and alignment. Our interdisciplinary collaborative approach integrates
experiment and theory and aligns with DOE’s priorities laid out in the Synthesis Science workshop
report for the synthesis of complex nanostructures and multi-scale assemblies. It also addresses
the DOE’s Grand Challenge, to orchestrate atomic and electronic constituents to control material
properties.

Recent Progress

We have focused on fabricating conductive resonant meta-atoms, using DNA origami templates,
optimizing and improving their structure and morphology, enhancing the quality of their optical
resonance behaviors, developing characterization tools that allow detailed measurement of the
optical scattering profiles of individual metallic nano-objects, and pursuing strategies to create
ordered, two-dimensional surface patterns of origami-templated resonant meta-atoms. We have
also focused on efforts, using gold nanoparticles as model nanostructures to develop 3D assembly
approaches of these nanoparticles using polymer functionalization. Synthesis and fabrication
approaches have been complemented by development and use of synchrotron X-ray scattering and
transmission electron microscopy to characterize meta-atoms and their assemblies. The
experiments have been closely coupled with theoretical efforts for optical properties and predicting
self-assemblies of nanostructures.

Design and Characterization of Individual Meta-atoms: We have created ~100 nm sized DNA
origami templates of various shapes for further metallization to create meta-atoms that mimic split-
ring nanoresonators (SRR). The triangle-shapes, because of their symmetry, have an in-plane-
isotropic electric dipole resonance as their lowest Mie mode and are thus not interesting as
functional meta-atoms. However, this triangular origami modified by introducing a gap or by
omitting a complete side of the triangle can produce resonant meta-atoms that implement the very
important SRR motif, for both electric and magnetic dipole resonances. Initially using a silver
photochemical seeding process followed by electroless deposition of gold, allowed reproducible
formation of large numbers of similarly-shaped, surface-bound conductive meta-atoms using DNA
origami [1]. We used High Angle Annular Dark Field Scanning Transmission Electron
Microscopy (HAADF-S/TEM) imaging to follow metallization of DNA origami triangles utilizing
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a two-step approach: (1) formation of Pd clusters (seeds) at the surface of DNA origami triangles,
and (2) forming Au particles at the surface of seeded DNA triangles, with Pd clusters acting as
nucleation points. Fig. 1 shows the metallized
uniform nanostructures. We have developed disorder
models for DNA-templated metallized meta-atoms to
predict the degree of disorder that the meta-atom
structures can tolerate to still exhibit desired optical
properties.

o~ e - o 7 :
Fig. 1 Enhanced metallization using . h cal . £ ial
palladium seeding (left) and gold ELD (right) Slnpe the optica pr0p§ﬂles of metamaterials are
derived from the collective response of the assembly

of meta-atom units, it is crucial to understand the construction and scattering behavior of individual
meta-atoms. Nanoscale optical characterization of the meta-atoms and their assemblies are being
conducted using optically-coupled atomic force microscopy (AFM) imaging in the form of nano-
FTIR and scattering-near field scanning optical
microscopy (s-SNOM). The nano-FTIR (or s-
SNOM) is able to essentially measure the dipole
Greens function scanning over the surface of the
nanostructure, the imaginary part of which
represents the local density of states for the
electromagnetic field in the vicinity of the
resonant scatterers (for s-SNOM, the amplitude
ratio and phase of the measured optical signal
correlates with the real and imaginary components
of the material’s refractive index). We have
performed proof-of-concept measurements of s-
SNOM on our DNA origami samples in
unmodified and metallized forms. Fig. 2 shows
AFM and s-SNOM phase images of both bare and
Pd-coated DNA origami triangles. AFM height
images of the DNA reflects heights of ~1 nm for
the bare DNA (Fig.2A) and ~12 nm for the Pd-
coated sample (Fig.2C). s-SNOM images taken | Fig. 2. AFM and s-SNOM images of DNA
with a 632 nm laser source shows no contrast for | origami. (A) AFM height and (B) s-SNOM phase
the bare DNA (Fig.2B) but a strong signal in the images of uncoated DNA origami triangles. (C)

. AFM and (D) s-SNOM phase images of Pd-
phase data for the Pd-coated sample (Fig.2D), coated DNA origami triangles. Samples are

indicating the presence Of- a strong optical | mounted on n-Si and imaged in tapping mode
resonance from the metal coating. using HeNe (A=632 nm) laser excitation.

Controlling Self-Assembly of Nanoparticles

and Nanostructures: Preliminary efforts were pursued to create organized two-dimensional
patterns of resonant meta-atoms. A patterning strategy based upon NanoSphere Lithography was
used to create two-dimensional patterned surfaces with specific binding sites for DNA origami.
DNA origami was selectively adhered to the hydrophilic sites using ion-pairing interactions to
create a hexagonally-packed monolayer of origami, to be further metallized to create an organized,
two-dimensional pattern of meta-atom resonators. For a bottom-up approach to assembly, we have
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used DNA-hybridization as inspiration, but designed assembly strategies based on synthetic
polymers such as poly(ethylene glycol) (PEG) and poly(acrylic acid) (PAA), interacting with each
other through hydrogen bonding or with external stimuli in solution to drive the assembly of
metallic nanostructures. The use of synthetic polymers expands the range of chemistries, and also
allows for robust self-assembled structures that are stable when removed from solution. For these
studies, carried out in parallel with the development of the meta-atoms as described above, metal
nanostructures, mimicking metalized DNA origami, offer an exceptional platform to investigate
particle interactions and assembly in aqueous (and solvent) environments under mild conditions.
We have used gold nanoparticles as model nanostructures to develop methods for 2D and 3D self-
assembly by functionalizing with polymers.

We have used interpolymer complexation to create robust

AgNPs nanoparticle superlattices that can be tuned by changing

® WS H %@ temperature and/or pH. Our unique approach involved

PEG grafting Silver NP core attaching PEG chains to both gold (AuNPs) and silver

nanoparticles (AgNPs), subsequently cross-linking them

With PAA ith K,CO, with PAA chains, culminating in the successful

fabrication of densely packed 2D and 3D superstructures

3 T (Fig. 3)[2]. Our findings indicate that less efficient
grafting onto AgNPs can instigate directional bonding.

PEG-AgNPs

S
i

Lamellar-like structure Hexagonal structure W investigated functionalizing the nanostructures with
Fig. 3 Lamellar and hexagonal assemblies | water-soluble polymers that terminate with charged end
of PEG-grafted AgNPs groups in aqueous solutions. This innovative approach

offers salt-free control over assembly behavior, achieved
through precise adjustments in pH and temperature. Our strategy involved grafting AuNPs with
PEG terminated with CHj3 (charge-neutral), COOH (negatively charged), or NH> groups
(positively charged). In our investigations, we discovered intriguing differences among these
terminations. Notably, our ability to fine-tune the charge density on the surface of AuNPs enables
precise control over aggregation and solubility [3]. We have shown that we can create nanoparticle
superlattices with negative thermal expansion (NTE) coefficients by grafting temperature-
responsive polymers such as poly(N-isopropylacrylamide) to the gold nanostructures [4]. We also
showed that two distinct complex two-dimensional binary superlattices were self-assembled by
co-crystallizing gold nanoparticles (AuNPs) of two distinct sizes, allowing for greater control over
the packing density [5].

Switching from the charge-neutral PEG ligand terminal[6] methyl, to negatively and positively
charged terminals, allows us to assemble ordered assemblies via regulating the strength of the
Coulombic interactions. Based on synchrotron small-angle x-ray scattering data, we show that
oppositely charged AuNPs with carboxyl and amine terminals can act as super-ions and form
various 3D binary ionic superlattices in suspension. We have shown that we can create pH-
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controlled superstructures with different lattice arrangements (Fig. 4). Through systematically
10 Like . oo adjusting pH levels and mixing ratios, we
e achieved unique checkerboard square lattices, a
departure from the ubiquitous hexagonal patterns
observed with neutral PEG-AuNPs [7].
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Fig. 4 Tuning self-assembly of AuNP grafted with fitting pqrameters. We have been able to extend
Charged polymers by Varying temperature and the Ol’blfold TOpOlOglcal MOdel (OTM) tO
electrolytes account for the role of ligands beyond spherical

nanocrystals and its generalization to arbitrary
nanocrystal shapes. We have expanded methods to compute free energies and internal energies for
nanoparticle systems in molecular dynamics to achieve high precision [9]. We demonstrated the
assembly of a new type of chiral superlattice in a collaborative study, where the chirality is induced
by the substrate [10]. The simplicity and versatility of substrate-supported chiral superlattices
facilitate the formation of meta-structured coatings with unusual optical, mechanical and electronic
characteristics.

Future Plans

We have been able to create uniform conductive meta-atom structures using metallized DNA
origami templates and functionally characterize these individual meta-atoms to show that they
exhibit both electric and magnetic resonances as seen with split ring resonators. We have
conducted initial studies to assemble them on surfaces and have also developed approaches for the
assembly of model nanostructures in aqueous solutions through synthetic polymer
functionalization, mimicking DNA hybridization approaches to create meso-scale assemblies. Our
future work will now build on this progress, to focus on creating hierarchically self-assembled 2D
and 3D mesoscale structures of meta-atoms and functionally characterize these 2D and 3D
assemblies to demonstrate the existence of the desired resonances characteristic of functional
metamaterials, and gain insights into structure-function relationships of these materials. A
thorough understanding of the complex interplay involving different interactions for hierarchical
assembly that we will gain through this work will represent a fundamental advance towards our
ability to form robust and highly stable 2D and 3D meta-atom superstructures, but also have
broader impact on other systems.
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Research Scope

This project advances the discovery of new principles towards 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 sequence, as well as the processing these new
materials through controlled molecular self- and directed self-assembly. Molecular self-assembly,
with basic tenets derived from biology, is arguably the most promising strategy for imparting
structure and function to materials at the molecular, meso-, and macro-scale and for developing
functional soft and biomolecular materials; information encoded into the building blocks
introduces specific and controllable intra- and intermolecular interactions to drive assembly with
hierarchical structure. Because the assembly, structure, and dynamics of functional polymer and
soft matter systems are complicated, a unifying concept and defining strength of our overall project
is the combination of experiment, autonomous laboratories, theory, computation, and data driven
approaches to accelerate materials discovery and design. Our effort and progress reported below
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 in his project
will impact a wide array of energy technologies, ranging from fuel cells, electrolyzers, and
desalination, to energy storage, energy-efficient devices, neuromorphic computing, and
electrochemical sensors, to antifouling coatings for separation membranes.

Recent Progress

Thrust 1: Fundamental Investigation of Water Absorption and Ion Transport Mechanisms in
Homopolymer and Block Copolymer Electrolytes:

Understanding the interplay between polymer, water, and ion’s structure and dynamics is crucial
to overcoming the current limitations of anionic exchange membranes (AEMs) for energy
applications at scale. We employed a multidisciplinary approach combining controlled polymer
synthesis, precise water and ion transport properties characterization in nanometer-sized films, and
multi-scale computational simulations. With this approach, we can characterize water structure
and dynamics at a molecular level of detail, over time and length scales that range from molecular
vibrations and rotations to macroscopic polyelectrolyte performance.

Water Dynamics, Water Structure, and Ion Transport in AEMs. lon transport is crucial for the
functionality of polyelectrolyte materials in energy storage, with water playing a pivotal role in
facilitating this process. A widely held view of ion and water dynamics in such materials holds
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presence of free, bulk-like  for polymers of different IEC. (E) Description of the Coupled Layer Model
water and fully dissociated  showing characteristic snapshots of the simulation at increased RH.

ions. Instead, we find that

the faster ion transport mechanism occurs when the reorientation of water molecules in the second
solvation shell is fast, allowing a robust hydrogen bond network to form. This mechanism is
supported by ultra-fast two-dimensional infrared (2D IR) spectroscopy, which measures rapid
water reorientation dynamics, and molecular dynamics (MD) simulations, which correlate the fast
transport regime with changes in water structure and dynamics. MD simulations further show that
the robustness of a percolating network of hydrated ions characterized by a large proportion of
water in the second hydration shell allows for fast water and ions dynamics. Our results serve to
establish that, the combination of spectroscopic and computational techniques provides a powerful
tool for characterization of dynamics in these types of materials.

lonic conduction and water uptake in polymers with different ionic exchange capacity (IEC). To
test the validity of our conclusion, we extended the previous analysis to polymers with different
IECs, which measure the charge concentration in the polymer matrix. Informed by the percolation
analysis over MD simulations, we developed a minimal simulation model of the membrane that
couples the thermodynamics of water adsorption to the conductivity of random resistor networks
at low computational cost (fig 1(e)). Both experiments and simulations confirmed that fast
conduction begins when water forms a percolated network facilitated by favorable interactions
between water molecules connecting ion hydration shells. Furthermore, we found that to ultimately
be the reason for the universal relationship between ionic conductivity and water content shown
in fig. 1 (d). The curves collapse because all networks percolate at the same water content, but
water only binds to water already adsorbed around the ions (there is no free water). That leads to
lower water content and lower conductivity in polymers with lower IEC.

Thrust 2: High-Throughput Robotic Experimentation and Computation for Designing Mixed
Conducting Polymers:

Redox Gating for Colossal Carrier Modulation and Unique Phase Control. Redox gating is a novel
technique distinct from traditional electrolyte gating, employing reversible redox functionalities
combined with ionic electrolyte components to achieve efficient charge transport and electronic
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Figure 2. Redox Gating and Electric Field Control of VO, Films. (a) Schematic
illustration of redox gating, where yellow balls represent electrons generated in the
electrolyte and injected into VO,, enabling carrier manipulation and electric field
control of the electronic state. (b) Suppression of the temperature-driven metal-
insulator transition in VO, films using FcRG electrolytes. (¢c) Normalized resistance
measurements during gate voltage cycling, demonstrating the controllable modulation

electrolyte gating, redox gating injects many carriers without causing ionic defects or intercalated
species. The study specifically demonstrated the control of the electronic phase transition in VO»
using redox gating, highlighting the influence of metal-containing poly(ionic liquids) (PILs) on
semiconducting metal oxides and materials with strongly correlated electron behaviors (Figure 2).
These findings confirm the low-voltage properties and high efficiency of the redox-active polymer
electrolyte, underscoring its potential for future applications in advanced electronic devices. Redox

gating decouples electrical and structural phase
transitions, supporting isostructural metal-
insulator transitions and enhancing device
endurance. This method is applicable across
various materials, regardless of crystallinity or
carrier type, offering significant improvements in
the efficiency and power consumption of
microelectronic devices. Consequently, redox
gating could lead to the development of smaller,
more energy-efficient semiconductors and
quantum devices. This work is a new application
of our developing expertise in ionic polymers.

Thrust 3: Hybrid Coacervation, Surface
Interactions and Their Modification with
Polyampholytes:

Stretching of Immersed Polyelectrolyte Brushes
in Shear Flow. Polymer brushes are vital in
various applications, including antifouling,
corrosion protection, and stimuli-responsive
materials, but their behavior under shear flow is
not understood. Our study examines the
structural response of poly(styrene sulfonate)
(PSS) brushes to shear flow using in situ X-ray
reflectivity — across various environments,
including isopropanol (IPA), water, and aqueous
solutions with different cations (Cs*, Ba**, La*",
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Figure 3. Characterization and Shear-Induced
Deformation of PSS Brushes. (a) Chemical
structure of PSS brushes attached to a silicon
substrate. (b) Schematic of the beam path during X-
ray reflectivity measurement. (c) Diagram of the
primary and secondary flow within the cone-plate
geometry. (d) Normalized brush thickness variation
with increasing shear rates for PSS brushes in
various solvents (IPA, water, and cation solutions:
Cs*, Ba?*, La3*, and Y3*"). The colored map
illustrates the thickness fractions of the depletion
layer and dense layer, and their shear-induced
changes. (e) Schematic illustration of the structural
response of PSS brushes in cation solutions under
shear flow, depicting the deformation and
rearrangement of the brushes.




Y3*) [6]. We designed a custom apparatus that applies tangential and upward shear forces to the
PSS brushes, revealing that low shear rates cause brush contraction due to chain tilting, while
higher shear rates induce brush expansion by stretching the chains (Figure 3). The initial brush
configuration, influenced by the solvent and cations, significantly impacts their response, with
stronger salt bridge networks providing greater resistance to stretching. Analysis of electron
density profiles highlights the critical role of the diffuse layer in brush structural evolution. Our
findings show that PSS stretches more in water and Cs" solutions compared to IPA and trivalent
cation solutions, offering valuable insights into polymer brush behavior. This understanding is
crucial for applications and sets the stage for further exploration of factors such as chain length,
counterions, and ion size to develop a comprehensive theory of polymer brush stretching behaviors.

New XPCS Method to Explore Non-equilibrium Dynamics in Soft Materials. This research
enhances X-ray Photon Correlation Spectroscopy (XPCS) for studying the dynamics of soft,
structured materials [10]. Our new method avoids data averaging and extracts a microscopic
transport coefficient, J(¢), directly from XPCS intensity correlations, linking small-scale behaviors
to large-scale properties. For example, in a polymer-particle gel system under mechanical
perturbation, J(f) mirrored dissipation dynamics in an underdamped Brownian oscillator
dominated by elastic force (Figure 4 (a)). The method also identified avalanche dynamics, marked
by a sudden increase in J(¢), indicating rapid particle rearrangement and stress release. Another
example is a charged particle suspension undergoing shear band transitions during creep, where
three distinct bands formed: a slow-flowing band, a fast- ﬂowmg band, and a static band (Flgure 4

(b)). Our approach uncovered 2000 110 100 1.15
detailed  dynamics, including  _ 80

particle merging, band transitions, f o B

and internal structure breakdowns, <% 1000 1.052 ’ 107
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jamming and reflow. Imminent >0 20 g ;
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enabhn.g the study of lopal Figure 4. Transport coefficient approach applied to a gel system
dynamics and broadening  ynder mechanical perturbation (a) and a charged particle
applications in advanced suspension undergoing shear band transitions during a creep test
manufacturing, natural phenomena,  (b). Experimental XPCS data are in the upper left; fitting results are
and beyond. in the lower right.

Future Plans

We will build on past accomplishments and deepen our understanding of precision synthesis and
molecular self-assembly of neutral and charged polymers with controlled architectures and soft
materials in three interconnected topic areas described above. The synergisms and multiple
cross-cutting themes between the three thrusts will provide exciting opportunities for intra-
project cross fertilization and advances that will lead to discovery and innovation in synthesis,
characterization, and modeling.
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Research Scope

The long-term vision of this project is to develop synthetic self-assembling systems that
emulate the hierarchical nature of biology and carry out complex functions based on a predictive
understanding of assembly and function. Specifically, we seek to create fully synthetic self-
assembling biomimetic structures that mimic the environment, versatility, and functionality of cell
membranes based on physico-chemical principles underlying (1) co-assembly of biomimetic
membrane matrices, artificial membrane channels, and de novo designed protein nanopores into
artificial membrane assemblies, (2) the structuring of water and ions near membrane surfaces and
pores, and (3) fast and selective transport through the pores. Our proposed research seeks to
achieve rational design of fully synthetic multicomponent membranes based on an understanding
of (1) controls on co-assembly and ordering, (2) transport mechanisms through the synthetic
protein nanopores and (3) the relationship between protein pore design and ion-selectivity. Our
approach integrates synthesis of novel biomimetic materials and nanopores, in situ characterization
of interfacial structure, interactions, and assembly, molecular simulations of structure, assembly
and transport, and measurements of ion and water
transport through nanopores. These advances will

build a foundation for designing biomimetic ca
functional materials where the transport and :

selectivity can be tuned for applications in energy @@_

0 pm|

e

1.0 M KCI

Gg=164pS

0 200 400 600 BOO 1000

Systems. B~ Conductance (pS)
c 3‘ 1‘ D.IE g.ﬁ ](0;)2 Di“ This Work, BNNTPs.
- R, o atd o) £238 nm, 9=2.1 rm
Recent Progress. oy mrs 5 g B TF el CEW0% g |
gﬂsf S o ’0-93 5’,\103 -[:?;,é 1) | i
el . . . 8 |7 3= u.sg Z s %1°“"m§? B
Boron nitride nanotube porins (Sci. Adv., 2024, ooy 3, W3 897 ° 8 3 gﬂvﬁzm
. O 5’ 5 18 : g g L5p:m1“ﬂ‘=3nm
in revision). We developed a new type of synthetic  *** ellinintes 807 CELE Ly
1.0 T T T s tIM} T g 10° T T T Losol;ﬁ?g!::”
OpHYS OpH1
membrane nanopore based on a BN nanotube 02 b 08 o 10 oot 5,2

scaffold. These BN nanotube porins (BNNTPs) Figure 1. Boron nitride nanotube porins. a.
were synthesized by cutting long BN nanotubes | Schematic ~of droplet interface  bilayer

an lubilizing them in lipids. BNNTP measurement (leff) and EM images of (top)
d solubilizing © pids NNTPs BBNTP inserted into lipid vesicle shell and

spontaneously insert into the lipid membranes | (potom) HR-TEM of a single BNNTP. b.
(Fig. 1a) and form stable pores with defined ionic | Histogram of ionic conductance values of

. .. . BNNTPs. ¢. BNNT permselectivity values at
conductance (Fig. 1b). A combination of ion different KCl concentrations. d. Osmotic power

conductance measurements with the reversal | density for a single BNNT pore compared to
literature values. Li, el.al. (2024).

potential ion selectivity measurements indicated
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that BNNTPs carry a permanent negative charge on the walls, attributed to OH™ chemisorption on
BN walls. This charge is responsible for strong cation selectivity of these pores (Fig. 1c). We have
also demonstrated that BNNTPs are highly efficient osmotic gradient power converters with power
density reaching to over 10kW/m?, exceeding literature values for osmotic power harvesting
channels.

Water and ion transport in de novo
designed protein pores. (Submitted) The
Baker group has used parametric design to
generate de novo designed protein pores
that allow exquisite control over the size
and precise channel functionality for
incorporation into synthetic membranes
(Fig. 2). We have synthesized, and
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channels (Fig 2a), which form asymmetric Figure 2. Transport in de novo designed protein pores.
a. Structure of 8,10, and 12-strand de novo designed

transmembrane [-barrel proteins. b. Water permeability of
permeabilities of these pores and showed | de novo proteins (red) compared to the literature
that they increase with the pore size and pgrmeability Va'lues of biological pores (blue). c,d.
. . Histograms of ion conductance of de novo pores. e.
also correlate with the literature values for Calculated potential energy profile through TMB10 pore.
the biological pores of similar size (Fig. | (Li, Baer, Baker, De Yoreo, Noy, et.al., subm. 2024)

barrel structures. We determined water

2b). In contrast, the water permeability of

the 8-stranded barrel protein (TMBS8), which contains only a single-file water chain does not
correlate to that of aquaporins, but rather to that of gramicidin A (Fig. 2b). Unlike the aquaporin
pore, the TMBS pore is lined up with polar groups that suppress the conditions necessary for fast
single-file water transport, demonstrating how control over pore size and chemistry can control
transport properties. We also determined ion conductance of individual de novo pores and
demonstrated that, while TMBS is too small to enable ion transport, TMB10 and TMB12 show ion
conductance that increases with the pore size. MD simulations quantified the potential energy
profile for ion transport through these pores and determined their molecular size cutoff, which
correlate with the experiments, further clarifying structure-function relations in this system.

Two-dimensional silk (Sci. Adv., 2024 in revision). We have also discovered a 2D crystalline
phase of silk that assembles epitaxially on van der Waals substrates, including graphene and MoS;
(Fig. 3). Silk is a natural protein-based material that has been used by humankind for over 5,000
years. Silk fibroin (SF) has been exploited in recent decades for its ability to self-assemble into a
range of fiber-based architectures that exhibit exceptional mechanical, optical, and electronic
properties, as well as excellent biocompatibility and biodegradability. Yet, a number of potential
SF bio-electronic applications has been limited by challenges associated with the poor order of
films of SF fibers deposited from bulk solution, and the mismatch between the soft SF proteins
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Figure 3. Silk forms a highly ordered 2D
epitaxial film on graphene. (A) AFM
image of 2D silk on graphene. (B)

Underlying carbon lattice showing
armchair direction along which silk
lamellae are aligned. (C) Molecular
dynamics simulations showing predicted
structure of lamellae. (D) Synchrotron-
based nano-FTIR showing the
development of b-sheet crystalline
structure recorded through the evolution of
the amide I adsorption band. Shi et.al. 2024

and the hard, planar substrates. Our discovery now provides
a simple means for creating highly ordered silk films
directly interfaced with electronic materials. Moreover,
using in situ AFM, synchrotron-based nano-FTIR, and
molecular dynamics, we found that the structure is formed
through surface-directed assembly and folding of the SF
molecules, with a final architecture comprised of fully
ordered monolayers of [-sheet lamellae (Fig. 3C).
Moreover, we showed that assembly proceeds along two
distinct pathways: direct epitaxial growth at low SF
concentrations and a two-step process passing through a
transient disordered phase at high concentration. These
findings provide a mechanistic understanding of assembly
for this canonical biomaterial that can enable efficient
approaches to designing and fabricating highly oriented
silk-based bio-electronics.

Dynamics of peptoid self-assembly into 2D membranes

(ACS Nano, 2024). Peptoids, which readily assemble into highly ordered, chemically robust, self-
repairing 2D solids that comprise hydrophobic cores and functionalizable hydrophilic surfaces, are
versatile membrane matrices. We investigated the effect of peptoid sequence on the mechanism
and kinetics of 2D assembly on mica surfaces using in situ AFM and time-resolved X-ray
scattering using three distinct, but systematically varied, peptoid amphiphilic sequences. The
results (Fig. 4) show that assembly starts with deposition of aggregates that spread to establish 2D
islands, which then grow by attachment of peptoids—either monomers or unresolvable small
oligomers—following well known laws of crystal step advancement. Extraction of the key
thermodynamic and kinetic parameters from the dependence of growth rate on peptoid
concentration reveals striking differences between the sequences. The one with the lowest stability

in the bulk exhibits the highest
stability when grown on the
surface. In fact, once a growth unit
attaches to the island edge there is

probability  of
Furthermore, the

almost  no
detaching.

conjugation of a hydrophobic tail
to the hydrophilic block to
enhance hydrophobic interactions
greatly reduced the stability but
enhances the growth kinetics by
three-fold.  These  assembly
outcomes show conjugated that,
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Figure 4. Slight changes in peptoid sequence led to dramatic changes
in the thermodynamic stability and 2D assembly kinetics. (A)
Sequences used in this study. (B) Relative assembly speed. (C) AFM
images showing formation of 2D film by adsorption and spreading.
Scale bar: 150nm. (D) XRD at three time-steps during assembly.
Closed symbols: P2. Open symbols: P3. Black curve is for 1:1
acetonitrile:water. Data has been offset for clarity. Yadav et.al. 2024
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while the n—m interactions between adjacent hydrophobic blocks play a major role in peptoid
assembly, sequence details, particularly the location of charged groups, as well as interaction with
the underlying substrate can significantly alter the thermodynamic stability and assembly kinetics.

Pore-forming peptoids for antibacterial activity (4CS Nano, in revision, 2024). We have
recently designed a new family of low molecular weight peptoid antibiotics that form membrane-
disrupting assemblies that exhibit excellent broad-spectrum activity and high selectivity toward a
panel of Gram-positive and Gram-negative bacterial strains, including vancomycin-resistant E.
faecalis (VREF), methicillin-resistant S. aureus (MRSA), methicillin-resistant S. epidermidis
(MRSE), E. coli, P. aeruginosa, and K. pneumoniae. Mechanistic studies using TEM, bacterial
membrane depolarization and lysis, and time-kill kinetics assays along with MD simulations reveal
that these peptoids kill bacteria through the formation of artificial channels in the cell membranes.
Tuning peptoid sidechain chemistry and structure enabled us to further increase the efficacy of
antimicrobial activity.

Rare earth ion transport in biomimetic carbon nanotube membrane pores with defined
electronic properties. (2024, in preparation). Artificial membrane channel platform allows
exploration of transport phenomena that are inaccessible with traditional membrane systems. We
explored the impact of channel wall electronic properties on the transport efficiency of rare earth
ions in carbon nanotube pores. To probe REE transport efficiency, we used a vesicle-based
permeability assay that exploited REE-dependent fluorescence of Calceine Blue dye. Crucially,
we have used two kinds of CNTP channels, semiconducting (6,5) CNTPs and metallic (7,4)
CNTPs. As both channels had nearly — ©2 404

identical diameter, yet different wall 35+

electronic properties, these experiments L. #'

interactions of the ion with the channel Semf;,n:; e # ==

walls (Fig. 5). We have observed that for lil —est— r_"fj

showed statistically significant higher rate  4_076 nm 054 *x w08

of transport than the metallic nanotubes. meele c © B « v ®
The curious exception was the Dy** ion,
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allowed us to isolate the impact of the d=075mm
most REE ions semiconducting nanotubes %

Fig. 5. Rare earth ion transport in chiral carbon nanotube
o porins. Box plots of single channel permeability for
where  the  selectivity trend  was | different REE ions for metallic (7,4) and semiconducting
inconclusive. Ongoing work is exploring | (6,5) carbon nanotube porins of identical inner diameter.
Semiconducting CNTPs show higher transport efficiency

the atomistic origins of this selectivity. for most REE ions. Abdullah, Li, Noy, et. al. 2024

Future Plans

Our future research will be focused on assembling synthetic pores and de novo designed proteins
into lipid, peptoid and block copolymer membrane matrices, determining the efficiency of
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molecular transport in these assemblies, establishing the structure-function relationships, as well
as refining the pore designs to target applications in energy-related systems.
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Research Scope

This FWP advances a new concept in materials based on the interfacial formation, assembly and
jamming of nanoparticle surfactants (NPSs). By learning how to manipulate the interfacial packing
of the NPSs using external triggers, a new class of materials will emerge that synergistically
combines the desirable characteristics of fluids with the structural stability of a solid, i.e., a
structured liquid. We are developing theoretical models to understand the interfacial packing of
the NPSs and its role on spontaneous emulsification, and the developments of a thermodynamic
understanding of three phase emulsion systems driven by the interfacial assembly of NPSs.
Experimentally, we are using the chemistries of the ligands anchored to generate structured liquids
where the dissipative chemical reactions are used to control the interfacial energy that make and
break the assemblies in a well-defined time that depends on the reaction rates of the components
in the liquid phases. In sifu scanning probe microscopies are being used to quantify the packing
densities and dynamics of the NPS assemblies, relating these to interfacial tension. By
encapsulating active matter within the structured liquids, the shapes of structured liquid domains
are found to evolve in time, providing an ideal platform to mimic living systems. By controlling
the aerial destines of NPSs on the surface of liquid droplets we have been able to prescribe the
extent to which two droplets will coalesce, limiting the formation of channels connecting the
droplets to tens of nanometers, opening pathways to generate all-liquid ion and electron based
devices, Prior to channel formation, the droplet interface bilayer formed when the droplets are
initially joined, provides a robust platform to theoretically and experimentally probe pore
nucleation and growth with unprecedented detail. Fundamental experimental and theoretical
challenges are faced in each of these areas to tailor NPS chemistries, their assembly and dynamics,
and the translation of events occurring on the nanoscopic level to controlled macroscopic
assemblies.
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Recent Progress

a

Magnetic rollers in a structured liquid droplet

Shape evolving structured liquid driven by
active magnetic rollers (Omar, Ashby, Helms, o8 (30) H seseesesesescrsse
Russell): Migration, division, and R A |% @ 0°°

POSS-NH2 in chloroform

reconfiguration—behaviors inherent to living

b
systems—are driven by active processes.
Developing synthetic mimics remains a . .
challenge due to the difficulty in deforming —_— ) .

membranes from within the confined liquids.

Lipid bilayers comprising the membranes that  Fig. 1. (a) Schematics of the experiment. (b) Time-
bound natural systems are locally deformed by  lapsed images of the deformation of a structured
active species, e.g., microtubules, but the non- liquid droplet.

equilibrium shapes relax when active species

motions cease, and the shape changes lack immediate control. We have been pursuing a fully
synthetic system, driven by active particles encapsulated by a reconfigurable nanoparticle
surfactant membrane that reproduces the shape fluctuations of living cells, yet the shape changes
can be preserved. Surfactant concentration can be used to tune the interfacial tension over three
orders of magnitude, making on-demand shape evolution possible. Directional migration, division,
and reconfiguration across multiple scales are possible, leading to a new class of biomimetic,
reconfigurable, and responsive materials, paving the way to autonomous synthetic machines. The
motion of active matter is the basic form of locomotion in biology, a vital ingredient in many
functions of cells, and an essential design challenge in nanorobotics. We integrated active matter
into structured liquids to harness its motions to perform work on liquid interfaces (Figure 1). The
structured liquids, produced by interfacial jamming of NPSs are reconfigurable and therefore
provide an ideal platform for generating active energy-consuming systems.
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Prescribing and sustaining the lifetime of interfacial

films used to tranmsiently structure liquids. (Ashby, T o

Russell, Helms): Structured liquids stabilized by interfacial =2 -
assemblies enable compartmentalization of reactive species z2 | ; i — omw
and spatial control over chemical systems. To prescribe a Evo | — S
lifetime for structured liquids requires that the assemblies, 0 e

0 30 80 90 120 150
Time (min)

initially confined to the interface, eventually revert to
molecularly dissolved species over time. In Figure 2, we

show, that poly(acrylic acid) in water fueled with o |t | | |
carbodiimide segregates to and forms assemblies of Ew W
aggregates at an interface with oil, solidifying the interface. E® ¢ .

When the fuel is consumed, the assembly dissipates to re- Sy ' o

form soluble polymer chains, destroying any out-of- O e e e me mo

Time (min)

equilibrium structure imparted to the liquid. We exploit this
phenomenon for controlled coalescence and demonstrate
that liquid compartment lifetimes are readily extended by re-
fueling the system. Using interfacial rheology, we identify
crossover points in the interfacial storage and loss moduli at
times commensurate with the amount of fuel, evidencing
transitions of the assemblies between solid-like and liquid-
like that cause compartmentalized liquids to burst. These
solid-like fueled interfacial assemblies demonstrate reduced
permeability to dye, showing the potential of this system to
be used for timed release or temporally-controlled molecular transfers across liquid interfaces.
This work opens a pathway to time- and shape-programmable chemical systems.

Responsive-Hydrogel Aquabots: (Shum (HKU), Zettl, Russell): Marine organisms, in response
to internal or external stimuli, can change shape to
adapt to a complex and ever-changing environment.
Such responsive adaptability requires the integration
of sensors and actuators without compromising the
mechanical flexibility necessary to realize rapid

Fig. 2. a. IFT over time for a
toluene—water/PAA interface with
different concentrations of fuel
added. b IFT over time for a
dodecane—water/PAA interface
with EDC added at 20, 80, 140, and
200 minutes (indicated with
arrows). Inset shows an image of
an inverted pendant drop.

Partial Coalescence

N N
o (42
T

IFT [mN m™]
&
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deformation. We integrated stimuli-responsive

hydrogels into aquabots, nanoparticle-polyelectrolyte 10

stabilized all-aqueous robots recently developed in o PR L
our laboratories, to generate adaptive, multiple e =
stimuli-responsive soft robots incorporating a shrink- Time [s]

on-demand function. By combining aqueous phase-
separation-induced photopolymerization and all-
aqueous 3D printing hierarchical compartmentalized
tubular and multicellular structures of printed
aquabots were functionalized by a responsive

Fig. 3. The interfacial tension (IFT) between
the SiO, NPs aqueous dispersion and silicone
oil with POSS-NH; and its apparent surface
coverage evolves over time. Insets illustrate
different  coalescence  behaviors:  full

hydrogel membrane during the aqueous phase
separation. The functionalized aquabots respond to a
range of stimuli and pass through spaces much
smaller than their original sizes by an on-demand,
reversible shrinkage that can be further enhanced by
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coalescence, partial coalescence, and no
observable coalescence forming a droplet
interface bilayer (DIB). The right droplet
contains Rhodamine 6G (0.1 uM) while the
left droplet does not. Scale bar: 500 um.




the higher water content in the compartmentalized structures. Adaptive, shrink-on-demand
aquabots are produced by functionalizing their walls with complex hydrogel membranes that are
responsive to temperature, light, and magnetic fields.

Controllable Droplet Coalescence (Omar, Ashby, Helms, Russell): Arrested coalescence
occurs in structured liquid droplets when nanoparticle-surfactants (NPSs) absorbed at the interface
become crowded, inhibiting both the relaxation of the droplet shape and further coalescence.
Although this phenomenon has been reported and investigated in the context of liquid marbles or
Pickering emulsions, detailed investigation on NP-decorated droplets is still lacking. By
controlling the surface coverage fraction of the NPs we realized well-defined pore dimensions
between the droplets, even down to the nano-scale.

We immersed aqueous droplets (5 uL) containing carboxylated 13-nm-diameter silica NPs
(Si02-COOH) in a solution of amine-modified polyhedral oligomeric silsesquioxane (POSS-NH>)
in silicone oil. The POSS-NH», acting as a surfactant, assembles at the interface and
electrostatically interacts with the SiO2 NPs, anchoring a well-defined number of POSS-NH:
molecules to the NPs, forming NPSs that are irreversibly absorbed at the oil/water interface. Over
time, the NPSs gradually absorb to the
interface, lowering the interfacial tension
(IFT) until it becomes fully covered. Using
the pendant drop tensiometer, the plot of IFT 1072
over time was recorded (black line in Figure

] . . . =
3), which is consistent with the surface &,
coverage trend (red dots in Fig. X). The neck
size between the connected droplets
undergoing partial coalescence decreases
with assembly time. We have initiated a o> o e o8
cooperative electric measurement experiment dw
W_lth Oak Rldg? Natlonal Laboratory, and the Fig. 4. Phase Diagram of a microemulsion system as a
high  conductivity ~results support the  function of volume fraction of surfactant particles (y-
possibility of nanopore formation. axis) and volume fraction of the water component (x-

axis). The lower boundary differentiates the phase
Microemulsions (Ashby, Helms, separated regime (bulk oil + bulk water coexistence)

Russell, Omar): We develop a general from the 2-phase emulsiﬁcation fa.il.ure regime. The
thermodynamic theory applicable to a wide upper bouqdary delineates tl}e transition from the two
. .. phase coexistence and the uniform emulsion.

variety of non-ionic 3 component surfactant

systems that predicts the phase behavior of microemulsions. We nanoparticle surfactants that gain
amphiphilic character as they assemble at the water-oil interface. A preliminary phase diagram is
shown in Figure 4. The two controllable experimental parameters, the volume fraction of
surfactant and the volume fraction of the water component control the phase behavior of the system.
The phase separation regime denotes coexistence between a bulk water and bulk oil phase with
surfactant on the interface and in solution. Upon increasing the volume fraction of surfactant, the
interfacial tension between the two bulk fluids decreases. At some critical volume fraction, the
interfacial energy vanishes. This results in the production of an emulsion phase which coexists
with a bulk excess fluid of the minority component. The 2-phase region is stable over a larger
range of surfactant and water volume fraction at smaller values of the intrinsic curvature. Upon
further increasing the volume fraction of surfactant, one finds that the excess phase will decompose

1072

Uniform Microemulsion

Excess phase +
Microemulsion

Phase separation
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into a uniform emulsion. The single phase or 2-phase region may intersect with a droplet-droplet
phase separation region arising from droplet-droplet attractive interactions.

In addition to studying the bulk phase behavior of particle stabilized interfaces we also
studied the microscopic curvature properties of a model nanoparticle surfactant system. A fluid-
fluid interface has a well characterized fluctuation spectrum characterized by two energy scales,
the interfacial tension and the bending rigidity. The Interfacial tension penalizes large length scale
fluctuations while the bending rigidity penalizes lower wavelength fluctuations. We studied the
phase behavior of quasi-2D assemblies of patchy particles as a function of prescribed curvatures.
We find that patchy particles with varying valency can display a wide variety of phases, as a
function of the curvature. Figure 5 illustrates the assembly and summarizes our preliminary results.

Future Plans

e We plan to further study emulsification to extract
microscopic indicators on phase behavior, e.g., local
density distributions and orientational order parameters.
e We have developed a liquid TEM cell to probe the
assembly of the NPSs at liquid/liquid interfaces, to
obtain time dependent images of the NPSs to
characterize, in real space, the dynamics of the
assembled NPSs.
e We will continue studies on dissipative interfacial
Fig. 5 Quasi-2D patchy particle assemby on  processes to generate chemically responsive interfacial
curved surface. A. Schwmatic of interfacial ~ assemblies. Turning membranes by reaction diffusion
assembly. B. Increasing survature at fixed  control.
particle density. C. Phase diagram as a e We will continue our experimental studies on the
function of surface density and wavelength.  controlled coalescence and robust droplet interface
D. Snapshot of the particle assembly in the  pjjayers from NPS ladened droplets. We plan to use
square crystal. classical theories of domain coalescence to determine
the length and timescales of this process.
e We plan to study how shape evolves from initial non-equilibrium 3D printed shapes and
how, using localized external triggers, to direct the location and extent of shape change.
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Dynamics of Active Self-Assembled Materials

PI: Alexey Snezhko. Co-Investigators: Andrey Sokolov, Andreas Glatz
Keywords: active matter, out-of-equilibrium self-assembly

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. In-depth understanding of out-of-equilibrium collective dynamics and self-
assembly paves the way for the discovery of tailored self-assembled materials and structures that
can adapt to new conditions, self-heal, and regulate physical properties. Understanding and control
of self-assembled out-of-equilibrium (active) materials pose 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. It synergistically integrates experiment and simulations,
and tackles the fundamental issues at the forefront of contemporary materials science. The main
research directions focus on the design of novel active materials that can arise from a fundamental
understanding of dynamic self-assembly and organization in colloids far from equilibrium. We
explore highly complementary model systems: self-propelled colloids driven by external fields,
and active liquid crystals. The difference between the two is in the way the injected energy is
utilized: driven colloids transform it into a mechanical particle motion, while in active liquid
crystals it is used for reorientations of a local nematic order. The challenges are: understanding
fundamental principles leading to a collective behavior and dynamic self-organization from the
interactions between unitary building blocks, and designing new active materials with tunable
structural and transport characteristics at the microscale.

Recent Progress

In the past two years the program has been exploring the role chirality plays in dynamics of active
colloids. We investigate how chiral behavior of active units contributes and enriches the dynamic
self-organization of out-of-equilibrium ensembles. One of the directions has been targeting the
behavior of active fluids with memory realized by the use of temporal activity modulations when
the system has a partial “memory” of its previous state either at a particle or ensemble level
(“collective memory”). Another major direction of the research investigates pattern formation and
topological defects dynamics in recently discovered active liquid crystals powered by acoustic
waves.

During the past two years our program yielded discoveries of spontaneous activity shockwaves
[1], a hidden order and polar state reversal in active roller fluids [2]; reported hyperuniform active
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chiral fluids with tunable internal structure [3], demonstrated guided self-assembly of active
colloids with temporal modulation of the activity [4]; discovered novel arrested-motility states in
populations of shape-anisotropic active Janus particles [5]; investigated the emergence of multi-
vortical states and globally correlated vortex lattices in active magnetic liquids [6,7]; developed a
fully synthetic active liquid crystal energized by an acoustic field.

Spontaneous shockwaves in pulse-stimulated flocks of active rollers. Temporal activity

modulations, realized by modulated external electric fields, represent an effective tool to expand
the variety of accessible dynamic states in active ensembles [2, 4]. The suspendmg med1a also plays
a significant role in active ensembles dynamics. In | ' - | ;
the case of Quincke rollers, the observed complex
dynamics of rolling colloids is always accompanied
by electrohydrodynamic (EHD) flows induced by the
electric field powering the system. We discovered the
emergence of spontaneous shockwaves (see Figure
1) that became accessible under temporal activity
modulations in crowds of colloidal Quincke rollers
with the increased strength of the EHD flows. In
response to the increased media conductivity, the
EHD flows are no longer negligible and promote | pigyre 1. Spontancous activity shockwaves in
intermittent rollers densifications in the system at the | populations of Quincke rollers under temporal

uncorrelated gas state. The particle shockwaves | activity modulations. The red arrows indicate
the propagation directions of two major particle

waves. Insert: particle velocity map of a

) propagating shockwave. Red region indicates
region between the gas and vortex states. The | rollers in the wave front moving coherently at

shockwaves originate in regions where rollers | velocities several times of the average particle
develop velocity correlations and spontaneously start | velocity. The scale bar is 100pum.

to move collectively significantly faster than the average particle speed in the ensemble. Multiple
shock-waves continuously arise and vanish in the system. The speed of the shockwave is about

continuously emerge and dissipate on the background
of spontaneous density variations in the transition

40% higher than the peak particle velocity! By combining experiments and computational
modeling we demonstrate that the shock waves originate from the transient vortex cores due to
vortex meandering instability and occur when the active rollers’ translational and rotational
decoherence times (controlled by the activity modulations) become comparable. The findings
highlight the importance of the interplay between transient system memory, manipulated by a
pulsed field, and EHD flows in accessing unconventional dynamic phases that are not accessible
under a continuous energy input.
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Active fluids with memory: shape anisotropy inverses the behavior of active chiral fluids. In
geometrically confined systems, the formation of globally correlated polar states proceeds through
the formation of a macroscopic steadily rotating vortex, which spontaneously selects a clockwise
or counterclockwise global chiral state. Once the global state is formed, it is often robust and stable.
However, subsequent control of such polar states —— : —— 4
remains elusive. We previously discovered that a e

global vortex formed by colloidal Quincke
rollers exhibits dynamic state memory giving
rise to a controllable polar state reversal of the
globally correlated state [2]. The robustness of
the chiral state reversal long after the termination
of the activity suggests the development of
certain particle positional arrangements (hidden
order) in the ensemble “imprinting” the dynamic
state of the system and preserving it long after
the activity is removed! We revealed that
hydrodynamic long-range interactions between
the active particles are responsible for the
emergence of locally asymmetric particle

distributions while electrostatic interactions 0 20 40 60 80

v, (mm/s)
=}
T
!

= osh .

facilitate a mechanism by which the particle i

e e . Figure 2. Control of emergent polar state in ensembles
distributions become relevant in the process of . :
of active rollers. (a) a vortex reversal induced by a

a vortex formation. In the case of shape temporal modulation of the activity in suspension of
anisotropic rollers we reveal that an introduction | spherical Quincke rollers. Color encodes tangential

of a slight degree of shape anisotropy into an velocities of the particles. The system robustly switches
ensemble of dielectric Quincke rollers turns it between clockwise (blue) and counter-clockwise (red)

nt hiral active fluid sed of roll £ states. Transitions between the polar states proceed
tntoa chirat active Huid comprised of TOLIers o through a chaotic flocking regime. (b) Restoration of

arbitrary handedness. The chiral rollers self-organized polar states by a temporal activity
dynamically self-assemble into multiple self- | modulation in ensemble of shape anisotropic rollers

organized  freestanding  vortices ~ with | forminga chiral active fluid.

spontaneously selected sense of rotation. We
demonstrate that upon reactivation of the system after a complete cessation of activity beyond all
relevant timescales the vortices simultaneously restore their previous chiral states in striking
contrast to the chiral state reversal demonstrated by spherical particles, see Fig.2. The analysis of
the local asymmetries imprinted by the hydrodynamic interactions in the particle positional order
within the vortices reveals that the shape-anisotropy reverses the sign of the effective tangential
force parameter in each vortex, resulting in the suppression of the reversals and the restoration of
chiral states of all vortices in the multi-vortical state in consecutive periods of activity. The results
provide insights into the emergence of complex collective behavior in chiral colloidal fluids
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governed by a delicate interplay between the shape anisotropy, chiral motion, and temporal activity
modulations.

Acoustically powered active liquid crystals. Active 11qu1d crystals represent a rapldly expandlng
class of non-equilibrium systems that 2
combine mechanical properties of liquid
crystals with motility introduced on a
microscopic level. We recently realized a
novel fully synthetic active nematic system-
acoustically energized active liquid crystal -
free from biological agents or supplementary
motile components, and with the activity
level controlled externally in a wide range by
the amplitude of the acoustic field. We

experimentally demonstrate the conversion of
the acoustic energy into local extensile

Figure 3. Acoustically powered liquid crystal. (a)-(b) the

> ] ] emergence of undulations of the director field in acoustic
stresses of the liquid crystalline media | field with characteristic wavelength dependent on the
(Iyotropic  chromonic  liquid crystals), | amplitude of the field. The background color visualizes

resulting in the emergence of undulation the angle between the local director field and the x-axis.

(¢) An experimental snapshot of fully developed
turbulent-like  state manifested by continuously
reconfiguring director (black lines) and generation and
field, see Fig. 3. As the activity increases, the | annihilation of topological defects shown by red (+1/2)
system transitions into a turbulent-like state | and blue (-1/2) symbols. Scale bar: 30 pm.

instability with the characteristic wavelengths
governed by the amplitude of the acoustic

characterized by a chaotic generation, motion,

and annihilation of topological defects. We reveal the spontaneous formation of the
unconventional free-standing persistent hydrodynamic vortices at high activity levels not
previously observed in biologically-based active nematic systems. The results provide a
foundation for the design of externally energized fully synthetic active nematic fluids with stable
material properties and tunable topological defects dynamics.

Future Plans

We plan to continue focusing our research on new approaches to discovery, synthesis and
characterization of active (out-of-equilibrium) colloidal materials. In the next few years, we plan
to explore a broad class of self-assembled active materials stemming from advances of our
program. We will explore and investigate a nontrivial interplay between chiral motion, shape,
confinement and temporal activity modulations in the generation of a hidden order, dynamic state
memory, and control of the system behavior. We plan to systematically investigate the emergence
of collective behavior in active chiral fluids realized by rollers and spinners with spontaneous
selection of chiral states and those with prescribed handedness. We plan to continue investigating,
experimentally and computationally, long-lived emergent multi-vortical states in active magnetic
roller fluids energized by an alternating magnetic field and subjected to spatially periodic
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confinement. We will continue to advance the fundamental understanding of the recently
discovered active liquid crystals powered by acoustic waves focusing on dynamic self-organized
patterns, spontaneous flows, and topological defect transport.
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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.

A particular focus of our efforts over the past year has revolved around investigations of
the remarkably complex behaviors of solitons at interfaces, including solid and fluid interfaces
(interfaces between LC domains as well as LC-isotropic phases), which hint at fundamentally new
ways to transduce soliton energy into new states of matter. We have been addressing key questions
regarding the interactions of solitons at boundaries between LC domains with distinct orientations,
building on our discovery that solitons can reflect, refract, split and annihilate at these boundaries.
We have also been exploring how the orientational anchoring of films of LCs (e.g., LCs with
homeotropic orientations), including with pre-engineered strains, impacts the generation and
propagation of solitons. At the interfaces between LCs and isotropic liquids, we have been testing
the hypothesis that soliton energies can be harnessed to trigger the “budding” of new phases in a
manner similar to biological processes. The need to incorporate a coupling between hydrodynamic
effects and structure to describe such interfacial processes is providing exciting challenges for
theoretical and computational advances. Overall, this effort is creating designs of active soft matter
with new modes of energy transduction, opening up the possibility of new approaches to active
transport with applications, for example, to nanoscale separations and assembly processes. The
relevant physics arise at the mesoscale but can propagate at high speeds over macroscopic scales,
and thus an integrated program of theory, simulation, and experiment is needed to interpret the
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results of our research and to design hierarchical materials systems with engineered behaviors.
Below we summarize progress towards these goals over the past year.

Recent Progress

One thrust of our research has revolved around investigations of collisions between LC
solitons and interfaces to isotropic fluids, and the discovery that the interactions can generate a
range of interfacial hydrodynamic phenomena. Specifically, we have discovered that single
solitons can either generate single droplets or, alternatively, form jets of LC that subsequently
break-up into organized
assemblies of droplets (Figure 1).

(a) t=0s - (b) & (c)

45° > “4 3

4

We have also shown that the ' /'/ g ‘
influence of key parameters, such _# , / { = \
as electric field strength, LC film n i '
thickness and LC-oil interfacial
tension, map onto a universal state -y TRE i 0L EE
diagram .that characterizes 'the (d) = (o) (f) /| 8 ()= Bum dic=12 pm
transduction of soliton /) A ” « =
flexoelectric energy into droplet 7 ,‘2: ;‘?,.f ;4
interfacial energy. Overall, these 2

=]
results reveal that solitons in LCs A2
can be used to focus the energy of t=2408 =320 ' t=s00 0 ©

44V 48V 58V 78V 83V

non-localized electric fields to
generate a new class of non-linear
electrohydrodynamic effects at
fluid interfaces, including jetting
and emulsification.

Figure 1: (a)—(f) Bright-field images showing the nematic
CCN47-squalane interface following the collision of a single soliton
with the interface. The brown arrows in (a) and (b) indicate the
incident soliton traveling at an angle 45° with respect to the interface.
The dashed line in (a) indicates the CCN-47—squalane interface. The
dashed line in (b) and (c) indicates the centerline of the soliton. The
left wing of the soliton collides first with the interface and forms a jet
indicated by the brown curved arrow in (c). The droplet generated by
the soliton collision is indicated by arrows in (e) and (f). Scale bar 15
pum. The black arrows in (c) and (d) point to LC director perturbations
in the LC that are generated by the right wing of the soliton. (g),(h)

We have also further developed our
minimal model for soliton
generation and propagation in a

nematic LC using a Landau-de
Gennes free energy functional for
the tensorial order parameter Q.
The relaxational dynamics of Q are
expressed in terms of a Ginzburg-
Landau equation [2]. The free
energy includes a flexoelectric

Cross-polar images showing the director perturbations in the LC near
the interface after a collision with a soliton. The white arrows in (g)
and (h) indicate the propagating soliton and the LC jet, respectively.
The yellow arrow in (h) shows the director perturbations created by
the right wing of the soliton. Scale bar 15 um. Image contrast in (a)—
(h) has been enhanced for visualization. (i) Sizes of LC drop
generated for two different LC film thicknesses. The red and blue bars
correspond to 8-um- and 12-pum-thick LC films.

contribution, which is necessary to generate the soliton structure. In the presence of an externally
applied electric field, flexoelectricity arises due to the interplay of nematic distortion and
polarization [3]. Over the past year, the model has been used to construct a state diagram as a
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function of the strength of the applied field and its frequency (Figure 2). Several regimes are
predicted in simulations,

including a uniform state, a ’ 1200

stripe state, a chaotic state, s 2
and a soliton state, which z% 80f

occurs only over a narrow o

range of voltage strength. S 40

Good agreement is obtained i !
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simulations and our own

experimental  observations,
serving to establish the
validity of the model. The
findings from this study
contribute to foundational
knowledge for the
development of systems that
facilitate  the controlled

production of solitons.
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Finally, we have also
explored the influence of surface interactions on the generation and propagation of solitons. In
particular, we have designed hybrid cells using self-assembled monolayers (SAMs) of alkanethiols
on gold surfaces, combining one surface that promotes planar anchoring of the LC and a second
surface  than  promotes

homeotropic anchoring. As Figure 2: (a) Phase diagram depicting the morphology of a
shown in Figure 3a, this set nematic liquid crystal system as influenced by the voltage and frequency
.. under an AC field. Panels (b) to (g) trace the system’s transition from a
of boundary conditions uniform state: (b) illustrates the initial uniform state; (c) shows the
results in continuous bend | emergence of a periodic pattern as voltage increases; (d) captures bullets

. . . forming from the butterfly structure; (e) presents a state enriched with
distortions Of.the LC in the bullets;g (f) describes the cyhaotic regin(le) epncountered at elevated voltages;
xz-plane which, under a | and (g) delineates the R-state observed at low frequencies.

specific set of field strength
and frequency, can sustain the propagation of solitons. However, unlike solitons propagating in
samples confined between surfaces promoting planar anchoring, we observe a voltage/frequency-
dependent soliton trajectory (Figure 3). The coexistence of two distinct propagation axes, at fixed
frequency and voltage, is unique to LC films bounded by at least one homeotropic surface and
such behavior has not been observed previously. Concurrently with these experimental
observations, we also have further developed our soliton model, as well as acquired high-speed
imaging of propagating solitons, in order to gain insights into the mechanisms leading to oblique
trajectories, which we attribute to the asymmetry in the far-field director created by the presence
of bend distortions.

42




Future Plans

A key unresolved issue to be
addressed in future research is
identification of the microscopic factors
that control the behaviors of solitons at
interfaces,
destruction at liquid-LC interfaces, and
reflection,  refraction,  generation,
splitting and destruction of solitons at
boundaries between patterned LC
domains. One of central
hypotheses, which we are testing in
ongoing experiments and simulations,
is that out-of-plane director tilt within a
soliton (i.e., phase of the soliton), at the
instant it reaches the interface between
distinct LC domains, selects for the
observed behavior. Our ongoing
experimental efforts include the use of
high-speed imaging to map director
orientations, which fluctuate with the
applied electric field, prior to impact.
We also aim to exploit the use of LC
far-field director distortions (in
particular bend) to control the trajectory

including reflection and

our

of solitons. For example, by controlling
the presence of bend in the LC, we can
influence the in-plane direction of
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Figure 3: (a) Simulated director field of a hybrid cell,
assembled using one gold film with a C{sSH SAM, promoting
planar anchoring, and one gold film decorated with a mixed SAM
of Cjo- and Ci¢SH, promoting homeotropic anchoring, without
(top) or with (bottom) an electric field applied along the z-axis .
Green arrows indicate the direction of gold deposition. (b)
Propagating solitons in a hybrid cell. The green arrow indicates
the direction of gold deposition on the planar surface, and the
white arrows highlight the two oblique axes of propagation of
solitons. (c) Trajectories of individual solitons going along two
separate oblique axes. Increasing the electric field frequency
yields a monotonic increase of both angles 6; and 0. (b)
Propagation angles, 6; and 0, plotted against the electric field
frequency. Scale bars: 50um

soliton trajectories and thus design complex propagation pathways. This can be engineered by
patterning gold films with different SAMs using microcontact printing. An unresolved goal related
to simulations is the inclusion of hydrodynamic interactions, which we predict are particularly
important in governing the dynamics of solitons at fluid interfaces (both LC-LC and LC-isotropic
oil).
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Rational design of liquid crystalline elastomers with programmable multi-step
deformability for ambidirectional actuators and as photoresponsive walkers

Joanna Aizenberg, Harvard University, Anna Balazs, University of Pittsburgh

Keywords: liquid crystal elastomers, ambidirectional motion, soft actuator, light responsive
walker.

Research Scope

Ambidirectionality, i.e the ability of structural elements to move beyond a reference state
in two opposite directions, is ubiquitous in nature. However, conventional soft materials are
typically limited to a single, unidirectional deformation, unless complex, multimaterial constructs
are used. Through comprehensive theoretical and experimental studies, we exploit the combination
of mesogen self-assembly, polymer chain elasticity, and polymerization-induced stress to design
a class of side-chain end-on liquid crystalline elastomers that exhibit two ordered mesophases —
chevron smectic C and smectic A. Inducing this two-step phase transition leads to an unusual
inversion of the strain field in microstructures, resulting in opposite deformation modes (e.g.,
consecutive shrinkage/expansion or right-handed/left-handed tilting and twisting) and high
frequency nonmonotonic oscillations. This ambidirectional movement is scalable and can be used
to generate unprecedented Gaussian curvature transformations at the macroscale. Our findings
expand the range of achievable deformations for shape-changing polymers, providing a chemical
strategy complementary to, but fundamentally distinct from current mechanics-centered designs
for soft machines, opening doors to multimodal, single-material actuators.

In parallel, we demonstrate the potential of complex deformations in soft actuators toward
bioinspired motility by designing a multimodal soft robot based in photoresponsive side-on LCEs.
This design takes advantage of the nonreciprocal motions derived from the evolution of an
isomerization wavefront in photoresponsive side-on LCE pillars upon UV irradiation. Using our
finite element simulation framework, we can predict the response of the device as a function of its
dimensions and the parameters of the incident UV light used to control it. We expect that by
varying the stimulus on this walking robot we can induce a range of behaviors, including forward
and backward translation and rotation, allowing it to fully explore a two-dimensional environment.

Recent Progress

Compared to side-chain side-on and main-chain LCEs, end-on LCEs have higher rotational
freedom of mesogens relative to polymer chain (Fig.1A). By rationally designing molecular
modifications in end-on LCEs which synergize intermesogenic, mesogen-polymer, and polymer-
polymer interactions, we have created a class of elastomers which exhibit rich phase behaviors and
corresponding deformations yet to be observed in any single-material soft-matter system. Further,
we elucidate the mechanism of such phase behavior and suggest a generalizable strategy for
realizing higher ordered LC phases in LCEs. Unlike previous strategies to realize complex
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deformations in soft matter, including inhomogeneous stimuli fields or multicomponent structural
composites!~, the ability of end-on LCEs to invert direction of the strain field during the sequential
phase transitions makes it possible to achieve previously unseen multi-step ambidirectional
deformations in chemically homogeneous micro- and macroscopic end-on LCE-based soft

actuators.

By taking advantage of magnetic A
fields to encode a desired mesogenic
orientation before polymerization
(Fig.1B)!, we readily achieve a
variety of reversible non-monotonic
deformations, such as sequential
contraction-expansion (Fig.2A), in
response to monotonic temperature
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Fig. 4: A) Depiction of enhanced rotational freedom in
end-on LCEs compared to side-on and main-chain counterparts. B)
Photopolymerization of proposed family of end-on mesogens pre-
aligned in magnetic field.

temperature ranges, including high-frequency oscillations in response to light (Fig.2B). Any
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Fig. 5: A) Schematic of polymer chain
configuration during cSmC-SmA-Iso phase transitions
enabling consecutive opposite deformations. B)
Programmed variations in temperature (dashed grey
lines) define tonicity of the mechanical response of the
same end-on LCE microplate (solid lines). Blue, red,
and purple curves illustrate monotonically decreasing,
increasing and non-monotonic responses, respectively.
C) Deformation of a radially aligned end-on LCE disk
upon heating. Scale bar, 2 mm.

desired sequence of monotonic or non-
monotonic microstructure oscillations can be
programed by ‘reading’ a prescribed
temperature sequence, enabling remote control
of microstructure movements.

Further, we develop macroscopic LCE
disks (I cm diameter) which sequentially
switch Gaussian curvature (K) to show that
these ambidirectional deformations can be
extended across length scales (Fig.2C). Using
magnetic alignment to molecularly encode a
radial pattern within the disk, we achieve a
zero-negative-positive  Gaussian  curvature
transformation upon heating. Dynamic
Gaussian curvature formation plays a critical
role in motion in nature, such as nastic motion
in plants and motility in marine life. Synthetic
actuators that change Gaussian curvature have
been developed to replicate the capabilities
seen in nature; however, their design is

generally based on multi-material constructs and architected materials. Realizing single-material




systems with ambidirectional Gaussian curvatures widens the application space for use as

biomimetic soft actuators.

We note that the family of end-on LCEs described here represents just one example within
a wide range of LCEs where the synergy between mesogen-polymer, mesogen-mesogen, and
polymer-polymer interactions plays an important role to introduce complex phase behaviors
elicited by a chemically homogeneous soft material in response to a single stimulus. We believe
that the approach described here serves as an adaptable and general solution for existing soft
actuator systems to address needs for ophisticated motion from the micro- to macroscale and
complement current mechanics-centered designs aimed at achieving soft machines.

While developing strategies to realize novel deformations in LCE
systems, we simultaneously develop photoresponsive LCE walker using
computational techniques to predict locomotive behaviors. The proposed
design comprises a square body, connected to four legs arranged in a diamond

pattern, as shown in Fig. 3. The legs and body serve as analogs to previous
work analyzing photosensitive LCE flexible sheets* and bending pillars’. For

ease of design and fabrication, we assume that the device is molded in a single

piece, with a uniform programmed orientation of the nematic director Fig. 3: Bottom
throughout the body and legs, oriented in the plane of the body and orthogonal | and side view of

to the long axis of the legs.

Fig. 4: Striding motion. Under UV exposure,
the body curls inward and the legs tip away
from the light.

LCE robot

Using finite element simulations, we can predict that for
a low polar angle of incident light, the legs will bend
away from the light source. With the feet planted on the
surface, this will push the body of the walker towards
the light. By cycling the light source on and off, the
walker can be made to ‘shuffle” towards the light in this
fashion.

When subjected to light at a higher polar angle
(here 45°, as seen in Fig. 4) the light causes the back of
the walker to curl inward, lifting two legs off the

surface. The walker is now unstably balanced on the two remaining legs, and the induced bending
tips it away from the light, onto one of the lifted legs. Repeating this over multiple cycles causes

the robot to walk away from the light source.
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Future Plans

Through the introduction of photoresponsive moieties in multiphase end-on LCEs, we can
produce light-driven architectures capable of evolving into complex bimorphs of actuated and non-
actuated material which, in combination with magnetic alignment to encode mesogenic
orientation, result in structures capable of complex non-reciprocal motions in multiple directions
upon application of a static light source.” Furthermore, taking advantage of photochemical
actuation, we can produce materials which undergo separate sequences of phase transition between
actuation versus recovery. This material system can then be incorporated into our photoresponsive
walker design to produce even more complex locomotion and functionality without the need for
multimaterial constructs or spatially varying stimuli.

Furthermore, after establishing the potential of the walking LCE robot to exhibit a range
of useful modes of locomotion, we can optimize the parameters of the device to achieve these
modes more effectively while maintaining its diverse capabilities. While exploring the design
space using simulation and theory, we will simultaneously work on constructing and testing these
LCE devices in the lab to demonstrate their effectiveness.

References

1. S. Li, M. Aizenberg, M.M. Lerch, and J. Aizenberg, Programming Deformations of 3D
Microstructures: Opportunities Enabled by Magnetic Alignment of Liquid Crystalline
Elastomers, Acc. Mater. Res. 4, 12, 1008-1019 (2023).

2. S.Li, B. Deng, A. Grinthal, A. Schneider-Yamamura, J. Kang, R. S. Martens, C. T. Zhang, J.
Li, S. Yu, K. Bertoldi, and J. Aizenberg, Liquid-induced topological transformations of
cellular microstructure, Nature 592, 386391 (2021).

3. Y.Yao,J. T. Waters, A. V. Shneidman, J. Cui, X. Wang, N. K. Mandsberg, S. Li, A. C. Balazs,
and J. Aizenberg, Multiresponsive polymeric microstructures with encoded predetermined and
self-regulated deformability, Proc. Natl. Acad. Sci. U.S.A. 115, 201811823 (2018).

4. J. T. Waters, and A.C. Balazs, Achieving controllable and reversible snap-through in pre-
strained strips of liquid crystalline elastomers, Soft Matter 20, 3256-3270 (2024).

5. S. Li, M. M. Lerch, J. T. Waters, B. Deng, R. S. Martens, Y. Yao, D. Y. Kim, K. Bertoldi, A.
Grinthal, A. C. Balazs, and J. Aizenberg, Self-regulated non-reciprocal motions in single-
material microstructure, Nature 605, 7683 (2022).

48




Publications

1. T. B. H. Schroeder, J. Aizenberg, Patterned crystal growth and heat wave generation in
hydrogels, Nat. Commun. 13(1), 259 (2022).

2. S. Kolle, O. Ahanotu, A. Meeks, S. Stafslien, M. Kreder, L. Vanderwal, L. Cohen, G. Waltz, C.
S. Lim, D. Slocum, E. M.Greene, K. Hunsucker, G. Swain, D. Wendt, S. L. M. Teo, J. Aizenberg,

On the mechanism of marine fouling-prevention performance of oil-containing silicone
elastomers, Sci. Rep. 12 (1), 11799 (2022).

3. A. B. Tesler, S. Kolle, L. H. Prado, I. Thievessen, D. Bohringer, M. Backholm, B. Karunakaran,
H. A. Nurmi, M. Latikka, L. Fischer, S. Stafslien, Z. M. Cenev, J. V. I. Timonen, M. Bruns, A.
Mazare, U. Lohbauer, S. Virtanen, B. Fabry, P. Schmuki, R. H. A. Ras, J. Aizenberg, W. H.
Goldmann Long-term stability of aerophilic metallic surfaces underwater, Nat. Mater., 22 (12),
1548 (2023).

4. X. Zhou, Y. Zheng, H. Zhang, L. Yang, Y. Cui, B. P. Krishnan, S. Dong, M. Aizenberg, A.
Zeng, Y. Hu, J. Aizenberg, J. Cui, J. Reversibly growing crosslinked polymers with programmable
sizes and properties, Nat. Commun. 14, 3302 (2023).

5. S. Li, M. Aizenberg, M. M. Lerch, J. Aizenberg, Programming Deformations of 3D
Microstructures: Opportunities Enabled by Magnetic Alignment of Liquid Crystalline Elastomers,
Acc. Mater. Res. B, 12, 1008-1019 (2023).

6.J. T. Waters, A. C. Balazs Achieving controllable and reversible snap-through in pre-strained
strips of liquid crystalline elastomers, Soft Matter, 20 (15) (2024).

7.Y. Yao, A. M. Wilborn, B. Lemaire, F. Trigka, S. Li, F. Stricker, A. Grinthal, M. Zhernenkov,
G. Freychet, P. Wasik, R. Bennet, T. C. Cheung, B. Kozinsky, M. M. Lerch, X. Wang, J.;
Aizenberg Rational design of liquid crystalline elastomers with programmable multi-step
deformability for ambidirectional actuators, in review at Science

8. X. Xiong, X. Zhou, H. Zhang, M. Aizenberg, Y. Yao, Y Hu, J. Aizenberg, J. Cui Controlled
macroscopic shape evolution of self-growing polymeric materials, in review at Adv. Mater.

9.S. Wang, S. Li, W. Zhao, Y. Zhou, L. Wang, J. Aizenberg, P. Zhu, P. Programming hierarchical
anisotropy in microactuators for multimodal actuation, in revision at Lab on a Chip

49




Growth in heterogeneous, evolving macromolecular networks: toward functional,
biomimetic materials

PI: Anna C. Balazs (Univ. of Pittsburgh); Co-PI: Krzysztof Matyjaszewski (Carnegie Mellon University);
Co-Investigator: Tomasz Kowalewski (Carnegie Mellon University)

Keywords: Macromolecular networks; Controlled radical polymerization; Orthogonal chemistry
Research Scope

Structurally Tailored and Engineered Macromolecular (STEM) gels are transformable materials
with latently active functionalities previously developed in this program [1]. In this project, we explore
the use of latently active materials as heterogeneous platforms for well-defined synthesis. Additionally,
we investigate the formation of hyperbranched polymers using inibramers, a unique building block, and
how that may inform material design. STEM gels [2] and other networks with static crosslinking,
however, eventually face the obstacle of embrittlement, brought on by the increase in strain associated
with adding matter. This necessitated the development of a material capable of anisotropic growth in its
primary scaffold. We studied a new class of expandable materials that can continue to increase in mass
without mechanical failure by incorporating a latently active expandable functionality into the primary
network chains.

Recent Progress
Crosslinked PEG scaffolds for solid phase synthesis

Inspired by well-defined
solid-phase peptide synthesis, we

utilized ChemMatrix (CM), a N Mo AT WD
crosslinked, functionalized PEG- o G e w ’:‘C
based scaffold decorated with A

. A/ j L-Ir@CM
various photocatalysts (PCs) for Ry~ It Oy R (L= ligands)

IZ Iz Iz

i ) F
different applications. First, the L S A e &F
CM resin was functionalized with _ '
T . Cher_nMalnx
an iridium complex (Figure 1A) (R =functional groups)

. . . . Hyd I (OH)/ Al NH.
for applications in photocatalytic yeroxyt (Or) Amine (NF.)

dehalogenation [3]. The resins
were recycled up to four times Photo redox Eosin Y (CM-EY)
before the complex leeched from

. Figure 6. Schematic representation of the heterogenous photoactive
the scaffold due to the relatively catalysts (PCs) — (4) Ir@CM and (B) CM-EY

weak coordination interaction
holding the complex to the network. Alternatively, CM was covalently functionalized with an eosin Y

derivative (Figure 1B). This resin could be effectively recycled five times with no discernible loss in
efficiency. Polymers synthesized using CM-EY were well controlled throughout each cycle. The usage of
a heterogeneous PC also significantly simplified the purification with no unwanted staining of the final
product with the PC as homogenous reactions tend to do.

Understanding hyperbranched polymer formation with inibramers
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Since the development of inibramers, monomers capable of initiating branching upon
incorporation into a polymer chain, there has been questions regarding the uniformity and topology of the
hyperbranched macromolecule that is produced. Using dissipative particle dynamics (DPD), we simulated
growth of hyperbranched polymers with different reactivity ratios, solvent concentration, and inibramer
concentrations. We probed dispersity, polymerization kinetics, radius of gyration, and branching
distribution as a result of manipulating these variables. Additionally, the utilization of DPD allowed us to
observe the topology of inidividual macromolecules, which shed light on the branching efficiency and
uniformity in the structure. (see below). The high dispersities reported experimentally originated from the
asymmetric inibramer-inibramer versus inibramer-monomer reactivities. The asymmetric reactivity ratios

also result in a more

. Hyperbranched Polymers Py >> Py, s Dispersity
disordered branch structure, " N S T T —
Initiation Inibra diated propagation P,, = 0.005; P, = 0.001
. . b m = 0.00;
due to faster incorporation of oe 0 -+80% ; -
.. . Owr O & O/ - - o o o0l
inibramers, leading to a {—eQ T
. . Propagation E A - S
higher number of branching O OLs @0 Y/
i NP TP e e—s—t—t—s o s e
(Figure 2). Oe- Q> @0 ===
[ v B — — F
Expandable pOlymel‘ High asymmetry (Py, >> Py,) in the Inibramer mediated “ Py =Py =Py, = 0.005: b, =P, =P, =0.001
netWOrkS ﬂ:gcg:l:lz:ufzc-xdi to higher dispersity in branched “n.,n = - . P,:l,,:;= l'].[][lﬁ: i;,, =40. fiﬂ]m
~onversion
This project aims to Figure 7. Dispersities of hyperbranched polymers synthesized with inibramers is|
develop materials capable of dictated by the reactivity ratios between inibramers and monomers, as elucidated by DPD
. . imulations.
expanding without

trithiocarbonates (TTC) in RAFT polymerization.
With the incorporation of one TTC unit in each
network chain, the material should be able to
assimilate new mass without adding strain to the

embrittlement. This is enabled b) § Secondary componer
by reversibly deactivated functionalities, such as

Figure 3. Schematic representation of growth

existing structure. When expanded with only o expandable networks

monomer, the crosslinking density is diluted, resulting
in a softer material with increased mesh size. However, by controlling the crosslinker ratio added to the
network during growth, the crosslinking density can be kept constant, or even increased to yield materials
with different properties from a single parent network. Additionally, since TTCs are photolabile, growth
of the material can be patterned with photomasks, making them highly appealing in additive
manufacturing. A schematic of the synthesis of such network is shown in Figure 3.

Modeling growth of polymer networks using inibramers

Hyperbranched polymers (HBPs) offer distinguishing, advantageous, properties that arise from
their distinctive densely packed topology. The synthesis of hyperbranched structures was facilitated by the

nn

development of inibramers, which stands for "initiator," "monomer," and "branching junction creator".
Inibramers are a branching initiator that is activated only after incorporation into a polymer chain. There

remain, however, challenges in determining and charactering the structures of the synthesized HBPs.

We used dissipative particle dynamics (DPD) to probe the effects of inibramer concentration,
solvent concentration, and inibramer reactivity on the kinetics, molecular weight, and dispersity of HBPs
[4]. In particular, we carried out simulations of branched macromolecules prepared with inibramers via
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ATRP (See Figure 2, left panel for the ATRP modeling scheme). By varying parameters, e.g.,
number/concentration of inibramers, number of solvent molecules, and the probability of reactions
between inibramer-monomer and inibramer-inibramer, we obtained deeper insights into the effect these
parameters have on the polymerization kinetics, molecular weight distribution, spatial structures
(characterized by the radius of gyration, branching distribution and the network topology) of the grown
branched macromolecules (See Figure 2, right panel).

For example, we conducted simulation scenarios where the reaction rate of inibramer-inibramer
(B-B) and the inibramer-monomer (B-M) mediated propagations were varied. In the symmetric scenario,
we maintained the same reaction probabilities for reaction rates for the B-B and B-M processes. In the
asymmetric case, B-M and B-B the reactions rates were set to different values. Our simulations clearly
revealed that higher dispersity (D) of the macromolecules were attained due to asymmetry in the reaction
rate kinetics. The reason for such high dispersity in macromolecules is primarily due to the faster kinetics
of the reaction mediated between the inibramers (inibramer-inibramer reaction). Having an asymmetric
reaction rate with higher inibramer-monomer propagation helps the branches of inibramers grow
homogeneously without branching, and thus the D stays low.

For the symmetric cases, the plots clearly show that higher reaction rates lead to faster branching
and lead to higher D. Since the inibramer-monomer mediated reaction value is the same for the symmetric
case, the frequency of branching is less and helps stabilize the disperse nature of the macromolecule and
does not lead to very high D values as achieved in the asymmetric case with high inibramer-inibramer
mediated propagation (see Figure 2).

We found that for a given choice of our reaction probabilities, increasing the concentration of the
inibramers led to faster polymerization of the branched macromolecules. The increase in solvent
concentration provides a stabilizing effect in terms of slowing down the effect of branching kinetics. We
further demonstrated that systems with lower number of inibramers shows randomly branched polymers
while increasing the number of inibramer leads to a dendrimer-like structure with defects (see Figure 2
dendrogram (Inset)). Overall, these studies provide insight into factors affecting the salient features of
hyperbranched polymers. Further, these insight could help in synthesizing HBPS to achieve micron-scale
growth from a surface. Since these HBPs are valuable in various applications, the results provide
guidelines for synthesizing hyperbranched polymers that meet the specific requirements for different
technologies.

Biomimetic growth in polymer gels

By modeling gels growing in confined environments, we uncovered a biomimetic feedback
mechanism between the evolving gel and confining walls that enables significant control over the
properties of the grown gel [5]. Our new model describes the monomer adsorption, polymerization and
cross-linking involved in forming new networks and the resultant morphology and mechanical behavior
of the grown gel. Confined between two hard walls, a thin, flat “parent” gel undergoes buckling; removal
of the walls returns the gel to the flat structure (Figure 4). Polymerization and cross-linking in the
confined parent generates the next stage of growth, forming a random copolymer network (RCN). When
the walls are removed, the RCN remains in the buckled state, simultaneously “locking in” these patterns
and increasing the Young's modulus by two orders of magnitude. Confinement of thicker gels between
harder or softer 3D walls leads to controllable mechanical heterogeneities, where the Young's modulus
between specific domains can differ by three orders of magnitude. These systems effectively replicate the
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feedback between mechanics and morphology in biological growth, where mechanical forces guide the
structure formation throughout stages of growth. The Reversible Swelling
Goes flat

findings provide new guidelines for shaping “growing rzclcmor
materials” and introducing new approaches to matching ‘B g“’“{"{i“f 3 Sonsiain ‘
ounded by walls

form and function in synthetic systems. This study will help
Irreversible Grows th?\g.: Growth Stays buckled

provide guidelines and corroborate the experimental
synthesis of expandable polymer networks (discussed Release of constraints Q
carlier).

Figure 8 Modeling growth and shape change in polymer
gels. As-prepared gel (top panel) undergoes reversible
shape changes (swelling) upon bound (release) of
constraints while a grown gel (bottom panel) when
o . - . ] subjected to constraints and release stays buckled leading
initiated growth. Typically, growing polymer chains via to irreversible growth and form.

radical polymerization will eventually undergo diradical

Future Plans

Inibramers present a unique opportunity for surface-

termination, resulting in only nano-scale growth. With

inibramers, however, dormant chain ends (R-Br) will continue to be replenished as they are incorporated.
This could be a method to achieve micron-scale growth from a surface. With expandable networks as a
platform, morphogenetic behavior of polymer networks can be verified experimentally. Expandable
networks are also a good candidate for hard-soft interfaces, since the trithiocarbonate units are able to
rearrange, which may alleviate some of the strain that occurs in such materials.
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Using Modeling to Determine Effects of Feedback on Soft Active Matter
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Research Scope

Using computational modeling [1-11], we are designing autonomously functioning
materials that integrate biomimetic energy transduction to fuel physical actions and bio-inspired
feedback loops to regulate these actions. In particular, such materials have the capability to: 1)
Generate and store energy; 2) Transport energy to specific locations; 3) Utilize the energy to
undergo self-propelled motion, shape changes; and 4) Harness feedback loops to seamlessly
regulate the entire enterprise.

The outstanding challenge in these studies is to design materials systems that can
accomplish Tasks 1-4 in a smoothly integrated manner with just a low input of energy and display
life-like autonomy. Ideally, such materials will spontaneously trigger energy utilization when
needed, encompass a mechanism to store and supply energy for future events, and adapt to a range
of different stimuli. Ultimately, this material will act autonomously, so that one energy input can
trigger a cascade of dynamic events, with each previous step inherently informing the next. In this
way, only one instruction set is needed to spontaneously drive the system through a multi-stage
process via a single initial input. Finally, these materials will be self-regulating to maintain
successful operating conditions and their functionality. We aim to address the challenge by
designing materials that utilize a small input of chemical energy to controllably and spontaneously
perform multiple, coordinated tasks.

Recent Progress
A. Flexible Sheets undergoing chemo-mechanical interactions

1. Autonomous shape-changing of flexible sheets in solution In nature, the energy released from
enzymatic reactions “fuels” a range of mechanical processes, from metabolic events to large-scale motion.
Inspired by this mode of biological chemo-mechanical transduction, we used theory and computational
modeling to design two-dimensional sheets coated with enzymes that generate chemical energy, which
drives the sheets to spontaneously morph into three-dimensional structures and perform mechanical
work in fluids.

The reactants and products of the catalytic . \d
(enzymatic) reactions can occupy different volumes, mgl'fi%g%lg LANGML“D
producing local density differences, which generate a : .
force that causes the fluid to flow. The Ilatter
mechanism is referred to as “solutal buoyancy” and
produces an effect throughout the bulk of the fluid. For
flexible sheets, the chemically generated flows affect
not only the motion of the object, but also the object’s
ultimate shape. (Fig. 1, left) [12]. The coupling of
chemo-mechanical transduction and shape changing of ~ Fig. I Journal covers from our recent publications.
elastic 2D sheets can empower fluidic devices to carry
out an entirely new repertoire of useful tasks, and ultimately enable new types of chemically driven
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microscale to mesoscale machines. The latter functionalities can lead to the creation of portable,
chemical devices and the discovery of new modes of dynamic self-assembly.

2. Sheets Regulated by a Promotor-Inhibitor Feedback Loop Using our models, we captured
the effect of chemical feedback loops on the dynamic behavior of the flexible, mobile sheets (Fig.
1, right) [6]. We focused on the inhibitor-promoter feedback loop, which is a vital component in
regulatory pathways that control functionality in living systems. In this loop, the production of
chemical 4 at one site promotes the production of chemical B at another site, but B inhibits the
production of 4. The convective rolls of fluid generated above the catalytic patches (red and blue
regions right figure), by solutal buoyancy can circulate inward or outward, depending on the values
Bi, the solutal expansion coefficient. Within the regime displaying chemical oscillations, the
dynamic fluid-structure interactions morph the shape of the sheet to periodically “fly”, “crawl”, or
“swim” along the bottom of the confining chamber, revealing an intimate coupling between form
and function in this system. The oscillations in the sheet’s motion in turn affect the chemical
oscillations in the solution. In the regime with non-oscillatory chemistry, the induced flow still
morphs the shape of the sheet, but now the fluid simply translates the sheet along the chamber.
The findings reveal the potential for enzymatic reactions in the body to generate hydrodynamic
behavior that modifies the shape of neighboring soft tissue, which in turn modifies both the fluid
dynamics and the enzymatic reaction. The findings indicate that this non-linear dynamic behavior
can be playing a critical role in the functioning of regulatory pathways in living systems.

B. Arrays of flexible, biomimetic microposts

1. Stationary patterns: fingerprints, and mandala patterns We developed
computational models [9] to show that even the stationary states produced by the
chemically generated flows lead to an unexpected richness of stable designs,
from Mandela figures (Fig. 2) to kaleidoscopic images (Fig. 3). The arrays also
produced unique “fingerprints” that characterize the system, reflecting the type
of enzymes used, placement of the enzyme-coated posts, height of the chamber, Fig. 2. Self-
and bending modulus of the elastic posts. This behavior enables microfluidic  organization of
devices to be spontaneously reconfigured for specific applications without posts into
construction of new chambers and the fabrication of standalone sensors that =~ Mandala pattern.
operate without extraneous power sources.

2. Dynamic patterns: self-oscillations, non-reciprocal interactions, and communication The
rich, collective dynamics exhibited by biological cilia has prompted researchers to probe
cooperative behavior in synthetic analogues, i.e., arrays of closely spaced, stimuli-responsive gel
posts that are tethered to the surface of a fluid-filled chamber. There has, however, been little
attention paid to cilia-like arrays in the opposite limit, where the tethered posts lie relatively far
apart and do not rely on mutual contact, or external fields for their actuation. Such studies are key
to designing biomimetic synthetic systems that can spontaneously transmit long-range signals to
distant components and thereby achieve greater control over the entire system.

Using theory and simulation, we designed a system of flexible microposts in solution that
convert non-oscillartory chemical input into self-organized oscillatory motion, which enabled the
posts to spontaneously propagate a chemical signal over long distances (i.e., larger than the
characteristic length in the system) (work in progress, unpublished). Here, the oscillations arise
due to the chemo-mechanical triggered in the system and the fluid-structure interactions in the
fluid. The fluid provides the medium by which these interactions and “instructions” are transmitted
over significant distances.
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We first focused on one passive and one
centrally located active post in the fluid-filled chamber.
If the active post is located far from both the wall and
passive post, the reaction at the active post generated
relatively symmetric flow that kept the post up-right.
The fluid-structure interaction with the surrounding
walls and the passive post, however, cause the passive
post to oscillate. In this manner, a non-oscillatory
source can direct oscillations of posts.

The observed non-reciprical oscillations are
due to fluid-structure interactions that bend the tips of
posts in the closed chamber. The specific conformation
of this bent post and its dynamic behavior depends on
its placement in the array and its bending stiffness,
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Fig. 3 | The different types of enzymes and
the selectively of the enzymatic reactions
allows us to produce kaleidoscopic patterns,
where one geometrically complex geometry
can morph into another with the sequentially
addition of the appropriate reactants, as
shown in C and D.

enabling the posts to exhibit a range of dynamic motion. Moreover, the generated non-reciprocal
movement can be propagated among multiple posts in an array and hence, the system can permit
extensive directional flow and broader propagation of “instructions” within in microfluidic
chambers. The oscillation frequency due to the non-reciprocal interactions can be modified by
introducing additional passive posts, which can drive the synchronization of multiple posts in the
array (see Fig. 4), revealing the significant cooperative activity in the chamber.

Y Oscillation Dampedoscillation A Highly damped oscillation @ Unstable [ Stable
A o (ii) (iii)

=\
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Fig. 4 Oscillation of passive post (colored in green with tip
(colored in magenta) trajectory in presence of two active posts
(one CAT-coated post and one UR-coated) and corresponding
streamlines, as well as the state diagram showing different
modes of motion of the passive post, for the two values of the
bending stiffness. State diagram obtained by placing passive
post in one location, doing the calculation, and then placing the
post in another position to redo calculation.

We also examined systems that
involved two active posts, which were
coated with distinct catalyists, urease
(UR) and catalase (CAT). The
oscillatory behavior occurred on just
the UR-coated post even though the
two posts were placed at symmetric
positions along the diagonal line that
cuts through the box and both
exhibited the same bending stiffness.
Here, the combination of the local
inward and outward flows led to a
specifically oriented motion, which
flowed toward UR at the top and away
from UR at the bottom. This flow
pattern yielded an oriented vortex
about the UR-coated post. By taking
into account the flow patterns for the

two indivdual pumps and the relative placement of the pumps, the flow can be combined to
enhance, suppress, or reverse the fluid motion in the chamber.

The system in Fig. 4 encompasses a UR-CAT pair and a single passive post (in green). The
panels in the figure show: (i) the position of a passive post with the corresponding trajectories of
the post tips, (i1) the streamlines in the diagonal plane, and (ii1) the state diagram that summarizes
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different modes of motion of the passive post in the presence of the active ones. We consider only
the half of the domain due to the symmetry of the system.

For the cases in Fig. 4A, the bending stiffness for all the posts was set to «, =0.17 pNmm®

Of the two active posts, only the UR-coated post exhibits oscillatory behavior at the specific
separation distances depicted in Fig. 4A(i). The phase map (Fig. 4A(iii)) reveals that the flow
pattern generated by the two active posts enables passive posts closest to the UR-coated one
(shown by stars) to sense and respond to the oscillatory behavior enforced by this active post.

Figure 4B shows the behavior for the more flexible posts, which have x, =0.057 pNmm®.

Relative to Fig. 4A, the decrease in the bending stiffness for Fig. 4B affects the behavior of posts
near the walls in the upper half plane. The posts at the unstable points in Fig. 4A show highly
damped behavior in the corresponding locations in Fig. 4B. Similarly, posts with the highly
damped behavior in Fig. 4A show damped dynamics in Fig. 4B for the same locations.

The calculated phase maps (Fig. 4) allow the designer to select the appropriate
parameters (placement in the array, bending stiffness) and thereby access a particular dynamic
state and desired functionality. The coupling of the different flows generated at the pumps
(outward and inward) provides a distinct means of controlling the global circulation of the fluid,
transporting a chemical message along a particular path and producing the desired mechanical
response of the tethered posts. For a given array containing a specified number, location, and
type of active and passive posts, the system can still be reconfigured by specifying which of the
appropriate reactants are to be added and the sequence in which they are added. Once all the
reagents have been consumed, the chamber can be reinvigorated by adding new reactants, and
thus, the system can be used multiple times.

Notably, the phase maps for arrays containing both active and passive posts reveal a wealth
of dynamic behavior, where each mode of chemically triggered motion can serve a distinct purpose
and the entire array can offer a range of utility. The system only requires low energy input to drive
autonomous materials, including in soft robots.

Future Plans

We will determine the
additional dynamic motions of the
posts with the introduction of
cascade reactions, where the
s > product of one reaction is the

reactant for the next. The latter
@ @ i) behavior will allow the
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\ \ ; 5 ;

=AS s posts at one position to remotely
t (hours) : f (mHz)

control the behavior of distant
ones.

We will also examine the behavior of multiple posts’ systems shown above. Figure SA
shows the behavior of the array containing one active post, the CAT-coated post in the center (in
blue) and Fig. 5B shows a multi-post array with a UR-CAT pair. Here, the presence of the
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11.

12.

additional passive posts led all posts to operate at the same frequency (Fig. SB). With this wealth
of dynamic behavior, each mode of motion can serve different purposes and offer a range of utility.
Ultimately, these self-oscillating systems can facilitate the development of autonomously moving
robots in solution, the directed transport of specific chemicals in the chamber.
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Self-Assembly and Self-Replication of Novel Materials from Particles with Specific
Recognition

Paul M. Chaikin and David Pine, Dept. of Physics, New York University

Ruoji Sha and Marcus Weck, Dept. of Chemistry, New York University

1. Pine —Keywords : DNA-coated Colloids, TIRM, Electrophoresis

Characterization of DNA Brushes on Colloids using TIRM and Electrophoresis

DNA-coated colloids (DNACCs) offer unprecedented control over colloidal self-assembly, with
the ability to dynamically assemble and disassemble new structures ranging from new 3-
dimensional crystal structures to chains, colloidal micelles, and sheets. Here, we report
experiments focused on developing a detailed understanding of DNA-mediated interactions
between DNACCs, developing and using total internal reflection microscopy (TIRM), video
particle tracking, and electrophoresis to measure the interaction potential between DNA-coated
surfaces as a function of temperature near the melting temperature.

We build a predictive model to understand how microscopic material design affects macroscopic
melting. A careful account of the polymer brush, especially of entropic costs due to loss of degrees
of freedom upon binding, is central for quantitative description. Here, we avoid loosely defined
variables and fitting and rely on a mean-field description to account for the detailed geometry of
our brushes, based on an extension of the Milner-Witten-Cates theory. Our theory identifies a
subtle competition between DNA binding and steric repulsion and accurately predicts adhesion
and melting at a molecular level. The theory provides a quantitative, consistent description of the
experimental measurements and thus provides a predictive approach for guiding material design
with DNA nanotechnology and, by extension, to a diversity of colloidal and biological systems.

During our research, we uncovered a fundamental limit to the spatial resolution with which TIRM
can measure colloidal interactions, a limit that had not been appreciated in its 35 years of use (and
misuse). We developed an analytical description of the resolution limit, which comes from the
quantum mechanical nature of photon counting statistics in the measurement of light intensity.

We also study DNA-coated colloids diffusing near surfaces coated with complementary strands
for various coating designs. We find colloids rapidly switch between 2 modes: they hop (with long
and fast steps) and crawl (with short and slow steps). Both modes occur at all temperatures around
the melting point. The particles become increasingly subdiffusive as temperature decreases,
consistent with subsequent velocity steps becoming increasingly anti-correlated, corresponding to
switchbacks in the trajectories. Overall, crawling (or hopping) phases are more predominant at low
(or high) temperatures; crawling is also more efficient at low temperatures than hopping to cover
large distances. We rationalize this behavior within a simple model: at lower temperatures, the
number of bound strands increases, and detachment of all bonds is unlikely; hence, hopping is
prevented, and crawling is favored. We thus reveal the mechanism behind a common design rule
relying on increased strand density for long-range self-assembly: dense strands on surfaces are
required to enable crawling, possibly facilitating particle rearrangements.

We also have made extensive measurements of the electrophoretic mobility of DNACCs as a
function of salt concentration. When the Debye screening length is comparable to the brush length,
the electrophoretic mobility is strongly suppressed. Treating the brush as a porous medium that
impedes electroosmotic flow provides a quantitative description of the data. These measurements
provide detailed information about the microscopics of grafted polymer brushes on colloids.
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2. Weck — Keywords: Dielectrophoresis, DNA Coated colloids, Colloidal machines

A second strategy of combining DNACCs and an external field to direct and control assembly is
the use of a dielectrophoretic (DEP) field. Our strategy to introduce complexity and anisotropy to
a colloidal particle is via surface functionalization. In particular, we are incorporating metal
coatings onto the surface of patchy DNACCs. Gold nanoparticles, in particular, present high
stability, variable optical properties, and tunable surface functionalization and can be synthesized
in a straight fashion. During the past funding period, we have developed a bottom-up technique
for the sequential seeded growth synthesis of customized colloidal non-linear particles with three
lobes, the selective coating of individual lobes with gold, and the use of DEP to manipulate and
direct the assembly of these particles. The tailored customization of each compartment can be
tuned by incorporating a layer of gold nanoparticles on site-specific lobes (Figure 1), thereby
changing the physicochemical properties of the lobe, their interaction with an electric field, and
ultimately their directionality during assembly.

P Qc Figure 1 Schematic representation of the site-specific gold-
9% 0." customization of trimer particles investigated in this study. Grey
‘: < lobes represent the bare lobes, Gold lobes represent the site-specific

< <
< \ ‘ / < gold coating (for varying lobes) of each trimer particle.

® / Trimer \ ® We explored the assembly of symmetrical lobe protrusions

9 (non-linear)
gggg 3 ggw with different metallodielectric characteristics in deionized
-~ ® 2 water (£ = 78.5) and aqueous potassium chloride (0.15mM,

& =40). An electrolyte with a significantly lower dielectric
constant, like potassium chloride, causes a decrease in the
distance between particle surfaces due to electrostatic
interactions. Our study elucidates the DEP assemblies of
colloidal trimers by varying the frequency of the electric

| Reconstruction

. DitiRE ot DerClik SEs field and the permittivity of the surrounding medium.
0.015F

—— before Figure 2. Holographic Analysis of Dimer Chain Superstructures
= 0010} after and Swollen Chain Superstructures. A) Left, holographic image of a
€ ‘ swollen crosslinked dimer chain. Right, cropped hologram from the
a 0,005 \ image on the left along with an intensity pattern reconstructed using
\ Rayleigh-Sommerfeld backpropagation to bring features into focus. The
it - | | arrows denote the centers of monomers. B) Distribution of dimer chain

14 16 1.8 2.0 22  sizes in um before swelling in PBS (blue) and after swelling with THF
d [pm] (red). A) Scale bar 1 um.

Muscle-like Colloidal Actuators

We also expanded the use of DNACCs towards colloidal machines. We reported the synthesis and
holographic imaging analysis of colloidal artificial muscle analogs through the assembly of shape-
shifting responsive and non-responsive colloidal subunits. Our building blocks are assembled
utilizing cooperative depletion and DNA interactions resulting in the selective formation of linear
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chained structures of various lengths. The muscle-like actuation was explored through cycling
experiments and total holographic characterization (Figure 2).

Our binary system of alternating DNA linked subunits retains integrity when swollen, swells
reversibly, and changes in rigidity between states, achieving the synthesis of a colloidal-based
artificial muscle that does not degrade. This chain assembly can be incorporated into systems for
biomedical applications, medical instrumentation, and engineering applications in soft robotics.

3. Sha -Keywords: DNA Reconfiguration, Electrical and Light-driven Stimuli

We explored the manipulation of DNA through external stimuli like electricity and light.
Leveraging electricity-induced changes to the oxidation state of metal ions or disulfide bonds and
light-induced changes to pH (via photoacids and photobases), we aim to precisely control DNA
nanoconstruct self-assembly, self-replication, engineered DNA crystals and DNA conductivity.

Metal-mediated DNA (mmDNA) strand displacement by pH change._Previously, we
found that the silver(I) ion (Ag") has a changing preference for pyrimidine:pyrimidine DNA base
pairs across the pH spectrum. As a

A) pH-based l\{letal Reconfiguration B) Redox Reconfiguration proof-of-principle, we have
State A . .
modified the DNA tensegrity

8
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Figure 3. A) Metal-mediated strand displacement in a self-
assembled crystal attained by pH change between two states. B)
Reduction of the C:Ag*:C base pair yields fluorescent 4-atom
nanoclusters within DNA crystals.

triangle to include a single stranded
DNA tail, in which a change in
environmental pH allows for
isothermal binding to different
complementary strands through the
matching metal-mediated toehold.
We altered DNA crystal color to
match configuration states with
fluorescence dyes attached to
complementary strands (Fig. 3a).
We successfully reduced silver ion
(Ag") incorporated between C:C
base pairs in the DNA tensegrity
triangle and solved the molecular
structure by x-ray crystallography

(Fig. 3b). This tool will enable isothermal association and dissociation of DNA tiles by cyclic
redox of metal ions using mmDNA strands as the sticky ends. We simplified the process for the
robust ligated DNA crystals. Instead of complicated, time consuming ligation by DNA ligase or
psoralen/NVK, we used UV light to crosslink two thymines flanking the nick position in the sticky
ends of the self-assembled DNA crystals. Thymine dimerization has been shown to be reversible,
which may yield a tool for self-replication.

Future Plans
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1. We will replace the vertical sticky ends of the DNA rafts by mmDNA strands in our
previous DNA origami self-replication experiments, and the replication cycles will be operated
isothermally by changing the oxidation states of metal ion. 2. We will combine isothermal
association and dissociation of mmDNA in the redox cycling of metal ions together with the
selective binding of mmDNA in different pH conditions regulated by certain wavelength light by
adding photoacids and photobases to explore the selection and competition abilities in our previous
DNA origami self-replication experiments. 3. We will incorporate thio-modified DNA bases such
as 2-thio-dT, 6-thio-dG to flank the nick position in the sticky ends of DNA crystals and use redox
reaction to control the formation of disulfide bonds to make reversible robust DNA crystals.

4. Chaikin - Keywords: Self-replication, Cooperativity, Complexity, Heat cycles and Ligation

We have previously demonstrated self-replication, exponential growth and selection/competition
in systems using temperature and light cycles and avoiding the use of enzymes a in a prebiotic
environment. To speed up processing and address larger more complex structures where
production inhibition may play a role, we have introduced ligation to our toolbox.

a [ Phospﬁl&l
\K
=

lLigation

Connection Strand
—_—

Artificial Self-Replication of DNA Crosstiles Using T4 Ligase:
Our self-replication scheme uses DNA crosstiles with vertical
DNA sticky ends to bind monomers to parents/seeds on cooling,
and horizontal sticky ends to join the templated tiles to make an
offspring, Fig. 1. The offspring is made permanent, previously by

I

o
-«—

‘As seed in next cycle

covalently binding the hybridized horizontal sticky ends using

-at !E- " -;':—;- UV light, and presently by using a connection strand and a ligase.
wn al .ELIEI =f=f=  In previous experiments using ““VK and UV we made “litters” of
u s B : L, meeens  offspring by building a ladder. The same works with the ligase
A f=f=  fixing, Fig. 4.
""E' ol
l%t e ) LI Figure 4. Litters replication a) T4 Ligation of horizontal strands. b) 1D ladder
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Cooperativity and Cycling and Production Inhibition. In many processes, including self-
replication the products are bound more tightly than the initial components, e.g. the binding energy

of monomers to seed is less than the binding of the seed
and its offspring approximately by the number n of the n-
mer created. This can limit the size and complexity of
self-replicated species. However, in a simple model
where each segment has the same entropy and enthalpy
contribution the melting temperature is:

0 0
T nAHpya _ AHpn g4
mn ~ CAp\ — CA:
NRANASY y 4 +1ASp+R In(<5E)  R+ASYy 4 +ASp+(2) In(Z5P)

Here cooperativity comes from only having to pay the
price of translational entropy, In(CAp), only once. Tmn
saturates to a finite value as n —oo. Further, unlike an
isothermal process, a cyclic process avoids much of the
production inhibition problem by assuring that the
components can separate for at least the high temperature
part of the cycle.
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Design Principles of Biomolecular Metamaterials
Jong Hyun Chei, School of Mechanical Engineering, Purdue University

Keywords: DNA nanotechnology, mechanical metamaterials, mechanics, mechanical design,
free energy landscape

Program Scope

Architected mechanical metamaterials are designed by strategically arranging cellular building
blocks to achieve auxetic behaviors and tunable responses, which may be exploited for shape
morphing, adaptive devices, and energy absorption mechanisms.!* The benefits from such designs
are yet to be leveraged at the nanoscale. DNA self-assembly may be an ideal approach to bridge
the gap in lengthscale and develop architected nanomaterials, given the excellent programmability
and structural predictability. This research aims to demonstrate nanoscale auxetic metastructures
from DNA and develop general design principles. We have used the DNA origami method to
construct several architected DNA assemblies and studied their nanomechanics and auxetic
deformations. During this reporting period, we have focused on (1) demonstration of nanoscale
auxetics with tunability and geometric frustration with programmed buckling, (2) elucidation of
structural properties and free energy landscapes, and (3) development of 3D deployable
metastructures that can store and release elastic energy. Our work also develops theoretical and
computational basis for designing architected DNA nanomaterials.

Recent Progress
1. Auxetic nanostructures with tunable deformation behaviors

Architected metamaterials respond to external loading with their mechanically coupled, periodic
cellular structures deforming in unison. The unit cell design thus determines auxetic deformation
patterns and the relevant negative Poisson’s ratio (NPR) is prefixed.® A design that allows tunable
deformation behaviors, if possible, would allow for programmable auxetics and open new
opportunities. To address this challenge, we have introduced a new design of auxetic
nanostructures with tunability using DNA origami. This metastructure can deform in different
directions in response to external forces. As shown in Fig. 1, our DNA origami design consists of
three 4-point nanostars with identical sizes and internal angles of /4 which can slide against each
other in two distinct directions. External loading in horizontal directions leads to sliding actions
along the edges of neighboring stars as shown in Fig. la. This results in a compression of the
structure both horizontally and vertically with a Poisson’s ratio of v =-0.4. On the other hand, a
new configuration will emerge if the neighboring edges slide both vertically and horizontally due
to a different loading (Fig. 1b). Here, the structure will rotate for an angle of n/8, which will lead
to v=-1. To demonstrate such a tunability, we performed molecular dynamics (MD) simulations
using oxDNA platform* and experimentally constructed the DNA nanostars and characterized
them using AFM. The coarse-grained MD modeling helped us design sliding mechanisms and
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Coarse-grained MD simulations of reversible and programmable sliding mechanisms

revealed the
structural integrity.
We  successfully
confirmed the
origami sliding in
experiment with the
two distinct NPR
values. of
considerable utility
is that our DNA
design and sliding
mechanisms enable
tunability and
reversibility.

S ratio.

2. Mechanical frustration and free energy profiles

We have introduced a new approach of designing metastructures using mechanical frustration.

Geometric frustration occurs when neighboring building blocks

in a lattice cannot interact

cooperatively due to geometric constraints, thus resulting in a ‘frustration’. This concept was
originally developed in magnetism, where electronic spin energies cannot be minimized (e.g.,
antiferromagnetic) as described by the Ising model.>* We drew an analogy between magnetic and
mechanical frustrations by replacing electronic spin with mechanical strain. As a model system,
we designed a Kagome-like, six-cell hexagonal lattice (Fig. 2a) made of 28-nm-long edges. This

(d) (b) _r\[ (e) Strain
. 7N\ 1
A Y 'F\),/v 2% A
. : \ \lg / : f . fo-
Adaptable mode Inadaptable mode i
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&

Figure 2. Mechanical frustration. (a) DNA origami design which can be deformed into (b) adaptable or (c)
inadaptable structures upon external forces on blue/green and green edges or blue/green and blue edges,
respectively. (d)-(e) MD simulated (normalized) mechanical strains. Green and blue arrows indicate loading. (f)

scans, and contrast images of (g) initial, (h) adaptable, and (i) inadaptable structures. Scale bar: 50 nm.

Scheme for chemical loading (via 2-step DNA reactions) for switching between the two modes. Schematics, AFM
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design allowed us to demonstrate both frustrated and non-

25 ; :

frustrated states in a single lattice by engineering | = ,| Adaptable |

reconfigurable ‘jack’ edges shown in blue and green. This 5;\157

metastructure can switch between adaptable and inadaptable | §

modes in response to external loading (Fig. 2b-c). The two '-Ew [ ~Jnadaptable |

modes are identical except for one loading spot. The adaptable | £ 5[ 1

structure can distribute mechanical strain evenly (Fig. 2d). In 055 20 25 30

the inadaptable mode, however, the strain is localized in an Distance (nm)

edge, i.e., buckling (shown in red in Fig. 2¢). Figure 3. Free energy profiles of
adaptable and inadaptable structures.

Figure 2f shows our experimental scheme using chemical

loading methods. Starting from the initial state with all the edges extended (Fig. 2g), we used two-
step DNA reactions to first remove the staples for adjustable jack edges via toehold-mediated
strand displacement (undefined states) and then add another set of staples, forming either adaptable
or inadaptable structures. AFM imaging confirms a buckled edge (indicated by arrows in Fig. 21)
with end-to-end distance of ~18 nm in the inadaptable mode. In contrast, all the edges are extended
in the adaptable structure (Fig. 2h). Our experiment demonstrated programmable reversibility
between the initial, adaptable, and inadaptable states.

We also computed free energy landscapes of the two modes as a function of end-to-end distance
(where buckling occurs) using umbrella sampling, as shown in Fig. 3. The adaptable mode shows
a single free-energy minimum at ~28 nm, implying that the structure will be most stable when all
the edges are fully extended. In contrast, the inadaptable state displays a doublet: a broad minimum
at ~18 nm besides the 28-nm minimum. This observation provides several insights. Free energy
calculations accurately predict experiments. The dual minima suggest a snap buckling between
two distinct states (no intermediates). Lastly, free energy landscape can be a framework for
designing mechanically frustrated metastructures.

3. 3D deployable metastructures

Deployable structures are a class of metamaterials with a finite size that can maintain its symmetry
during contraction and expansion. In nature, viruses show such remarkable structural properties.
For example, a cowpea chlorotic mottle virus (CCMYV) deploys its icosahedral configuration upon
pH change, and this is a critical step for injecting its genetic molecules. Inspired by such dynamic
nanomachinery, we have introduced a 3D deployable nanostructure that can switch between
octahedron and cuboctahedron as illustrated in Fig. 4. Here, a
cuboctahedron (with 6 squares and 8§ equilateral triangles) may
transform into an octahedron if all six squares collapse. Likewise,
a cuboctahedron will emerge from an octahedron if the squares
open up, which increases the volume by a factor of 5 and the

Figure 4. A Jitterbug transformer ) )
design that switches between surface area by a factor of 1+ +/3. During the transformation

octahedron and cuboctahedron.
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process, the triangles do not change but are subject to a translation-rotation along the symmetry
axis. This design is termed a Jitterbug transformer.’

We constructed this deployable metastructure using wireframe DNA origami that is composed of
28-nm-long edges with a 6-helix-bundle cross-section. There are several key design strategies.
First, we built stiff triangles (as they do not reconfigure) while the squares have some flexibility
for opening and closing. This was achieved by differing unpaired nucleotides at the vertices.
Several adjustable jack edges were also engineered for opening and closing of the squares. This
design requires nucleotides more than a single scaffold (e.g., M13mp18) offers. Thus, we used two
orthogonal scaffolds for this structure. Lastly, this structure was designed such that it can transform
from the compressed to expanded conformations spontaneously, but not the other way around.
That is, the octahedron is the high free-energy conformation while the cuboctahedron is more
stable. MD calculations helped us develop this deployment scheme by storing elastic energy at the
joints of the octahedron using jack edges. When the jacks were removed, the elastic energy was
released and the structure spontaneously transitioned from octahedron to cuboctahedron. We also
estimated the forces needed to pack the elastic energy into the metastructure. Our AFM and TEM
imaging confirmed this design and 3D structural deployment.

Future Plans

This project highlights the synergy between architected metastructures and DNA nanotechnology
towards a previously unexplored class of nanoscale metamaterials. In the next year, we will
develop mechanisms that can route strain from external loading. This ability may be exploited to
develop methods of storing and releasing mechanical strain within metastructures on demand.
Such capabilities will open new possibilities. We will also explore 3D deployment with
environmental adaptability. We aim to develop mechanisms for reconfiguring conformations in
response to environmental changes like pH change or irradiation conditions. Lastly, we will
investigate the details of reconfiguration dynamics. We plan to use fluorescence resonance energy
transfer or FRET to probe structural dynamics. Our effort will establish general design strategies
for architected metastructures and auxetic nanomachinery based on both mechanics and energetics.
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Research Scope

Living systems have the unique ability to form hierarchical assemblies in which individual
constituents can perform tasks cooperatively and emergently. Harnessing such properties is a long-
standing challenge for the rational design of dynamic materials that can respond to their
environment, communicate with one another, and undergo a rapid, reversible assembly. Recent
developments in the design of smart and active colloidal building blocks have led to tremendous
breakthroughs, such as the onset of synthetic photoactivated active assemblies. In this project, we
combine experiments, theory, and computations to identify novel couplings between elemental
active building blocks, elucidate diffusiophoretic cluster growth, shed light on how to program
inverse assembly and assembly in active matter and determine local entropy production and
extractable work in active matter.

Recent Progress
Diffusio-phoresis and Diffusio-osmosis

The field of active synthetic matter has produced a wealth of exciting behavior from self-driven
motile particles to flocking to motility induced phase separation. There is no shortage of diverse
experimental results from similar systems, but therein lies a key problem — what determines the
overall motile behavior for a given situation? We provide a means to simplify phoretic chemotaxis
by quantitatively breaking down the motion of a particle within a chemical gradient to phoretic
and osmotic components. Through this, a clear picture emerges that lays the foundation to describe
phoretic chemotaxis quantitatively and generally near surfaces. With this knowledge in hand, we
expect old systems can be understood and new behaviors discovered that have implications from
advanced materials to biology. Micro-scale objects responding to chemical gradients by migrating
towards or away from a preferred species is a simple yet constitutive mechanism by which
transport occurs in biological organisms. We demonstrate how a chemical gradient can locally
select particles through the two competing effects. We present the first quantitative measurements
separating the effects of phoresis and osmosis acting on individual taxing particles. Through this,
we are able to develop a more accurate picture of particle transport at the single particle level.
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We consider a system of colloidal a- iron oxide (hematite)

osmotic flow . . . .. .
in a basic solution containing hydrogen peroxide that, upon
bare surface brush coated . . . . .
phoresis dominates o phoresis blue light illumination, catalyzes the degradation of H,0,

( QJ into water and O,. Using continuity and flux conservation of
g 5>, )
Vi vC~i2 the generated chemical species, the chemical concentration
r

goes as c(r) « 1/r, where r is the distance from the center of
Fig. 1. Summary of chemotaxic | the catalyst. According to the hydrodynamic theory of
behavior. Photocatalytic  particles . . . g

(purple cube) generate a chemical | chemophoresis, the velocity v(r) of a spherical colloid in a
gradient that bare particles (blue) | varying concentration gradient c(r) goes as v(r) « Vc(r)
migrate towards, whereas brush coated | 1joh implies that velocity scales as v(r) o V(1/r) o« 1/r2. In
particles (yellow) migrate away due to . . . .

osmotic effects. basic solution, bare poly(3-(trimethoxysilyl)
propylmethacrylate) (TPM), sulfate-initiated poly(styrene)

(PS) or silica (SiO2) colloids, tax up the chemical gradient concentrating near the catalyst and

clustering around it to form a hexagonal lattice due to excluded volume effects. If the experiments
are performed near a substrate such as glass that is also attracted to higher concentrations of
product, a lateral osmotic slip velocity arises at the surface directed away from the catalyst that
also scales as vslip(r) o 1/r%. This creates an advective flow that depends on the specific geometry
of the system purely due to interaction of the chemical species generated with the substrate.
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Fig. 2. Individual taxis. (a) Single particle speeds measured from center-center distance between a spatially fixed
catalyst and brush coated particles (gray circles) or bare particles (purple circles). The purely phoretic contribution
(red circles) is acquired by subtracting the gray points from the purple; the gray line is a result from finite element

simulations shown in (b); the purple line is a best fit to 1/r> and the red line is a best fit to 1/r2. (b) Flow lines from
finite-element simulations of our system with a defined slip velocity at the lower boundary of v = a/r? and no-slip
conditions on all other surfaces; the solid line in (a) is found by taking the velocity at the height of the catalyst particle
(1 pm); a is determined empirically through a best match of the experimental data.

As the schematic in Fig. 1a suggests, if one is able to “turn off” phoresis, a nearby particle will
follow this developed advective flow away from the catalyst. We are able to experimentally
observe this with polymer brush coated particles that effectively remove the phoretic effect. A
mixture of the bare TPM and silica show that the catalyst collects the silica and bare TPM at nearly
the same ratio as the background concentration as one would expect for a randomly distributed
particle mixture. In contrast, when brush coated TPM and silica are mixed, the catalyst selects the

silica particles almost exclusively, while the brush coated TPM are repelled by osmotic flow.
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Stimulus-controlled assembly, information encoding, and transport in heterogeneously
active systems

We focus here on developing strategies for the design of microscopic machines and reconfigurable
materials from active building blocks. Active matter exhibits unique properties that arise from its
inherent nonequilibrium nature, thereby providing access to a wealth of assembly pathways
beyond the conventional equilibrium routes and to the fine-tuning of the material properties. The
microscopic machines so obtained may then serve a wide range of purposes, from the encoding of
information in soft memory cells to the transport of colloidal cargo.
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Fig. 3: (a) and (b). Static stimulus patterns: scaling relations for imprinting of a densely populated square. The
density in the square for different (square dimensions, persistence length) sets falls onto the same plot if plotted
against the scaled time. This results from the v o 1/p relation measured experimentally in (b) for the
microswimmers. (¢) Dynamic stimulus patterns: Transport along x of the ABP population (left) and steady-state
drift velocity (right). (Inset) Snapshot of ABPs subjected to a moving alternating dark and bright stripes.

Leveraging the ability of active matter to exhibit dynamics-dependent density distributions, we
start by developing protocols to achieve the smart templated assembly. To this end, we program
spatially-varying stimulus patterns to control locally the level of activity for the self-propelled
particles, thereby enabling the formation of sparsely populated regions in domains of high activity
(inverse-templated assembly) and of densely populated regions in domains of low activity
(templated assembly). We perform simulations on systems of active Brownian particles to explore
the parameter space and identify scaling relations that quantify the interplay between the
persistence length L, and the spatial resolution used for the programmed stimulus pattern. These
findings are validated by our experiments that demonstrate how spatial light patterns allow for the
encoding of information in soft matter in Fig. 3(a). We add that coating the particles with UV-
sensitive cross-linkers would also enable fixing the designed material permanently for removal
and external use. We then design protocols applicable to the propagation of encoded information
in active matter and to colloidal transport. To this end, we apply dynamic stimulus patterns that
vary both spatially and temporally. For instance, subjecting a system of photoactivated
microswimmers to a dynamic light pattern, composed of alternating dark and bright stripes moving
at constant speed along an axis, imparts a drift velocity to the active particles along this axis in
Fig. 3(b). Using simulations and experiments, we analyze the transport mechanisms for active and
passive particles, as well as for systems composed of particles with different types of activity and
exhibiting non-reciprocal interactions.
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Light-Triggered Inflation of Microdroplets.

The domain of driven systems, particularly those
involving droplets and fuel, encompasses a vast array
of microbiological functions. Despite numerous
advancements, fully synthetic systems performing
diverse tasks within a uniform bulk at the micrometer
scale remain scarce. Here, we focus on a novel design
for solid-in-oil composite microdroplets. These
microdroplets are meticulously engineered to nucleate
an internal phase, inflate, and ultimately burst, all
powered by a consistent and uniform energy input. By
adjusting the background input, we demonstrate control
over volumetric change and burst timing. Upon
releasing their inner contents, these inflated droplets
transiently attract colloidal particles to the release point.
Moreover, the system is capable of performing multiple
inflation-burst cycles. This conceptual design of
internally powered microdroplets is anticipated to spark
further research into autonomous systems with intricate
communication abilities and to inspire the development
of advanced, responsive materials.

Our first generation of responsive
composite droplets was created by encapsulating
specially treated TiO2 colloids within TPM oil droplets
(see Fig.4(a)). Under blue/UV illumination, the TiO2
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Fig. 4: (a) TiO; colloids are used as seeds for
heterogeneous nucleation and growth of
siloxane oil droplets. The TiO2 inclusion
begins to degrade upon introduction of fuel
(H20>) and blue light, which in turn creates
an osmotic pressure that initiates the inflation
process until a failure occurs and the inner
contents are released to the local
surroundings; (b) optical images of droplets
before and during inflation.

colloids degrade, producing degradation products that

are trapped in the oil phase. This generates an osmotic pressure that draws water into the droplets,
causing them to inflate (see Fig.4(b)). We demonstrated that both the rate of inflation and the final
volume of the droplets can be precisely controlled by adjusting the light intensity and the
concentration of the fuel.

Future plans

Having quantitatively investigated two non-equilibrium and non-reciprocal forces, phoresis and
osmosis, we want to play one against the other in making both static and dynamic structures and
devices. We have also begun the study of how static and dynamic light patterns can organize and
activate colloidal structures and flows. Another objective will be the determination of the local
entropy production during stimulus-guided navigation and coordination processes in active matter.
Finally, we will unveil innovative frameworks to synthesize active particles that exhibit
communication and morphogenesis.
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Porin-Inspired Ionomers with sub-nm Gated Ion Channels for High Ion Conductivity and
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Program Scope

The physiological functions of natural living systems heavily rely on biological ion channels, and
their dysfunction can lead to diseases. These channels result from the intricate self-assembly of
various proteins, activated by different stimuli, and are responsible for the selective and
controlled passage of water, ions, or small molecules. Similarly, ionomers used in energy
conversion and storage devices play a crucial role in ion transport across membrane separators
and catalyst binder layers. This DOE Career project adopts a nature-mimicking approach to
establish fundamental design principles for ionomers inspired by biological ion channels. The
goal here is to understand the proton conduction mechanism by strategically designing
macrocyclic calix[4]arene-containing ionomers, which are closely relevant to proton exchange
membrane fuel cells (PEMFCs). The project leverages the sub-nm sized macrocyclic pores
which can facilitate very fast ion transport (beneficial to address the sluggish ORR kinetics of
PEMEFC electrodes), and act like ionic diodes under the influence of electrochemical fields,
beneficial for selective transport/separation.

Recent Progress

In the early years of this project, we worked extensively to demonstrate the feasibility of designing
representative proton-conducting ionomers using macrocyclic calix[4]arenes as either backbone
repeat units or pendants.>* Our findings showed that calix-containing polymeric ionomers with
sulfonic acid functional groups exhibit significantly higher proton conductivity compared to
Nafion, the current state-of-the-art ionomer. In addition, we showed that the non-macrocyclic
variants of these ionomers displayed several orders of magnitude lower proton conductivity than
macrocyclic counterparts.! We also observed faster-than-bulk water transport within calix-
containing ionomer films.>

Now that we have demonstrated the proof-of-concept, we are delving deep into calix[4]arene
derivatives to identify the chemical and structural features that are more responsible for creating
efficient proton transporting systems. Specifically, we are examining the side chain structure and
the charged states of the upper and lower rims of monomeric calix[4]arene. In the lab, we
synthesized several variations of monomeric derivatives of calix[4]arene. We recently studied
three variations (Figure 1a): one has -SOsH at the upper rim and -OH at the lower rim (SC). The
2" one has -SOsH at both upper and lower rims (DISC). The 3™ one has -SOsH at the upper rim
and quaternary ammonium chloride (-N(CH3);") at the lower rim (QSC). Despite being
monomeric, all these variants significantly improved the proton conductivity of thin films (Figure
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1b). We mixed Nafion and any of these monomeric calix variants in solution and spun sub-pum
thick composite films. At a low calix content (Nafion-to calix ratio of 1: 0.5), a ~150 nm thick
annealed Nafion-SC (1: 0.5) film showed a proton conductivity of 16 mS/cm, which was 5 times
higher than pure Nafion film (3.69 mS/cm) at ~82-85% RH (Figure 1b). At low %RH (20-
45%RH), Nafion-calix composite
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Figure 1. (a) Chemical structure of monomeric calix[4]arene
derivatives: SC, DISC, QSC. (b) Proton conductivities of ~150 nm
thick Nafion and Nafion-calix composite films where calix
monomers were randomly distributed. (c) Proton conduction (1¢/1p)
profile of ~150 nm thick Nafion and Nafion-DISC composite
assembled features made of calix- | films at 90% RH. An increase in 14/, a certain location indicates
based oligomeric ionomers using | anincrease in proton transport in that location or depth within the
confocal laser scanning microscopy ionomer film. The term z/d indicates the thickness normalized
(CLSM) and showed that in a distance from supstfate interface, whe're z/d of 0 and 1 represents

g . . . substrate and air interface, respectively. All the films were
composite film, ion conduction is

more favorable at places where
macrocycles are located. Unlike oligomers, monomeric calix-based ionomers did not form well-
defined features visible under atomic force microscopy (AFM). However, scanning across
photoacid (HPTS) stained Nafion and Nafion-DISC films, we observed an increase in the
deprotonation ratio of HPTS (I¢/I) at all depths within the Nafion-DISC film compared to the
Nafion film. This proved that DISC improved the proton conduction throughout the film, including
at the substrate interface (Figure 1b). This is a notable achievement since the state-of-the-art

In an ecarlier work, we located self-

annealed.

ionomer Nafion is known for negligible proton transport next to substrate interface, leading to ion
transport limitation and slower kinetics of ORR. The birefringence changed from negative for pure
Nafion film to positive for Nafion-calix composite films, suggesting that the presence of calix
significantly altered the molecular organization and orientation of Nafion in the films, thereby

minimizing ion transport resistance next to substrate and across the ionomer films.
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So far, we have studied the performance of calix
monomers randomly distributed within Nafion-calix
composite films. Next, we leveraged self-assembly to
localize calix ionomers (DISC here) adjacent to the
substrate before depositing the Nafion layer on top. As
shown in the Nyquist plots (Figure 2), the DISC-
localized Nafion film exhibited a semicircle diameter
similar to that of the Nafion-DISC random films, while
both samples displayed smaller semicircle diameters
than the pure Nafion film. This indicated lower ion
transport resistance in both Nafion-DISC and DISC-
localized Nafion films compared to the pure Nafion
film. These results suggest that a thin layer of calix next
to the substrate may achieve the same ion transport
benefits as randomly distributed calix, effectively
addressing ion transport limitations. This is logical, as
the primary contributor to thin-film ion transport
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Figure 2. Nyquist plots of pure Nafion film
(black line), Nafion-DISC composite film
where DISC was randomly distributed
within Nafion matrix (red line) and DISC-
localized Nafion film (blue line). The
diameter of the semicircles represents the
resistance of the films to ion transport.

limitations is the substrate interface, where Nafion chains orient parallel to the substrate and
experience pinning with their side chains.** By selectively placing the calix molecules next to the

substrate, we were able to modify this pinning and improve the proton conductivity of the entire

Nafion film.

Finally, we investigated how these calix monomers influenced directionality in ion transport
within Nafion-calix mixed membranes by performing I-V measurements (Figure 3). As
expected, Nafion showed no difference in ionic current when measured under forward and

reverse biasing. However, some varieties of calix-based monomeric ionomers acted like voltage-

biased ionic diodes, though not all. The results
suggested that the magnitude of ionic current depends
on the orientation of the charged rims of the calix
units relative to the direction of electron flow.
Flipping a single calix unit with respect to the electron
flow direction can result in different forward and
reverse bias currents and varying rectification ratios.
In a random setup, like Nafion-calix, where there is no
control over the orientation of calix units with respect
to the applied voltage, the experimentally observed
rectification ratio could be a cumulative effect of how
all the calix units are oriented and how they
collectively influence the current.
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Future Plans

Based on the work done so far, the asymmetry in charge distribution and mass distribution of calix-
based ionomers with respect to the substrate yielded thought-provoking results. This necessitates
further studies to understand the effects of localization versus randomization of calix with varied
chemical structures (monomer vs .oligomer vs polymer, type of charge, charge asymmetry, charge
on backbone vs. side chain, calix on backbone vs. as pendant). With additional funding from DOE-
BES, these investigations could significantly enhance our understanding of the proton conduction
mechanism within calix-based ionomers, a promising class of ionomers for energy conversion and
storage devices, in the coming years.
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Active interfaces driven by microtubule-based active matter
Dogic and Marchetti — University of California at Santa Barbara
Keywords: active matter, interfaces, liquid-liquid phase separation, wetting transitions.

Research Scope: Controlling interfacial structure and dynamics is key to creating diverse
functional soft materials, ranging from lipid vesicles and lamellar phases to phase-separated
systems and emulsions. Traditionally, interfacial control is accomplished through surface-
modifying agents, such as surfactants and block copolymers. We study an entirely different non-
equilibrium mechanism for controlling and shaping soft interfaces. By merging a phase-separating
mixture of a microtubule-based active isotropic fluid and a passive fluid, we are exploring how
activity provides a unique new handle for interfacial control. We are pursuing several aims. First,
we study a model system of 1D active interfaces and associated liquid-liquid phase separation in
quasi-2D geometries. Second, we are generalizing these studies to 2D interfaces that separate 3D
bulk phases. Third, we study the behavior of active droplets and their interaction with a planar
hard wall, with a particular focus on using active stresses to control droplet shape and interfacial
wetting properties. All the aims merge experimental work with numerical simulations and
theoretical modeling. We combine the unique features of microtubule-
based active fluids with state-of-the-art microscopy techniques to
visualize conformations of centimeter-sized interfaces, as well as the
instantaneous configuration of the underlying active fluid with single-
filament resolution. Combining such multiscale experimental data with
theoretical modeling has the potential to decisively advance our
understanding of how to shape and control soft interfaces through
activity.

Recent Progress: In an important advance we used a combination of
experiments, numerical simulations, and analytical theory to :
characterize the structure and dynamics of active interfaces and —x Dextran
associated active-liquid-liquid phase separation in quasi-2D confined | Fig. 1. Active interface
samples'. This work identified four universal features of such novel non- | separating microtubule-
equilibrium materials, which include giant interfacial fluctuations, non- | Pased active fluid anda
inertial traveling waves, arrested phase coarsening, and formation of passive phase.
finite-sized active emulsions and activity-controlled wetting transitions.

In the initial study, the active liquid-liquid phases separated samples were strongly influenced by
the frictional interactions between the interface and the confining walls. To eliminate such
interactions, we developed a model system to visualize a macroscopic 3D active interface.
Combining the unique feature of our microtubule-based active fluids with light-sheet imaging we
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visualized the structure and fluctuations of millimeter-sized  a-o at=13s at=26s
interfaces (Fig. 1). Experiments on bulk interfaces revealed 7
several unexpected phenomena?. First, in the low-activity regime
where the active/passive interface remains continuous, we
observed that the active interface undergoes large deformations
with distinct asymmetry. The interface had deep and narrow
valleys of the passive phase protruding into the active phase and
shallow and round peaks of the active phase protruding into the
passive phase. Second, in the high-activity regime, the magnitude of the deformations increased
and the interface folded on itself to envelop passive droplets (Fig. 2). The interface disintegration
was also asymmetric; we observed frequent invagination of passive droplets by the active phase
but never observed the reverse process of active droplets
separating from the bulk active fluid and being ejected into the
passive phase. On long time scales these processes created an
active foam wherein an active fluid phase was perforated with
droplets of the passive phase (Fig. 3). Both the asymmetric
deformations and foam formation were not observed in the study
on quasi-2D active interfaces illustrating the essential role of long-
ranged hydrodynamic interactions in governing the fluctuations of

bulk interfaces. Fig. 3. Active foam phase
formed by the disintegration of

To gain fundamental insight into these observations we developed | active interface.

a continuum hydrodynamics model of active interface and active

LLPS in both 2D and 3D (Fig. 4). Numerical solutions of the hydrodynamic equations reproduced
the asymmetric fluctuations of the interface and the formation of the active phase. Importantly,
these efforts revealed a novel microscopic mechanism that underlies the asymmetry of active
interfacial fluctuations and disintegrations. Our work showed that the soft interface breaks the
spatial symmetry of the fundamental bend instability of extensile active nematics, which in turn
creates interface-adjacent vortical flows that suppress the growth of upward protruding hills while
enhancing and sharpening downward valley-like deformations (Fig. 5). These results have
implications for any extensile active fluid that is confined by soft and deformable interfaces and
membranes. For example, the

Fig. 2. Active interface
separating microtubule-based
active fluid and a passive phase.

cytoskeleton is a quintessential
example of an out-of-equilibrium
stress-generating network. In a cell,
the cytoskeleton interacts with
diverse membrane-less organelles
and lipid bilayer membranes, driving

Fig. 4. Numerical simulations describe the fluctuations of a 2D
their non-equilibrium fluctuations and | soft interface separating bulk active and passive phase.

associated processes such as endo- and
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exocytosis. These comprehensive results describing experiment and T P —
theory on unconfined interfaces have been submitted for publication?. '

The above-described experiments inspired subsequent theoretical
modeling. Activity can drive surface waves at liquid crystal interfaces.
The relaxational dynamics of a fluid interface coupled to an activity-
driven liquid crystal sets up a non-reciprocal interaction between the
interface fluctuations and the liquid crystalline dynamics leading to
wave propagation. We developed a linearized theory to understand the
spectrum of these interfacial waves®. We then used simulations of a

Fig. 5. The interface
experiences asymmetric
vortical flows, resulting in
curvature.

two-phase model to measure these interfacial waves and verify the
predictions of the linear theory. Similar wave propagation in experiments could provide a reliable
and accurate handle to measure the bulk properties of an active fluid, and quantitatively connect
them to continuum phenomenological models.

We have shown that in a phase-separated mixture of active and passive fluids, active flows can
generically create mixing and suppress phase separation, by effectively decreasing the critical
temperature*. In addition to understanding the mixing transition and its asymmetry, we found that
at intermediate values of activity, active fluids generated by isotropic liquid crystal can lead to
stretching of the active domains and result in a robustly percolated active phase. We have shown
that it is possible to understand this percolated phase as a consequence of the activity-induced flow

alignment of the liquid crystal orientation with fluid s
interfaces. This in turn leads to extensional flows 7|
creating a dynamical steady state with a percolating **|
active phase perforated by large droplets of the

passive phase (Fig. 6).
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In a complementary direction, we are using active | —
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interfaces as a novel probe to measure the defining
properties of microtubule-based active fluids. In
particular, active stress plays a central role in explaining

Fig. 6. (left) Active interface separating
microtubule-based active fluid and a

passive (right) activity leads to a dynamical
how active matter transforms chemical energy from | steady state with arrested phase separation

ATP hydrolysis into spontaneous mechanical motion in | of a percolating active fluid.
the form of turbulent-like flows. Nevertheless, it has

been a significant challenge to experimentally measure the active stress. So far, the main approach
has been to indirectly estimate active stress by quantifying the structure of the flows. We measured
the velocity and vorticity fields of the flows and used their magnitude and structure to derive the
strength of the active stresses. In parallel, we used the same sample and the unique properties of
the active interface and the active wetting transition to independently measure the active stresses.
The interface-based methods were consistent with each other but were quite distinct from the
estimates based on characterizing the bulk flows. In particular, we found that interface-based
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methods suggest that active stress continuously increases over the sample lifetime, while estimates
based on bulk flows suggest that actin stress remains time-invariant. The cause of this discrepancy
suggests a fundamental inconsistency in a widely studied hydrodynamic theory that is used to
model extensile active fluids.

Future Plans: The above-described advances have relied on a synergistic combination of
experiments, theory, and numerical modeling. They have significantly advanced our
understanding of active interfaces and active liquid-liquid phase separation. We have several major
goals for the near future. We aim to understand the discrepancy between active stresses estimated
from the interface and bulk flows. One possibility is that the structure of the microtubule-based
active fluid adjacent to the interface changes over the sample lifetime. So far, we have only been
able to measure the flow velocity field in active phase-separated samples. We aim to develop a
new high-resolution imaging method that will allow us to directly and simultaneously visualize
the interface, the autonomous flow fields, and the local alignment (nematic order) of the
microtubule filaments.

Over the next report period, we will also direct our
efforts toward quantifying active wetting in 3D
geometries, which is another intriguing yet poorly
explained observation (Fig. 7). Experimentally, we
observed that the contact between a hard wall and an
active interface can be controlled by the activity of the
active fluids. This leads to remarkable phenomena
such as the interface climbing along a wall and . ,

. . . . how activity changes the wetting angle that
working against gravity. Furthermore, we will also | 4 . o 0 o 0 s with a confining
study dynamics in which the interface climbs along the | boundary.
wall and slowly falls back down under the influence of
gravity. This is likely due to the coupling of the wall-induced wetting with traveling waves. These
experimental observations demonstrate the need to develop a robust theoretical model of active
wetting, an effort that is currently underway in our group

10:3n/0.6h{0&h| 1.2 1.5h 1.8h 2.1R

Fig. 7. (left) A sequence of images illustrates

&4




Publications from DOE work:

1.

R. Adkins, 1. Kolvin, Z. You, S. Witthaus, M. C. Marchetti, Z. Dogic, “Dynamics of active
liquid interfaces,” Science 377, 768 (2022).

L. Zhao, P. Gulati, F. Caballero, I. Kolvin, R. Adkins, M. C. Marchetti, and Z. Dogic
“Asymmetric fluctuations and self-folding of active interfaces,”
https://arxiv.org/pdf/2407.04679.

P. Gulati, F. Caballero, I. Kolvin, Z. You and M. C. Marchetti, “Nonreciprocal interactions
drive capillary waves in active liquid crystals,” https://arxiv.org/pdf/2407.04196.

A. M. Tayar, F. Caballero, T. Anderberg, O. A. Saleh, M. C. Marchetti, Z. Dogic, “Controlling
liquid-liquid phase behavior with an active fluid”’, Nature Materials, 22, 1401 (2023).

S. Ray, J. Zhang, and Z. Dogic, “Rectified Rotational Dynamics of Mobile Inclusions in Two-
Dimensional Active Nematics,” Physical Review Letters 130, 238301 (2023).

M. Serra, L. Lemma, L. Giomi, Z. Dogic, L. Mahadevan, “Defect-mediated dynamics of
coherent structures in active nematics,” Nature Physics (2023)

&5




Polymerization-driven active matter

Guillaume Duclos, Brandeis University, Waltham MA

Keywords: Active matter, actin, non-equilibrium turnover, flocking, reaction-diffusion
Research Scope

The rational design of biomimetic active materials from enzymes, nucleic acids, or proteins, has
remained a challenge because of the multiscale nature of active matter: energy, injected at the
particle scale, spontaneously propagates to larger length scales to drive collective behaviors. This
inverse energy cascade uniquely endows active matter with remarkable self-organization
capabilities. Here, we present how the non-equilibrium turnover of actin filaments can be
leveraged as a tractable mechanism to investigate multiscale pattern formation and create a novel
class of adaptive biomimetic materials. In these molecular materials, reaction-diffusion will be
coupled to activity to mimic two fundamental features of morphogenesis: symmetry breaking and
force generation.

Biomolecular active matter composed of purified proteins provides a promising route to bridge the
length scale gap inherent to all active materials. These materials are simple, tunable, and more
robust than living cells, making them prime candidates for engineering applications in soft
robotics. Furthermore, the extensivity of the biomolecular landscape provides a myriad of proteins
to power reconstituted materials in unique ways. To date, most of the experimental research in this
field has focused on materials driven by molecular motors. However, these materials only mimic
a fraction of what is observed in living matter because cells often use as well a variety of other
processes to self-organize and move. Treadmilling polymers provide a unique and underexplored
platform to investigate the multiscale self-assembly of active matter, unveiling uncharted territory
for designing controllable adaptive materials.

Fig. 1: Description of the model system. A) EM picture
of a 0.5um bead, Cameron et al.! B) Schematic of the four
stages in the formation and turnover of an actin tail. Actin
filaments nucleate from ATP-bound G-actin (left). Then
ATP is hydrolyzed, F-actin is caped, and subsequently
severed and dissembled. The released ADP-actin
monomers undergo nucleotide exchange to replenish the
pool of polymerization-competent ATP-G-actin (right).

|
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Our model system is inspired by how microbial
pathogens such as listeria and shigella swim using actin
from an infected host cell> 3. In brief, we coat micron-
sized polystyrene beads with pVCA, a protein that

B Atfizmih bl : activates the polymerization of a branched actin
s ~ Actin ta‘il' network®. This growing actin shell spontaneously breaks
\ : f=t : symmetry, and the resulting asymmetric polymerization
.motil'é‘_ \ i 2o R | propels the bead forward' (Fig. 2A).
'-b;ea'd e | \ S Fig. 2: Spontaneous motility in vitro. A) motile bead uniformly
& . 2 \ coated with pVCA (actin and pVCA are labeled). B) Time series
| ‘ of phase-contrast images of a 1.5 um-diameter motile bead. C)
.‘.50~ur,n. | ~&5 e Color-coded trajectory of the bead in figure B.

This model system provides a unique platform for uncovering
new physics with actin-based materials that are fundamentally
different from motor-based active matter. Preliminary
experiments demonstrate rich emergent dynamics, including 1.
spontaneous motility (Fig. 2); 2. synchronization of beating
oscillations (Fig. 3A); 3. flocking and giant density fluctuations
(Fig. 3C); 4. active crystallization (Fig. 3D). We show that these
emergent behaviors are direct consequences of a generic
coupling between reaction-diffusion and activity, which has
been under-explored in biomimetic active matter.

Fig. 3: Emergent behaviors at larger and larger length scales. Beads
propelled by actin turnover exhibit unique emergent behaviors at

A Artificial beating cilia

B Spinning dimers

B Y

different length scales when density is increased.

Multisale assembly of actin propelled colloids

Recent Progress

We performed experiments with a dense suspension of beads propelled by polymerizing
actin tails in quasi-2D confinement. We systematically varied bead density, bead diameter (from
1.5 pm to 10 um), and confinement along the Z-axis. We identified flocking dynamics that were
reminiscent of the patterns observed in nature in flocking birds, bacteria, and sperm cells, or in
simulations of self-propelled particles with aligning interactions. Here, groups of beads moving in
the same direction constantly merge and break apart as groups collide with each other, resulting in
finite-size flocks instead of a global polar phase that spans the entire system (Fig. 3C). However,
only larger beads flock (D>2.5um). Smaller beads (D=1.5um) are motile, interact sterically, and
re-orient after colliding with each other, but do not flock. We hypothesized that a reaction/diffusion
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mechanism is at the origin of this flocking transition: actin-propelled beads can sense the presence
of their neighbors because they compete for actin monomers. Further, as there is a gap in length
scale between the size of a monomer (4-7nm) and the size of the beads (1-10 um), a gradient of
actin monomer will result in non-uniform polymerization rate at the bead surface, which would
lead to torque generation. Hence, the actin depletion between two motile beads could drive
attractive interactions and flocking. Smaller beads would not be able to flock because they do
consume enough actin to deplete the pool of monomeric actin.

We performed various experiments to test that hypothesis:

1) Decreasing the actin polymerization rate inhibits flocking. We decreased the pVCA
surface coverage of the beads to decrease the actin polymerization rate. Densely
covered beads flocked, while sparsely covered beads did not.

i1) Decreasing actin diffusion rate promotes flocking. We showed that increasing the
viscosity of the surrounding fluid can promote flocking.

1i1) Beads accumulate along impermeable boundaries but not along permeable
boundaries connected to an actin reservoir. We performed experiments where
motile beads were moving next to a boundary. We measured a significant
enrichment of beads moving near the impermeable boundary compared to the
permeable boundary connected to a reservoir. This experiment suggests that
isolated actin-propelled beads can create and respond to asymmetric gradients of
monomeric actin close to a wall.

Overall, the proposed research is novel in the following ways: 1) it leverages non-equilibrium
turnover instead of molecular motors, which have been a standard in the field of active molecular
materials over the past two decades; 2) emergent behaviors are governed by a coupling between
reaction/diffusion and stress generation which, despite its fundamental relevance to
morphogenesis, has been underexplored as a mechanism to power active materials; 3) the scale-
separation between the characteristic sizes of actin monomers (nm), of a motile colloid (um), and
of the collective behaviors (mm) allow us to track how collective behaviors propagates through
multiple length scales.

Future Plans

1. Future work will investigate how actin-propelled beads move in a linear gradient of protein
(Fig. 4). One crucial prediction of our current hypothesis is that actin beads will perform
anti-chemotaxis: they will move away from a source of actin.
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; Fig 4: emergent antichemotaxis? (Future work) We

predict that motile beads should turn towards the sink in
a linear actin gradient. We will test that prediction using
a microfluidic gradient generator

[Protein]

v

distance

2. Future work will investigate the mechanisms that control the shape and size of the flocks
(Fig. 5).

Fig. S: Origin of flocks
shape and size (Future
work) Flocks have a
stereotypic “U” shape

3. What is the stability of the spinning dimers? 1t is unclear what are the
mechanisms that lead to the formation of a spinning dimers (Fig. 6)
instead of a flock of beads moving in the same direction. Moreover,
we do not know why only dimers emerge and not trimers or larger

groups.
Fig. 6: Origin of
stability of spinning
dimmers (Future work)
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Bio-inspired Materials Designs: Reactive, Functional Droplets and Smart Interfaces

Todd Emrick, Polymer Science & Engineering Department, University of Massachusetts, 120
Governors Drive, Amherst, MA 01003 tsemrick@mail.pse.umass.edu

Keywords: Functional polymers, fluid interfaces, dynamic surfaces,
polymer zwitterions, smart droplets

Research Scope. Inspired by the sophistication with which biology assembles and utilizes soft
materials and fluidic systems, the scope of this project encompasses the creation of new types of
bio-inspired materials by efficiently connecting Nature’s functionality with state-of-the-art
synthetic methodology. With focus on the synthesis of functional polymers and their localization
at fluid interfaces, our objective is to create polymeric and mesoscale materials that yield designer
structures, such as soft, extended filaments and functional fluid droplets, that together exhibit
morphologies and responsive features inspired by biological materials and processes. By
strategically combining organic/polymer synthesis with the fabrication of mesoscale structures,
materials opportunities arise from biological inspiration, such as the healing features of the
immune system in which recognition, transport, and interfacial interactions are critically
important.

Synthetic innovations guided by bio-inspired designs open access to novel, fundamental
insights in materials research, including: /) the synthesis of designer polymer surfactants that
depart from conventional polymer structures by integrating functionality directly into zwitterionic
sub-units and 2) the preparation of polymer-based multi-length scale and mesoscale structures
that localize at fluid interfaces and exhibit stimuli-responsive properties owing to their polymeric
constituents. Insights gained from this scope of research are anticipated to advance emulsion-
based systems, including those with triggered response while creating hybrid polymer structures
spanning the nano-to-mesoscale. In essence, new synthetic methodology and focus on fluid-fluid
and fluid-polymer interfaces is setup to produce innovative outcomes from simpler synthetic
materials relative to biological systems, with potential to advance energy-efficient processes that
exploit localization of functionality at interfaces. Progress along these lines will advance key areas
pertaining to: 1) functional materials synthesis spanning multiple length scales; 2) precise isolation
of reactivity at interfaces; and 3) energy-efficient routes to materials healing.

Recent Progress. Described here is recent progress on the synthesis of novel polymer zwitterions
that yield dynamic surfaces and interfaces,' as well as the fabrication of mesoscale polymer-based
materials containing functionality, size, and shape to promote their segregate to fluid interfaces in
the form of functional droplets with extended appendages.”> Our most recent synthetic design
hinges on the ability to prepare functional zwitterions as products of successive ring-substitution
and opening. For example, insertion of hydrophobic, reactive, and/or fluorophilic organic moieties
into polar, hydrophilic zwitterions derived from nature (such as sulfobetaine (SB) and
phosphorylcholine (PC)) sets up dynamic structures whereby disparate molecular subunits are
forced into close contact and therefore segregate locally rather than macroscopically.

Figure 1 illustrates this concept for fluorinated sulfobetaine methacrylate polymers (FSBs),
in which fluorocarbon moieties are attached directly to the zwitterionic components. An efficient
two-step modification to the conventional sulfobetaine methacrylate monomer synthesis gave
access to a series of polymer zwitterions containing varying extents of fluorocarbon character.
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FSB methacrylates proved amenable to homo- and copolymerizations using reversible addition-
fragmentation chain transfer (RAFT) conditions, affording polymers with molecular weights

Thiol-ene addition Ring-opening

DMAEMA,

0.9 0.9

365 nm, 30 min 1-2h

ranging from 5 to 20 kDa and
with low molecular weight
distributions. Thin films of FSB
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fluorocarbon content, as well as
remarkably large water contact
angle hysteresis values that
enable pinning of the water
droplets on  hydrophobic
surfaces, reminiscent of the

Figure 1. Synthesis of fluorinated sulfobetaine (FSB) monomers — “petal-effect” found in nature.’
and polymers, in which fluorocarbon groups of various lengths are  FSB-containing copolymers in

embedded directly into the sulfobetaine zwitterion moiety.

aqueous media demonstrated
markedly reduced oil-water

interfacial tension values, even with moderate (20-50 mol%) fluorocarbon incorporation.

The efficiency of this synthetic approach hinges on: 1) the high-yielding addition of thiol-
terminated fluorocarbons to the allyl-substituted sultone, which proceeds quantitatively in minutes
and 2) ring-opening of the sultone with DMAEMA that produces FSB monomers in ~90+%
isolated yield without the need for chromatographic purification. Distinct from our recent papers

on fluorinated choline phosphates (FCPs),** the thiol-
ene approach to FSB polymers is conducted with
improved synthetic efficiency while also contributing
an additional level of hydrolytic stability owing to the
sulfide linkage. The latter may prove important for
future applicability in areas such as environmental
remediation of perfluoroalkyl substances (PFAS).

The impact of covalently merging low-surface
energy, hydrophobic fluorocarbons and hydrophilic
zwitterions in FSBs was evident from their unique
wetting properties, as illustrated in Figure 2. When
prepared as thin films on glass, the static contact angle
(CA) of water on FSB homopolymers with longer
fluorocarbon groups was comparable to that of Teflon;
for the lightly fluorinated FSB homopolymer with a
trifluoromethyl group, the water CA was comparable
to that of PSBMA. Moreover, the unique FSB structure
enabled pinning of the droplets, as was evident in 90-

a)

ACA =121° RCA = 14°

Figure 2. Wettability of FSB polymer
surface: a) static water CA; b) water
pinning at 90-degree tilt on FSB and on
petal surface; ¢ & d) large hysteresis
between advancing and receding CA.

degree tilt experiments, in which droplets of appreciable volume (~80 uL) remained static on the
tilted surfaces, similar to the topological influence of rose petals and other water pinning
hydrophobic surfaces. Dynamic CA measurements revealed moderate (~70°) to high (~115-120°)
advancing values coupled with very low (~15°) receding CA values, indicating the dominance of
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the fluorocarbon components at the air-polymer interface and dynamic response of the side chains,
causing the interface is resist both wetting and dewetting. Notably, FSB homopolymers benefit
from solubility profiles limited to fluorinated alcohols; as a result, simple FSB thin film coatings
are robust and withstand prolonged exposure to aqueous environments without the need for
sophisticated surface-grafting techniques.

Turning to mesoscale materials and interfaces, recent progress builds on our findings whereby
integration of functional polymers into photolithographic methods yields ribbon-like mesoscale
objects (Figure 3) that have an affinity for the
fluid-fluid interface of droplets. This conceptual Hydrophobic MES
design is inspired by the multi-armed
morphologies of dendritic cells, where the
interface-adsorbed appendages extend radially
outward from the droplet surface. These
mesoscale polymer surfactants (MPSs) were
prepared from thin polymer films containing Segmented MPS (&3, release | Hydrophilic: coils
reactive and functional moieties, specifically: 1) 7 ¥ y _—

. . . . | lydrophobic: stiff
coumarin for (reversible) photocrosslinking; 2) | E—
triphenylsulfonium as a photoacid generator
(PAG); and 3) fert-butyl ester pendent groups to
trigger hydrophobic-to-hydrophilic switching.
The photolithographic techniques we employed
represent a new, scalable approach to robust,
filamentous structures that may take on a variety
of configurations, from straight filaments to
helical structures. Importantly, these techniques
do not require cleanroom access as they are
conducted effectively simply under inert (N2(g))
atmosphere at room temperature, with mask-
alignment performed by hand and UV transformations accomplished in a benchtop UV box (UVP
CL-1000M) equipped with 254 or 365 nm bulbs (power output of ~10 mW/cm?). As detailed in
our prior paper, these MPS structures adhere to the fluid interface of emulsion droplets,? affording
a ‘dendritic droplet’ design in which the appendages may capture reagents from the solution phase,
extend or retract, or even drive droplet motion.

At present we are integrating dynamic polymer structures like FSBs into the mesoscale MPS
concept, while simultaneously working towards next-generation MPS designs including multi-arm
T- and Y-shaped objects. As illustrated in Figure 4, our photolithographic methods readily adapt
to the preparation of MPS structures of arbitrary shape based on photomask geometry and
AutoCAD Design software. In the example shown, a 40 mg/mL acetone solution of a protected
zwitterionic copolymer was applied to a Si wafer by spin-coating and then crosslinked by photo-
exposure. Dissolution of unexposed areas and release of the fully hydrophobic Y-shaped MPS into
oil-in-water emulsions showed evidence of droplet wrapping, though mixtures of different MPS
geometries (Y-shaped and linear) observed in the fluid phase are indicative of MPS breakage due
to bending stress at the junction point and/or torque generated during fluid flow. As we proceed,
we will systematically study multi-armed MPS structures by varying polymer film thickness (from
~50 to ~200 nm, dictated by polymer concentration in the spin-coating step) to evaluate tradeoffs
between thicker (stronger) structures and thinner (more flexible) structures. Combining polymer

Hydrophilic MPS

Carboxylate
gradient

t-butyl ester
throughout

Figure 3. Visualization of MPS segments by
fluorescence confocal microscopy, showing
straight (hydrophobic) and coiled (hydrophilic)
structures emanating from their chemical
structure and swelling in aqueous media.
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synthesis with MPS fabrication and mask design will yield multi-armed structures with well-
defined  hydrophobic  and
hydrophilic segments, such as
shown in the figure for an MPS
setup for interface wrapping
with the red (hydrophobic)
segments and extension of blue
(hydrophilic) segments into the

fluid. ) Inverting Fhe Figure 4. Multi-armed (Y-shaped) \
hydrophobic and hydrophll}c MPS structures and wrapped droplet )
arrangement from that shownin  jyserfaces (lefi-to-right: photomask to §/ TR

the ﬁgure will yleld drOpletS lithographic product to Wrapped & droplet interat:tiansvl
with  multiple  extending  droplets). ‘

segments per wrapped segment,
with peel-force and rheological characterization used to distinguish the properties of these multi-
armed designs relative to linear structures.

Future Plans. Looking forward, we seek to couple innovative, bio-inspired syntheses of
macromolecular materials with mesoscale materials fabrication methods to generate reactive,
functional droplets, with advances hinging on tailoring surface and interfacial energies via
chemical functionality. As we will build further on the FSB platform, replacement of fluorocarbon
substituents with silanes and silicones offers opportunities to realize surfaces and interfaces with
uniquely dynamic responses to their fluidic surroundings. At the same time, we will build on our
dendritic droplet platform to yield asymmetric droplets (i.e., where appendages extend from one
distinct hemisphere), as well as droplets with appendages that function in surface cleaning at
distances well beyond the droplet interface.
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Program Scope

The current project is focused on using nanostructured organic and inorganic interfaces to guide
assembly and crystallization pathways, resulting in materials with precisely-controlled structures
across length scales, from the near-molecular all the way to the macroscopic scale. The work
focuses on 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
are probing the early assembly stages in the formation of spherical amorphous silica nanoparticles
by elucidating the role of “magic cluster” numbers in initial particle aggregation events, controlling
surface chemistry by introducing hydrophobic patches, and manipulating particle topology to
access rings, cages, and hollow particles by using surfactant self-assembly directed pathways. In
the second system, we are investigating the role of the solid-liquid interface in directing the
incorporation of secondary (nanoparticle) phases during crystallization. We are performing studies
as a function of silica nanoparticle surface chemistry (e.g., functional groups, “patchiness”, etc.)
and topology, thereby connecting to the first materials system. Finally, in the third system, by
inverting the approach taken in the second system, we are 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 using two techniques ideally suited to probing molecular-scale
features of 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).

Recent Progress
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Pathway complexity and early formation stages in amorphous silica nanostructures. We are
developing novel high-performance liquid chromatography (HPLC) methods to study the earliest
formation stages in, and surface chemical properties of, ultrasmall spherical dye-encapsulating
inorganic silica-core poly(ethylene glycol) (PEG)-shell (core-shell) fluorescent silica
nanoparticles (FSNPs) (Fig. 1). The elugram in (Fig. 1b) shows at least 9 peaks that are well

resolved with
the most
intense peak
being peak
#7. We have
tentatively
assigned
these peaks

oo, b T PEG-CyS(+)-FStp
(PDA) 0.3

—— Noised data
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Absorbance (A.U.)
Frequency

B o001

2 2 ) w0 weoow @ w

Time (min) Time (min) Aggregate size N

Fig. 1. Comparison of HPLC elugrams obtained from FSNPs using the original
method (A) and the newly optimized advanced method (B). In (C) simulation results are shown
using particles whose assembly behavior is governed by SALR interaction potentials. (D) to FSNPs
Rendering of a PEG-ylated 5-6 nm diameter Cy5-dye encapsulating FSNP. with different

numbers of
silica clusters assembled to form the silica particle core, as visualized in the particle rendering in
Figure 1D (see red core built up from 5 clusters).

These results suggesting the most abundant particles forming around a core assembled from 7
clusters pose a puzzle. Theoretical studies into the origin of “magic” cluster numbers of spherical
objects have suggested the first magical number to be 6 rather than 7. To solve this puzzle, we
have worked with Prof. Julia Dshemuchadse (Cornell MSE). Simulations from her group suggest
that the aggregation number 7 emerges when moving from hard sphere interactions between
clusters to more realistic interparticle potentials combining short-range attractive (SA; from Si-O-
Si bond formation between silica clusters) with long-range repulsive (LR; from electrostatic
repulsion between negatively charged silica clusters) interactions (i.e., SALR interaction
potentials). Particle aggregates with a pentagonal bipyramid-based structure emerge from this
switch of interaction potentials (Fig. 2). Furthermore, quantitative analysis of the simulation results
reveals that the most abundant aggregation number for such assemblies is 7, i.e., a pentagonal
bipyramid, consistent with our experimental HPLC results (compare Fig. 1b,c).
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Figure 2: Comparing simulation results employing hard-sphere (top) versus SALR (bottom) interaction potentials
and showing the emergence of pentagonal bipyramid structures (coordination #7).

Visualizing the interfacial solution structure at the calcite-solution-ligand interface. One of our
primary goals is to measure the interaction potentials between ligand-coated particles and the
calcite surface. To accomplish this objective, we are using the recently developed 3D atomic
force microscopy (AFM) technique at PNNL. Here, Si-based AFM probes with oxide surface
layers (i.e., silica) are functionalized with various ligands using azide-alkyne “click” chemistry.
We acquired 3D force maps and force gradient data at the calcite interface in saturated calcium
carbonate solutions using 5 types of probes: bare Si/Si0,, PEG-coated, as well as the three target
functional coatings: -OH (hydroxyl), -NH> (amine) and -COOH (carboxylic acid) (Fig. 3). While
a detailed analysis is in progress, we can already report qualitative observations: 1) the data with
the bare Si/Si0: probes is comparable with literature reports for calcite, providing a useful
benchmark for the ligand datasets; 2) the -COOH coated probes experienced long-range
interactions beyond 2 nm (Fig. 3, bottom row); 3) the functionalized probes revealed specific
interactions at the calcite step edges as compared to the terraces; 4) we were able to resolve sub-
nanometer features close to the calcite surface with the ligand-coated probes that correspond to
solution structuring (Fig. 3, top row).
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Figure 3. 3D AFM data of calcite surfaces imaged in saturated calcium carbonate solutions (1.5 mM CaCl> + 5 mM
NaHCOs) using functionalized silicon/silica tips. (Top row) Vertical slices from force maps acquired with various
probes, including bare silicon/silica, PEG-ylated, and functionalized with amine, carboxylic acid, and hydroxyl
terminations as described in the text. Colormaps indicate variations in force gradients (N/m) as nanoprobe navigates
interfacial regions. (Bottom row) Corresponding average phase shift curves (orange) from force map raw data, which
are converted to force gradient curves (blue). Data show long-range interactions corresponding to colloidal forces
as well as short range oscillations that indicate solution structuring at the interface.

Surface reconstructions in hydrated, amphiphilic BCP thin films. In bulk BCPs, the interplay between
enthalpic and entropic contributions of different blocks as well as their volume fractions gives rise to a

variety of mesoscale morphologies. Thin film behavior differs from the bulk as a result of additional
interfacial energy contributions to the free energy from film-substrate and film-air interfaces. We have
evaluated polymer-solvent interactions and solvent-driven surface reconstructions via AFM analysis of
amphiphilic BCP thin films upon exposure to DI water. We examined the differences in surface
morphology, whole-film swelling, and force response in thin films of polystyrene-block-polyethylene oxide
(PS-b-EO) and polystyrene-block-poly[(allyl glycidyl ether)-co-(ethylene oxide)] (PS-b-P[AGE-co-EQO])
processed into standing-up cylinder morphologies perpendicular to the silicon surface (Fig. 4). We have
not only analyzed the energetics of the driving forces of the BCP thin film surface reconfigurations but also
probed the mechano-responsive
nature of the dynamic top surfaces.

(A) PS-b-PEO Amplitude Modulation
Imaging in DI Water

(B) PS-b-P(AGE-co-EO) AmpMod
Imaging in in DI Water

A0

Results show surface rearrangements ~ iHeight iZvm  TiPhase AO

06deg i.Height AO

11 nm ii.Phase AO 0.4 deg

via minimal tip-sample stimulation
with broader implications for tuning
of top surface hydrophilicity. Given
the non-ionizable nature of the
minority P(AGE-co-EO) block and
the energetics of the underlying
driving forces for chain mobility, this
work shows how the elimination of
PS-water interfaces

100 nm
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iv.Phase 0.8A0 43deg iii. Height 0.6A0 24nm jy. Phase 0.6A0 15deg
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unfavorable Figure 4. Amplitude Modulation AFM Imaging in water of (A) PS-b-

drives surface coverage and chain
rearrangement. This work highlights
effects of added complexity in BCP

PEO and (B) PS-b-P(AGE-co-EO) thin films after 1 hour incubation in
DI water. Height (i,iii) and phase channel images at original amplitude
setpoint AO (i,ii) and reduced setpoints as shown (iii,iv).
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thin film behaviors via random blocks and how those changes to local interfacial energies may drive larger
scale film morphology reconstructions.

Future Plans.

Thrust 1 — We are building on our exciting results described earlier on magic cluster numbers in the silica
core of FSNPs as highlighted via advanced HPLC methods and their quantitative understanding via
coupling to simulation work in the group of Prof. Julia Dshemuchadse (Cornell MSE). The pentagonal
bipyramidal structure of the clusters in the FSNP core is rather stable as one can think of it as assembled
by 5 tetrahedra (one tetrahedron is constituted by the two touching beads above and below the plane of the
pentagon, and two adjacent beads within the pentagonal plane). Preliminary simulations with different
particle densities in the simulation box indeed all show the prevalence of this pentagonal bipyramidal
structure. This suggests that the synthesis of such FSNP based nanomaterials, in contrast to many other
nanomaterials, may not depend much on the concentration of the precursors and therefore may be scalable,
a prerequisite for transfer of such nanotechnologies to application spaces requiring synthesis scale-up. We
are currently performing HPLC experiments on FSNPs synthesized in different reaction volumes and from
different precursor concentrations. If the simulation results are a correct prognostic, in HPLC using our
advanced method these batches should show the prevalence of the cluster aggregates with magic number
7. Such a result would have substantial implications for synthesis scale-up, which has remained a major
challenge in the applications of such nanomaterials.

Thrust 2 — We are continuing our analysis of the interaction potentials between ligand-coated probes and
calcite surfaces and the solvent-structuring at the calcite-solution interface. We will extend our
investigations to a different class of particle-surface interactions: namely friction forces, which could also
be relevant to the outcomes of particle interactions. In this case, the functionalized probe is maintained at a
constant height above the crystal surface and the lateral forces are measured as the probe navigates across
the surface. The rationale for why this measurement is relevant to understanding nanoparticle incorporation
is that particles (as represented by the functionalized tips) with stronger friction forces might be more
conducive to incorporation within the calcite lattice, since they are more resistant to being “swept off” by
a propagating step edge. In the second year, we will focus on correlating our bulk crystal growth
experiments with the 3D AFM experiments as we endeavor to understand how the interfacial interactions
between the functionalized particles, the solvent structuring, and the crystal surface all contribute to particle
incorporation (or exclusion).

Thrust 3 — We will apply the 3D AFM techniques, which currently is in use only in Thrust 2, to characterize
block copolymer thin films. Specifically, we will use 3D-force mapping to understand how the local
nanoscale chemistry and topology of amphiphilic block BCP thin films determines the local polymer-
solvent interfacial structure. Our goal is to connect local variations in repulsive and attractive forces to
visualize nanoscale differences in hydrophilicity of the surface. We are trying to establish if and how such
spatial variations in water structuring at these interfaces direct the nucleation and growth of inorganic
materials on these thin films.
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Programmable dynamic self-assembly of DNA nanostructures
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Research Scope

The development of artificial active biomolecular materials that can, like those in living systems,
programmatically reorganize in a scalable manner to perform specified mechanical work is a grand
challenge in materials science. Discerning how to direct precise operations efficiently is critical
for energy science: mechanical operations offer the opportunity to vastly improve the efficiency
of energy conversion, reliably store energy, direct material transport, and create lightweight, long-
lasting materials and material systems. Understanding how to achieve these aims using
biomolecular materials offers the opportunity to develop general principles for materials design
without the need for exotic or limited raw materials. We are directly addressing this grand
challenge by developing and demonstrating design principles for programming biomolecular
materials to perform specific mechanical tasks through the collective interactions of molecular
components, cofactors, and fuels, building on scientific developments of a multiphase research
program within the BES Biomolecular Materials program. Our efforts combine experimental
design, computational analysis, and simulations. They produce specific methods and general
design principles for harnessing energy to do mechanical work and reprogram the structure of
materials at multiple scales.

Recent Progress

Principles underlying assembly-driven deformation. Under what conditions is it possible to
generate work from the passive self-assembly of monomers in confinement? To address this
question, we have developed computational tools to analyze temporal pathways of polymeric
assemblies that mimic DNA nanotubes adopted in our labs [1]. Polymer assembly is simulated
through a patchy particle model of monomers embedded in a deformable vesicle. We have
investigated how the mechanical properties, molecular features (e.g. monomer bond geometry and
mobility), and the temporal schedule of monomer generation influence how growing nanostructure
assemblies exert force on the confining vesicle and identify regions of parameter space in which
directional forces are sufficient to deform the vesicle into a non-equilibrium shape.

Choosing the pathway of nanostructure assembly using biomolecular circuits to control
monomer release. We recently developed mesoscale synthetic transcriptional circuits that
programmatically control when multiple biomolecular outputs are produced and degraded [2]. We
have now demonstrated how transcription circuits can control how biomolecular materials
assemble because their outputs regulate when and how many components are available for
assembly. We find that biomolecular outputs can control the availability of DNA monomers, and
thus the pathway by which these monomers assemble into filaments in a manner consistent with

101




the predictions of quantitative models (Fig. 1)
[3]. We developed transcription networks that
release successive pulses of RNA regulators
at precise times timing; these regulators
activate or deactivate a particular population
of DNA nanotube monomers, leading to
successive assembly of nanotube populations
whose composition evolves. We are now
exploring how UV irradiation can also control
nanotube growth by likewise activating
monomers and have shown that modulating
UV irradiation time (dosage) is an effective
way to regulate nanotube growth rate.
Combined with our theoretical studies, these
results offer the opportunity to develop UV
dose protocols that optimize the extent of
vesicle deformation induced by DNA
nanotube assembly, and thus more generally
how to design and optimize far-from-
equilibrium  protocols  for  energy
transduction via biomolecular material
growth. UV-based growth control can also
be combined with transcription-based
growth control, leading to the development
of biomolecular materials with the capacity
to respond to multiple inputs.
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Figure 1: A cascade of artificial genes can
robustly control the assembly and disassembly of
distinct nanotube populations for extended periods of
time [2]. Monomers are labeled with different
fluorophores and are specifically controlled by the
output of a particular gene. All monomers can
coassemble. (a) Schematic of the system. (b) Average
length of nanotubes decorated with distinct fluorophores
(c) Representative microscopy images and bar charts
showing the length of nanotube blocks of a particular
monomer type. Scale bars 2.5 pm.
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Biomolecular linear actuators. Inspired by the efficient and precisely controlled generation of
force by actin polymerization at the cell membrane, we have developed a synthetic filament linear
actuator that applies force to a load at its growing tip (Fig. 2). The actuator consists of DNA
nanotubes with attached capping structures that can be displaced by polymerization or
depolymerization. Monomers can be added or removed from the nanotube-cap interface because
the flexible, multivalent interface structure transiently exposes portions of the nanotube’s facet
while remaining attached to the load. We are studying this process by pinning the ends of a
filament to a surface to characterize the rate and extent of monomer insertion. In this case,
monomer insertion or removal respectively, driven by the chemical potential, bends or stretches
pinned filaments. The amount of work performed by these processes can then be measured by
tracking changes in the configurational energy of filaments. We are using these measurements to
determine the motor’s stall force, by identifying filament configurations and chemical potential
where there is no change in filament length, and the efficiency of the actuators by comparing the
work they can perform to the required drop in chemical potential to perform this work. This simple,
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specific, and highly programmable design offers a means of
generating directional force using a generic mechanism,
reversible molecular self-assembly. The principles developed
here could thus potentially be adopted to create force-
generating mechanical elements from any of the vast range of
filaments that can grow via monomer attachment at the tip.
And because the fuel consumed during force generation is
specific to filament type, different types of filaments might be
independently directed to expand and contract to precisely
program material deformation by independently controlling
their respective fuel concentrations.

Semiflexible filament network architecture. Actin
efficiently generates forces through directional growth when
organized into crosslinked meshes, with optimal force
generation occurring at a specific crosslinking angle. We have
grown crosslinked DNA nanotube with control over
crosslinking densities and angles enabling the exploration of
the structure, mechanical properties, and force generation
capacities of a whole class of new material structures (Fig. 3).
Using rigid junction elements that we developed in a previous
award cycle whose angle is precisely controlled by molecular
sequence [4], we have assembled rigidly crosslinked nanotube
structures and created a stochastic kinetic model that
recapitulates their growth dynamics [5].

Future Plans

Transporting cargo using biomolecular filament linear
actuators.
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Figure 2: Filament linear
actuators; A. Monomers attach to
seeded DNA nanotubes during
transient detachments of cap
binding elements, over time
moving the cap. B-C. Filaments
pinned at both ends transduce the
forces generated through growth to
bending nanotubes, providing a
means to measure force generation
and actuator stall force. D.
Ensemble measurements of the
extent of insertion polymerization.

We will demonstrate that linear actuators can perform work and actuator efficiency
by measuring the rate at and extent to which nanotube linear actuators can lift a polystyrene bead
(Fig. 4A). The work performed will be assessed as an increase in the potential energy of the bead,
which is denser than the solvent. We will also build

Figure 3: Assembly of rigidly
crosslinked semiflexible filament (nanotube)
networks; crosslink angle is controlled by
multivalent seed structures and can be tuned
using straightforward molecular design. The
resulting materials have pores that are
microns in diameter. Nanotubes grown from
different types (red, blue) of seeds present
ends that can undergo end-to-end joining. A-
C Fluorescence micrographs of example
networks after assembly times.




faster actuator systems assembling multiple filament actuators into chains (Fig. 4B). Bundling
filament actuators should, correspondingly, increase actuator power. Filament actuators will
therefore provide a laboratory for developing a class of linear actuators, mechanically active

primitives for materials that could orchestrate material reconfiguration, repair, and the directed
motion of different nanoscale or microscale components.

Programming the directions of forces applied by biomolecular materials. By forming

B

networks of filament linear actuators using the methods

& . described here, we will create contractile and extensible

biomolecular materials whose dynamic restructuring is
directed by the shrinking or growth of individual filaments.
We will use the approaches developed in [1] to create
protocols for efficiently generating forces using programmed
modes of filament extension and contraction.

actuation speed.

Deforming vesicles using
designed dynamic filament
Figure 4: A. Insertion of assembly processes. We will test
rnlonomers.could displace cargo. B. whether, as predicted by our
Linear chains of monomers (top, . . .
design, bottom, fluorescence computational  simulations, a 10 Vg —
micrographs) could increase vesicular compartment can be

of DNA monomers and nanotube structures, thereby dissipating | Fluorescence micrograph
chemical energy to perform work (Fig. 5). The release of specific DNA
monomers will be achieved through the combination of UV dosage as | nanotubes.
well as RNA transcription of distinct. These experiments will elucidate

deformed by the gradual activation Figure 5:

of lipid vesicles
containing DNA

how passive assembly pathways can be used to perform work by optimizing the temporal features

of the monomer release, thereby addressing the central question of our project.
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Research Scope

The project aims to establish the approaches for the assembly of prescribed nanoscale architectures
and to uncover the principles of creating such systems. We develop platform methods for creating
diverse large-scale and mesoscale 3D architectures for organizing nano-objects of several types
(nanoparticles and proteins) using DNA-based assembly approaches. By utilizing liquid robotics,
advanced characterizations, computational developments, and machine learning methods, we
explore how to design and control efficiently and with low defects assembly of prescribed complex
periodic nano-architectures, how to steer the system’s assembly pathway, and how to control a
lattice growth using thermodynamic factors and bond design. By combining assembly with
detailed characterization and analysis, the project establishes approaches for creating designed
nanoparticle-based materials with DNA-programmable architectures.

Recent Progress
The effect of anisotropic binding energies on morphology of the self-assembled lattices[1].

To understand the thermodynamic underpinnings of the self-assembly of DNA-grafted
nanoparticles, our recent work investigated the self-assembly behavior of octahedral DNA frames.
The DNA frames have complementary interacting vertices, which can result in the assembly of
lattices with crystallographic symmetry determined by the valences of the DNA frames[2]. We
demonstrated via computer simulations that assemblies with different three-dimensional (3D)
crystalline morphologies can be formed depending on the relative strength of vertex-to-vertex
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interactions in different directions, as shown in the

morphology diagram in Figure 1. We developed a of -
theoretical description based on the second-virial —at
coefficient of patchy particles.
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1. Three-dimensional Nanoscale Metal, Mectal Oxide and Semiconductor Frameworks
through DNA-Programmable Assembly and Templating[3].

Controlling the three-dimensional (3D) nano-architecture of inorganic materials is imperative for
enabling their novel mechanical, optical, and electronic properties. Modern technological advances
in electronics, photonics, and sensing rely heavily on planar fabrication approaches offered by top-
down lithographic methods. At the nanoscales, multi-step planar lithography and deposition
methods have demonstrated a structural control with a resolution extending to ~30-100 nm. The
technique, however, faces challenges of incorporating a broad class of materials and fabrication of
3D architecture. On the other side, self-assembly approaches offer a rich structural diversity in 3D
that can be combined with inorganic templating, which allows for fabrication parallelization.
However, these approaches typically do not offer ways to prescribe specific nanoscale architecture
and the breadth of material systems is limited.

Ex-situ organic-inorganic hybridization techniques, including liquid-phase infiltration (LPI) and
vapor-phase infiltration (VPI), are emerging as new methods for converting polymer templates
into functional organic-inorganic hybrids and creating inorganic nanostructures. The infiltration
techniques have also been shown to be valuable for creating a library of metals and metal oxides
within polymeric structures. Given the structural designability of DNA-based nanomaterials, it
would be advantageous to employ infiltration-driven hybridization processes to 3D DNA
structures to convert them into organic-inorganic hybrids and inorganic nano-replicas.
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We demonstrated the application of LPI and VPI for inorganic templating of large-scale DNA
frameworks (Figure 2). The 3D templating, thus realized, allows us to achieve deep penetration
into 3D nano-architectures and to apply these methods, separately or together, to form different
functional metal and metal oxide frameworks based on the designed DNA scaffold frameworks.
Sol-gel growth of silica on DNA frameworks[4] followed by the infiltration synthesis provides
versatile and modular control over the spatial distribution and elemental composition of inorganic
material incorporated into a framework superlattice. Incorporating single-element and multi-
element coatings by exploiting LPI or VPI techniques, or their combination, preserves the
underlying DNA lattice architecture while enabling a nanofabrication of 3D inorganic nanoscale
frameworks.

By exploiting DNA-programmable assembly, we established a general approach for realizing
designed 3D-ordered inorganic frameworks. Through inorganic templating of DNA frameworks
by liquid- and vapor-phase infiltrations, we demonstrated successful nanofabrication of diverse
classes of inorganic frameworks from metal, metal oxide, and semiconductor materials, and their
combinations, including Zn, Al, Cu, Mo, W, In, Sn, Pt and composites such as aluminum doped
zinc oxide, indium tin oxide and platinum/aluminum doped zinc oxide. The open 3D frameworks
have features in the order of nanometers, with architecture prescribed by the DNA frames and self-
assembled lattice. Structural and spectroscopic studies revealed the composition and organization
of diverse inorganic frameworks, as well as the optoelectronic properties of selected materials.

2. Inverse Design of Superlattices

Liquid Infiltration
CH,
1

[M*]

Figure 2. Inorganic Templated Structures (A) A silica 3D
framework is formed from DNA framework. Templating of
the framework is achieved either by (B) Vapor phase
infiltration (VPI), where a vapor precursor such as
trimethylaluminum (TMA) infiltrates the silica framework or
(C) Liquid phase infiltration (LPI) whereby metal salt
solutions infiltrate. (D) The resultant nanolattice is coated by
metal/metal oxide (MX). (E) Scanning transmission
electronic microscopy (STEM) cross-sectional high-angle
annular dark-field (HAADF) imaging and energy dispersive
spectroscopy (EDS) map of silica (blue) coated with alumina
(purple) via vapor infiltration (scale bar 100 nm).

We have developed a rational method of assembling hierarchically ordered lattices of DNA frames
and nanoparticles through an inverse design approach. This design strategy considers the unique
bond identities needed to achieve a desired structure through the inherent symmetry of the desired
organization. First, we consider an arbitrarily defined, hierarchically ordered 3D structure that
contains many nanocomponents as the target complexly organized lattice (Figure 3). The
elementary building block is a DNA frame (termed material voxel) that may encapsulate a nano-
particle or remain empty. In our study, the material voxel is an octahedral frame that can interact
with six other voxels. The octahedra-formed simple cubic lattice defines a 3D cubic grid in which
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nano-objects can be placed uniformly [2] or in simple
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desired structure, which results in the identification of a
(a2 mesoscale structure with defined
arrangement of voxels) and the set of unique voxels needed
for a specific design (Fig. 3).

Figure 3. Inverse design of arbitrarily
defined nanostructured ~ materials
through chromatic binding. Voxels are
identified by an internal chromatic bond
which loads functional nano-object and
six external chromatic bonds which

“mesovoxel”

encode intervoxel interactions.

This developed strategy is a powerful tool for the design and assembly of complexly structured
nanomaterials. We have successfully assembled several novel lattice architectures, including a
nanoscale analog of a face-perovskite lattice, lattices with helical plasmonic nanoparticle
arrangements, and organized planes of plasmonic nanoparticles with phonically relevant inter-
planar spacings that are coupled with the arrangement of plasmonic nanoparticles within the
planes. We use TEM or X-ray tomography to confirm the structure of designed lattices. Our
experimental results were further confirmed by computational studies that provided insight into
the nucleation and growth processes of the nanoscale systems with chromatic bonds.

Future Plans

In our future work, we will continue establishing predictive, practical and quantitative methods to
design, assemble, and characterize DNA-programmable structures. We will integrate the assembly
DNA-encoded methodology with inverse design strategy and machine learning methods to
develop approaches for the prescribed assembly of DNA-based nanomaterials. Combining in-situ
structural characterization using x-ray scattering and optical methods with ex-situ electron
microcopy and tomography will permit the revealing of guiding phenomena, assembly pathways,
and efficient design strategy. We will further use the established approaches for investigating how
to control the multiscale organization of nanoparticles, how to direct the morphology of forming
structures, and how to design and regulate an assembly pathway. Using our developments in 3D
nanoscale imaging and scattering, we will investigate defects in complexly designed self-
assembled systems and will correlate these findings with the system design (assembly motifs,
bonds diversity, and strength) and with the assembly pathway. Through the application of ML/AI
and computational methods, we will update the assembly design strategy, aiming to minimize
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imperfections in DNA-assembled structures. The developed approaches will be applied to
demonstrate a range of novel 3D organizations that can be assembled rationally.
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Data-driven learning of dissipation from microscopy of chemically active materials
Jason R. Green, University of Massachusetts, Boston
Joseph P. Patterson, University of California, Irvine

Keywords: Dissipative self-assembly, dynamic mode decomposition, liquid phase electron
microscopy

Research Scope

Dissipative materials stand out in their potential to function dynamically, forming patterns and
generating work. With supramolecular hydrogels, there is an opportunity to implement this
functionality from the molecular scale by designing the chemical kinetics to control the number,
lengths, and lifetimes of fibers assembled at the mesoscale. However, the dissipative processes
involved can have a strong influence on the structure, function, and efficiency of the resulting
materials. Our research program aims to establish the necessary framework for learning dissipation
directly from experimental data, using theory and computation to guide further experimentation
and material design. More specifically, we aim to measure dissipation in active supramolecular
materials monitored through four specific aims: (i) quantify the structural dynamics of
nanomaterials from in-situ electron microscopy, (ii) develop data-driven methods to measure the
dissipation associated with material formation, (iii) train and GPU accelerate these methods on
physically-relevant reaction-diffusion models, and (iv) validate our Al models of the dynamics
against experimental data.

Recent Progress

Chemically active materials form complex spatiotemporal structures but also dissipate energy as
heat, produce entropy, and waste free energy. Our program aims to learn how dissipative these
structures are by applying nonequilibrium statistical mechanics and dynamic mode decomposition
(DMD) to images from time-resolved microscopy. We have made progress along several fronts.

Dynamic mode decomposition for multiscale modeling and estimates of dissipation. At a high
level, the algorithm systematically builds a dynamical model from high-dimensional data that
captures predictable behaviors and identifies irrelevant noise. While it has been widely used for
traffic flow and fluid dynamics, it has not yet been used as a technique to learn dissipation, so we
have been adapting this algorithm and validating it against numerical simulations of model systems
(assembling colloidal particles, damped oscillators, and Fickian diffusion). So far, we have shown
that DMD can learn the energy dissipation rate in damped oscillators and the entropy production
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rate in (i) Fickian diffusion and (ii) the
nonequilibrium assembly of Lennard-Jones
clusters interacting with a heat bath. These test
cases are important groundwork for our aim to
apply this approach to experimental and
simulation images for chemically active
materials at micron length and second
timescales. In parallel with these benchmarks,
we have continued developing our reaction-
diffusion model for solitary, wave fronts
(Figure 1). This model reproduces the
behavior observed  with  liquid-phase
transmission electron microscopy.
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Figure 1. A model for a chemically-active
supramolecular material (CSSC/CSH) generates

Quantiﬁ/ the  structural dynamics Of solitary waves of active material in reaction-
diffusion simulations. The wave front profile has

nanomaterials with in-situ electron

microscopy. Because of their dynamic nature, ex-situ experimental analysis of these materials is
challenging, sometimes impossible. As a result, the in-situ imaging methods we are using become
essential. While structural changes in microscopy videos are often visually apparent, numerically
quantifying the rate of change, temporal scale, and spatial scale of dynamic behavior is
challenging. In a recent study, we developed a structural dissimilarity index measure (DSSIM)
analysis as a general method of spatially and temporally quantifying dissipative structural
dynamics in confocal microscopy videos. The DSSIM is a standard measure of the difference
between two images, which compares variation in the mean, variance, and cross-correlation
between local regions. DSSIM analysis has been widely adopted by the machine learning
community as a metric to evaluate the performance of denoising and super-resolution models for
microscopy datasets.

The experimental aim of this project is to quantify the structural dynamics of dissipative
nanomaterials with in-situ electron microscopy. So far, we have collected preliminary data sets for
an electrochemically active material (CSSC/CSH) with in-situ Liquid TEM. A several months
effort was necessary to install a new holder cell in the instrument that will lead to improved images
and temperature control. After processing data sets with DSSIM, we have begun analyzing the
data with dynamic mode decomposition. To establish a workflow between theory and experiment
and validate our DMD predictions, we are simulating transmission electron microscopy
experiments with the open source package abTEM. This simulation step provides an additional
layer to investigate the impact of spatial and temporal resolution on measurements of dissipation
with DMD.
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GPU-accelerated supercomputing for data-driven discovery and multiscale simulations.
Computationally, we are working to achieve a speedup in the timeline from hypothesis to
corroboration by building a GPU accelerated codebase for our theory-informed ML techniques.
GPU-accelerated codes are extremely effective at massively parallel linear algebra, making them
well-suited to our theory and simulations. To parallelize our codes, we are collaborating with the
cuNumeric team at NVIDIA. CuNumeric aims to provide 1-to-1 functionality with Numpy and
specializes in optimizing Python programs with large datasets by spreading the computational load
over multiple nodes. These libraries allow for immediate parallelization of our codes and a way to
ultimately accelerate the materials design process. They are working to add all the linear algebra
we need for our scientific objectives. Thus far, NVIDIA has implemented SVD and QR
decompositions in cuNumeric. We are beginning to test these implementations numerically on
single GPUs and our DMD code.

Future Plans

On the computational front, we plan to test the cunumeric NVIDIA implementation of SVD/QR
on our algorithm for dynamic mode decomposition. While single CPU calculations are sufficient
for the current development phase, we aim to scale up our methods for datasets that require multi-
GPU computation. Some initial benchmarking and scaling will likely be necessary. In parallel, we
plan to build on our success using DMD to predict entropy production and energy dissipation rates.
An objective of our future work is to further develop the theory of DMD and demonstrate its ability
to predict dissipation for reaction-diffusion simulations and simulated TEM images of nanoparticle
self-assembly. We also propose to explore the parameter space of these systems, as well as the
effects of shot noise from the TEM electron dose, to investigate the conditions where experimental
data is likely to yield high fidelity measurements of dissipation.
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Research Scope

We are developing theoretical and computational tools using nonlinear dynamics theory to expose
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. Our main hypothesis is that
active/mesoscale turbulence corresponds to a trajectory meandering in this phase space,
transitioning between neighborhoods of the ECSs by traveling on the invariant manifolds.

A key objective is to develop a framework for predicting and classifying various classes of ECSs,
and dynamical connections between them, as well as quantifying their robustness with respect to
change in system parameters and geometry. 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. We will derive reduced-order
representation of the phase space in terms of a directed graph, in which ECS are nodes, and
dynamical connections are edges. This representation uncovers nontrivial relationships in phase
space, which can be exploited to induce desired transitions using minimal external control input.
We plan to verify the ECS hypothesis in the fully turbulent regime in simulations, as well as using
existing data from active nematic experiments carried out at Brandeis University.

Another objective is to build upon the insights from the first objective to develop a 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
chemomechanical 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. Our goals include the design of a feed-forward controller in which a
reaction-diffusion process patterns the active stress field with the goal of targeting a specific active
nematic pattern, and design of two-way coupled reaction-diffusion processes to active flow
dynamics that leverage active, directed transport of chemical signals and curvature sensing.
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Recent Progress: Shadowing of exact coherent structures in pre-turbulent active flows: We have
previously developed computational algorithms and an open-source computational toolbox
(ECSAct) for efficient computation of various type of ECS for the 2D active nematic channel flow
[1,2]. The toolbox also computes the stability of each ECS and enables the computation of
dynamical connections between various pairs of ECS. Our recent work has focused on numerical
investigation of the ECS hypothesis, which says that typical trajectories ‘shadow’ various ECSs.

In the pre-turbulent regime at a single medium activity value, we have computed over 50 ECS.
To verify the conjecture, we seeded thousands of trajectories along the unstable manifold of the
unidirectional laminar flow solution. We constructed time-averaged trajectory densities in a 2D
phase space projection. The trajectory density plot (Fig 1a) captures the transient statistics, and
regions of high density in that plot are where trajectories spend the most time within the initial
transient period before settling on an attractor. Many of such high density regions coincide with
unstable (saddle-type) and stable ECS, hence providing evidence in support of our conjecture. To
confirm that this apparent shadowing of unstable ECS indeed describes a feature of the full
phase space dynamics, we compute a time-dependent symmetry-reduced distance between a
trajectory and all ECSs in the full phase space. This symmetry-reduced distance (color gradient)
is shown at a set of fixed timepoints (horizontal axis) and with respect to several ECSs (vertical
axis) in Fig. 1b. Several shadowing events are clearly visible as horizontal red/black segments,
where the symmetry-reduced distance is small.
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Fig. 1. (a) A low-dimensional projection of trajectory ‘densities’ in the preturbulent regime, shown along
with projections of various ECSs. The apparent overlap of high density regions (yellow) with unstable
ECSs suggests the occurrence of shadowing. (b) The color gradient plot shows the distances between a
time-dependent trajectory and a selection of ECSs in full phase space. The figure shows two shadowing
events of unstable ECSs in black, and the trajectory eventually approaches an attractor (stable ECS).

Endogenous defect sensing in active nematics: We have previously proposed a reaction-
diffusion defect sensing system for active nematics [3]. Recently, we have numerically
quantified its performance in various ways. Briefly, our model of defect sensing operates by
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creating a concentration field whose maxima and minima approximately coincide with
topological defects of the active nematic within which it is embedded. The concentration field p
(Fig. 2¢) is created by deformation-activated reaction-diffusion dipoles that also orient
perpendicular to the director. This emergent polar field (Fig. 2b) essentially turns half-integer
defects into sources and sinks. There are multiple examples of tight coupling between chemistry
and topology in biology; the system we develop possesses qualitatively similar features to a
mechanism used by plants to organize root growth via active and coordinated transport of growth
hormones [4,5,6].
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FIG 2: (a) Simulated active nematic field and corresponding (b) dipole strength and orientation, and (c)
resulting chemical field p; (d,e) shows idealized behavior and schematic illustrating bend activation and
orientation of reaction-diffusion dipoles. (f) Probability distribution functions of p in regions containing -
1/2 defects (dark cyan), +1/2 defects (purple), or no defects (black) quantifies the performance of the defect
detection system (solid) in the reaction-diffusion-dominated regime compared to diffuse charge density
proposed in ref. [7] (dashed). Inset: regions are considered to belong to a defect if they fall within one
nematic coherence length of a defect core.

The concentration field created by this source/sink distribution naturally diffuses and convects
with the active flow, reducing the fidelity of the system (e.g. the correspondence between defect
position and the labeling field). To help localize the field, we introduce a first-order degradation
term and quantify performance as a function of diffusivity. In fig. 2f, we examine the
distributions of p near +/- 1/2 defects and neutral regions. We see clear peaks for each region;
however, the distributions are not entirely disjoint, indicating ambiguity. We found that
ambiguity is minimized when the degradation reaction and diffusivity are both high compared to
convection. In additional simulations, we find that adding phase separation dynamics to p
dramatically increases correspondence to defects, demonstrating that mimicking biological phase
separation to enhance signals can benefit engineered feedback loops in synthetic active matter.

Future Plans: Flow-reversal cycles and ECS shadowing in turbulent regime: While
individual ECS lend structure to localized regions of phase space, the global structure is defined
by connecting orbits between the ECS. We will exploit geometric/topological properties of
invariant manifolds of ECS and the symmetries of the AN system to understand the origin and
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robustness of different connecting orbits, as well as flow-reversal cycles discovered in our
numerical work (Fig. 3a), and in experiments by others [8]. The other task is to compute
quasiperiodic ECS that are conjectured to be shadowed in turbulent active nematic flows, and
numerical verification of ECS hypothesis in the turbulent regime.
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FIG 3: (a) 3D Phase space projection of a flow-reversal cycle, cycling between unidirectional right and left
flowing steady states, with close approach to a lattice vortex state. (b) Active nematic with two-way
coupling to an (c) actively pumped morphogen.

From Defect sensing to two-way chemomechanical coupling: We’ve begun exploring the
behavior of systems in which two-way chemomechanical coupling is fully realized and creates
new dynamical behaviors. Fig. 3(b,c) shows one such example where we expand on the plant
morphogenesis inspiration described earlier by letting nematic extensile stresses arise only in
regions of a high morphogen concentration. The morphogen is a species that is actively pumped
by a polar field, which itself orients along morphogen gradients [4,5,6]. When coupling between
nematic, polar, and concentration fields is high, typically motile nematic +1/2 defects

spontaneously merge into a lattice of spiral +1 defects that drive local circulating flows. Our
goal in the next years is to examine system behaviors as a function of forward and backward
coupling between chemical and mechanical fields using our ECS toolbox.
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Program Scope

The main goal of this project is to mimic nature's out-of-equilibrium self-assembly processes to
create active materials using redox chemistry. Fuel-driven, out-of-equilibrium assemblies like
microtubules and actin filaments are essential for many cellular functions, including transport,
motility, proliferation, and morphogenesis. These natural processes have inspired the design of
synthetic self-assembled systems powered by chemical fuels. However, existing chemical-fueled
dissipative assemblies face significant challenges, such as the use of harsh and toxic fuels, waste
production, low fueling efficiency due to nonproductive background reactions, and a lack of
precise spatiotemporal control. These issues significantly impede the further development of active
materials for practical applications. With the support of DOE, this project aims to address these
challenges by developing an out-of-equilibrium self-assembly system using a mild chemical,
electrochemical, and photo redox reaction networks. During this review period, we have developed
a fully electrically fueled dissipative self-assembly system that is waste-free, highly sustainable,
and capable of precise spatiotemporal control. Furthermore, by using light and electricity as non-
invasive, spatiotemporally controllable energy sources, we demonstrate precise control over the
dissipative self-assembly of supramolecular materials. Most recently, we have developed a fully
electrically fueled dissipative self-assembly of active coacervate system.

Recent Progress

1. Fully electrically fueled dissipative self-assembly of active nanofibers

During this review period, we developed a waste-free, fully electrically fueled dissipative self-
assembly system by coupling two electrocatalytic cycles (J. Am. Chem. Soc., 2023, 145, 3727—
3735; DOI: 10.1021/jacs.2¢c13140). The anodic cycle generated a catalytic oxidant [Fe(CN)s]*")
that initiated fiber self-assembly, while the cathodic cycle produced a catalytic reductant ((MV]"™)
that triggered disassembly. This system achieved transient fiber assembly through the controlled
application of electrical voltage, balancing oxidation and reduction for continuous dynamic self-
assembly. This integration allowed precise spatiotemporal control and sustained operation over an
extended period. Compared to chemical-fueled systems, our electrically fueled approach produces
no waste and maintains a homeostatic active state indefinitely. This platform offers a promising
foundation for exploring other redox-active supramolecular assemblies, potentially leading to
future bioelectronic applications.

2. Dual light and electrical fuels provide precise control of dissipative self-assembly
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In another study, we combined light and electricity as clean, spatiotemporally controllable fuels to
precisely regulate the morphology of dissipative self-assembly of a perylenebisimide glycine
(PBIg) building block in a self-contained solution (Chem. Eu. J. 2023, 29, €202300347; DOI:
10.1002/chem.202300347). Electrochemical oxidation served as the positive fuel to promote PBlg
self-assembly, while photoreduction acted as the negative fuel to induce disassembly. By
programming these counteracting fuels, we controlled the self-assembly of PBIg into various
morphologies. Additionally, using both light and electrical fuels simultaneously created dynamic
instability and morphological changes, resulting in asymmetric assemblies with curvatures. This
precise control over self-assembly could have future applications in programming complex active
materials and designing pharmaceutical reagents with specific morphologies. This is the first report
of utilizing both light and electricity to fuel a dissipative self-assembly system. By sequencing
photoreduction and electrochemical oxidation, we achieved diverse aggregate morphologies for
the same building block without changing the solution composition. The dual fuel system also
induced morphological changes to asymmetric assemblies with curvatures. Such control over
supramolecular assemblies in self-contained systems may have future applications in
programming complex active materials and formulating pharmaceutical reagents with desired
morphologies.

3. Dissipative self-assembly of active coacervates fueled by electricity

In a recent study, we successfully developed a dissipative self-assembly of active coacervates
fueled by electricity. In this study, we applied our e-fueled, waste-free, sustainable route to fuel a
liquid-liquid phase-separation (LLPS) self-assembly of a redox-sensitive short peptide. Informed
by our previous studies of redox-fueled dissipative self-assembly of active fiber materials, this
system employs a thiol-to-disulfide redox interconvertion for generating dissipative coacervates.
Specifically, electrochemical oxidation creates [Fe(CN)s]*~ at the anode which oxidizes a dipeptide
derivative FF-SH to FFssFF, leading to LLSP into coacervate droplets. Simultaneously, [MV]"™
formed at the cathode reduces FFssFF back to FF-SH, resulting dissipation of the coacervate
droplets. Applying an electrical potential to reach steady state, we were able to establish an
dissipative self-assembly of active coacervates (Figure 1a).

Furthermore, we demonstrated that the dissipative coacervates can recruit a separate, redox
inactive dipeptide (isoleucine-phenylanaline, IP) and induce its secondary self-assembly inside of
the coacervate droplets (Figure 1b). We added IP to the FF-SH buffer solution with the IP bulk
concentration below its critical assembly concentration (Cc). Without coacervation, there was no
self-assembly of IP in the bulk solution. In contrast, upon applying an electrical potential to the
system dissipative coacervation of FF-SH/FFssFF occurred, recruiting and enriching IP in the
coacervates and inducing its secondary assembly. Confocal fluorescence microscopy images
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clearly show the formation of FFssFF coacervates were able to recruit IP dipeptide and induced IP
secondary assemblies that autofluorescence.
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Figure 1. Dissipative self-assembly of active coacervates fueled by electricity. a) Kinetics for active coacervate
formation and dissipation upon electrochemical oxidation and reduction. b) Schematic illustration of using active
coacervates to recruit IP dipeptide and induce its secondary assembly inside of the coacervates.

Future Plans

In our further study, we will continue investigating the dissipative coacervate system. One
particular focus is on demonstrating the capability of dissipative coacervates for recruiting and
transporting molecular cargoes.
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Fig. 1. Deep learning (DL)
based model-free forecasting of
active nematics. Comparison of
error between predicted and
ground truth number of defects
for the new transformer-based
model and the previous model.

Research Scope: In Aim 1, we develop model-free control
protocols that redirect active materials to arbitrary new states. We
combine experimental data, Deep Learning (DL), and deep
reinforcement learning (DRL) to develop a model-independent
framework that predicts and controls the dynamics of 3D active
materials. The framework does not require the knowledge of the
underlying microscopic mechanisms, but leverages the symmetries
of the system. In Aim 2, we develop model-predictive control
protocols that target preset dynamics. We use optimal control
theory to identify spatiotemporal sequences of light-generated
activity or crosslinks that direct the dynamics of 3D active matter
toward a predetermined steady state. We use the identified control

protocols and their efficacy to understand the statistical properties of active stresses and their
causal influence on the emergent dynamics. In Aim 3, we combine data-driven approaches to
improve physics-based models of active materials. These models describe experiments with higher
accuracy, while also revealing how active stresses cascade across scales to generate collective
dynamics and functionalities, without a priori knowledge of the microdynamics.

Fig. 2;“]).éép reinforcement learning (DRL) to control lighf-

N 00 Recent Progress: (1) DL tools to
~0,, measure director and velocity fields
from experiments. Our DL tool for
100 generating  director fields and
\ 02, identifying defects from experimental
_oa  fluorescence data was published [1].

It outperforms existing tools and

activated active nematics. The plots show the initial and final (a) eliminates the need for quantitative

velocity profiles and (b) director field (lines) and activity profile

(color map).

polarization microscopy. Traditional
Particle Imaging Velocimetry (PIV)

techniques yield low-resolution velocity profiles in our systems, unsuitable for data-driven
methods. Thus, we adapted a DL-based unsupervised optical flow model to extract flow fields
from active nematic image sequences [2]. This framework provides velocity profiles with higher
resolution and accuracy than PIV. We anticipate it will become a widely used ML tool in soft

matter and beyond.

124




(2) Model-free forecasting. Our previous work [3] constructed Long-Short Term Memory based
models to predict active nematic dynamics but struggled with long-term accuracy. We developed
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a new model that integrates a transformer
and reduced-dimension discrete latent
space learning. The model first encodes
experimental input frames into a compact
latent space, and then uses a transformer-

like model to predict future states in this
space, which are then decoded back to the
input space. Preliminary results show
significantly improved long-term accuracy

Fig. 3. Data-driven model discovery for 2D dry and light-
activated nematics. (A) Activity coefficient as a function of
microscopic parameters (bending modulus, k, and active
force, f,) for simulations of dry active nematics. (B) The fit
coefficient of the activity term, a / 1, as a function of the
applied light intensity in experiments on light-activated active
nematics with spatially varying light profiles.

(3) Model-free control with deep reinforcement learning (DRL). We are developing a DRL
framework to control active nematics into new states. We trained a DRL agent to determine
spatiotemporal active stress patterns to achieve desired flow states, such as a coherent flow in one
direction along a “channel” in a bulk system without confining boundaries (Fig. 2). The DRL agent

compared to previous models (Fig. 1).

v
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takes the current system state (director, flow, and

Aa=1.0
Aa =3.0

activity fields) as input and adjusts the active stress
pattern to move the system closer to the target state.
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(4) Model-predictive control with optimal control
theory: We developed an optimal control theory
framework for active fluids. For polar active fluids,
we computed protocols that move asters along a
predetermined distance and direction, flip the
direction of polar flocks, and transform a flock into
an aster [4]. For active nematics, we demonstrate
controllability of the director and velocity fields into
arbitrary target states, including those that are not
basins of attraction without control (in preparation).
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Fig. 4: Simulations of hard sphere self-assembly
driven by spatiotemporally correlated active noise,
with varying correlation length A, and time scale
T,. Structure factor showing how the emergent
length scale of assemblies depends on the active
noise correlation length, for correlation timescale
7, = 10. A snapshot is shown for each curve.

(5) Data-driven model discovery: We adapted Sparse Identification of Nonlinear Dynamics
(SINDy), to determine the equations that capture the system’s time evolution, from experiments
and computational data. Building on our successful implementation of SINDy on experimental
data from 2D MT-based ‘wet’ active nematics [5], we obtained preliminary equations for ‘dry’
active nematics (with negligible hydrodynamic interactions), using data from particle-based
simulations. Significantly, the physics governing these systems are less understood than for the
wet case. We obtain a flow equation of u = a(V.Q + a,Vp and a Q-tensor equation of 3,Q =

AU V0 —2(Q-Q —Q - Q) + Ay (E - "[ZE]’) — 50 (E:Q)Q SINDy

quantitatively estimates key coefficients as a function of microscopic simulation parameters (Fig.
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3a). Wet active nematics with spatially varying activity. We applied SINDy to light-activated active
nematics with spatially varying activity profiles, and obtained a relationship between the active
stress and the applied light intensity (Fig. 3b). This is key for implementing optimal control and
feedback control in experiments.

(@), gxperiment : y (6) Computational approach to simulate
i k -’ ﬁ\ ﬂ ; [ : viscoelastic  networks and self-assembling
“oi uh *kl H materials in active fluids. A major challenge in
200 il N active fluids is to harness their intrinsically chaotic
el L i ‘ flows to manipulate soft materials to form patterns on
LT e T desired time and length scales. Motivated by this
goal, and the active composite system (Fig. 4), we
devised a novel efficient computational approach to
model soft materials advected by active fluids with
orders of magnitude reduced computation time, by
treating the fluid as a spatiotemporally correlated
noise field. Our simulations show that modulating the
correlation length and time of this noise field tunes
Fig. 5: PI control of light-activated 2D active the transport properties of suspended tracer particles.
nematics in (a) experiments and (b) simulations. . .

Moreover, the spatial correlations of the field lead to
novel forms of organization in multiparticle suspensions. Hard spheres form clusters, whose size
can be tuned by changing the active noise correlation length and time (Fig. 4). Similarly, the scale
of stress fluctuations in elastic networks can be tuned by modifying the active noise parameters.
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Our results provide insight into the interplay between active fluid time/length scales and emergent
driven assembly behaviors. More broadly, our approach efficiently simulates diverse active fluids
and other systems with spatiotemporally correlated noise.

(7) Proportional-Integral (PI) control of active nematics in experiments and theory. We
implemented closed-loop feedback control of the speed of light-activated active nematics (Fig. 5).
The nematics are imaged in a light microscope and the average speed is measured in real time
using our optical flow framework. The PI controller sets the light intensity that is projected onto
the sample. Remarkably, the speed is controlled within 10% accuracy over 5 hours (Fig. 5a), while
the uncontrolled sample reduces speed by 100% over the same period due to aggregation. We
qualitatively understand the experimental PI-controlled nematics by implementing analogous PI
control in a canonical PDE model of nematohydrodynamics (Fig. 5b). Both experiment and
simulation exhibit classical behaviors of P and PI-controlled systems (e.g. steady-state velocities
below the set point (droop) for P control, and overshoot and oscillations for PI-control).

(8) Active composite experiments: By integrating the MT-based active fluid within a passive
elastic network we observe a hierarchical self-organized process of remarkable complexity (Fig.
6). The passive component, composed of filamentous actin (F-actin) crosslinked by fascin, forms
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a large bundled network with tunable mechanics. We create a well-defined interpenetrating double
network by first polymerizing actin around a MT network that lacks activity. In the absence of
activity, this network is static, demonstrating that thermally induced fluctuations are negligible.
The release of caged ATP initiates MT-based active flows, which drive reorganization of the
passive actin network across a hierarchy of length scales. At the shortest length scales, the active
flows power collisions between adjacent bundles, forming new connections through fascin-
mediated crosslinking. These rearrangements develop a coarsened and disordered network of actin
bundles. Over time, the reorganization of crosslinkers and filaments at the microscale generates an
elastic network with structural features that are distinct from passively-formed networks. As a
connected network is formed, the overall shape of the connected structure separates from the walls
of the chamber, contracting toward the midplane. At

intermediate times and length scales, the emerging elastic
network exhibits local in-plane deformations at scales
associated with the disordered active driving, and out-of-
plane deformations of the actin sheet on scales similar to
the flowing microtubule bundle structures. Finally, the
presence of a connected network allows for interactions
at longer ranges than the scale of the correlated active
flow. On the millimeter scale, the entire actin network

Fig. 6: Active composites: 3D actin network
undergoes  persistent  system-size  self-shearing embedded in MT-based active fluid. The
oscillations. active ﬂ}lid controls the formqtion, structur.e,
mechanics, shape, and dynamics of the actin
network, leading to diverse structures,
including elastic membrane-like sheets.

Future Plans: DRL: We will extend the DRL to handle
more varied initial conditions. We will combine the DL
forecaster with the DRL technique to allow machine learning-driven model-based feedback
control. We will extend the forecaster and RL technique to 3D. PI-Control: We will quantitatively
compare experiment and simulation behaviors of PI controlled nematics under varying control
parameters. Key measurements will be the steady state value of the controller, the time constant
associated with reaching steady state, and statistical properties of the velocity fluctuations about
the steady state (such as correlation times and power spectra). Data-driven model discovery: We
will build on the application of our SINDy implementation to data from systems with
spatiotemporally varying activity profiles (Fig. 3b) to identify appropriate models. We will apply
the optical flow and SINDy frameworks to 3D active isotropic and active nematic systems. Light-
activated nematics experiments and theory: We are working to eliminate the aggregation in the
light sensitive motors. Once this is accomplished, we will build on the success in implementing PI
control, by using our optimal control [4, 6] and DRL (Fig. 2) frameworks to enable more complex
feedback control protocols. Using these results, we will create controllers that aim for activity
patterns leading to arbitrary emergent behaviors, including coherent flows that perform work.
Active composites: The complex dynamics of active composites is not understood. We will apply
a suite of the above-described techniques to elucidate their quantitative models.
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Chemically fueled dissipative assembly of complex molecular architectures

C. Scott Hartley and Dominik Konkolewicz, Department of Chemistry and Biochemistry, Miami
University
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Research Scope

Many of the remarkable behaviors of biological R . )OL .
materials, such as actuation, self-healing, and N=C=N NN
replication, derive from complex networks of R
chemical reactions that operate out of equilibrium. In
many cases, these systems are driven by the
hydrolysis of ATP, which acts as a chemical “fuel”. o o o o
Inspired by nature’s example, abiotic reaction \HJ\OH HOJS/ \81\0 <> Function
networks based on the same principles are currently (resting) (transient)
being developed, yielding materials and molecular
machines with time-dependent behavior.' \<

H,0

Controlling reaction rates within a network is

hall . th it is i rtant to devel fuel Scheme 1. Treatment of aqueous carboxylic
cha gnglng, us 1t1s tmportant fo-deve OP ue acids with carbodiimides gives transient
reactions that can be used broadly. The hydration of | ,hydrides,

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 develop methods 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 develop catalysts 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. The progress reported below is mostly for the previous funding
period.
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Recent Progress

Transient reinforcement of pre-crosslinked
polymer networks. A key focus of our work has
been polymer networks where carboxylic-acid-
containing monomers are transiently crosslinked (®)

on treatment with EDC, a common water-soluble 100 — 2.0MEDC
o ) _ — 1.5MEDC
carbodiimide. We had previously demonstrated & — 1.0 MEDC
e < — 0.5MEDC

systems that undergo sol-gel-sol transitions 5 - - Blank

through the temporary crosslinking of dissolved
polymer chains.> We realized, however, that, for =~ 3-------memeiiimmmmrr
many functional systems, initially solid materials 0 200 400 600 800
that undergo autonomous changes in mechanical
properties may be of more use. We therefore ,

(orange) of polymer networks with permanent
prepared polymer network hydrogels from MBAm crosslinks (black). (b) Change in storage

acrylamide (Am) and acrylic acid (AA) | modulus over time on treatment with EDC.
crosslinked with N,N'-methylene bisacrylamide

(MBAm). On treatment with EDC, these materials give increases in their storage moduli (G') of
up to an order of magnitude, as shown in Figure 1. Because these materials are solids and remain
solids when treated with fuel, they are suitable for new functional behavior: two pieces temporarily
adhere when treated with EDC at their interface (with the amount of EDC dictating the adhesion
time), and patterns of temporary changes in properties can be induced by spraying films with EDC
solution through a mask.

Figure 1. (a) Transient anhydride crosslinking

Network architecture effects in transient polymer networks. The polymer networks discussed
above are architecturally simple; they are single networks (SNs) that, on treatment with EDC, also
give SNs (but with a higher crosslink density, Figure la). Polymer network architecture is,
however, well known to have substantial effects on mechanical properties; for example,
interpenetrated networks (IPNs), which comprise two or more polymer networks that are
intertwined but not covalently connected, can exhibit greatly improved mechanical properties.* In
principle, transient bond formation can effect transitions between network architectures. We

therefore prepared more-complex Q

precursor materials, that, beginning e

as semi-interpenetrated networks

(semi-IPNs), would yield either

IPNs or single networks on é —

treatment with the fuel. * % §
=

On treatment with EDC, the .>/

performance of materials beginning & = Semi-IPN - S,\'l\'

as semi-IPNs is on some level

Figure 2. Polymer network architecture effects on fracture energy.
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“worse” than that of SNs, with substantially
smaller increases in G'. Remarkably, despite this
behavior, semi-IPNs that form transient IPNs
give much improved resistance to compressive
strain and much higher fracture -energies
(resistance to fracture). Figure 2 shows the best
case examined, where the material’s fracture

energy increases by an order of magnitude when §
EDC is added (compared to roughly twofold &
increases in systems giving SNs). Consequently,
we found that damaged materials that give IPNs
on fueling reach much higher strains before
breaking compared to analogous SN materials
(or the same materials without EDC).

Strain (mm/mm)

Figure 3. (a) Polymer network hydrogels with both
persistent (green) and transient (orange)

exchanging crosslinks. (b) Self-healing of a Zn*'-
Mixed static/transient dynamic polymer network Sme ®) y

materials. We are currently exploring the
properties of polymer networks that combine transient anhydride crosslinks with persistent
dynamic crosslinks (i.e., that exist in the material at rest). Instead of MBAm, the polymers include
terpyridine (tPy) monomers that provide dynamic crosslinks through coordination to metals. The
hydrogel properties are dependent on the metal used, with, for example, Ni*" forming more stable
gels than Zn?", which gives more stable gels than Cu?". Importantly, we have found that the metal—
ion coordination and anhydride formation and hydrolysis are compatible, with the expected

containing system on treatment with water or EDC.

increases in G' on treatment of the gels with EDC. Because of the persistent metal—-ion coordination
crosslinks, these materials are inherently self-healing, as shown in Figure 3. Fueling with EDC
provides a boost in mechanical properties while the material self-heals, although not an
improvement in its final properties.

Transient polymerization. Transient polymers play important roles in biochemical systems (e.g.,
actin networks and microtubules). Taking these systems as inspiration, many abiotic transient
supramolecular polymers have been reported.” We have proposed that transient covalent polymers
complement these systems by enabling new methods of characterization (e.g., GPC) and easier
control over assembly kinetics. These systems are also fundamentally different as the rates of
assembly and disassembly are comparable to the rates of fuel consumption (as opposed to
supramolecular systems where assembly is generally much faster). We have recently demonstrated
the first examples of simple transient covalent polymers, formed by treatment of dibenzoic acid
monomers with EDC. Monomer structure, solvent, reactant concentrations, and temperature allow
the rates of disassembly to be controlled over orders of magnitude (hours to weeks).

Carbodiimide—pyridine adducts. While there have been significant efforts to control the rate of
deactivation (hydrolysis) in carbodiimide-activated systems, the rate of activation (anhydride
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formation) has received limited attention. We

discovered that a derivative of EDC, mEDC,

shown in Figure 4a, undergoes the reversible “UNs J)
“c.

/
Z_
+\

“f

formation of adducts with pyridine derivatives. N
These adducts are inert to carboxylic acid; thus, )
pyridines temporarily deactivate the 10* g o & meDe
carbodiimide, reducing its effective concentration 7 10°
in solution. This both slows the rate of activation ‘G’ I P N
(anhydride formation) and provides a reservoir of & 107
carbodiimide to extend lifetimes. We have 10"+
demonstrated this with a simple sol-gel-sol w w w w w

i ) 0 5 10 15 20
polymer system, as shown in Figure 4b. t (min)

Compared to EDC (which does not form the Figure 4. (a) Adduct formation from mEDC and
adduct), for mEDC with 4-methoxypyridine the | pyridine derivatives. (b) Rheological comparison
time to reach peak modulus is increased by 86% of transient gel formation from a soluble polymer

and the lifetime is increased by 43%. using elt_her mEDC with 4'meth9xyp yridine,
which gives adduct, or EDC, which does not.

Future Plans

Catalysts for carbodiimide-driven reaction networks. We are examining different catalysts that
can be used to control the activation, deactivation, and exchange processes for carbodiimide-driven
anhydride formation. The role of exchange in particular is an underappreciated aspect of these
systems.

Pluripotent polymer networks. We are continuing our examination of polymer hydrogels with both
persistent and transient exchanging crosslinks. We are specifically interested in controlling the
relative rates of exchange in these systems so as to achieve synergy and enhanced function (e.g.,
self-healing, fracture resistance). These same materials are also expected to respond to transient
acids in addition to carbodiimides, which we will exploit in a distinct self-healing mechanism.

Phase-transition-induced changes in network materials. Finally, following a productive
discussion at a previous program meeting, we are exploring how transient anhydride formation in
polymer systems can be coupled to phase transitions for amplified responses to the fuel.
Specifically, we will be looking at poly(NiPAm) with different loadings of maleic acid. Treatment
with carbodiimide should give a change in hydrophobicity that lowers the lower critical solution
temperature (LCST).
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Transport and Molecular Discrimination in Biomimetic Artificial Water Channels for
Lanthanide Separations
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Keywords: Membrane, lanthanides, supramolecular channel, rare earth elements, pillar[5]arene.
Research Scope: Rare earth elements (REEs), encompassing seventeen metallic elements
including fifteen lanthanides along with scandium and yttrium, are indispensable for modern
industries and high-tech devices.! They play a vital role in renewable energy systems, energy-
efficient infrastructure materials including in batteries for electric cars, energy-efficient lighting,
display panels, and magnets for wind turbines,” medical imaging,® petroleum refining,* and
defense applications.® The extensive use of REEs in day-to-day life, combined with their unstable
supply chains, has led to a rapidly increasing demand for these critical elements. Demand for some
of these elements is estimated to grow by more than 2600% by 2035.% Five REEs (Y, Nd, Eu, Tb,
and Dy) have been highlighted by the U.S. Department of Energy and the European Commission
as at risk for supply disruption and criticality because of ignen
their frequent use in low-carbon and green energy _ phosphine
technologies, such as wind turbines, electric vehicles, and £ F e L%
LEDs.” ® However, the domestic production of these ) SN - ™
critical elements has declined significantly, while their g )\)

S S Diphen;;_x;« 4.

e e

POPh,
POPh,

extraction from natural ores is expensive, energy-
intensive, and environmentally harmful.’ Size-based
separation is ineffective due to the nearly identical sizes
of lanthanides. To address these challenges, we proposed
an affinity-based biomimetic separation technique that
utilizes specific ligands for lanthanides. In this study, we
have developed supramolecular channels (Figure 1)
based on a pillar[S]arene scaffold with appended diphenyl  Figure 1 The biomimetic artificial channel
phOSphine oxide ligands (DPP) and these channels proposed combines lanthanide selective
demonstrate remarkable selectivity for lanthanides over filter with selective nanoconfined transport
commonly found monovalent metal ions (>18) during was seen in selective ion channels such as
electrochemically driven (voltage clamp) transport KcsA by decorating DPP ligands at the
measurements. These channels exhibit promising channel entrance created around the
selectivity towards medium lanthanides, such as pillar[5]arene central ring .

Europium ions, showing a 20-fold preference over heavy

lanthanides (Yb*") and a 41-fold preference over light

lanthanides (La*"), while effectively excluding all measured monovalent and divalent ions,
including protons. The exceptional selectivity of these channels is attributed to their highly
hydrophobic side chains and DPP functional groups, which enable the dehydration of medium
lanthanides. Additionally, the oxygen atom positioned above the central ring acts as a selectivity
filter. Overall, this novel class of channels presents excellent potential as building blocks for
sustainable lanthanide separation membranes.

Ligand appended PAP (LAP) channel

>

Ikyl chains
(n=6,10)

Recent Progress:
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Our overall objective is to discover and design artificial ion
channels that could interact and selectively transport metal
ions of interest, and then incorporate them into scalable
membranes that are manufacturable, robust, and selective
(Figure 2). We have been successful in synthesizing
pillar[5]arene-based channels appended with DPP ligands,
referred to as LAPS channels (Figure 1). Ion transport activity
and ion-ion selectivity was then measured across the lipid
bilayer as a model system. In order to quantify the ion-ion
selectivity of these channels, we used patch clamp ion current
measurements to determine selectivity under applied potential
gradients (Figure 3). In this setup, we painted planar lipid
bilayer membrane containing multiple channels that separates
two chambers with appropriate metal chloride solution to
evaluate the electrochemically driven transport of various ions
across these channels (Figure 3A).
In general, under applied potentials,
the measured currents for K*, La’",
and Yb’" ions were close to their
background levels (Figure 3B),
indicating limited transport through
the channels. However, noticeable
currents were observed for Eu** ions
(Figure 3B-C). The selectivity of
LAP5n6 for Eu®* over La’" was

250mM Ln*

250mM Ln*

Feed (mixture of lanthanides)

(@
o o O oo Transport
based
O\_}‘ o sp::ificoi:f

BB

Permeate (selectively concentrated)

Figure 2. Schematic of continuous
solvent-free lanthanide separation by
selective transport

Cis Trans
Voltage driven lanthanide transport
generates current signal

c

determined to be 41.4, indicating a
preference  for the  middle
lanthanides ~ over  the  light
lanthanides (Figure 2C). Similarly,
the selectivity of Eu** over Yb*" was
found to be 21.4, suggesting a

LAPSnG-Eu®*

[ —®— LAP5n6-Yb**

LAP5n6-La*
—¥— LAP5n6-K*
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preference for the mid lanthanides
over the heavy lanthanides. These
channels also  showed  high
selectivity for Eu®" ions over alkali
metal ions with a Eu**/K* selectivity
of ~ 18. These selectivity values
represent much higher than those
observed for single stage solvent
extraction (< 3.0) and are the first
values reported for a custom designed lanthanide channel.

0 100
Potential (mV)

Figure 3: Patch clamp

measurements performed on LAPS

channels embedded in painted lipid bilayers. A. Schematic
representation of patch clamp apparatus used for conducting
measurements B Voltage sweeps conducted with various ions
provide confirmation of the selectivity of the LAP5n6 channel C.
Summarized ion/ion selectivity values show high Eu’* /La*", Eu®*
/Yb* and Eu*" /K" selectivity

We have developed a scalable approach for the fabrication of a 3-dimensionally interconnected
membrane (refer to as artificial tissues) through simple processing via droplet interface bilayer
formation and centrifugation followed by 3D printing (Figure 4A). In our experimental setup,
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(Figure 4A), the tissues were sandwiched between hydrogel layers with appropriate electrolytes
on each side and a potential is applied across the membrane. These membranes, composed of 3-
dimensionally interconnected lipid/polymeric bilayers, were non-conductive without ion channels
(Figure 4B). By successfully incorporating ion channels into the membrane, an ion conductive
pathway can be formed. Consequently, an ion-selective membrane can be fabricated if an ion-
selective channel is inserted into these membranes. Our initial findings with gramicidin A (gA)
incorporated lipid/polymeric artificial tissue membrane showed a significant K* ion transport
(Figure 4B) as compared to the control membrane. Surpassingly, a peptide channel showed
significant transport discrimination between heavy and mid lanthanides such as Yb*" and Eu*"ions
(Figure 4C).
A B c

-
0.8

AV headstage s L L L L 1000 L control
0.5/ K Control, DphPC 800 & e’ Control
Electrode . K'! 200 nM gA,DphPC 600 . Eul+ 9A
Amplifier 0.4]~—K* 200 nM gA.PBPEQ .~ — L
Errrarerrareers O z ! A g_ ago| -+ VBT GA
= ot £.92 = 200) A
o 7 5 0.0- .__.__.__27,{-—1—'—" g o eoeee P N
5 i Solution to "5' 0.2+ a” 3200 o, o
= separate } < (5] 04 g -400|
{ion mix) e
" / i Hydrogel 0.6 n‘/ 0
Sulutlyn cunlalnlpg support O < 5 -800|
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Figure 4. A artificial tissue membrane is utilized to evaluate the compatibility of channels with membranes
and their transport properties. A. Schematic representation of the experimental set up to test the artificial tissue
membrane’s efficiency for ion separation.; B. gA incorporated artificial tissue membrane (made form lipid or
polymers) showed significant K ion transport as compared to the control membrane, G. Peptide incorporated
artificial tissue membrane showed transport discrimination between heavy (Yb*") and medium (Eu®") lanthanides.

However, integrating LAPS5 channels into these membranes proved challenging due to low
compatibility and precipitation during fabrication. To overcome this, we pursued two strategies:
constructing A

channels with no 5 B c s
more  stable {J & é E
pore J \ %2000+
architectures H
and designing {{Ri mi 31500
membrane- B R ) ;f-,
compatible & &N § 10001
channels. We . 3
synthesized a M g >
variant  with éki i 4: LAPS-Trp-DPP H

ShOI'tCI‘ arms ’ LiCl-Channel NacCl-Channel LiCl-Control

and enhancing . o
the stability of Figure 5. A-B. Chemical structure of stable LAP5 channels 3 and Amino acid attached LAP5

channels 4, C. The channel 4 showed high Li-selectivity at a rate > 100 times higher than Na* ions

3:R1=POPh2

the channel's
backbone by
connecting macrocycle rings through click chemistry (Figure 5A), which showed distinct Li"
transport activity with transporting 3.7 x107 Li" ions/channel/sec. Nonetheless, the precipitation
issue persisted. To improve membrane compatibility, we incorporated tryptophan amino acids into
the channel’s architecture which demonstrated high insertion efficiency and stability within the

136




membrane (Figure 5B). These channels exhibited a Li" transport rate over 100 times higher than
Na' ions under applied potential (Figure 5C). Our ongoing work aims to optimize the integration
of these channels into artificial tissue membranes and evaluate their performance for efficient
critical metal ion separation.

Future Plans: Our path moving forward will be completed by working on two distinct goals:
fundamental transport studies and use inspired fundamental membrane research.

Fundamental transport studies: The fundamental studies that will be conducted involve
conducting research to deepen our understanding of design and development of artificial ion
channels that have the required selectivity for lanthanides. In the past year, we have employed
multiple approaches, such as molecular dynamics simulations and iterative methods like test-
redesign-test, to identify and evaluate lanthanide and lithium selective ion channels. These
channels were investigated for their ability to transport ions and examined the selectivity of ion-
ion interactions across the lipid bilayer membrane, which serves as a representative model system.
However, the low membrane compatibility of these channels poses a challenge for potential scale-
up applications. Therefore, in the upcoming year, our primary focus will be on developing more
robust and membrane-compatible rigid architectures for highly selective artificial ion channels.
We are also aiming to perform lanthanide ion separations from mixed ion experiments to
understand transport behavior and the impacts of the unique water-filled membrane architecture
of aspects of transport such as concentration polarization.

Use inspired membrane research: The use inspired work part focuses on utilizing this
knowledge to eventually lead to practical solutions and innovations. Our ultimate goal is to
develop a continuous and efficient separation process that is energetically efficient and
environmentally friendly. Therefore, in the coming years, our focus would remain on fabricate
scalable, stable, and selective artificial tissue membranes for separating critical metal ions.
Therefore, we will design and synthesize various amphiphilic di-block polymers though anionic
polymerization. An iterative approach will be adopted to discover an appropriate polymer to
fabricate channel compatible stable artificial tissue membranes. The lanthanide discrimination of
these channel incorporated scalable membrane will be investigated.
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Bio-mimetic material design based on principles of disorder

Andrea J. Liu; The University of Pennsylvania and Sidney R. Nagel; The University of Chicago
Keywords: Training; Memory; Landscape; Disorder; Networks

Research Scope

Our previous results have opened up new ways of thinking about how to design or train
bio-inspired functionality into disordered matter. They raised a number of fundamental questions.
In particular, training a mechanical network alters its energy landscape. Does the energy landscape
contain imprints of the function that the network was trained to perform? If so, can we use physical
properties of the system to deduce how the function was attained?

As enlightening as these studies are for novel ways of creating function in ordinary matter,
however, the molecules relevant for life operate under very different conditions. The complexity
of molecular structure has not yet been reproduced in the models used in learning or training in
function. Studies of training have been performed for matter that has no internal stresses and which
is athermal, that is at zero temperature. One goal is to confront the question of whether pre-stress,
temperature, long-range interactions, or angle-bending forces can be accommodated into the
training and learning protocols that have been proposed so far. If they are not, then the question
emerges of whether those protocols can be augmented or changed to accommodate these
ubiquitous features of living matter. Such understanding would also make it possible to use
analogous training in more complicated forms of purely physical systems.

The concept of training assumes that the material is capable of storing a memory of its
history so that it is able to retain the information and use it in its future behavior. Thus, the ways
in which information can be stored in a material is important for learning how to train and
implement behavior. Another goal is to address these two related issues: training complex,
interacting systems and understanding how information is stored, i.e., memory, in a material.

Recent Progress

Spring networks can be trained to develop a function that is inspired by protein allostery
where binding a molecule creates a conformational change elsewhere in the protein. We consider
the case in which a strain applied to one location in a network generates a specified strain at a
designated target. Previously the PIs showed that this response can be trained. They define a cost
function that is proportional to the square of the difference between the actual and desired response
at the target. To minimize this cost function, they adjust “adaptive degrees of freedom,” namely
the spring constants and/or equilibrium lengths of the springs. At T=0, the network must minimize
the mechanical energy so that the forces exerted by the springs on each node balance. This “double
gradient descent” process simultaneously minimizes the cost function with respect to adaptive
degrees of freedom while minimizing the energy with respect to the physical node positions.
Adjusting the adaptive degrees of freedom, however, changes the energy landscape.

This alteration of the energy landscape leaves imprints that show if the system has been
trained. Liu analyzed the physical Hessian, whose eigenvalues and eigenvectors correspond to the
normal frequencies and modes of vibration. Compared to generic untrained networks, trained
networks have more low-frequency modes; these modes align with the function for which the
system was trained [1]. Liu established a connection between the physical and learning Hessians.
The learning Hessian has been shown in deep neural networks to characterize the decision
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boundary in classification tasks, so it is known to contain information about what has been learned.
Those results show that the physical Hessian can also be used to extract information about what is
learned. The great advantage of the physical Hessian is that it can be measured or calculated
without knowing what has been learned and without specifying or applying inputs or outputs.

Liu has also found that by applying the maximally localized Wannier function analysis,
developed in quantum condensed matter, to the eigenmodes of the physical Hessian, one can
extract the key learning degrees of freedom responsible for the learned task. Thus, the fact that
electrical learning networks are physical systems opens a window to the microscopic (individual
edge-level) origins of the learned collective function. This window does not exist for artificial
neural networks, which are not physical objects and therefore do not have physical Hessians. This
work is being written up now.

Understanding that memories are encoded in the low frequency modes [1] has led the Pls
to extend their studies of network allostery to cooperative binding. Their earlier work trained
networks to produce a desired strain at an output location in response to an input strain elsewhere.
They now consider the case of cooperative binding, where a strain applied at either location
produces a desired strain at the other location. Until now they had neglected the effects of noise.
Proteins, however, are subject to thermal noise. The Pls have found that the effects of temperature
can be estimated theoretically based on a normal mode analysis, using ideas from [1]. The low
eigenmodes of the physical Hessian encoding the learned function are the least robust to
temperature. To increase thermal stability one must therefore raise these low eigenmodes. To
accomplish this they developed new training approaches. These protein-function-inspired results
have implications for material science at the nanoscale or below.

In related work, Liu used persistent homology to understand the collective response of the
system to inputs. She previously applied this to fluidic networks and obtained quantitative
understanding of learned response. She has now generalized this analy51s to mechanical networks.
The challenge is that persistent homology analysis alone is "
not useful; it must be coarse-grained to provide useful
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are typically treated quasistatically. Nagel generalized this
to dynamics in tunable bistable systems [3] as shown in the
figure where there is competition between following the
energy minimum versus following the configuration path. Oscillatory forcing leads to transients
lasting many cycles, not possible for quasistatic hysterons.
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Memory formation in many fluid instabilities draw inspiration from biology such as
proportionate growth found in viscous fingering. There, pattern growth changes after onset. Nagel
introduced a technique [4] to probe a new length scale associated with pressure gradients around
the interface. Another form of memory is seen in the dynamics of contact-line motion. In an
analogy with fluid flow, the PIs generalized their approach for training mechanical systems that
minimize energy to include low Reynolds number flow networks as well as resistor networks. Both
must satisfy Kirchhoff’s laws with no net current at any node, just as there is no net force anywhere
in a mechanical network. Liu’s results for the physical Hessian described above [1] were derived
in sufficient generality to cover fluid, resistor as well as mechanical networks.

These results confirm there is much to be
gained by applying biological ideas to experiments on
physical systems. Liu introduced laboratory electrical
resistors networks that self-adjust with local rules to
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to input voltages), since physics solves Kirchhoff’s
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law at every node on its own. This greatly lowers the energy cost of inference, so that the second-
generation nonlinear analog networks [5], not been optimized for energy efficiency and built on
breadboards, consume only 10 pJ per adjustable parameter per inference. This is within striking
difference of digital neural networks on Qualcomm Al chips (among the most energy-efficient
chips available). Liu finds that the networks can learn multiple tasks simultaneously if trained
simultaneously and identified the important time scales that control memories of multiple tasks.

Future Plans

The mode frequency is related to curvature of the energy landscape. The PIs have a record
of investigating this landscape by a variety of means. Of most interest is Liu’s earlier work on the
size of basins of attraction in jammed packings. Nagel is investigating a new form of order in the
distribution of basin sizes. This has implications for how perturbations can ever find a way to form
a periodic orbit.

The PIs have both considered the case of pre-stress in networks. Liu is looking specifically
at the under-coordinated case. Nagel is developing a theory for how to include prestress and
prestrain into the response of an over-coordinated network. This theoretical advance will give us
additional insight into the way in which generalized networks respond to stresses and show what
are the limits of training in these functional materials that take inspiration from biological cellular
networks.

Liu is extending the theoretical framework of coupled learning. The coupled learning local
rule projects onto the direction of gradient descent in the cost function, so it minimizes the cost
function without using the global process of gradient descent. However, it is currently restricted
to physical systems whose physical degrees of freedom minimize a Lyapunov function that is
either the energy (as in mechanical networks) or the dissipated power (as in flow/electrical
networks). Liu is working on extending coupled learning to systems with non-reciprocal
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interactions. For example, consider a set of coupled chemical reaction equations, where the
dynamics are controlled by the reaction kinetics but the influence of one species on the rate of
change of another is not reciprocal. The PIs will apply this approach to such systems to understand
how to construct systems that maintain homeostasis as so many biochemical reaction networks do.

The PIs are studying how temperature fluctuations interfere with cooperative binding
above a crossover temperature determined by the low eigenmodes of the physical Hessian. They
plan to study how different training methods might control whether the system develops allostery
(where a regulatory site controls binding at another site, but not vice versa) vs. cooperative binding
(where either site controls binding at the other site).

The PIs will continue their studies into how memories can be formed in materials. Their
joint discovery of the powerful tool of introducing transient degrees of freedom will be adapted to
new situations where ground states need to be determined in a rugged energy landscape especially
in the case where the particles are polydisperse. Nagel will also follow up on work that measures
the distribution of the volumes of attraction in monodisperse sphere packings. This has led to
insight about the organization of jammed systems and in particular about how a jammed system
evolves when perturbed such as when sheared. They will see to what extent the polydisperse case
can be thought of as a perturbation about the monodisperse situation. The dominant question is
how can a many-particle disordered material ever return to the same state when sheared enough
so that it visits many different ground states.
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Through Integrated Experiments and Computation
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Research Scope

This project revolves around an experimental-computational collaboration that aims to bridge the
nanoscopic length-scale gap by studying and replicating nanoscopic functional dynamics found in
living systems within synthetic materials to leverage their macroscopic properties. Specifically,
we focus on understanding the fundamental mechanisms underlying the dynamics of nanoparticles
(NPs) and exploiting this understanding to manipulate the aggregation of such particles into
materials with tunable and responsive structures and properties. The NP dynamics we investigate
are inspired by biological systems and driven by chemical fuels or external fields. In the previous
funding cycle, our team demonstrated significant advances in directly imaging large assemblies of
NPs with unprecedented spatial and temporal resolution using liquid-phase transmission electron
microscopy (TEM). These observations have been partnered with advanced computational
methods to extract mechanistic insights. In this project, we build on these efforts and synthesize
patchy NPs with designed surface charge patterns that will subsequently be steered by external
energy input. We integrate the unique real-space observations of nanoscale dynamics by liquid-
phase TEM with predictive capabilities achieved by modeling diffusional dynamics, dielectric
polarization effects, charge regulation (i.e., the dynamic response of surface ionization of NPs),
and hydrodynamic flow fields. The procedures and insights thus developed will ultimately be used
to realize scaled-up assemblies composed of patchy NPs through new pathways. Additionally, we
aim to achieve real-space understanding of the relationship between the design of charged patchy
NPs and their functional dynamics, as well as the modulation of this relationship upon assembly,
i.e., under dynamic, non-dilute, non-equilibrium conditions, which are particularly unexplored on
the nanoscale. Thus, the success of the proposed research will impact a multitude of DOE
biomolecular materials program initiatives, including the design of bioinspired materials capable
of functioning in harsh and non-biological environments, the development of predictive models
through a closely knit in-situ feedback loop with experiments, and scaled-up manufacturing.

Recent Progress

During this reporting cycle, we have made major progress in experimentally capturing,
analyzing, and understanding nonequilibrium assembly dynamics in NP systems where
experimental imaging has not been possible with nanometer resolution. Simultaneously, we have
gained extensive insights into hydrodynamic modeling of active swimmers and spinners and the
collective behaviors that can be harnessed from their activity. These efforts are detailed in the

following.
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1. Colloidal synthesis and nanoscopic imaging of self-propelled ultra-small catalytic nanomotors

Ultra-small “nanomotors” (<100 nm) are highly desirable functional nanomachines due to
their size-specific advantages over their larger counterparts. They have a large relative surface area
permitting efficient catalysis and a sufficiently small size for breaking through biological barriers,
attracting increasing attention for applications spanning nanomedicine, directed assembly, active
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Fig. 1. Colloidal synthesis of Pt U-motors and finite-element simulation
of the chemical gradient surrounding them in the presence of NaBH4 fuel.
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(a) Schematic illustration showing the one-pot synthesis of Pt NPs.
(b) Schematic illustration showing the tracking of the self-propelled
motion of Pt NPs in a liquid chamber for TEM imaging. (¢) TEM images

liquid-phase

electron
microscopy (TEM). Based on
finite element analysis (FEA),
through NaBH4
decomposition, a H, gradient

of Pt NPs (top) and simulated diffusio-osmotic flow around them
(bottom). Scale bars: 50 nm. (d) Diffusion coefficients of Pt NPs in
NaBH4 and NaCl solutions measured by dynamic light scattering (DLS).
(e) Time-lapse liquid-phase TEM images, (f) MSD on a log—log scale and
fit (black line) of the diffusion exponent, and (g) centroid position
trajectory overlaid with particle orientation of a Pt NP motor.

transmission

can be generated around Pt NPs of asymmetric shapes (e.g., tadpoles and boomerangs) and propel
the NPs into directional motion. This design of U-motors is verified by our liquid-phase TEM
imaging, where Pt NPs exhibit directed motion with diffusion exponents as high as 1.4 (Fig. 1).
The nanometer resolution imaging allows us to map the orientation and centroid positions of NPs,
where a high correlation is consistently found between the NPs’ orientation and moving direction,
matching our FEA prediction based on experimentally resolved NP shapes. This agreement
supports the hypothesis that self-diffusiophoresis induced by the local concentration gradient of
catalyzed reaction products serves as the major propulsion mechanism, which fundamentally
originates from the nanoscopic shape asymmetry of NPs. Meanwhile, other mechanisms such as
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self-electrophoresis and ionic self-diffusiophoresis may also contribute to the propulsion of these
U-motors. Control experiments using unfueled NPs in NaCl solution show a considerable decrease
in the fraction of active NPs undergoing propelled motion. Studying the trajectories of more than
180 NPs, we find that NPs require directional driving forces to counteract randomized Brownian
force. This work demonstrates the integration of colloidal synthesis of U-motors, simulation of the
propulsion mechanism, and liquid-phase TEM imaging of the propelled motions. Such
combination invites future efforts in designing, understanding, and modulating U-motors that are
batch synthesized from solution and are promising candidates for broad applications, including
intracellular sensing and delivery, pollutant detection and degradation, and controlled self-
assembly.

2. Swarming NP superlattices driven by non-reciprocal interactions.

Swarming is an “intelligent,” collective behavior where many individuals (typically more
than ten) consume energy to coordinate . b NP “sarm'
movement or  mechanical  work, . 7
maintaining  intricate  patterns  and
communication of information. Extensive
research on micron-sized colloids has
shown that swarming relies on non-
reciprocal interactions, achievable in non-
equilibrium conditions driven by external
energy, often through symmetry-breaking
fluid flows. This breaks Newton’s third
law and has applications in drug delivery,
cell transportation, and photochromic inks. | Fig. 2. Experimental design to realize NP swarm.

However, for NPs, despite their advantages, | (a) Schematic of the SiN. microchip with patterned
electrodes for liquid-phase TEM imaging. (b) Liquid-
phase TEM image and cartoon of a typical NP superlattice
swarm (left) and finite-element calculation showing the
territory. NPs offer unique properties for | ynpalanced flow surrounding NPs (right). (c) Typical
device miniaturization, crossing biological | time-lapse liquid-phase TEM images of wavy NP swarm
barriers, multifunctionality, and scalable with single-particle resolution under an electric field,
colloidal synthesis. showing highly reconfigurable assembly, highly dynamic
sinusoid-like pattern, and wavy pattern. Scale bars: 500
nm in (c).

designing non-reciprocal interactions and
realizing swarms remains unexplored

We have realized for the first time
the implementation of nonreciprocal
interactions in NPs and direct imaging of their swarms in solution at nanometer resolution using
liquid-phase TEM coupled with electric biasing. The NPs that we focus on are the simplest for
demonstration purposes, namely gold nanospheres (GNSs), but we extend the principles to
representative anisotropic NP, gold nanorods (GNRs), whose swarming behaviors are also
observed (Fig. 2). The key to realizing non-reciprocal interactions is to achieve nonuniform
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polarization of NPs vertical and close to a conductive substrate (i.e., working electrode).
Traditionally this has been achieved in a parallel electrode configuration for micron-sized colloids,
which is not technically possible within a liquid-phase TEM holder. Instead, we optimize a design
of coplanar electrodes with well-controlled dimension and position to induce this effect. By doing
0, a non-reciprocal equilibrium charge electro-osmotic (ECEO) flow is generated around the NPs
that pushes them to laterally interact and concentrate near the substrate, leading to swarming
superlattice patterns. Single NP tracking shows that both bulk and surface particles share similar
diffusivity and contribute almost equally to frequent reconfiguration, which contrasts with the
equilibrium assemblies of GNSs in the absence of a field. All these principles translate to GNRs,
which also form swarms, but with even richer lattice oca _Rwom By _Gwo_ Cube_ Sprer
structures owing to the additional degree of freedom 238
provided by shape anisotropy. Our work demonstrates the
first step toward realizing, understanding, and potentially
manipulating nonequilibrium collective behavior of NPs,
opening a route toward nanoscale intelligent materials.

3. Synthesis and large-scale assembly of patchy NPs using
selective ion masking

We have greatly expanded the library of patchy
NPs synthesized with the aid of selective ion masking.
Patterning NPs with patches with predictive control over
patch size, shape, placement, and number is a holy grail of
NPs assembly research, potentially applicable in ‘
nanorobots, targeted delivery, and assembly into optical Fig. 3. TEM i;nages Of different patchy
and mechanical metamaterials. However, patterning at the | Nps created via the stencil method, as
nanometer scale remains challenging, in particular when | well as their large-scale assembly. Scale
creating large-scale, uniform particles with intricate patch | bars: Top: 100 nm & 20 nm (enlarged)
patterns. This often leads to low-quality and
inhomogeneous patches on the NPs, resulting in low yields and a lack of large-scale assembly. To
provide a versatile and definitive method for controlling patch patterning, we designed a new
platform enabling precise nanoscale patch-patterning, inspired by “stencil” methods. In our design,
the iodine adatoms “mask”™ gold NP surfaces to induce selective polymer grafting to be “painted”
on NP surfaces with controlled patterns and sizes which were previously not accessible. This
method generates highly uniform patchy NPs at high yield, allowing us to achieve large-scale
assembly of patchy NPs into ordered porous crystals for the first time (Fig. 3).
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Future Plans

In the coming cycle we plan to achieve a more thorough understanding of electric-field
driven assembly, extending our methods to nanoparticles of different shapes and attaining
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predictive modeling of their behavior. We will also proceed toward scaled-up assembly,
uncovering collective optical and mechanical properties.
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Developing Backmappings for Protein Sidechains and Water Compatible with Reweighting
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Research Scope

In materials science and engineering, rational design of materials that change their
properties in response to their environment remains a grand challenge. Many such materials exist
in nature, often composed of self-assembling peptides or proteins and exhibiting hierarchical and
multiscale structures that contribute to their ability to adjust their behavior. Design of these
materials could be accelerated through improved computer simulations that take into account
information across many length scales. Our work brings us closer to such simulations by
developing techniques that seamlessly switch between resolutions over the course of a simulation
by learning probabilistic backmappings. These machine-learned backmapping models are capable
of recovering fine-grained atomistic coordinates from coarse-grained (CG) representations of a
system, which accelerate simulations by removing some atoms and lumping others together into
coarser beads with modified interactions. Our most recent work focuses on learning backmappings
from CG representations of proteins and water. While each is investigated separately here, both
will be necessary for studying materials composed of self-assembling proteins, as inclusion of
water is crucial for capturing important interactions, such as hydrophobic attractions.

Recent Progress

Our recent research in developing backmappings for protein sidechains and water has been
enabled through the development of a general software library for learning backmappings of
molecules. This code base is highly modular and allows for rapid implementation of state-of-the-
art machine learning techniques such as autoregressive normalizing flows,! which are necessary
for learning the complex probability densities associated with molecular degrees of freedom. In
general, our backmappings do not directly produce the locations of atoms removed during coarse-
graining, but instead predict their probability densities conditional on the CG structure. Based on
prior work,?> we typically predict atom locations in internal molecular coordinates consisting of
bond lengths, bond angles, and torsion angles, or bond-angle-torsion (BAT) coordinates. This is a
natural representation for molecules and allows more rapid training through the learning of simpler
conditional distributions compared to rectangular coordinates. The software supporting creation
and training of these probabilistic models will be made available to the public in tandem with
related journal publications.
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The CG protein representation is inspired by the centroid representation used in the protein
modeling and analysis software Rosetta. Specifically, all-atom structures are converted to a CG
representation involving all backbone atoms, as well as the [3-carbon of a sidechain and a CG bead
at the center of mass of all sidechain atoms. To emulate partially decoded structures, a random set
of residues are selected to have their sidechain atoms preserved. The internal BAT coordinates of
sidechain atoms of each target CG bead to decode are also stored, along with one-hot vectors
describing the identities of all atoms and CG beads within the training example.

The full sidechain decoding process is shown schematically in Fig. 1. It takes all particle
locations and first defines a local environment around the CG bead to be decoded. Based on this
local environment, the algorithm predicts probability distributions for the BAT coordinates of
sidechain atoms. This occurs iteratively for each residue in a protein, using a different trained
model for each residue type. As residues are decoded, samples are drawn from the predicted
probability distribution and added to the coordinates used to determine the local environments of
subsequently decoded CG beads, making the overall model autoregressive. The resulting models
have been trained on data mined from the RCSB Protein Databank.®> By design, both in terms of
architecture and training, models are transferable to any peptide or protein system and chosen
simulation force field (parametrization of atomic level interactions).
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Figure 9: Schematic demonstrating
the decoding process from CG
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Multiple sampled configurations are shown in Fig. 1, demonstrating that new all-atom
configurations are produced through the decoding procedure. Fig. 2 demonstrates that the samples
produced for models decoding aspartic acid, tryptophan, and arginine sidechains produce
distributions of important dihedrals that match the training set. Further, these distributions depend
on the specific training example passed into the model, indicating sensitivity to the local
environment. As sidechains become larger or more flexible, however, this sensitivity to the local
environment decreases, as indicated in Fig. 2b-c.
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Figure 2: Probability densities of the 1% and 4" sidechain dihedral angles in internal coordinates are shown for aspartic
acid (a), tryptophan (b), and arginine (c) residues. Training data is shown as a sold black curve while model-generated
data from all training examples is shown in dashed gray. Distributions over 10,000 samples from decoding
distributions predicted from 3 different training examples are shown as solid-colored curves.

An important aspect of our overall backmapping model is the presence of a calculable
conditional probability associated with an all-atom structure given a CG representation. This
allows for exact reweighting of generated all-atom configurations to ensure sampling of a specific
thermodynamic ensemble or force field. This makes our model unique amongst recent efforts in
protein backmapping, while it still performs at the state of the art based on recently developed
metrics for bond lengths, atomic overlaps, and diversity of generated structures.* To assess
reweighting of our model-generated structures, along with its efficiency compared to standard
molecular simulation techniques, we have performed a detailed analysis with the miniprotein
chignolin.

Map to CG Randomly pick target  Remove target AA Randomly remove
_representation molecule (blue) coordinates neighboring AA
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Backmapping N Repeat for all molecules I CG Sample

Figure 3: Schematic demonstrating the procedure for generating training inputs (top row) and for generating AA
configurations from CG samples (bottom row).
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A similar approach is taken in our backmapping models of water, as shown in Fig. 3. In
this case, we use a CG representation that fully encodes the translational degrees of freedom of the
molecule through its center of mass. All that remains to be predicted is the rigid-body rotation of
the atomistic water based on its local environment. The probability distribution of these rotations,
conditioned on the local environment, is what our backmapping model is trained to predict. To
specify the orientation in a manner independent of the global coordinate system, the axes of
rotation are defined by the vectors connecting the CG bead to be decoded to the two nearest CG
beads. As an example, the molecule with its CG bead representation shaded blue in Fig. 3 will be
decoded, with gray molecules having been identified as within its local environment. The
rotational coordinates of the blue molecule will be saved as the target while random nearby
molecules have had their atoms removed and are only represented by CG beads. During decoding
of the full system, each water CG bead is decoded in turn. To assess transferability of our trained
backmapping, we explore its ability to reproduce the correct ensemble of orientations given data
at different temperatures and densities. We also investigate the ability to backmap from
simulations of CG models of water with varying abilities to reproduce the unique thermodynamic
properties of water.

Future Plans

After completing analysis of our backmapping models for protein sidechains and water,
we will continue to expand our expertise and understanding of such backmappings through
application to other systems. The overarching goal is to develop models that can explore the
relationships between microscopic structure and conductivity in conjugated polymer systems used
in flexible electronics. In this area, there is a critical need to understand how deformation (e.g.,
stretching) of these materials impacts mesoscale structure and in turn conductivity at a molecular
level. Reaching this goal will require consideration of a series of systems of increasing complexity.
Our protein sidechain models will be extended to CG models that also coarse-grain the backbone,
then applied to self-assembling dipeptides with electrically conductive properties. Water models
will proceed to higher levels of coarse graining that map multiple waters to single CG beads, as
well as to heterogeneous environments involving ionic species and proteins.
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Electrostatic Driven Self-assembly Design of Functional Nanostructures

Monica Olvera de la Cruz (Northwestern University)

Keywords: membranes, lonic conductivity, diffusiophoresis, microcompartments, electrolytes
Research Scope

The design of molecules and conditions to generate functional biomimetic structures,
requires an understand of the basic principle that govern their functionalities. By assembling
heterogeneous molecules one can mimic the organization and function of specific biomolecular
assemblies such as bacterial microcompartments. We propose to 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
biomimetic and new functionalities.

Recent Progress

Bacterial microcompartments (BMCs) allow bacteria to survive in harsh environments by
limiting toxicity and improving enzymatic pathway flux. The microcompartment consists of a shell
made of many proteins that encapsulates the enzymatic machinery necessary to enable safe and
efficient bacterial metabolism. BMCs attract reactants and sequester intermediate reactions. The
goal of the team is to design various shell morphologies form amphiphilic molecules to mimic and
optimize BMCs functions including chemotaxis and self-ionic diffusiophoresis. Regarding the
structure, our work revealed a robust patterning mechanism present in multicomponent shells
which captures the observed morphologies of bacterial microcompartments (BMCs). The shell
protein distribution mediated by Gaussian curvature provides direct insights into the distribution
of the protein specific charge on the shell [1]. Such surface features in turn play an important role
in the chemotactic movement of components inside cells and can be utilized in the design of
synthetic vesicles for targeted and optimized cargo transport. The team employed a continuum
model of multi-component elastic shells where the morphology and component patterning depend
on the competition of mean and Gaussian bending energies. When a weak interfacial line tension
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Fig. 1: Pattering and morphology of multicomponent elastic shells. The number of softer domains (mid-soft and
softest) plotted as a function of their bending rigidity ratio A_1 for different component fractions F.
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is present, the two softer components separate into subdomains that are patterned by the Gaussian
curvature. We show that this degree of fractionation is maximized when the bending rigidity of
the mid-soft component is approximately twice that of the softest component (see Fig. 1).

Quantifying the prevalence of micro- and nano-scale transport mechanisms is crucial to the
long-standing efforts in understanding the spatial organization and functionality of components
inside cells. We showed that self-propulsion of chemically active nanoparticles is achieved and
enhanced through asymmetry in the surface charge of the particle [2]. This lends formative insight
into the underlying physical principles that regulate chemotactic motion of intracellular matter
such as organelles, vesicles, and enzymes. Moreover, these findings suggest novel avenues for the
design of synthetic nanomotors and vesicles that provide optimized and targeted cargo transport
in ionic media. We developed a hydrodynamic model for ionic self-diffusiophoresis that

is uniform on the particle's surface (see Fig. 2).
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Fig. 2: Enhanced phoretic self-propulsion of Janus nanoparticles. The propulsion speed plotted as a function of
bulk ion concentration for four different combinations of surface charge Q and ion flux / asymmetries.

We have also modelled diffusiophoresis-induced chemotaxis observed in enzymic
bacterial microcompartments (BMCs) subject to both external bulk-imposed and internal
generated chemical gradients via consumption of the reactant inside a spherical cell/vesicle
environment (in preparation). When surface consumption is added to the system, we found that a
stagnation plane exists in the vesicle at which the effects from bulk and nucleus (consumption)
gradients cancel and the chemotactic rates reduces to zero. Another interesting finding is the
blockage effects is only related to the relative scaling of the sizes of the vesicle, the blocker and
the location of the BMC.

Ions in confinement have demonstrated nonlinear conductivities. The channel formed in
the interstitial space in layered materials inhibits ion conduction. Applications of these layered
materials include biomimetic properties such as neural activity with voltage spiking and synaptic
potentiation. These functionalities depend on interactions among the ions and the interfaces formed
at the junctions of the layered materials. We studied the physical principles of ionic transport
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driven by external electric fields of an electrolyte solution confined in slit-like channels consisting
of surfaces separated by distances that fit only a few water layers. The interaction between ions is
significantly affected by the surfaces’ induced polarization: the interaction is of a much shorter
range in confinement by conductive surfaces than between non-polarizable surfaces, which results
in ionic currents and conductivities higher in conductive slit channels than in dielectric ones [3].

Electric fields are ubiquitous in biological
membrane systems, often arising due to ionic
concentration gradients across a membrane or
between different extracellular regions. These fields
can exert important effects on membrane structure
and function. We found that normal and lateral
electric fields have different effects on lipid
membrane mechanical properties [4]. Normal fields
cause asymmetries in these properties. We derived a
relation between cohesive energy and bending
rigidity which provides a simple, useful way to
estimate bending rigidity from a simple cohesive
energy determination. We also determined changes in
membrane tension under external fields. We found
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Fig. 3: Changes in tension under lateral
fields are largely caused by changes in
dipole-dipole interactions. Normal fields
change the bilayer in an asymmetric way.

that normal electric fields decrease membrane tension and bending rigidity, while lateral fields
increase both (Fig. 3). Normal fields change the bilayer in an asymmetric way. They cause different
changes to bending rigidity on the top and bottom leaflets. This may lead to instabilities or buckling
behavior. By combining rough interfaces with asymmetric ion valences (2:1), we created patterns
of interfacial net charge which mirror the interfacial geometry. This has implications for designing
interfaces for applications such as nanofluidic neuromorphic computing.
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We demonstrated that calcium chloride
(CaCl2) induces attractive forces between DNA-
NPs, resulting in the formation of face-centered
cubic (FCC) crystals that transition to body-
centered cubic (BCC) structures as the salinity
increases due to a reduction of the hydration shells
of the DNA and over screening (Fig. 4), that is, an
apparent increases in the range of repulsions
between like-charged surfaces [5].

Acid-base equilibria directly influence the
functionality and behavior of peptides, proteins

and charge regulates macroion particles. We have analyzed the charge regulation of ionizable
groups in a suspension colloidal particle via Brownian Dynamics and Monte Carlo simulations.
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We observed that as pH increases, particles functionalized with acid groups, change their
arrangement from face-centered cubic (FCC) packing to a disordered state due to charge
polydispersity arising from an increase in pH. The also studies the size, shape, and charge of
amphiphilic assemblies in different solution ionic conditions. Charge regulation of the ionizable
groups in such structures, is described through ionization/deionization effective equilibrium
constants pK, which are distinct from the ionization/deionization equilibrium constants for isolated
ionizable groups in dilute solutions since apparent pK values are affected by the size, shape and
aggregation number of assemblies. We combined X-ray scattering and nonlinear Poisson-
Boltzmann theory to predict the degree of ionization in assemblies of amphiphilic molecules with
ionizable groups (Fig. 5) without any adjustable parameters (in preparation).
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Future Plans

We plan to investigate cooperative behaviors in a system of multiple active nanoparticles
that have asymmetric surface charge and ionic flux. For many-particle systems, we plan to study
emergent patterns and collective dynamics using field theoretic approaches. As an outcome, we
expect to form a quantitative understanding of the key physical mechanisms governing
chemotactic motion and self-organizing structures in charged systems, and provide robust schemes
for optimal transport and assembly. We will assemble experimentally microcompartments of
amphiphiles co-assembled with enzymes to validate the models.

We will continue developing approaches to include both dielectric mismatch [3]and charge
regulation [5] to analyze ions in confinement with non-faly surfaces as well as amphiphilic and
protein-based aggregates responsive to pH changes accurately.
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Transport Mechanisms in Active and Biomolecular Materials

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

Keywords: active matter, nucleation, capillary fluctuations, odd transport
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: (a) Dynamically derived dimensionless surface
tension as a function of the activity (€,) relative to its
critical value (£5) and spatial wavevector magnitude (k).
(b) Nematic flows result in a positive surface tension.

separation, find that nucleation
proceeds in a qualitatively similar fashion
to equilibrium systems, with concepts
such as the Gibbs-Thomson effect and
nucleation barriers (see Fig. 2) remaining
valid. We further demonstrate that the
recovery of such concepts allows us to
extend classical theories

w¢E

140

of nucleation
rates and coarsening dynamics to active
systems upon using the mechanically-
derived definitions of the nucleation
barrier and surface tensions. Three distinct

agreement with  simulation data. We
demonstrate that at wavelengths much larger
than the persistence length, the interface obeys
surface area minimizing Boltzmann statistics
with our derived nonequilibrium interfacial
stiffness playing an identical role to that of

equilibrium systems.

We were able to build on our interfacial
fluctuation perspective to develop a theory for
nucleation and growth of nonequilibrium fluids.
Homogeneous nucleation, a textbook transition
path for phase transitions, is typically
understood on thermodynamic grounds through
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
equilibrium notions. Applying this theory to
active fluids undergoing motility-induced phase
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surface tensions (see Fig. 3) -- the
mechanical, capillary, and Ostwald
tensions -- play a central role in our theory.

Figure 2: Dynamically derived dimensionless active
nucleation barrier for bubbles and droplets as a function of
the dimensionless activity (#,/dys) and dimensionless
saturation density (v

Sat).

While these three surface tensions are
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identical in equilibrium, our work highlights the
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macroscopic transport phenomena and the

average relaxation of spontaneous microscopic fluctuations. This relaxation, however, is agnostic
to odd transport phenomena, in which fluxes run orthogonal to the gradients driving them. To
account for odd transport, we have generalized the regression hypothesis, postulating that
macroscopic linear constitutive laws are, on average, obeyed by microscopic fluctuations, whether
they contribute to relaxation or not. From this “flux hypothesis,” Green-Kubo and reciprocal
relations follow, elucidating the separate roles of broken time-reversal and parity symmetries
underlying various odd transport coefficients. As an application, we derive and verify the Green-
Kubo relation for odd collective diffusion in chiral active matter, first in an analytically-tractable
model and subsequently through molecular dynamics simulations of concentrated active spinners.

Future Plans

Nonreciprocal interactions are ubiquitous in the natural and living world and can endow systems
with properties that have no analogue in passive materials. A familiar example of a nonreciprocal
interaction is the so-called “predator-prey” interaction whereby one entity (the predator) feels an
attractive force towards the other (the prey) while the other is repelled. These effective
nonreciprocal interactions can emerge from a host of complex factors and can have far-reaching
implications on collective phenomena, phase transitions, and pattern formation. In the living
world, examples range from the interactions amongst bacteria at the microscale to the dynamics
of animal herds at the macroscale. Synthetic systems with nonreciprocal interactions have also
been increasingly realized, with nonreciprocity emerging in systems as diverse as dusty plasmas,
colloidal suspensions, and even solid metameterials. The understanding of the dynamics and
structure of multiscale living systems and leveraging nonreciprocal interactions in synthetic
materials will require a fundamental understanding of both the origins and implications of these
effective interactions.
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Effective forces acting on particles of interest have long been known to shape the structures and
properties of condensed matter systems. These forces emerge from the coarse-graining of degrees
of freedom, such as other species present within the system. When the coarse-grained degrees of
freedom are in equilibrium the structure of the effective forces is severely restricted: the one-body
forces (e.g., fluctuating Brownian and dissipative forces acting on solute upon coarse-graining a
molecular solvent) must satisfy the fluctuation-dissipation theorem (FDT) and many-body forces
(e.g., the pairwise depletion force between larger solutes upon coarse-graining smaller solutes)
must be conservative and consistent with Newton's third law.

Coarse-graining degrees of freedom that are out of equilibrium unlocks a new range of
possibilities. In a nonequilibrium environment, one-body forces need not satisfy FDT with these
“active™ forces resulting in novel phase transitions and collective phenomena. A driven
environment may also generate effective nonreciprocal many-body forces. The consequences of
violating interaction reciprocity on transport phenomena and phase behavior remain unclear
(especially in comparison to those of one-body active forces) and have motivated the development
of a variety of phenomenological theoretical perspectives. This research effort aims to develop the
framework for multicomponent active diffusion and reveal the macroscopic consequences of
violating microscopic reciprocity. If successful, the development of a statistical mechanical
framework for multicomponent active transport would allow for an understanding of how
microscopic nonreciprocity can generate transport properties and dynamical phases that are
unachievable for passive materials. This framework will enable the prediction of these novel
properties from microscopic considerations, a crucial first step in the design of materials with next
generation transport properties.
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Biomolecules for non-biological things: Peptide ‘Bundlemer’ design for model colloidal
particle creation and hierarchical solution assembly

Darrin J. Pochan, Materials Science and Engineering, University of Delaware

Christopher J. Kloxin, Materials Science and Engineering/Chemical and Biomolecular
Engineering, University of Delaware

Jeffrey G. Saven, Department of Chemistry, University of Pennsylvania
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Research Scope

A solution-assembled system comprising computationally designed coiled coil bundle
motifs, also known as ‘bundlemers’, will be discussed as model colloidal particle systems. The
molecules and nanostructures are non-natural amino acid sequences and provide opportunities for
controlled solution behavior and arbitrary nanostructure creation with peptides. With control of
the display of the amino acid side chains (both natural and non-natural) throughout the peptide
bundles, desired physical and covalent (through appropriate ‘click’ chemistry) interactions are
designed to control interparticle interactions in solution, which involve both individual bundlemer
particles as well as polymers of connected bundlemers. Physical, interbundlemer stacking is
observed between particles to form liquid crystal phases. The individual bundlemer building
blocks are responsive to varying salt and pH, since computational design is used to design
bundlemers with different net charge character to manipulate their interactions in solution. Patches
of interaction can be designed on the surface of the particles to dictate their physical interaction in
solution and to provide control of interparticle assembly (e.g., crystalline-like lattice vs.
amorphous aggregation). Included in the discussion will be new peptide molecule design,
hierarchical assembly pathway design, control of nanostructure, and liquid crystal formation.

Recent Progress

Recent results involve bundlemer covalent 1-D chains with short, monodispersed lengths
produced from the conjugation of bundlemers with parallel symmetry as well as physical 1-D
chains (and consequent liquid crystal formation) from the stacking of new, single charge
bundlemer designs. In order to form monodisperse chains, we took advantage of computationally
designed coiled coil designs for bundlemer formation. These are distinct from previously studied
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D, symmetric (antiparallel) tetrahelical
bundles. One can have desired covalent
‘click’ chemical reactive groups on one
end of the assembled bundlemer
particle. Therefore, the bundlemer
designs provide for anisotropic display
of the functional groups. When two
bundlemers are reacted together via a
thiol-Michael click reaction, one
bundlemer with cysteines as the N-
terminal amino acid and the other
bundlemer with a  maleimide
functionality placed at the N-terminus
of the constituent peptides, they form
bundlemer rods. Small-angle x-ray
scattering (Figure 1) clearly shows rigid
cylinders in solution with homogeneous
length of ~8 nm, which is precisely the
nanostructure that would form from the

click conjugation between the
bundlemer building blocks.
Concentrated solutions show the

formation of lyotropic liquid crystal
phases with the monodisperse, short
bundlemer rods.

Other recent designs include
homotetrameric ~ bundlemers  with
antiparallel (D, symmetric) packing but
with peptides that include only one
charge type (only acidic residues vs
only basic residues) to make °‘single
charge type’ particles (Figure 2) as
opposed to the typical mixed charge
character of typical, natural proteins.
This single charge character produces

Intensity (a.u.)
Intensity (a.u.)

. 1wt%
104 4 05wt% 107 = 1wt%_100 mM NaCl
—— 0.5 wt%_Fitting -3 o 1wt

il —— Fitting

0.1 0.2 0.2

Q (A';)

C
Maleimide Cysteine
3
e i~
N- o
lq J o 4
¢ 2 S, i N
HN- 3 ‘ ‘>=0
0o "

Figure 1. A) Prll_la dibundlemer SAXS at 0.5 wt% and 1.0
wt% with the 0.5 wt% data fit with a cylindrical rod form
factor with a radius of ~1.5 nm and a length of ~8 nm. B) The
addition of 100 mM NacCl to the 1.0 wt% sample eliminates the
interparticle structure factor for the 1.0 wt% rod smaple
allowing a cylindrical rod form factor fit. C) Schematic of the
thiol-Michael covalent Prll 1a dibundlemer rod formation.

[IHydrophobic [ Polar [ Basic [l Acidic

Figure 2. Renderings of new single charge bundlemer particles
with varying net charge that contain no acid amino acid
residues and, therefore, no attractive electrostatic patches on
the particle surfaces.

particles in solution that are purely repulsive electrostatically as opposed to proteins with mixed

charges that produce patches of attractive interparticle interactions.

The laterally repulsive

particles also stack in an end-to-end fashion producing hexagonal columnar liquid crystal phases
at very low concentrations where equivalently charged mixed charge systems produce only soluble
aggregates in solution, highlighting the unique behavior of the single charge system.
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The other main area of discussion is the solution assembly of bundlemer building blocks
into 2-d and 3-d lattices through designed, interparticle interactions. Specifically, mixtures
between oppositely charged bundlemers are created to use electrostatic interactions to form
nanostructure. Comparisons were made between mixtures of bundlemers with both positively and
negatively charged amino acids within the individual bundlemers (what we call “mixed charge”
bundlemers with a desired net charge) vs. mixtures using the bundlemer designs that only have
one type of charged residue within their peptide primary sequence (what we call “single-charge
bundlemers”). The desired display of charged groups was observed to have pronounced effects
on the nanostructure formed via electrostatic complexation.

Future Plans

Future focus will be the extent to which we can control the assembly behavior by using
new bundlemer designs with display of desired sets of charged amino acids, different amino acid
side chains (e.g., natural bases or acids vs non-natural ionic side chains), and different bundlemer
symmetries (e.g., antiparallel coiled coils vs parallel). Furthermore, our ability to control the
solution behavior of the bundlemers containing a single type of charged amino acid will be studied
and compared to mixed-charge particles where we hypothesize greater dispersion and interparticle
repulsion of the single-charge constructs vs the mixed-charge sequences, which have patches of
charge that may facilitate to aggregation.
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Adaptive Nonequilibrium Design of Biological Metamaterials: Theoretical Constraints and
Practical Strategies

Grant M. Rotskoff
Keywords: nonequilibrium control, self-assembly, reinforcement learning, metamaterials
1. Research Scope:

Our poster presents progress on the development of a comprehensive theoretical and
computational framework for understanding and controlling nonequilibrium self-assembly. We
seek to bridge the gap between basic theoretical results and the practical design of nanomaterials
using experimental control. This problem is inherently multiscale, spanning from molecular
interactions to emergent material properties, and integrates theory from optimal transport and
stochastic thermodynamics. We present results that constrain thermodynamic and information-
theoretic entropy in systems driven far from equilibrium. We derive bounds on dissipation, speed,
and accuracy of control protocols, and explore their implications for biomaterial design [1]. Our
approach combines analytical methods [1,2], numerical simulations [3], and machine learning
techniques [1-3]. We develop minimal models that capture essential physics while remaining
tractable, and we employ advanced computational methods to explore complex, many-body
systems. We exemplify these bounds in the context of growing F-actin networks [3] and self-
assembly of passive particles in a chiral active bath [4].

2. Recent Progress

We derived a lower bound on the dissipated work in generic nonequilibrium control problems that
extends the “Wasserstein speed limits” to the more realistic setting of imprecise experimental
control [1]. This result generalizes and refines previous thermodynamic speed limits by accounting
for imperfect control, a ubiquitous scenario in practical applications. The bound is asymptotically
tight and reduces to known results in the limit of perfect control. Importantly, it provides
meaningful constraints even when the target distribution is not fully realized, making it particularly
relevant for experimental and computational studies of material assembly. We demonstrate the
utility of this bound for various systems, illustrating that it provides a more precise metric of
efficient control protocols. Our analysis reveals fundamental trade-offs between dissipation, speed
of transformation, and accuracy of the final state, providing a unifying framework for
understanding the costs of nonequilibrium control.

To test these ideas in the setting of biomolecular material design, we developed a minimal model
of branched actin network growth under dynamic force protocols, inspired by recent experiments
on reconstituted systems. Our model captures key features of actin polymerization, branching, and
capping, as well as the force-dependent growth dynamics observed experimentally. Using this
model, we demonstrated that external feedback control during network assembly can encode
growth-dependent properties into the resulting structure, leading to tunable mechanical responses.
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We employed multi-task reinforcement learning to optimize control protocols, enabling access to
regions of configurational space that are inaccessible through uncontrolled growth. Our analysis
also reveals how spatially heterogeneous density profiles emerge from the interplay between
applied forces and network reorganization. These heterogeneous structures exhibit metamaterial-
like properties, with mechanical responses that can be precisely tuned by modulating the growth
conditions. We quantified these effects through detailed studies of the network's elastic properties
and response functions.

Through a combination of large-scale molecular dynamics simulations and continuum modeling,
we elucidated the microscopic mechanisms by which chiral active particles induce effective
interactions between passive solutes. Our work reveals that odd diffusive dynamics, arising from
the breaking of time-reversal and parity symmetries, play a crucial role in generating long-range
attractive forces that can drive robust assembly. We developed a minimal continuum model based
on odd hydrodynamics that captures the essential physics of this phenomenon. Our model
accurately predicts the density profiles and force generation observed in detailed simulations
across a wide range of parameters, including particle density, activity, and chirality.

3. Future Plans:

Building on these results, we are investigating the modulation of force-sensitive bonds, known as
“catch bonds” to design metamaterials. We will focus on the biological context of sarcomere self-
assembly, which is the fundamental contractile units of muscle tissue. This system presents an
intricate example of multiscale, force-sensitive assembly that is critical to biological function and
offers inspiration for synthetic adaptive materials. We will investigate how these molecular-scale
features influence the macroscopic assembly and mechanical properties of the sarcomere.
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Bending Controlled 2D Crystal Morphology and Impact on Vesicle Shapes

Maria M. Santore and Gregory M. Grason Department of Polymer Science and Engineering ,
University of Massachusetts, Amherst, MA 01003.

Keywords: clasticity, assembly, two dimensional colloids, crystallization
Research Scope

This program integrates theory and experiment to
facilitate the discovery and understanding of elasticity-driven
patterning mechanisms in flexible ultrathin composite sheets and
to realize these mechanisms in materials such as elastic lamellae

that act as 2D composites due to their coexisting fluid and solid lattice random  associated (chain)

(often crystalline) phases or regions. 2D fluid-solid composites | Figure 1. Schematic of 2D fluid-
exhibit sought-after properties not achieved with either classical | solid composite and examples of
solid sheets such as graphene, no matter how thin or flexible, nor | $°lid element configurations.

by canonical fluid membranes themselves. For instance their fluid-solid composite character
enables the thin sheets in this program to reversibly assume a variety of complex contours having
non-zero Gaussian curvature, thereby accessing shapes not achievable with thin solid films which
bend only cylindrically. In addition, the composites in this program reversibly assemble their solid
constituents in arrays and other patterns in response to mechanical stimuli, and can switch between
patterns and spacing with mechanical triggers. Examples include regular hexagonal lattices,
parallel stripes, or interconnected networks where the hierarchy and connectivity of the structure
spans length scales up to that of the system, typically many tens of microns. Notably solid domains,
once created, comprise a chemically and materially fixed set of building blocks from which
different patterns assemble, accessing many material properties from a fixed composition.

This program exploits the 4nm-thick lamellae of giant unilamellar phospholipid vesicles
containing fluid and solid domains as a platform to establish mechanisms of pattern formation.
These two-phase biomolecular membranes have 2D fluid regions with integrated 2D solids both
with bending and stretching elasticity. The fluid regions flow freely via in-plane shear while the
solid domains have large in-plane moduli that effectively eliminate shear deformation. Thus, solid
shear elasticity underlies the geometrically nonlinear coupling between Gaussian curvature and in-
plane strain of 2D sheets. Extensive analytical and finite element modeling combines with
experiment to develop a predictive framework for understanding and guiding their complex
functions.

Recent Progress
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enable crystals of different shapes and
sizes to be produced at small but regular scale on vesicles of different sizes. These translate to
processing maps to produce different single solid domain shapes on vesicles of different size. The
bending energy, arising predominantly from curvature of the 2D fluid, varies depending on shape
constraints that are externally imposed and on the positions of compact solid domains relative to
one another, leading to phase transitions in assembly and touch-sensitivity of assembly patterns.
Major theory advances explore the relationship between the presence of a rigid circular solid
domain and the shape of a vesicle.

Frontal overlay view

Processing Strategies to Exploit Bending in Selection of Crystal Shapes. We demonstrated how
the total energy (bending energy plus line energy) selects the preferred solid domain morphology,
employing finite element computations and an experimental model of giant unilamellar vesicles
of 30% DPPC and 70% DOPC along with a tracer dye that resides in the fluid phase, revealing
solid crystals that appear dark.! At elevated temperatures this composition produces a one phase
fluid membrane that, upon cooling to room temperature, nucleates and grows membrane-integrated
rigid crystals of 6-fold symmetry which are nearly pure in DPPC. The relatively low DPPC content
favors the nucleation of a single crystal of ~13% area fraction in each giant unilamellar vesicle,
enabling a systematic study of factors influencing their morphology. Comparison of experimental
images with Surface Evolver-computed elastic energy optimizing shapes established the distinct
importance of bending energy in both fluid and crystal phases, a substantial departure from prior
studies of colloidal crystal growth from suspension onto curved templates’ and related theory.?
While the strain energy of a crystal forced to assume a shape having non-zero Gaussian curvature
is large enough to shift the crystal growth away from such morphologies, crystals grown in large
vesicles were observed to produce flower petal like protrusions while compact domains were found
on small vesicles. This opposes expectations, for instance the curvature dependence of templated
colloidal crystals.> The explanation that larger vesicles experience higher tension, increasing the
impact of bending energy, provides an inroads for scalable processing and separation strategies to
produce differently shaped crystals.
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An engineering model, taking into consideration thermal membrane contractions during cooling
(tending to increase membrane tensions) and water loss due to membrane permeation (tending to
relax tension, and incorporating the membranae area expansion modulus, coefficient of thermal
expansion, and permeability, was developed to predict the evolution of membrane tension for
vesicles of different sizes, subject to different cooling histories prior to and during thee nucleation
and growth of solid crystals. From this model, we demonstrated 1) how the cooling rate and vesicle
size influenced tension even before entry into the two phase region, such that the shapes of crystals
were predetermined by history even before they grew large enough to be visible in a fluoresce
microscope, and 2) that while, at any given moment during cooling, tension is continuous in vesicle
size, for a wide range of realistic membranae properties, small and large vesicles exhibit qualitative
different overall behaviors. Smaller vesicles reach a tension plateau and large vesicles experience
sharply increasing tensions to the point at which vesicles must surely rupture but could experience
burst- reseal processes. The low tension plateau limits the tension experienced by small vesicles,
enabling the growth of compact domains while the large vesicles, with higher tensions produce
vesicles with 6-fold protrusions, with star Slow cooling (0.30 °C per min)

and flower shapes. 3) We demonstrated _"
agreement between predicted and
measured tensions; 4) we created a
processing state space maps combining
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new understanding of tension history and the
influence of the fluid membrane phase on the ultimate morphology of a growing crystal provides
a means to create desired building blocks for studies of their assembly and, more broadly a
potential means of producing and purifying ultrathin crystals at modest scale.
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Figure 3. Influence of cooling history on crystal shape.

Emergent Shape Space of Composite Vesicles with Single, Rigid, Compact Domains. Towards an
understanding of the assembly of compact rigid domains in fluid sheets or membranes, modeling
was undertaken to probe the preferred shapes of vesicles containing single small flat circular solid
domains. An analytical treatment centering on a Helfrich energy and combining inflation volume
and surface energy terms was employed to probe the minimal energy shapes of axisymmetric
vesicles having a fixed volume and total area, and a solid domain occupying a fixed vesicle area
fraction.* The energies of non-axisymmetric shapes were computed using Surface Evolver, a finite
element treatment. These results depart dramatically from the well-establish, canonical case of
axisymmetric homogenous vesicles,” whose ground states remain prolate for inflations exceeding

0.65 reduced volume and oblate at highly underinflated volumes below this value. Because of the
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redistribution of Gaussian (and mean) curvature required by the slid domain, on composite vesicles
oblate shapes are generally preferred in vesicles containing disc-shaped solid domains. Indeed, the
introduction of the solid disk into the membrane was shown to shift the oblate-prolate competition
in favor oblate shapes, such that, depending on the area fraction of the solid domain, the transition
between the two shape classes is substantially altered. The preference for oblate shapes increases
with solid area fraction while, for solid discs of 10-15% of the total area, corpuscular vesicle shapes
develop when vesicles are substantially deflated. Here, these new theoretical results parallel
common experimentally observed shapes, in Figure 4. Further computation reveals that, with
vesicle deflation, there is an increased capacity for irregular vesicle shapes and for a small solid
domain to break axisymmetry. Moreover, new parameters are identified linking the elastic energy,
tension, and length scale of bending at the domain edge in the asymptotic high inflation limit. In
addition to establishing the reduced set of

parameters that govern the accessible Am ® Bm . C .
shape space of single round rigid domain

vesicles, our theory identifies conditions L ! e >
that give the greatest configurational

stability versus those which are highly e _— {\.)
sensitive to slight perturbations, with both — 00 — —

being potentially useful. - —— -
Figure 4. Observed and predicted influence of a single round

domain on vesicle shape.

Future Plans

While much recent effort has advanced our understanding of the shapes of single solid
domains within vesicles, the impact of the fluid membrane elastic on the solid domain morphology,
and the presence of one solid domain on the shapes of closed fluid membranes, we anticipate next
steps will focus on the impact of elasticity on the morphology, interactions, and assembly of
multiple solid domains within single vesicles.
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Computationally designed coiled coil ‘bundlemers’ as model colloidal nanoparticles for
solution assembly and materials design

Jeffery Saven, , Darrin Pochan, & Christopher Kloxin

Keywords: Colloids, Self-assembly, Computational design, Peptidic Materials

Research Scope

We describe the creation of targeted nanomaterials using computationally designed peptide
coiled coil nanoparticles, or “bundlemers”, with controllable particle size and shape coupled with
customizable surface amino acid residue display. The bundlemer is a model nanoparticle that is
used to study of peptidic particle solution behavior and complex colloidal stability. Specifically,
we focus on the importance of the patterning of charge and hydrophobicity on the surface of the
particles to understand the importance of spatial display of interparticle interactions on solution
assembly toward programmed nanomaterials. While physical (noncovalent) interactions are a
driving force for solution assembly, we also use covalent interactions to stabilize and polymerize
nanostructures that result from physical interactions during solution self-assembly.

Bundlemer nanoparticles are designed de novo using theory and computational modeling,
which is not contingent on known natural proteins and allows programmability using natural and
unnatural amino acids with low molecular weight sequences. The computational modeling and
design, peptide synthesis and modification, conjugation chemistry, and materials characterization
create processes that afford materials with protein-like, molecular scale definition and nanometer
scale structure through simple solution assembly. This work addresses the encoding of materials
structure and function into constituent molecular structures and properties. Potential applications
include new liquid crystal phase formation exclusively from peptidic molecular assemblies and
three-dimensional lattices with crystalline-like symmetry, defined nano-porosity, and tailorable
chemical functionality.

Recent Progress

The effort has resulted in the prediction of a series of peptides that were designed to
produce homotetrameric coiled coil particles with antiparallel symmetry but with fine-tuned net
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charge. With computationally designed bundlemer
particles, bundle charge can be varied in well-defined
increments via designed positioning of ionizable amino
acids side chains. For a sufficiently stable bundle, this
variation can be achieved without varying the backbone
structure or hydrophobic core of the protein. Such
variation of only the exterior amino acids allows for the
creation of a series of building blocks with finely-tuned
differences in net charge and charge patterns. The
computational design approach has been used to identify
exterior residues where ionizable amino acids are
particularly probable. We introduced constraints in the
calculations to specify a net overall charge of the
sequences. Making amino acid substitutions based on
the calculated probabilities and repeating the calculation
provides an approach to iteratively identify a series of
bundles with targeted charges. Charge state is
determined by the expected charge states (at pH 7) of
ionizable amino acid residues. To specify charge, we
employed combinations of the natural amino acids:

Figure: A) Bundlemer design with
targeted net charge. Putative charge
shown is that of designed homotetrameric
coiled coil. B) Negatively stained TEM of
long chains made from covalent
conjugation of the -16 bundlemer building
block via the N-termini of the constituent
peptides. C) Negatively stained TEM of
long chains made from covalent
conjugation of the +16 building block
through the N-termini of the constituent
peptides.

glutamic acid, aspartic acid, lysine, and arginine (having

charges of -1, -1, +1, and +1, respectively in units of the electron charge). Via an iterative process
of design, synthesis, and characterization, we identified sets of bundle-forming peptides having
varying net charge, from -8 to +8 per peptide or -32 to +32 per tetrameric bundle building block.
The folding and assembly of these individual coiled coils were experimentally confirmed. The
antiparallel symmetry also was confirmed through successful end-to-end covalent conjugation of
the building blocks into long, rigid chains through reaction of properly functionalized N-termini
of two bundlemer populations in a binary reaction mixture. This series of peptide particle designs
afforded us the ability to explore the solution behavior of these particles with the same size and
shape but with surface charge altered with individual amino acid precision. This work relied on
the complete, collaborative skills of all members with new particle computational design (Saven),
synthesis and folding studies (Kloxin and Pochan), covalent click 1-D linking, and solution
characterization of individual bundlemers and 1-D polymeric chains (Pochan).

Future Plans

Targeted, designed materials discovery will leverage designed physical (noncovalent)
interactions for solution phase assembly. These include: liquid crystal materials obtained from
solutions of bundlemer particles that contain carefully controlled charge type, net charge, and
charge distribution; lattices formed via the interparticle assembly of bundlemers; and assemblies
resulting from mixtures of distinct bundlemers.
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Research Scope

Our research program aims to establish a class of DNA-based materials

that enable

programmable exciton dynamics. The functional breadth of electronic excited states, i.e., excitons,
is remarkably rich. For example, chlorophyll can function in multiple ways, performing nanoscale

energy transfer, facilitating
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excitonic systems with broad and tunable functionalities that mimic or potentially exceed those
found in Nature. DNA-based excitonic systems have been demonstrated previously, yet have
employed a limited number of DNA structural motifs. In turn, these motifs demonstrate limited
control over chromophore positioning and interchromophoric coupling, and so studies thus far
have focused on exciton transport efficiency alone. We are advancing in the complexity and
precision of these structures to enable the investigation of other fundamental functions in exciton

dynamics, such as charge separation, singlet fission, and non-radiative decay.
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Recent Progress

A major focus of the project has been optimizing chromophore geometry for photoproduct
selection. In recent work, we have demonstrated the ability to selectively drive charge transfer,
form excimers, and program pathways a  aupiex dye assembly
for electronic energy migration.

B 6HB dye assembly

10 equally-spaced FDI dimers
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rapidly characterize ~50 constructs
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emission spectroscopy (Figure 1B). 0 el e %
These steady-state  measurements

revealed the formation of strongly- Figure 2. (A) Duplex and (B) 6HB dimers. (C) Illustration of
strongly-coupling dimers in duplex and 6HB constructs. (D) TA
spectrum collected at t=3 ps of duplex dimers with 0 nucleotide
. j . . ] spacing (Ont; blue) and opposite (opp; purple) configurations, as
investigated this state via transient well as an opp-6HB dimer (0A; red). (D) Kinetic traces for PDI
absorption spectroscopy (Figure 1D).  cation (dashed) and excimer (solid) in opp-duplex- and 0A 6HB-
The strongly-coupled squaraine dimer  dimers. (F) Comparison of cation formation rate for duplex and

exhibits symmetry-breaking charge 6HB assemblies with varied Coulombic coupling. (G) Excimer-
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coupled dimers possessing a charge
transfer state (Figure 1C). We further

transfer. Despite extensive previous
studies, charge transfer had not been previously achieved in squaraine dimers. This work
demonstrates that DNA scaffolds offer the potential to control the interplay of intermolecular
couplings, which allows the selection of distinct photochemical and photophysical processes.

Sculpting photoproducts with DNA origami. The geometry of coupled chromophores
dictates the nature of their intermolecular interactions and, thus, the emergence and propagation
of excited electronic states. Previously, DNA-based systems had been limited to the building
blocks of DNA origami, which have included duplexes and DX-tiles. Here, we introduce six-helix
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bundles (6HBs), a DNA origami scaffold, and leverage the additional geometric control offered
by this more complex structure to program specific couplings in dimers of a prototypical molecular
sensitizer, perylene diimide (PDI). We templated PDI dimers to DNA scaffolds of varied structural

complexity: duplexes and
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Figure 3. (A) Generation of complex-valued coupling through the interaction
o between a symmetric circular molecule and an asymmetric linear molecule. (B)
TA spectra and kinetic  Using light polarization to manipulate the direction of exciton flux in a three-dye

traces illustrate that cycle.

duplex scaffolds facilitate predominantly charge transfer coupling, while 6HBs can also generate
excimer states (Figure 2D-G). These findings suggest that DNA nanophotonic materials can steer
emergent photophysics in designer photovoltaic and optoelectronic devices.

Investigating the role of complex-valued coupling for energy transfer. The tendency of
excitons to migrate or delocalize within a network of chromophores is mediated by the
intermolecular couplings. Unique modes of control over exciton dynamics can be achieved when
elements of this network are complex-valued. This includes the ability to direct the flow of
excitons to turn in specific directions within cyclic or branching circuits. Little was known,
however, about how to generate complex-valued coupling (CVC) in realistic multichromophoric
excitonic systems. We have developed a strategy for designing excitonic circuits that exhibit
complex-valued coupling elements and proposed a simple molecular motif capable of yielding
CVCs and, in principle, directing the flow of excitons in multichromophoric systems.

Our approach to generating CVCs relies on control over the phase of excitonic wavefunctions.
We achieve phase control through the interactions of highly symmetric molecules, such as
porphyrins, and circularly polarized laser pulses, which are capable of selecting one of two
delocalized complex exciton states based on light pulse polarization. The coupling of these
complex exciton states to low-symmetry linear chromophores includes complex components (see
Figure 3A). We utilized theoretical modeling to demonstrate control over exciton flux in three-
dye cycles (Figure 3B)® and in chomophore networks with branching linear dye pathways.

In addition to the development of excitonic building blocks, we have also used DNA to organize
our architectures into higher order assemblies.
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Enhancing energy transport through exciton delocalization in DNA-templated
chromophore arrays. In natural photosynthetic proteins, delocalized excitons are thought to
mediate highly efficient energy transport—yet how, or even whether, delocalization facilitates
energy transfer has been challenging to test systematically and optimize experimentally. To probe
the effect of exciton delocalization on long-range energy transduction, we exploit the synthetic
programmability of DNA nanostructures to design molecular photonic wires (MPWs) capable of
strong, intermediate, and weak intermolecular coupling between templated Cy3 chromophores
(Figure 4A).* For each MPW, we characterized transport time across the bridge through both
experimental time-resolved fluorescence measurements and numerical simulations executed using
a site-based microkinetic model. The experimental and theoretical results exhibit strong agreement
(Figure 4B). Intermediate intermolecular coupling between the Cy3 subunits reduced transport

A 5 time by 70%,
N SR Ty W cxperment B heory thereby facilitating
MPW function and

increasing the
distance scale over
which energy can be
transduced.

i e il
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Figure 4. Engineering delocalization for energy transport. (A) Schematic of DX tile
photonic wires. A series of subunits of Cy3 (grey) monomers, coupled dimers separated
by one or zero nucleotides (nt) are scaffolded on a DX tile with a donor (Atto 425, other DNA-based
purple) and an acceptor (Cy35, pink) at opposing ends. (B) Experimental and theoretical ~ excitonic structures,
transport time across the photonic wire. including excimeric

bridge transport time / ns

A\

3

Other projects. Work
is also ongoing on

systems, systems with multiple strongly coupled chromophores, and enhanced 2D energy transport
as well as materials using non-canonical nucleic acid structures.

Future plans

Our ongoing and planned work focuses on fundamental photophysics and photochemistry and their
translation into higher-order structures for solar energy conversion, fluorescence assays, and
computing. The development of such properties will allow for the incorporation of new
functionality into these nanoscale materials.
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Research Scope

Biological systems illustrate how matter can be self-organized and undergo adaptation,
maintenance, and repair across length scales through dissipative processes involving large
collections of agents. One class of such systems involves the cooperative action of teams of
molecular motors acting on arrays of motor binding sites; examples include muscle contraction,
cytoplasmic streaming, chromosome segregation, and cytokinesis. A major challenge is to
elucidate design principles that enable us to program similarly sophisticated behaviors from
synthetic materials towards future capabilities in advanced manufacturing, lightweight self-
repairing materials, and energy capture, transfer, and storage. We seek to determine how custom
patterning of nanometer-scale features on propelled micrometer-scale objects can be harnessed to
realize predictable submillimeter-scale trajectories. Guided by our theory and simulation results
[1], we are exploring an experimental model system based on micron-sized “gliders" that self-
navigate across a macroscopic “arena”. The latter will be implemented as a sector of a glass
coverslip randomly coated with dynein motor proteins engineered with LEF1 domains to walk on
DNA instead of microtubules [2]. In turn, the gliders will be self-assembled from DNA into cell-

-

7 Oriented\' .
e ™, Randomly adsorbed

binding sites motors

[NERERARARNRRRNT] | | | | | |
Nanometer-scale Micrometer-scale Submillimeter-scale
glider features glider bodies glider trajectories

Figure 1 LEFI1-dynein-surfing, cell-sized “gliders” self-assembled from DNA as a model system for
self-organization of active matter across scales. LEF1-dynein motors, which operate on DNA instead of
microtubules, randomly decorate an “arena” hosted on a glass coverslip. Micron-scale gliders undergo
directed motion driven by these motors. The precise positioning and orientation of motor-binding sites
and frictional brushes on the body of a glider determine its submillimeter-scale trajectory (e.g. brush
gradient creates turning).

sized structures programmed by controlled orientation and positioning of LEF1-dynein binding
sites and other features on their bodies [3—5]. Conversely, micrometer-resolution printing of
184




features on the arena, such as frictional elements or depots for cargo pick-up and drop-off, can
render glider navigation responsive to non-uniformities in the local environment. As benchmarks
for testing and refining our understanding of relevant design principles for dynein-surfing gliders,
we propose to implement four distinct macroscopic trajectories: (i) rotation, (ii) circular paths, (iii)
refraction at interfaces with a step in friction, and (iv) forward-and-reverse cyclic translation
between depots.

Recent Progress

We have hired a postdoctoral fellow to lead the experimental progress this project, Dr. Florian
“Katzi” Katzmeier. Dr. Katzmeier is an outstanding young biophysicist who completed his PhD
studies at Technical University of Munich working with Professor Fritz Simmel. Dr. Katzmeier’s
most striking work was on using AC electric fields to generate hydrodynamic flows on asymmetric
particle dimers, that could be steered by remote control. He has excellent experience in building
and working with _

microscope, as well as e iy = =
performing  analysis
and computer
simulations. We were

not able to hire Dr.

N

Katzmeier until mid- Layor
April of this year Top View
(2024), so that he

Botiom View

could wrap up the
studies from  hi
dissertation research.

wn

We  have  made
important advances in
developing a solid- \
phase assembly X
method for building N
CrisSScross origami

megastructures such as gliders. This approach involves capture of a DNA-origami seed on a

magnetic

microparticle or F 1gur£.e 2 Design of cr1s§cross orlgaml f:hevron that is ~890 nm acr.oss. There are
four distinct layers of crisscross origami slats. Slats only interact with slats above
and below, and don’t interact with neighbors on the same layer. Layers 2 and 3 define

nanoparticle, and

then subsequent adjacent diamond structures, each composed of 64 slats. Layers 1 and 4 serve to bind
growth of the  the two diamonds together to form a micron-scale chevron that could be resolvable
megastructure using diffraction-limited epifluorescence microscopy.
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following addition of component slats. Then a magnet can be used to sequester the particles away
from the bulk solution, enabling multiple rounds of slats to be applied in sequence, and also
enabling several rounds of washing to remove stray slats.

We have successfully demonstrated self-assembly of chevron shapes that are ~800 nm across (Fig.
3). These structures are sufficiently large that their orientation can be resolved using diffraction-
limited fluorescence microscopy. Thus crisscross origami can be seen as a means to enable
characterization of nanotechnological structures using lower-cost light microscopy, as opposed to
molecular microscopy that requires more expensive TEM or AFM microscopes.

Figure 3 Left, transmission electron micrograph of a self-assembled chevron megastructure using
crisscross origami polymerization. This structure is ~800 nm across its largest dimension. Right,
diffraction-limited epifluorescence microscopy of chevron megastructures labeled by YOYO-1
intercalating dye.

Future Plans

In the upcoming year, our major goals are to (1) refine assembly of the chevron-shaped crisscross
megastructures using our solid-phase approach and (2) demonstrate motility of DNA origami
structures using modified dyneins. These will be key steps to enable generation of the goals as
outlined above. A challenge for this project is the apparent nonspecific binding of the engineered
dyneins to M13-based DNA origami nanotubes. We are considering modifications to the dyneins
and/or the gliders in order to address this challenge. For example, the dyneins could be
functionalized with a weak DNA substrate for competitive inhibition of binding with off-target
sites. Alternatively, gliders could be coated with a steric brush that weakens the binding of the
dyneins, such that only the specific binding will be strong enough for significant interaction.
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Publications

We have no publications supported by BES yet; we’re still in our first year of funding.
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Research Scope

Like biological cell membranes, polymer membranes
for electrochemical energy storage and conversion devices
must control ion transport and be mechanically robust.
Biological membranes are constantly assessing evolving
“operating” conditions such as electric field and optimizing
their function by dynamically adjusting their material state;
the current generation of synthetic polymer membranes are
static. Synthetic membrane performance and durability can be
dramatically improved by imbuing the membrane with the
ability to sense and adapt to the local electrochemical .

. . . . . Locally high voltage gradient -
environment. One key enabler of biological self-regulation is  ;mpiiant to avoid fracture /
ionic interactions. We are applying this biological concept to dynamic for healing

Locally low voltage
y gradient - mechanically
stiff / static

modulating ionic crosslinking within synthetic polymers | Figure 1. Concept schematic for
(Figure 1). electric field-dependent mechanical
properties in ionically-functionalized

The scope of this program is to discover the | polymers.
fundamental physical mechanisms for self-regulation of
polymers and gels under electric fields by focusing on the following three aspects: (I) The
influence of an external electric field on the strength of ionic bonds between polymer chains and
how this interaction depends on concentration of ionic bonds, any solvent, free ions, polymer
backbone rigidity, chemical details of the polymer; (II) How ionic bond strength and concentration
among linear polymer chains influences polymer mechanical properties and self-healing for
different polymer backbone rigidities and chain lengths; (III) Complete mechanical property
dependence on electric fields by adding to I and II, key coupled aspects such as polymer
reconfiguration guided by locally high electric field gradient. We are approaching this unexplored
concept computationally, utilizing molecular dynamics (MD) simulations and constitutive
modeling and validating our findings using synthesis, solution-based experiments, spectroscopy,
and mechanical testing.

Recent Progress
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We have built upon our knowledge gained in previous grant periods in terms of how ionic
interactions govern mechanical properties, to design polymer gels with strongly salt concentration-
dependent mechanical properties (Figure 2)[1,2]. In each case we synthesize the material near the
salt saturation threshold and then dialyze out the salt by soaking the gel in water. We have
demonstrated through control experiments that the differences in stiffness and strength are not due
to changes in water content. Further, there is a substantial opacity change associated with this
dialysis as the material conformation internally changes. An underlying mechanism of tight
polyelectrolyte domain aggregation with reduced salt content was recently reported upon by
another group, with their interpretation also supported by molecular dynamics simulations [3].

(a) 70 (b) increasing dialysis time
—Gel1 - high salt - — >
Gell - medium salt
60 Gell - low salt
— Gel2 - high salt
— Gel2 - medium salt
. S0r Gel2 - low salt
@© L
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Figure 2. Conventional dialysis control of mechanical properties. (a) Salt dependent tensile mechanical
properties for two gel formulations, identical in chemical but varying in molecular weight, at three different salt
concentrations. (b) Change in opacity of Gell initially synthesized with high salt as it is soaked in DI water for
increasing time periods.

We next used the Gell — high salt formulation to demonstrate electric field-based stiffness
modulation (Figure 3). We use a mechanism of electrodialysis, whereby the salt is driven out of
the gel and severely inhibited from returning by using selective transport membranes. By applying
a nearly constant current over 30 minutes, we were able to more than double the initial stiffness of
the gel. This current can only be sustained by a corresponding voltage that is over the threshold
for water splitting at the electrodes. As in the traditional dialysis case, we were able to show that
this property change is not due to loss of water. When current is run in the opposite direction, there
is a noticeable, though smaller, decrease in stiffness, which we believe is primarily attributable to
pH changes in the gel. We used both FTIR and scanning electron microscopy to demonstrate the
salt content change in the gel. Finally, we were able to demonstrate the progressive nature of this
electrodialysis process and corresponding property change by conducting compression tests at
different time points (not shown). This work is comprehensively described in our in-preparation
manuscript.

In parallel to, and in support of this experimental effort, we have developed a reduced order
modeling framework that can efficiently capture the transport of multiple ion species through
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Figure 3. Electrodialysis property modification. (a) Compressive mechanical properties before and after
application of an electric current for 30 minutes either in the forward or reverse direction. Since evaporation
occurs over 30 minutes, a reference curve with matched water content is provided. (b) Scanning electron
microscopy analysis of gel structure and salt content before and after application of electrodialysis that
demonstrates the removal of salt ions.

stacks of polymers in response to electronic and ionic boundary conditions, as well as the
associated current, voltage, and ion concentration changes. This modeling framework is in the
spirit of equivalent electrical circuit modeling and has been developed within an open-source
equivalent circuit modeling software tool for easy integration with similar modeling approach.
However, we have taken a materials centric view, with all of the underly effective components
naturally resulting from the composition and geometry of the materials (e.g. Figure 4), as well as
the interface between materials.

This tool will enable facile design Uniform Prism —

of polymer assemblies for Element

controlling and processing ion \
transport - a task that tends to be Ceometric [~ | - > = = = > = |
difficult because of the diversity Breakdown : : ! ! !
of ionic species (compared to just : : : : :
electrons and holes in electronic T T o
devices), the partially selective Element

transport of ions through different Composition
polymers whose characteristics
changes with ion concentrations,
and the range of relevant length
and time scales.[4] The details of

Figure 4. Prismatic material element within our newly developed
reduced order modeling framework that captures how a materials
scientist would think about synthesizing a device. We treat this

the model are in a second in | element as a series of volumes (Vi) and resistors (Ry) that can capture
preparation manuscript. For this | the behavior of the element within an ionic system / ionic circuit.

particular application, we have
customized the relevant material properties based on a combination of values available in literature
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and our own measurements taken with 0.0016

electrochemical impedance spectroscopy. We 0.0014 '_g ;g 2:2
have also included electrochemical generation 0.0012 | I 60 min
of protons and hydroxide anions, as well as -
their recombination resulting in charge 0.0010
annihilation. Our reduced order model was & 00008F

used to help design our polymer stack. Further, 0.0006
it shows that while electrodialysis can 0.0004
effectively alter salt content in our gel, a large 0.0002
fraction of the current in our system consists of 0.0000
protons and hydroxide anions. The simulations H+ OH-

suggest that there should be substantial pH Figure 5. Proton and hydroxide anion change
changes — a finding that we were able to verify | measured in materials adjacent to Gell after

experimentally (Figure 5). different durations of current application, confirming
our mechanistic understanding predicted by the
Future Plans reduced order model.

This grant funded period ends in August 2024. We are therefore focused primarily on
completing and submitting the two manuscripts described within our recent progress section.
Additionally, we are exploring (1) whether the stiffness modulation mechanism discovered here
can be used in an autonomously regulating system, and (2) whether the electrodialysis approach
can also be used to influence the rate of self-healing from damage.
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Biomimetic Strategies for Field-Driven Defect Annealing in Microparticle Crystals
Michael J. Solomon and Sharon C. Glotzer, University of Michigan Ann Arbor

Keywords: crystallization, annealing, confocal microscopy, Brownian dynamics simulation,
colloids

Project 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 and disks. 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 a work plan comprised of specific aims in
which we study the effects of field symmetry on the annealing of local and global defects of
colloidal crystals; measure the quality of switchable liquid crystals generated by anisotropic
colloids with reconfigurable orientation; and characterize the effects of active ellipsoids on crystal
defect structures and dynamics. 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 our recent progress in probing: (1) the relationship between defect structure and grating
diffraction structural color optical response in self-assembled colloidal crystals; (2) the
reconfigurable optical response of discoid liquid crystals under field-induced change in
orientation; (3) the annealing colloidal crystals by means of rotating electric fields [1].

Defect control in electrophoretic deposition of colloids and its effect on grating diffraction
structural color. Iridescent structural colors arise from well-organized colloidal crystals that can
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diffract visible light. One mechanism of structural color that generates a prismatic effect is by
grating diffraction from 2D colloidal arrays. These colloidal arrays are here manufactured by direct
current electric field induced electrophoretic deposition and self-assembly on a solid substrate. The
defects present principally as grain boundaries, and their abundance can be controlled by the
applied current density (from 1.6 — 310 pA/cm?) and ion concentration (from 0.01 — 10 mM).
Different operating conditions yield materials with liquid, polycrystal, and surface-bound states.
The self-assembled colloids have global six-fold crystal bond order Y, varying from 0.45+0.05 to
0.95£0.01 and grain number density n, ranging from 0 to 100 per 0.01 mm? area. The
electrophoretic deposition and assembly behavior are modeled by molecular dynamics (MD)
simulation, which predicts the dynamic behavior and structural properties of the crystals. The
grating diffraction structural color of the colloidal crystals shows strong dependence on crystal
quality, including correlation with both ¥ and n,. For example, about 2.5 times stronger
diffraction intensity was detected for crystals with i = 0.95 compared to those with g = 0.45
(Figure 1). Applying finite-difference time domain (FDTD) simulation of structures realized by
MD simulation confirms these correlations and identifies the specific roles of these two quantities
on the optical response. Specifically, low grain number density reduces the structural color
uniformity while greater 14 increases the peak intensity, an indication of a trade-off in design for
structural color with implications in applications such as coatings.
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Figure 1. (a) Images show polycrystals with different crystal qualities. (b) State diagram of self-assembled colloids
under different operating conditions. (c) Measured structural color intensity for various crystal qualities [2].

Reconfigurable optical response of colloidal discoid liquid crystals by reversible switching
between planar and homeotropic alignment. We applied a combination of direct current (DC) and
alternating current (AC) electric fields to reconfigure the liquid crystal orientation of colloidal
discoids between planar and homeotropic alignment, thereby yielding control of the material’s
structural color response. We self-assemble 4-pum sulfate-modified polystyrene discoids dispersed
in an isopropanol-water mixture into a monolayer crystal. The self-assembly is accomplished by
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applying electric fields between two conductive coverslips separated by a 120-um spacer. The
discoids initially undergo gravitational and electrophoretic deposition on the bottom substrate in a
DC field of 0.50 V. They adopt homeotropic alignment, with minor axis symmetry oriented
perpendicular to the substrate. Adding an AC-component (1 kHz) to the DC field switches the
discoids to planar alignment, with minor axis symmetry oriented parallel to the substrate. The
orientation switching is reversible and reaches the maximum change at Vac > 0.50 V (Figure 2).
The diffraction efficiency of the crystal also shows a significant shift in the peak wavelength and
intensity upon reconfiguration. The change in optical response upon the switch from planar to
homeotropic alignment occurs within 100 s and can be maintained for at least 10 on/off cycles.
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Figure 2. Effect of on/off AC electric field cycle on colloidal discoid liquid crystals as shown by discoid orientation
(A-C) and spectral response (D). We use confocal microscopy to image the discoid orientation (A) as a function of
time, during which AC field is turned on for 300 s and turned off for 900 s. The discoid orientation is quantified by
the percentage of discoids with 0y > 45° (P1), where 6 is the angle between the particle director (minor axis for
discoids) and the z-axis perpendicular to the substrate (B). The steady-state P. after AC is turned on is maximized at
0.50 V and greater, while the steady-state P after AC is turned off is similar for all voltages (C). The diffraction
efficiency of the colloidal crystals at an angle of 10° from normal shows greater peak intensity at a longer wavelength
after AC is turned on (at 0.40 V and greater), compared to after AC is turned off (D) [3].

Colloidal crystal annealing by rotating AC electric fields. Rapidly self-assembled colloidal
crystals contain defects, such as grain boundaries, dislocations, and vacancies. Colloidal self-
assembly by external fields is widely used but these methods are prone to yield abundant defects.
Annealing by means of periodic external stimuli allows the particles to reorganize, overcome free
energy barriers and explore lower free energy states. In this study, we explore an annealing strategy
using rotating AC electric fields to convert polycrystals to a single crystal grain. The electric fields
were applied to counter-pairs of electrodes in a 6-fold coplanar device and rotationally cycled at a
constant period, T. In the first phase of assembly, dipole-dipole interactions and dielectrophoresis
compact particles into a hexagonal polycrystal with defects. In the second phase, the cyclic rotation
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deforms the crystal along different directions; this motion accomplishes defect rearrangement and
progressive migration of grain boundaries to edges. We analyzed the annealing process by
confocal microscopy and calculate the global ¢ order parameter and Voronoi area for individual
particles (Figure 3). In addition, we found a cycling period 7 that optimizes the average hexatic
order parameter, 1. This annealing approach significantly improves the efficiency of annealing
and ultimately generates a defect-free crystal in an open loop control system.
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Figure 3. (a) Single particle tracking during the annealing process as labeled by the red circle. (b) conceptual view of
free energy change during annealing and device schematic. (c) Single particle hexatic phase angle and Voronoi area
change with time of annealing. (d) Optimum cycling period that yields greatest 1.

Future Plans

Next steps in this project include: (1) changing the symmetry of the rotating electrode system from
6-fold to 5- and 7-fold to study the effect of alignment of field and crystallographic axes on crystal
quality and annealing; (2) controlling the tilt angle of colloidal discoid liquid crystals by
manipulating the orientation of the aligning field; (3) introducing active colloids of anisotropic
shape into the crystals to assess their effect on the local structure of passively self-assembled
materials.
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Far-from-equilibrium topological defects on active colloids in nematic liquid crystals for
bio-inspired materials assembly

Kathleen J. Stebe, Chemical and Biomolecular Engineering, University of Pennsylvania

Keywords: Topology, reconfigurable materials, physically intelligent systems, emergent
interactions, embedded energy

Research Scope

Active colloidal particles in nematic liquid crystals (NLC) provide diverse routes for
materials manipulation. The particles’ shape and surface chemistry can be tailored to generate
companion topological defects. The particles’ motion can generate new modes of motion and
nemato-elastic interactions. We develop active colloidal systems that embed and dynamically
reconfigure information in their nematic liquid crystalline milieu, generating a suite of interactions
for manipulation of passive colloidal building blocks or colloidal cargo.!*

Recent Progress

In this funding year, we have established that micro swimmer dynamics in NLC differ
fundamentally from those in isotropic fluids via two major effects. First, NLCs generate broken
symmetries under symmetric perturbations. Second, NLCs generate far from equilibrium
topological defects whose energy can be harnessed for propulsion. These effects dramatically
expand the suite of swimmer motions that generate translation in NLC.

1. The Scallop Theorem Does Not Constrain Micro-swimmers in NLC.

The constraints imposed by the scallop theorem on micro-swimmers moving with negligible
inertia in Newtonian fluids must be reconsidered for NLC. The scallop theorem states that non-
reciprocal motions of micro-swimmers’ bodies are required to generate translation. For this reason,
in nature and in biomimetic systems, micro-swimmers rely on helical flagellar rotation or complex
body motions to generate thrust. However, by examining rotating homogeneous spherical colloids,
we find that highly symmetric motions—including purely axisymmetric rotation and reciprocal
motions—drive translation in NLC. The key to this finding is the anisotropic spatial arrangement
of nematogens generated by the symmetric flows. The NLC itself generates broken symmetries
and elastic stresses that drive motion, expanding the palette of motions that generate net thrust.

In experiment, nematic liquid crystal filled cells are prepared from two microscope slides separated
by 50 um gap defined by particle spacers that are afixed by a UV polymerizable glue (NOA 68).
The inner surfaces of the glass substrates are coated with polyimide PI2555 (HD MicroSystems)
and rubbed unidirectionally to impose planar alignment on the nematic director. Unless otherwise
noted, the NLC pentylcyanobiphenyl (5CB) is studied. Ferromagnetic nickel coated glass spheres
(Cospheric; radius 2.5 pm < a<~15 um) are coated with N-dimethyl-N-octadecyl-3-aminopropyl-
trimethylsilyl chloride (DMOAP) to impose homeotropic (perpendicular) anchoring of the liquid
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crystal molecules at their surface. The spheres are dispersed in NLC and injected into the cell. An
external magnetic field B is applied to the cell using two pairs of Helmholtz coils arranged to
generate a uniform rotating magnetic field ~10mT at the center of the domain, well below field
strengths that alter NLC orientation. The spheres’ motion is observed using a Zeiss Axio Vert Al
inverted microscope recorded by a FLIR camera. Trajectories are tracked via a Mathematica code.

Purely axisymmetric rotation of spheres drives translation
. The experiment is
Figure 1 xpert

a.

shown
schematically in Fig
la. The sphere
forms a topological
companion defect
(shown
schematically as the
blue dot) that aligns
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I p-® ® ve228 field nematic

director n along the
y axis with
polarization P* or P-
with equal probability. The colloid with dipolar defect configuration has an associated distortion
in the nematic director n(x) that is symmetric about the y axis at equilibrium (Fig 1b). Steady
rotation of the sphere around the z-axis at angular frequency o causes the dipolar defect to shift
away from the y-axis to an angle B (Fig Ic and d). The resulting broken symmetry generates
unbalanced elastic stresses that force the particle to translate. Particles move with velocity v in
the x direction for dipole polarity P* rotated CW; P~ move in the opposite direction (Fig. 1d).
The translation speed is linear in the frequency o for slow rotations and saturates at high

frequencies that challenge the visco-nematic relaxation timescale tr=ya?/K or for Ericksen
numbers Er= otr large compared to unity (Fig le). As expected, such translation is absent in
isotropic fluids (confirmed in experiment, not shown). Analysis predicts this translation; a force
balance on the defect equating viscous drag and elastic restoring forces predicts the angular
displacement of the defect 3. An evaluation of elastic stresses on the sphere within Leslie
Ericksen theory predicts the translational velocity v. The direction and strength of translation is
also predicted to differ from one nematic liquid crystal to another owing to their different
balances of Leslie viscosities; these differences are confirmed in experiment.
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Reciprocal motion
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of spheres generates translation in nematic liquid crystals. We force

reciprocal rotation of the spheres by
sweeping B over an angle 20in an
oscillatory fashion, alternating between
CW and CCW directions (Fig 2a). The
dipole defect is displaced periodically by
this alternating field from one side of the
sphere to the other. The resulting elastic
field drives their translation roughly
parallel to the nematic director while the
defect leads the way (Fig 2b). The speed
is roughly an order of magnitude slower
than in the axisymmetric rotation of the
sphere. As the field’s angular frequency
increases, the sphere moves faster. The
motion along the nematic director is

ballistic while perpendicular to that is oscillatory with zero net displacement. The defect oscillates
with the external field and its amplitude increases in higher amplitudes of field oscillation. Spheres
experiencing the reciprocal rotation in the NLC N-(4-Methoxybenzylidene)-4-butylaniline
(MBBA; Sigma Aldrich) show the same qualitative behavior, while those in a mixture of 4'-
Heptyl-4-biphenylcarbonitrile (7CB) and 4-octyl-4-biphenylcarbonitrile (8CB) with 1:1 ratio
(Sigma Aldrich) migrate in the opposite direction consistent with prediction.

Defect swim stroke as topological instability that powers swimming. Disks are fabricated from

Figure 3
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lithographic methods (diameter 2a=
75um, height Hgisk~30 pum). The
surfaces are sputtered with thin films
of nickel, treated with DMOAP to
impose homeotropic anchoring and
released from the substrate. The
resulting disks are ferromagnetic
and have hybrid anchoring: random
planar on the SU-8 face,
homeotropic on all nickel and
DMOAP coated surfaces. We
introduce the hybrid ferromagnetic
disk colloids in NLC to the domain

(Fig. 3a), with Hgap between plates of ~50um. Upon quenching into the nematic phase, the planar
disk face adopts oriented planar anchoring like that of the bounding surfaces. The disks have a
companion defect, a disclination loop (Fig 3b), which undergoes periodic transformations as the
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disk rotates. The disclination loop elongates along the disk’s edge, depins, and sweeps across its
body, performing a “swim stroke” that powers disk swimming (Fig 3c). An all-nickel disk with
uniform homeotropic anchoring also translates when rotated in the domain but performs no swim
stroke. Its speed is roughly half that of the disk with swim stroke, indicating that the defect swim
stroke powers swimming via an elastic storage and release mechanism (Fig 3e). The planar disk
face begins with its director aligned with the bounding surface. As the disk rotates, it twists the
nematic director field above the disk, storing elastic energy. This twist is evident in images of the
rotated disk taken under crossed polarizers (Fig 3f). We explain the swim stroke in terms of a
defect instability driven by strong twist of nematogens between the disk and bounding surfaces.

Implications Prior work on swimming in NLC using e.g. bacteria in lyotropic LC has found that
swimmers move, assemble, and disassemble® along trajectories that are strongly biased by the
NLC director and defect locations. Pattern anchoring on boundaries can bias swim directions away
from sites of bend, and toward sites of splay. Directed swimming can be harnessed to develop
polarized jets of swimmers at sites of splay?, and swimmers moving in non-trivial paths generated
by hydrodynamic interactions’. In these studies, the bacteria swim via flagellar generation of
thrust, which obeys the scallop theorem for Newtonian fluids and is influenced by broken
symmetries in the NLC generated by confinement and patterning. We show that absent patterning,
the NLC itself generates directed thrust even from highly symmetric forcing and can add additional
power via elastic energy released via instabilities of topological defects.

Future Plans We are currently focusing on: 1. The role of colloid shape
in biasing defect location, broken symmetries and colloid motion;
dimers of active colloids. 2. Patterned surfaces to generate standing
arrays of topological defects for active colloid-defect interactions/
reconfiguration. 3. Patterned defects loaded with passive colloids and/or

. . . Figure 4 Patterned boundary for
defect active molecules will be used for assembly/ reconfiguration. reconfigurable defect arrays
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Materials Exhibiting Biomimetic Carbon Fixation and Self Repair: Methanotrophic
Materials

Michael S. Strano, Carbon P. Dubbs Professor of Chemical Engineering, Massachusetts Institute
of Technology, Department of Chemical Engineering.
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Research Scope

Synthetic Methanotrophic systems that produce valuable polymer materials at ambient conditions:
Anthropogenic methane emissions to the atmosphere significantly contribute to climate warming.
Its concentration has tripled to 1900 ppb since pre-industrial times, making it the second largest
contributor to climate warming. However, the low temperature and concentration of these emission
streams make them difficult to address by currently proposed methane oxidation routes, which rely
on high temperatures or pressures to drive methane oxidation rapidly and efficiently. We have
introduced a novel tandem catalytic system, combining alcohol oxidase with iron-modified ZSM-
5 that functions as a synthetic methanotrophic system capable of partially oxidizing methane at
ambient temperatures and pressures, producing chemically useful intermediates for polymer
material synthesis. Our results show that the methane-to-formaldehyde selectivity can exceed 90%
at room temperature and 0.5 atm of CH4 and air. The generated formaldehyde intermediate was
rapidly incorporated into a growing urea polymer, with a material growth rate exceeding 5.0 mg
geat hr'! under ambient conditions, surpassing rates observed in many cultured methanotrophic
bacteria systems. Recently, we have investigated the performance of the systems under even leaner
atmospheres of methane. Additionally, we have examined the atomic configuration of the active
centers of iron-modified ZSM-5 and explored the strategies to enhance the stability of this tandem
catalysis.

Recent Progress

The activity of Fe-ZSM-5/A0X hybrids under low partial pressure and system robustness for
industrial application: One major source of methane emission is the natural gas infrastructure.
Recently, satellite imaging was introduced to precisely pinpoint where high concentrations of
methane emissions are coming from, revealing that a small number of ‘super-emitters’ are
responsible for a significant share of methane emissions in these gas and oil infrastructures (/).
These point sources were, for instance, undetected leaks from pipelines, temporary venting, or
abandoned sites, which are all diluted with air under ambient pressure. These dilute sources, which
comprise up to one-quarter of emissions, are the focus of our application scenario to effectively
reduce methane emissions. There are numerous literature reports highlighting great selectivity and
production rates from zeolite-based studies; however, many systems were found to operate at high
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pressures due to the low solubility of methane, which cannot be directly applied to scenarios
involving diluted or even 1 atm methane sources.

Therefore, to probe the performance of these catalytic systems for methane oxidation in the
presence of even leaner streams of methane emissions, methane oxidation reactions were
performed with partial pressures of the gas in the T T
air all the way down to 4.8% —below the gas’ = Ezm‘:‘i‘;"e ]
flammability limit in the air of 5%. The results i
are shown in Figure 1. At these lower partial I 1
pressures, we observed the reaction products still i
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greater H,O» production from alcohol oxidase, | methane. Each reaction was run under an
h . . . limited b atmosphere of 4.8%, 11.1%, 20%, and 50% of CH4
where 1its reaction 1s limite Yy OXYECN | and balanced with air. 1.0 mg of each of the Fe-

availability. ZSM-5 and the Si0,-AOX catalysts were
suspended in 5.0 mL of KBS buffer in a capped

In addition, the effects of impurities of various co- | 40-0 mL reaction vessel initially loaded with 100
mM of methanol. The reactions were run for 24

pollutants in emission streams on the activity of | o

the chemo-enzymatic system were investigated,
and the performance of catalysts was confirmed compatible with the co-pollutants, including
longer alkanes and longer alcohols. The fresh and used chemocatalysts after the methane oxidation
reaction were characterized with multiple material characterization tools, including XPS, STEM,
and UV-Vis spectroscopy, and the chemical and physical properties of catalysts were unchanged
after the reaction. Thus, these results show that our system could be a promising and potential
solution to abate methane emissions with their widespread applications in emission streams at
lower partial pressures.

Enhancing the stability of the chemo-enzymatic system by regulating hydrogen peroxide: To make
this system a feasible route for large-scale methane abatement, the system's stability could be
further improved. Particularly, the stability of the enzyme used in the study was hindered by the
accumulated H>O». For instance, 5 mM of H»>O; was experimentally verified to decrease the
enzymatic activity in 2 hours of exposure. Thus, in the host microorganism, Pichai Pastoris,
another enzyme, catalase expression is imperative (2). By adding the catalase in the AOX-SiO»
solution, which breaks hydrogen peroxide into oxygen and water, the formaldehyde generation
was 30 times higher. Thus, fast consumption of H,O; is important for stability, and Fe-ZSM-5,
which consumes hydrogen peroxide for methane oxidation, can alleviate this issue. As preliminary
data, adding a 10 times higher mass of Fe-ZSM-5 to the system increased the total carbon product
accumulation nearly three times with the AOX-SiO2 loading. Further, the accumulation of the
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products was a function of the initial loading of methanol and the ratio between the volume of
liquid solution and headspace gas mixture. Therefore, optimizing the ratio between Fe-ZSM-5 and
AOX-Si0; and batch process parameters could provide a potential solution to enhance the stability
of the enzymatic system while maximizing the accumulation of the desired product.

Future Plans

Synthetic Methanotrophic systems that produce valuable polymer materials at ambient conditions:
We have confirmed that the system could operate at low methane partial pressures, and the
catalysts were reusable and recyclable after the reaction. In order to enhance the system stability,
the accumulated hydrogen peroxides need to be removed rapidly and this can be achieved by
adjusting the mass ratio of the two catalysts. We will further enhance the current batch-type system
by adopting a microfluidic flow reactor design for a continuous process, where the catalysts are
embedded on a membrane, and the reaction solution flows beneath, while the gas reactants, a
mixture of methane and oxygen, flow above of the catalyst membrane. By adopting the flow
reactor design, the concentration of H>O» can be efficiently regulated, and the low solubility of the
gas reactants can also be alleviated.
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Research Scope

Sustainable production and upcycling of urea from the environment as an intermediate for polymer
materials at ambient conditions: Urea (CO(NH2),) is a crucial chemical intermediate for capturing
formaldehyde into the urea-formaldehyde polymer and preventing the over-oxidation of carbon
products in our synthetic methanotrophic system. Urea comprises two-thirds of the total mass in
the final polymer material. Large-scale production of urea is typically carried out by combining
ammonia and carbon dioxide at high temperatures and pressures (/). Furthermore, the “Haber-
Bosch” method, which predominates in industrial ammonia production (with 42% of ammonia
used for urea synthesis (2)), is energy-intensive, operates in extreme circumstances, and accounts
for more than 2% of the world’s energy consumption and emissions today. Thus, there is a strong
motivation for more sustainable urea production under mild conditions, not only for our synthetic
methanotrophic systems operating at ambient conditions but also for the general supply of urea.
Concurrently, urea is a major nitrogen waste product of mammalian metabolism. For example,
human urine contains approximately 300 mM of urea, and removing urea from the waste streams
is a crucial issue for alleviating water pollution (3, 4). Therefore, we currently seek sustainable
urea sources for polymer production at ambient conditions through: 1) the co-reduction of carbon
dioxide and nitrate into the catalytic urea synthesis and 2) the upcycling of high-concentration urea
from human urine.

Recent Progress

Co-reduction of carbon dioxide and nitrate for sustainable synthesis of urea: Urea is a nitrogen
source in urea-formaldehyde, a polymer product of synthetic methanotrophs, comprising two-
thirds of the total mass, with nitrogen constituting approximately 40 at%. To sustainably synthesize
urea, the catalytic coupling of nitrate and carbon dioxide was studied in an electrochemical reactor.
Analytical methods for quantifying NH3 and urea were optimized for a reliable standard curve with
R2 > 0.999. A spray coating method was introduced to enable a microscopically homogeneous
loading of catalysts on a carbon fiber template. Solvothermal synthesized indium hydroxide
nanocubes were spray-coated onto carbon fiber electrodes, and the homogeneous deposition of
catalysts was confirmed by SEM-EDX mapping, which doubled the faradaic efficiency toward
urea synthesis. Various electrochemical parameters including applied potential, electrolyte pH,
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and electrolyte cations, were tuned in order to study the mechanism and kinetics of the catalytic
reactions. With such an optimization, the systems yielded 40% urea selectivity and 13.4 pg/cm* h
of yield, which is comparable to the reported literature and a good starting point for integration
with the methane-oxidizing chemistry of synthetic methanotrophs.

Upcycling of urea in human urine for polymer production:

g

It was brought to our attention that while urea can be
synthesized from nitrate and carbon dioxide, urea is
present in human urine and is a crucial waste product that 1
needs to be removed from waste liquid to prevent water
pollution. Currently, various urea removal technologies
via adsorption, membrane separation, and hydrolysis are
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waste from human wurine samples
formaldehyde polymer.

human urine was purchased, and the urea concentration of
the sample was directly measured at ~200 mM with an
assay compatible with urine. The urine was then diluted

with a blank phosphate solution to vary the concentrations
of urea and decrease the biological molecules contained in
urine, which could potentially degrade the activity of the
alcohol oxidase and Fe-ZSM-5 catalysts. The result is
shown in Figure 2, and it shows that the desired product
could be directly synthesized from waste liquid. The

ZSM-5 and 2.5 mg of Si0,-AOX
catalysts were suspended in 1.0 mL of
urine and phosphate buffer solution
(KBS) mixture with varying ratios in a
capped 40.0 mL reaction vessel initially
loaded with 100 mM of methanol. 100
mM of urea was added to the 100% KBS
solution. The reactions were run for 24

hours.

system was performed even better in urine samples
compared to the control with added urea. Under 50% of urine conditions, the system achieved 68
% selectivity toward methylene diurea (MDU), a monomer for urea-formaldehyde polymerization,
and 1.024 M gea! day™! of productivity, which is 200% and 62% higher than the control that
contained the same concentration (100mM) of added urea. These results indicate that our synthetic
methanotrophic systems can be utilized as a potential route for the removal and upcycling of urea
from the waste liquid, simultaneously addressing the methane emissions.

Future Plans

Sustainable production and upcycling of urea from the environment as an intermediate for polymer
materials at ambient conditions: With the optimized urea-producing chemistry, we plan to
integrate urea-producing and methane-oxidizing chemistry in one reactor, turning greenhouse
gases and nitrates into the polymer product. On the cathodic side, carbon dioxide and nitrates are
coupled into urea, while on the anodic side, oxygen is produced from water to provide substrate
for hydrogen peroxide generation by alcohol oxidase. The substrates for the polymer synthesis are
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methane, water, carbon dioxide, and nitrate in the absence of air. In this scheme, our system will
be further expanded into synthetic “anaerobic” methanotrophs. For the upcycling of urea from
urine samples, based on the preliminary data and observed activity of the catalytic system in human
urine samples, we will further investigate the long-term operation of synthesis and the removal
and recovery efficiency of urea.
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Research Scope

Cells rely on compartmentalization to perform functions across length scales. At the largest
scale, the very existence of the cell is defined by the separation between the cytoplasm and the
extracellular environment by a lipid membrane. Within the cytoplasm, organelles with distinct
metabolic and transport functions are also enclosed by lipid bilayers. In these examples, the
compartmentalization occurs via encapsulation by membranes, but interestingly membranes are
not always used by biology for compartmentalization. Within cell membranes, we find
microdomains on the order of 10200 nm known as lipid rafts, in which signal receptors are
segregated. Also the cell nucleus undergoes phase transitions between condensed and loose states,
this way regulating gene transcription. It has been suggested that these examples of liquid-liquid
phase separation (LLPS) occur as a result of incompatibility between two fluid-forming materials
such as hydrophilic and lipophilic domains or condensed and dilute phases. LLPS is also often
mediated by a third component that preferentially interacts with one of the components such as
cholesterol-sphingolipid interactions or histone—DNA complexation. These biological examples
are all highly dynamic, despite having a high degree of order in their structures.

Inspired by the ways cells compartmentalize and organize their components, we investigate
here the reversible formation of synthetic superstructures composed of dynamic assemblies of
molecules. 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
explore here how supramolecular dynamics, crowding, and polar structure can drive
supramolecular assemblies of small molecules to form superstructures. From the functional
perspective of novel soft materials, we propose to investigate the potential of these superstructures
in tandem catalysis aided by the internal dynamics of individual nanoscale assemblies. Another
functional objective proposed is to investigate if polar assemblies can play a role in superstructure
formation and if these structures can amplify ferroelectric behavior.
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Recent Progress

We recently investigated the ability of anionic biomacromolecules to induce hierarchical

assemblies in negatively charged peptide amphiphile (PA)
supramolecular nanofibers. Specifically, we found that negatively
charged polysaccharides, such as alginate and hyaluronic acid,
can drive self-assembly of PAs (such as CisV3A3E3) into
hierarchical structures specific chemical interactions between
these components (see Figure 1a). Polarized optical microscopy
reveals that the nanofibers are strongly aligned within the bundles
and that addition of 150 mM NaCl and 3 mM KCI significantly
increases  birefringence intensity. Furthermore, confocal
microscopy show that the size of the bundles increases with added
salt. Solution small-angle X-ray scattering (SAXS) patterns of
these mixtures in water showed Bragg that are consistent with a
highly ordered 2D hexagonal lattice (i.e., ¢/q* ratios of
1:V3:V/4:V7:4/9:/12, where ¢* is the principal peak position).
Increasing the solution pH caused a modest increase in the
spacing, likely due to increased electrostatic repulsion.
Interestingly, increasing the concentration HA polymer resulted
in a decrease in spacing, which we expect if the polymer is acting
as a crowding agent. These porous networks can be stabilized as
bulk gels by ionic crosslinking with divalent cations like calcium
and the confined spaces that emerge could be useful scaffolds for
enzymatic catalysis.

In a second project, we have very recently developed a
ferroelectric material that is inspired by the commonly used
macromolecule poly(vinylidene fluoride) (PVDF) but using a
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Figure 1. (a) Confocal
micrographs of bundles formed
by hyaluronic acid (HA) and
Ci6V3AsE; PA in water at pH
6.8 (PA molecules were labeled
with TAMRA). (b) Solution
small-angle X-ray scattering
patterns of 0.5 wt % Ci6V3A3E;3
PA and 0-0.5wt % HA
(collected at the Advanced
Photon Source).

small molecule containing only six structural units of rather than the thousands in the polymer. We
found that conjugating VDF oligomers to a tetrapeptide with a strong propensity to assemble

into f-sheet structures led to the formation of nanoscale ribbons in water that acquire ferroelectric

polarization. Furthermore, the [f-sheet secondary structure programs thermodynamic stability in
the all-frans conformation of the VDF hexamer, which is required to obtain the ferroelectric
polymorph. When an external electric field is applied during the casting of the film, the hydrogen
bond axes of the f-sheets (which are parallel to the long axis of the ribbons) gain macroscopic
alignment that is either parallel or anti-parallel to the electric field. This stabilizes the two possible
bistable orientations of the VDF dipoles under the influence of the external electric field without
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disrupting the highly
favorable hydrogen-
bonding pattern of the /-
sheets. This is an
important factor in the

high polarization o
observed in the OVDF-
PA supramolecular

systems. We therefore
conclude that both the
low coercive fields and
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characteristic dynamics Figure 2. Chemical structures and molecular graphics illustrations of
supramolecular architectures of the OVDF-PAs containing hydrophobic
segments with three to six VDF repeat units and the peptide sequences VVEE
polymers.  Furthermore, | ) VEVE (b), and EVEV (c). Liquid AFM images of VDFs-VVEE (d), VDFs-
variations in the peptide | vEVE (e), and VDF6-EVEYV (f) cast from 20 mM aqueous solutions after
sequence also  yield | annealing. Polarization versus electric field (P-E) loops of VDFe-VVEE (g),
“relaxor” phases in which VDFe-EVEV (h), and VDFs-VVEE (i).
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of supramolecular

small ferroelectric
domains generate strong electromechanical actuation.

This biomolecular approach using peptides enables facile organization of ferroelectric
nanodomains with a strongly preferred polar axis defined by hydrogen bonding along the long axis
of the nanoribbon. The functionality of the supramolecular materials includes a strong
electroactive response and a coercive field that is two orders of magnitude lower than that in
fluoropolymers. We conclude that these attractive properties are linked to the collinear axes of /-
sheet hydrogen bonding and the two bistable states of the multiaxial ferroelectric and also to the
inherent dynamics of molecules within supramolecular polymers. These features generate long
range cooperativity among molecular dipoles and at the same time the motion of monomers
bonded noncovalently and reversibly facilitates polarization switching. Having access to single
ferroelectric nanostructures such as the peptide amphiphile ribbons investigated here could lead to
ultra-low power devices that take advantage of transient negative capacitance to overcome the
theoretical limit of the so-called “Boltzmann tyranny”.

213




Future Plans

We will continue to investigate the formation of bundles of aligned PA filaments by the
addition of a macromolecular crowding agent. Our preliminary results show that addition of non-
ionic macromolecular crowding agents, such as PEG or dextran, will bring the assemblies closer
to each other without electrostatic screening from charged groups. We will explore the use of
polymeric crowding agents to control the dimensions of supramolecular bundles to encapsulate
enzymes in a confined environment to increase their catalytic activity to potentially create solar
fuels. Furthermore, colocalizing several different enzymes within the bundles could enhance their
ability to catalyze multiple reaction steps in the same material.

Due to the spontaneous polarization parallel to the long axis of the ferroelectric PA ribbons,
we expect that electrostatic forces between the dipoles will cause the adjacent ribbons to align in
an antiparallel fashion. The spacing between the ribbons should depend on the concentration of
the PA molecules and the crowding agent. The bundling of antiparallel ferroelectric microcrystals
is expected to generate antiferroelectric superstructures characterized by a distinctive double
hysteresis loop. The combination of external electric fields and crowding agents could be
necessary to obtain superstructures with macroscopic polarization and ferroelectric behavior.
Ferroelectricity of the PA structures not only depends on the f-phase crystallization in the OVDF
tail region but is also affected by the coupling among the crystal domains. Applying an external
field to the solution should cause ferroelectric domains to align in the same orientation. The
anisotropic nature of the PA assemblies should also drive them to orient parallel to the electric
field, which is the preferred orientation for the OVDF tail dipole and PA hydrogen bonds. This
will enable the formation of larger domains within the bundles through the coupling of dipoles
from the individual ribbons and generate enhanced ferroelectric polarization.
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A. Research Scope. Our research aims to develop design strategies to control protein self-
assembly and to construct dynamic/functional protein-based materials. To circumvent the
challenge of designing extensive non-covalent interfaces for controlling protein self-assembly, we
have endeavored to develop a chemical bonding toolkit (metal coordination, disulfide linkages,
computationally prescribed non-covalent bonds, DNA hybridization, host-guest interactions, etc.)
to mediate protein-protein interactions. The initial focus of our DOE-funded program was to
establish design strategies for obtaining desired structures such as discrete (i.e., finite) or 0-, 1-, 2-
and 3D (i.e., extended) protein assemblies with crystalline order. While we still pursue such
methodology development for designing new protein structures (see section B.1), a considerable
fraction of our ongoing efforts center on designing protein-based materials with new
functions/properties. In the last two-year funding period, our particular goals have been as follows:
(1) to construct hierarchical and spatially patterned polymer-integrated protein crystals (PIX) that
are adaptive, stable, self-healing and capable of selectively taking up biological macromolecules
toward fabricating multifunctional biomaterials, (2) to design 2- and 3D protein arrays with
interlocking/woven topologies, which—like their macroscopic counterparts—are proposed to have
superior mechanical properties, (3) to design de novo protein scaffolds capable of autocatalytic
isopeptide bond formation (toward the generation of stable, covalently-linked protein-based
materials), and (4) to design dissipative protein architectures, which, like natural cytoskeletal
assemblies, require constant energy input/consumption for maintaining their self-assembled states.

B. Recent Progress. Our progress on polymer-integrated protein crystals (PIX) and their uses in
selective biomolecular uptake/release as well as in coupling enzymatic activities were summarized
in our poster presentation/abstract last year (Publications 2 and 7). Therefore, we will focus here
on the construction of topological woven protein assemblies and two new research elements aimed
to design new types of dynamic/functional protein assemblies.
B.1. Designing protein building blocks for the bottom-up construction of 2- and 3D materials
with __woven/interlocked topologies (unpublished): Designing covalent and non-covalent
interactions at protein interfaces has been a major focus in protein-based materials research
(including our group) that led to the development of discrete and extended protein assemblies. In
these “conventional” protein assemblies, each protein is typically considered as a positionally rigid
building block, chemically connected to its neighbors. However, one kind of bond that has been
critically underexplored in protein assemblies is the mechanical bond. In mechanical bonds, one
or more building blocks are mechanically interlocked, such that they can move freely within the
topological limits set by their mechanically bonded partners, yet breaking of a covalent bond is
necessary for their full dissociation. Such woven protein materials—just like their macroscopic
textile counterparts—are expected to have superior mechanical properties.

Using ApoCyt-RIDCI1 (an engineered, heme-free variant of cytochrome cbse2, a four-helix
bundle protein) as building block, we explored different strategies to assemble protein weaves. In
the presence of Zn**, ApoCyt-RIDC1 assembles into D> symmetric tetramers composed of two
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pairs of interlacing V-shaped protein monomers, with each tetramer resembling the crossover
points of a molecular weave (Fig. 1a) We established conditions in which ApoCyt-RIDCI
crystallizes in an arrangement reminiscent of a chain-link weave. Next, we installed cysteine
residues at strategic points at the vertex of the V-shaped dimer, as well as at its arms, providing
the functional
groups to connect

a)

the protein
monomers to
topologically
interlocked,

“infinitely-linked”
threads.

Crystallographic c)
evidence confirmed f
the presence of a
disulfide bond at one
of the desired sites

(P OS}‘[IOHS 81 at the Figure 1. (a) Schematic illustration for the expansion of a “woven” protein crystal with
vertices), however,  , chain-link pattern. (b) Close-up views of Cys81 and Cys51 residues or in crystallo
the cysteines placed  disulfide formation. (¢) Light micrographs showing the expansion of a
at the second site  woven/crosslinked-ApoCyt-RIDCI crystal upon removal of Zn ions and incubation in
(positions 51 in the water. (d) Close-up views of Tyr51 and Tyr52 residues for radical-mediated

crosslinking.

arms) were found to

have an orientation incompatible with disulfide bond formation (Fig. 1b). Regardless of this lack
of continuous covalent linkage throughout the “threads”, we still examined if the resulting partially
disulfide-linked crystals would be robust and display dynamic behavior. As ApoCyt-RIDCI is a
Zn*"-mediated tetramer, we speculated that removal of the metal ion could alter the crystal’s
mechanical properties. Remarkably, chelation of the Zn>" ions led to expanding protein crystals
(Fig. 1¢), while non-crosslinked protein crystals readily dissolved. Furthermore, the expansion was
reversible in response to the presence of osmolytes in the solution. These promising preliminary
results indicate how topology engineering can transform a brittle protein crystal into a strong and
stimuli-responsive biomaterial. In our current quest to achieve complete covalent crosslinking
across all “threads” within the ApoCyt-RIDCI1 crystals, we have engineered cysteines in different
positions (49 and 54) along the “arms” of ApoCyt-RIDCI molecules. We are currently
investigating whether these cysteines would directly form disulfide bonds or could be covalently
crosslinked using bis-maleimide linkers within the ApoCyt-RIDCI crystals to create fully woven
assemblies. Alternatively, we engineered Tyr sidechains into positions 51 or 52 in order to explore
the possibility of redox/radical-mediated coupling between these sidechains. Our structural
characterization of the Tyr51- and Tyr52-ApoCyt-RIDC1variants shows that they form the desired
lattice composed of D> symmetric tetramers and that the pairs of Tyr51 or Tyr52 sidechains are
properly positioned for potential crosslinking (Fig. 1d).
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B.2. De novo design of proteins for autocatalytic isopeptide bond formation (unpublished): As
summarized above, our efforts to construct interwoven protein materials highlights how extensive
non-covalent/metal coordination interactions need to cooperate to orient protein building blocks
in a proper arrangement such that they can form covalent linkages (disulfide bonds) with each
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other in the correct positions. Interestingly, some natural proteins use the same principle to form
isopeptide bonds (IPBs) between the side chains of lysine and asparagine or aspartate residues,
thus providing exceptional structural stability due to the covalent nature of these bonds. Examples
include surface proteins of Gram-positive bacteria (e.g., the pilus-associated adhesin RrgA from
the pathogenic Streptococcus pneumoniae), in which autocatalytically formed IPBs crosslink the
protein’s inner core, as well as the capsid proteins of some bacteriophages (e.g., HK97), which
consist of a chain mail structure locked into its topology by autocatalytic IPB formation. In fact,
such natural IPB-forming proteins have been exploited successfully in covalent
bioconjugation/tagging technologies (e.g., SpyTag-SpyCatcher). Clearly, the addition of IPBs into
the protein design toolbox would greatly enhance our ability to design dynamic/functional protein-
based materials. To this end, we set out to leverage recent advances in deep-learning-based tools
(in particular, RFDiffusion and ProteinMPNN developed by the Baker Lab) to design de novo
protein scaffolds with the ability to autocatalytically form IPB. Using the active site orientations
of catalytically relevant residues (Lys/Asn for isopeptide bonds, Glu as acid/base catalyst, and few
surrounding hydrophobic
residues) from RrgA as a
structural ~ template, we
designed a small set of 100-
150-residue proteins which
possessed less than 35%
sequence identity to RrgA.
Gratifyingly, three out of four
designs were capable of
forming the desired

a) b)

aC RMSD =1.63 A

Crystal structure
AlphaFold2 prediction

. - Figure 2. (a) Overlay of the experimental and predicted structures of a de
1sopept1d§ bond, 48 novo designed protein construct for isopeptide bond formation. (b) Close-
characterized by mass  up view of the isopeptide bond between K53 and N48, and the catalytic

spectrometry and ~ X-ray  E89residue.

crystallography  (Fig. 2).

These findings demonstrate that the three catalytic residues in these constructs were positioned in
an atomically accurate fashion to enable IPB formation. Through alanine scanning studies, we also
identified active site residues that were critical in providing the appropriate active site
microenvironment, such that the pKa’s of the catalytic Lys and Glu residues could be “inverted”
for the IPB formation to occur. Our current goal is to incorporate such strategically placed IPBs
into the design of supramolecular protein assemblies and extended 2- and 3D protein materials.

B.3. Design of dissipative protein assemblies (in review): There have been tremendous advances
in the design of proteins/protein assemblies with arbitrary structural complexities and even
obtaining dynamic, stimuli-responsive proteins. Yet, all such examples correspond to structures
obtained or attained under equilibrium conditions. In contrast, active materials including biological
cells use continuous energy consumption to drive unidirectional, non-equilibrium processes such
as motility, generation of concentration gradients, and catalysis. At the cellular level, these
processes are driven primarily by nucleoside triphosphate (NTP)-dependent protein-based
nanomachines (e.g., enzymes, membrane pumps) and self-assembling, dynamic materials (e.g.,
cytoskeletal assemblies). These dissipative protein-based systems have inspired the development
of diverse chemically-fueled molecular machines and active materials, but their structural and
functional sophistication have yet to be matched by chemical or biomolecular design.
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Given this challenge, we asked whether it is possible to transform a natural ATP-dependent
protein nanomachine into a dissipative self-assembling material, thereby altering the
structural/functional mode in which chemical energy is utilized. To this end, we focused on the
family of AAA+ proteins which predominantly form ring-like hexameric assemblies that use ATP
binding and hydrolysis to

translocate and remodel @) AT -
various cellular substrates. | woFlH )_\ ATe e i

We specifically targeted a ) N selfassambly

ubiquitous AAA+ protease " S 4 w —

found in prokaryotes and Pi ¥

eukaryotes, namely FtsH

(Filamentation

temperature-sensitive

protein H) involved in the
quality control/proteolysis
of membrane-bound or
cytosolic proteins. We
found that upon removal of z
its  membrane-anchoring "o

domains, FtsH assembles . . , o
. . Figure 1. (a) Schematic illustration for the ATP-dependent, dissipative self-
into helical, nanotubular : . . :

. . assembly of FtsH into helical nanotubes. (b) CryoEM images and helical
architectures (Flg 3a and  reconstruction of FtsH nanotubes. (¢) Controlling the lifetimes of FtsH
b). We carried out nanotubes through external ATPases.

extensive biochemical and

structural analyses which indicated that the FtsH nanotubes require constant energy input to
maintain their integrity and degrade over time with the concomitant hydrolysis of ATP, in analogy
to natural NTP-dependent cytoskeletal assemblies. Yet, in contrast to these natural dissipative
systems, ATP hydrolysis is catalyzed exclusively by free FtsH protomers and the formation of
FtsH nanotubes actually serves to conserve ATP. We have conducted extensive kinetics
experiments and mathematical modeling to show that the dissipative dynamics of FtsH nanotube
assembly is a nucleated process. Furthermore, we showed that the lifetimes of FtsH nanotubes
could be tuned from days to minutes by controlling the rate of ATP consumption in the system
through the inclusion of ATP-hydrolyzing enzymes in the solutions (Fig. 3¢). These findings offer
promise for designing other types of dissipative protein-based materials through the repurposing
of existing NTP-dependent proteins. Once the assembly states of such dissipative materials are
coupled to different functional outcomes through proper design (e.g., activation/deactivation of
enzyme activity upon assembly/disassembly, cargo storage and release from the nanotube interior,
interactions with cellular components), we can envision the engineering of artificial intracellular
platforms whose functions can be spatiotemporally controlled through cellular ATP levels and
flux.

C. Future Plans. (1) generate multi-enzyme catalytic PIX systems that allow operation in non-
aqueous solutions or allow Oz-sensitive enzymes to function under aerobic conditions, (2) use
host-guest interactions to control protein/biomacromolecule uptake within PIX and control
protein-polymer interaction dynamics, (4) finish characterization of first-generation “woven”
protein crystals, (5) incorporate IPBs into the design of 2- and 3D protein materials, (6) use FtsH
(and other AAA+ proteins) as a building block for dissipative 2- and 3D protein materials.
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Towards principles for bio-inspired and far-from-equilibrium adaptive, information
storing materials

Suriyanarayanan Vaikuntanathan, University of Chicago
Keywords: non-equilibrium stat mech, actin, active nematic, associative memory
Research Scope

Biological materials, such as those composed of actin and driven by molecular motors, routinely
sense molecular cues and initiate microscopic reorganization events in response. Understanding
how force-generating arrays of actin, molecular motors, and associated proteins 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. Progress in uncovering
these principles is however impeded by the lack of general frameworks for non-equilibrium
materials that predict or constrain (1) force response relations far from equilibrium, (2)
requirements for ensuring precise spatio-temporal modulation of material properties under external
time-dependent conditions, and (3) requirements for adaptive behavior. Indeed, addressing these
questions has been posed as a grand challenge in non-equilibrium statistical mechanics. Our work
develops and combines novel powerful non-equilibrium statistical mechanics frameworks to
address such questions. Additionally, we combine these with machine learning techniques to
unravel design principles for the construction of adaptive force-generating bioinspired materials.

Recent Progress

In recent work 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.

a) A physics inspired approach for control and learning in materials: Standard approaches to
controlling dynamical systems involve biologically implausible steps such as
backpropagation of errors or intermediate model-based system representations. Recent
advances in machine learning have shown that "imperfect" feedback of errors during
training can yield test performance that is similar to using full backpropagated errors,
provided that the two error signals are at least somewhat aligned. Inspired by such methods,
we introduce an iterative, spatiotemporally local protocol to learn driving forces and
control non-equilibrium dynamical systems using imperfect feedback signals. We present
numerical experiments and theoretical justification for several examples. For systems in
conservative force fields that are driven by external time-dependent protocols, our update
rules resemble a dynamical version of contrastive divergence. We appeal to linear response
theory to establish that our imperfect update rules are locally convergent for these
conservative systems. For systems evolving under non-conservative dynamics, we derive
a new theoretical result that makes possible the control of non-equilibrium steady-state

221




b)

A) Targe(

o hulo i

Standard technique for updal ing conts

Targe(

tra
aJec‘lOV‘/ i "’”’ny

A~ ox
updalos he pa/amele s

C) s D)

Canlocal rules for

orie a different
i accapt oy wi b0 mparocts

Following A" gives
route to convergence

E)  Leaming using local imperfect gradients: four case studies

A
updates the spontaneous
curvature fiel

\¢

probabilities through simple local
update rules. Finally, we show
that similar local update rules can
also solve dynamical control
problems for non-conservative
systems, and we illustrate this in
the non-trivial example of active
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A new (bio-inspired) way to learn and control using
imperfect gradients. (a) Standard approaches to learn and
train are based on an equilibrium statistical mechanics
framework. (b,c,d) Our new work provides a route to learn
and control in dynamically changing environments using only
local information. (¢ ) We demonstrate our results on a wide
variety of systems including active nematics. Our approach
could potentially lead to a new class of physics inspired RL

along desired trajectories in the
nematic fluid. These
imperfect feedback methods are
information efficient
principle biologically plausible,
and they can help extend recent
methods of decentralized training
for physical materials into

active

and in

6).

dynamical settings (Publication

A new route for templating pattern formation in bio-inspired non-equilibrium materials. A
striking feature of non-equilibrium systems is their tendency to undergo spatiotemporal
pattern formation. Coherent structures such as convective, Turing patterns, and pulsatile

Solvent
viscosity

a) b)
Pattern formation in vorticity field
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contractions of active emerge
spontaneously as the active driving in a
system overcomes stabilizing dissipative
forces. Pattern-forming instabilities are
biologically important since, for example,
they are utilized by growing organisms for
morphogenesis. In many biological

examples of soft active matter systems,

patterns are driven by the interplay of an active contribution to the local stress, and a

(a) Schematic illustration of the pattern formation
instability observed in odd viscoelastic fluids. (b)
A three-element mechanical circuit, comprising a
viscous solvent in parallel with an odd Maxwell
element, represents a minimal model for an odd
viscoelastic fluid. (c) Two candidate systems
which may display odd viscoelastic
phenomenology.
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concentration field of chemical regulators.
One can ask whether pattern formation in
soft active matter systems can be reached
through alternative routes which do not
rely on active stresses and gradients of
chemical regulators. In recent work we
have discovered a new pattern formation

mechanism in a viscoelastic fluid which




can occur without either of these features, provided that the system displays odd non-
equilibrium elastic responses to mechanical deformations. Using state of the art
hydrodynamic simulations of a three-element active viscoelastic fluid using a recently
developed extension of the hybrid lattice Boltzmann algorithm with analytical theory, we
demonstrate that the interaction of passive viscosity and so called active odd elasticity
allows for the emergence of an oscillating vortex array with a tunable characteristic
wavelength and growth rate, a feature not observed in previous simplified models of odd
viscoelasticity. We additionally show that the initial exponential growth of the vortices
saturates if a shear-thickening non-linearity is included in the dynamics. Our results
suggest that such dynamical signatures may be generic to broad classes of odd viscoelastic
systems encompassing various microscopic dynamics. Further, these results can inform
models of pattern formation in natural systems and guide engineering of odd dynamics in
soft active matter.

Using non-reciprocal forces to stabilize active matter: Active matter with nonreciprocal
interactions is known for its distinctive dynamics. To shed light on the stationary properties
of such systems, we consider paradigmatic systems of nonreciprocally coupled active
Ornstein-Uhlenbeck particles. For each system, we uniquely decompose the interparticle
force into an energy gradient and a transverse nonconservative force. We show that the
steady-state distribution of positions, which would only reflect the energy if the noise were
thermal, features the transverse force as an effective potential that stabilizes the energy
minima, due to the persistent noise that propels the particles. We exactly solve the
distribution for nonreciprocal harmonic oscillators and numerically verify it for systems
with more complex couplings. When the breaking of reciprocity in the interactions
produces a transverse force without changing the energy gradient, we indeed find that the
nonreciprocity plays a stabilizing role in the stationary state (Publication 5).

Future Plans

In future work, we will further develop the connections between the imperfect learning approach
we have discovered and Reinforcement learning techniques. This could lead to design principles
for the development of a class of bio-inspired materials that can minimally sense the environment
and learn and adapt using imperfect measurements. We will also explore how non-reciprocal
forces can help stabilize complex steady states (Publication 2,3), such as steady states that store
memory. Our preliminary results already suggest this might be possible.
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Steering the Pathways of Hierarchical Self-assembly at Solid Surfaces
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Research Scope

This project seeks to systematically elucidate the roles of surface/interfacial interactions on self-
assembly of biomolecular nanostructures and tailor these interactions to steer the self-assembly
pathways of complex hierarchical structures. We are studying the site-specific nucleation of
surface-tethered DNA origami on dynamic surfaces and the interconnection of these mesoscale
structures to form superstructures. By combining single molecule biophysical techniques and
multi-scale simulations, we will develop a systematic understanding how the interactions of the
solid surface influence self-assembly at three hierarchical levels: DNA origami folding itself,
whose visualization will be facilitated by tethering, the interconnection of origamis, and creation
of higher-order patterns of origamis. A L ‘_ﬁ

Recent Progress B c D
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that successtully captured snapshots Figure 1 Folding behavior of a 4HB structure. (A) Design.
of the same structures as they grow, (B-D) Dependence of folding mechanism on strength of staple binding,

. . . as characterized by the time-evolution of staple concentration
as the fOIdlng intermediates could be normalized by initial concentration (B), Landau-De Gennes

temporarily trapped for hlgh crystallinity describing global order (C), number of unrealized contacts
. . . describing local order (D), and mean fraction of incorporated staples
resolution AFM imaging and bound to the scaffold (D, inset). (E) Representative images of scaffold

released back into the solution to conformations from simulations during assembly. Arrows represent
resume folding. Our results showed zipping direction.
direct evidence of origami assembly
proceeding through specific types of intermediates, and ultimately to complete structures. To
better understand this mechanism, we developed a novel mesoscopic model that uses a

switchable forcefield to capture the mechanical behavior and transitions between single- and
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double-stranded DNA motifs at a coarseness level of 8 nucleotides per particle, allowing access
to long origami folding timescales.! Brownian dynamics (BD) simulations showed that simple
origamis with small cross-sections, such as the 4-helix bundle (4HB) (Figure 1A), undergo a
hierarchical folding process involving zipping of structural domains into a partially folded
precursor with local order followed by gradual crystallization into the final structure with global
order (Figure 1C-E). This manifests as a two-phase behavior in the kinetics of staple
incorporation, consistent with recent experiments (Figure 1B, C). In contrast, larger structures
like the 32HB with interior geometry follow heterogeneous folding pathways, leading to global
topological defects in the folded structure, consistent with experiments showing lower yields for
complex or large structures. Our model thus opens an avenue to better understand and design
DNA nanostructures for improved folding both in solution and close to surfaces.

Mechanistic study of adhesion of dsDNA to charged surfaces. Although surface mediated
assembly of DNA structures typically relies on the multivalent cation mediated attraction to
confine DNA to anionic or zwitterionic surfaces, the origin of cation-mediated attraction
remains controversial. A major gap is the lack of quantitative measurements of the DNA-surface

interactions. We A g — y— B . s Co
used AFM-based _ 400 § 2 % Niz+ - S
i 3 300 b, BB, “a I 6 ; Z 20 I

single molecule g 200 : : 2 b

& 100 / / § 40. Co2+ . 33 E 10
force spectroscopy F — £ 2 24

0 100 200 300 400 500 % 2 o
to measure the Distance (nm) Cation Concentration (mM) OM 0.05M 0AM 0:2¢
binding free
£ dsDNA Figure 2 (4) Single-molecule force spectra between DNA and MUDA SAM under an

cnergy ol ds > aqueous Ni** imaging buffer. By lowering and lifting the AFM tip, DNA molecules tethered to the tip
a model anionic repeatedly adhere and detach from the SAM. (B) Concentration dependence of the plateau force and

binding free energy for divalent cations, Mg**, Ni**, and Co*". (C) Plateau force/binding energy as a

polyelectrolyte, to function of [Na*]. Concentrations of TrisAc and Mg®* were held constant at 12.5 mM.

an anionic self-

assembled monolayer (SAM) surface (Figure 2A).> The presence of divalent cations leads to
constant-force plateaus, indicating attraction between DNA and surface. In the presence of Ni*",
the binding energy is as high as 6-7 kgT/bp, compared to 1-2 kgT/bp in Mg?" (Figure 2B).
Additionally, the binding energy decreases as the concentration of monovalent cation increases
(Figure 2C). Our observation that the adhesion force is independent of the type of monovalent
cations calls into question the commonly held assumption that monovalent cations reduce
adhesion by competing with the divalent cations for binding to the surface. Rather, it suggests
that the attraction is electrostatic in nature and monovalent cations screen such attraction. We
proposed a new mechanism that allows the correlated electrostatic interactions between
counterions to be responsible for the attraction and at the same time allows the strength of metal-
ligand binding to modulate the strength of the DNA-surface interactions. New insights derived
from our model can guide precise tailoring of biomolecule-surface interactions in the self-
assembly of complex structures at the solid-liquid interface.
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DNA origami placement on nanografted self-assembled monolayers.

Using nanolithography
techniques to print
hydrophilic nanoscale
binding sites onto an
oxidized silicon or silica
substrate, DNA origami
placement (DOP) could site
specifically place a single
species of DNA origami
onto these binding sites.’
However, so far, DOP has
only been practiced by only
a few research groups as
DOP typically requires
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Figure 4. AFM images of rectangular DNA
origamis deposited onto MUDA binding sites in
OEG-3 background (A) and OEG-6 background (B)
under 12.5 mM Mg®*. Scale bars: 200 nm. The
callout boxes represent a schematic of the cross
sectional view of the deposited DNA origami on the

binding site.

-

©® (h)

Figure 3. Placement of DNA origamis on nanografted surface patterns. (a)
Self-assembly of background SAM. (b, c) Nanopatterning of binding site SAM. (d, e)
Placement of DNA origami. (f, g, h) corresponding AFM images of (a, ¢, e).

expensive and time-consuming cleanroom
nanofabrication, such as E-beam lithography (EBL) or
nanoimprinting. Moreover, despite the critical role of
DNA -surface interactions, surface functionality and
surface topography of nanopatterns have not been
systematically explored in DOP. Here we demonstrate
that nanopatterned self-assembled monolayers
(SAMs) produced by AFM nanografting is a powerful
alternative platform for DNA origami placement
(Figure 3). Our new platform (1) allows for DNA
origami placement with high precision and yield; (2)
can be performed in a standard wet lab in a few hours
without need for expensive and time-consuming
cleanroom access; (3) allows for the exploration of a
broad range of surface chemistries to understand and
control the interactions with DNA origamis.

Our results have revealed that the yield and accuracy of binding of DNA origamis to the surface
patterns in the presence of Mg?" are highly sensitive to the surface chemistry, surface topography
and addition of monovalent cations. In particular, we discovered that surface topography can be
exploited to increase the energy penalty for deposition of mismatched shapes and improve
deposition accuracy and yield. The nanografting technique allows the depth of the binding site to
be easily adjusted by changing the SAM thickness. We found that indeed the surface topography
plays an important role in DOP as the DNA origamis experiences energy penalty when a
mismatched shape is adsorbed onto a deformed binding site. AFM imaging shows that the DNA
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origami placed on a recessed binding site deforms to maximize interactions with the carboxylate
groups (Figure 4). Multiple DNA origamis can be deposited onto a single 0.7nm deep MUDA
binding site with OEG-3 background (Figure 4A). In contrast, if we used thicker OEG-6 SAM
as the background to make the binding o ORI

sites 1.4 nm deep, each site now -

captures only a single DNA origami SR
(Figure 4B). The contrasting
behaviors show that a deeper well
incurs higher deformation energy
penalty, which makes it unfavorable
for multiple DNA origamis to bind to
a single site. Therefore, the deeper
well design can greatly improve
accuracy of single-layer DNA origami

o Figure 5. AFM images of MUDA binding sites within OEG-6
bll'ldll'lg to surface and was the key background with different spacings (A1, Bl, C1) before deposition and

: S T (A2, B2, C2) after deposition. The deposition of DNA origamis fills the
deSlgn feature that led to hlgh y.leld . ~1.6nm deep sites. Scale bar: 200 nm. (D1) and (D2) are the schematics
placement of rectangle DNA origamis of the nanopatterns before and after DNA origami deposition.

shown in Figure S.

Future Plans

We will quantitatively understand the forces and dynamics of mesoscale self-assembly of DNA
origami on nanopatterned solid supports and rationally engineer interfacial interactions to allow
top-down techniques to program the formation of 2D and 3D DNA origami superstructures.
Elucidate how interfacial interactions drive the binding of DNA origami on nanopatterned
solid supports. We will use novel single molecule force spectroscopy techniques to quantify the
adhesion and lateral forces between DNA origami and the patterned surface and understand how
these interfacial forces impact DOP. Quantitative measurements coupled with mesoscopic
modeling will help us understand how the interfacial forces determine the dynamics of DOP.
Design interfacial interactions for constructing 3D hierarchical networks.

We hypothesize that the bottleneck of interconnection between DNA origamis bound to surface
patterns lies in the paradoxical demands for conformational freedom needed for facile
interconnection and confinement imposed by binding to lithographic patterns. We will explore
how a new strategy based on DNA origami multilayers can meet these paradoxical needs.
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