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ABSTRACT: With rising consumer demands, society is tapping into wastewater as an innovative source to recycle depleting resources. Novel
reclamation technologies have been recently explored for this purpose, including several that optimize natural biological processes for targeted
reclamation. However, this emerging field has a noticeable dearth of synthetic material technologies that are programmed to capture, release,
and recycle specified targets; and of the novel materials that do exist, synthetic platforms incorporating biologically inspired mechanisms are
rare. We present here a prototype of a materials platform utilizing peptide amphiphiles that has been molecularly engineered to sequester,
release, and reclaim phosphate utilizing a stimuli-responsive pH trigger, exploiting a protein-inspired binding mechanism that is incorporated
directly into the self-assembled material network. This material is able to sequester and controllably release phosphate for multiple cycles of
reuse, and it is selective over nitrate and nitrite. We have determined by simulations that the binding conformation of the peptide becomes
constrained in the dense micelle corona at high pH such that phosphate is expelled when it otherwise would be preferentially bound. However,
at neutral pH, this dense structure conversely employs multi-chain binding to further stabilize phosphate when it would otherwise be unbound,
opening opportunities for higher-order conformational binding design to be engineered into this controllably packed corona. With this work,
we are pioneering a new platform to be readily altered to capture other valuable targets, presenting a new class of capture and release materials
for recycling resources on the nanoscale.

1. Introduction

As critical resources are being unsustainably depleted while the global demand increasingly rises, society is turning towards wastewater as a
new source for reclaiming valuable products or toxic chemicals,'* including rare metals,” critical fertilizer ingredients,® and pharmaceutical
products.”® Our ability to harvest these, however, is limited by several infrastructural, societal, and technological challenges.' In particular, the
emerging field of resource reclamation lacks versatile materials that are molecularly engineered to recognize, capture, and release their targets
in a controllable and practical manner.

A promising design scheme in this endeavor is to exploit the inherent ability of proteins to specifically recognize, bind, and release their target
molecules and incorporate this function into a tunable synthetic material. Natural abilities of phosphate-processing organisms have been
harnessed in their raw form to reclaim phosphorus,’ including the prokaryotic processes of enhanced biological phosphorus removal or
eukaryotic technologies such as floating algae farming. A challenge for these technologies is that of grappling with complex operating conditions
required for optimized resource reclamation.®”'2 On a larger scale, engineered wetlands systems have also been employed to reclaim nutrients,
but thus far they have not gained momentum in use due to a limited resource return rate.'” Since these technologies employ organisms in their
raw form, they face the innate restrictions imposed by the organism’s metabolism, thereby restricting opportunities for optimization. This
unique biological sequestering ability could be fully realized if it were intentionally designed into a synthetic materials platform. However,
attempts to develop a hierarchically driven, biomimetic materials design scheme for resource capture and release have been limited.

A strategic target compound for development of a prototype capture-and-release material is phosphate, a commodity widely targeted by
other technologies in addition to those described above.*”” This limited resource is an essential ingredient in many fertilizers,'®" but at its
current rate of extraction, it is projected to be expended in 50 to 100 years.”® Paradoxically, this highly coveted resource is also being discarded
in large amounts in agricultural runoff streams, thereby causing severe eutrophication and vastly disrupting natural ecosystems.*" An effective,
capture-and-release material could be strategically employed to target and recover phosphate from where it is detrimental and reinsert it where
itis depleted yet greatly needed.

In this work, we present a prototype of a novel materials platform that relies on self-assembled peptide amphiphiles to controllably capture,
release, and reclaim phosphate through a pH-responsive trigger, exploiting the natural binding ability of proteins. Peptide amphiphiles (PAs)
consist of a short peptide sequence “headgroup” conjugated to a hydrophobic “tail” that causes spontaneous self-assembly into micelles in water.

1



22,23

The PAs can be precisely designed and synthesized to feature multiple functional “building block” segments,**** such as protein-derived binding
amino acid sequences that are systematically displayed upon assembly in the micelle coronae,” or segments to promote protein secondary
structure conformations in the headgroup,” a well-known critical component in biological binding. Indeed, PAs have previously harnessed this
specific targeting ability of biological molecules for use in targeted drug delivery’®” and cell adhesion,* making this platform well-positioned to
transition in application towards specified targeting of selected resources. Along those lines, PAs have recently been studied for macromolecular
harvesting of proteins,” which exploits similar concepts but could have differences in its practical implementation due to molecular size and
transport phenomena. OQur material design is easily accomplished through use of well-studied, sequence-specific synthesis techniques to
produce environmentally benign materials, an advantage over other novel capture and release materials such as metal organic frameworks that

have complex synthetic routes, can be toxic, and are unstable in water.***

In addition to exploiting advantages in synthesis and targeted binding, we also leveraged the unique material characteristics of PAs, showing
the importance of control over multiple length scales. In our work, the micelle architecture of PA spontaneous self-assembly was tuned
according to well-studied strategies to direct the PAs towards self-assembly into wormlike micelles that form an entangled, dense suspension.®
This network hosts a multitude of phosphate-binding sites on its exposed surfaces and provides a physical structure through which phosphate-
rich water can flow, capturing the phosphate ions on the strands of the network. The ions can later be controllably released by a pH trigger. The
self-assembled network thereby inherently offers a practical means to reclaim this valuable resource. To develop the proposed materials and
gain a mechanistic understanding of the molecular processes through which phosphate is captured, we have relied on molecular simulations of
the molecules and self-assembled structures of interest. Although the initial prototype will target phosphate, the versatility and breadth of PAs
positions us to modify peptide binding sequences to target, sequester, and reclaim, with potentially high avidity and selectivity, a large number
of other valuable resources such as heavy metals, pharmaceuticals, or bioplastics, with the potential to truly become a modular materials
platform for wastewater resource recovery.

2. Results and Discussion
2.1 Design of the Peptide Amphiphile Prototype Material

With strategic design from the molecular level up, each PA molecule can be individually tuned to dictate its bulk self-assembled and
phosphate binding properties (Figure 1). Here, we designed two different molecules to evaluate, denoted C1sGGGhex and C1sSGKGHhex,
each consisting of three key design regions intended to optimize both functionalities: (1) producing wormlike micelles to create an entangled
network and (2) optimizing phosphate binding performance. Each of these molecules was synthesized using FMOC solid phase peptide
synthesis with precise monodisperse control and promise in scalability.**
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Figure 1. (A) PAs denoted Ci1sGGGhex andCisSGKGHhex. (B) Simulation snapshots of C1¢GGGhex. On the left, an individual PA binds to a
phosphate ion in the peptide headgroup through utilizing the P-loop mechanism of hydrogen bonds of the peptide backbone and nested cavity
promoted by the side chain lysine. When submerged in water, the PAs spontaneously self-assemble into a micelle to shield the cores from the aqueous
solution (middle). The PA micelle binds to phosphate in the corona (right).
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The critical binding moiety of our material platform (Region 3) is the protein-derived phosphate-binding sequence that protrudes into the
aqueous environment, coating the surface area of the entangled wormlike micelle network with readily accessible binding sites for phosphate.
The phosphate binding of proteins has been thoroughly studied in other works,**¢ but here we extract a specific well-known sequence to
molecularly engineer a new system for targeted harvesting of phosphate in a self-assembled network. The binding sequence we chose, namely
SGAGKT, is taken from the P-loop motif which is common in phosphate-binding proteins. It consists of a sequence of GXXXXGK[S,T], where
X is any amino acid residue and the final residue is either serine or threonine.” The P-loop motif stabilizes the phosphate group of proteins,
commonly of ATP or GTP, by creating a nest around the phosphate of hydrogen bonds from the amines in the P-loop backbone and utilizing
the positively charged lysine side chain, as depicted in Figure 1. We selected this specific SGAGKT hexapeptide binding sequence because it
was a commonly repeated motif among myosin-heavy chains, as opposed to other P-loop sequences that had more variation between proteins,*’

and it was previously synthesized and found to bind phosphate in a pH-dependent manner.***

Equally essential to our material design is Region 1 of the PA, the “tail” which drives the PAs to self-assemble according to the hydrophobic
effect, driving the hydrophilic peptide “headgroup” to be systematically displayed to the environment in the micelle corona. For both molecules,
we selected the tail to be palmitic acid (Cis) for its use in previous systems that adopted a wormlike micellar assembly.*

Finally, we incorporated Region 2 of our PAs, which we call the “spacer” here, for two purposes: i) to extend the binding moiety further into
the aqueous solution and thus make the binding pocket more accessible, and ii) to produce intramolecular hydrogen bonding that in turn
induces wormlike micelle formation, the desired architecture for our entangled material design. For the latter purpose, we tested two designs.
The “GGG” in the name C16GGGhex corresponds to three glycine residues between the tail and the binding sequence, which have been shown
previously to produce hydrogen bonded beta sheets that encourage the assembly into a wormlike micellar structure.* Similarly, the “SGKGH”
notation for C1sSSGKGHhex corresponds to serine, glycine, and histidine residues on either side of the lysine, whose side chain amine is used to
construct the branched PA junction through its direct conjugation to the tail. This double-headed branched design, without the hexapeptide,
was previously shown to promote crosslinked, self-supported gelation at pH > 6.5 due to hydrogen bonding between the hydroxyl groups of
the serine residues and the deprotonated imidazole side chains of the histidine residues.*’ It was chosen here with the intent to further increase
the robustness of our entangled wormlike micelle network through these engineered physical crosslinks. Thus, by keeping PA design Regions
1 and 3 constant, we could directly evaluate the impact of each strategy for hydrogen bonding in Region 2 on the two overall design aims of (1)
producing a robust wormlike micelle network and (2) optimizing phosphate binding performance.

2.2 Analysis of Self-Assembled Micelle Properties
To characterize our capture-and-release material, we first analyzed the self-assembly properties of the PAs. To begin, we measured the critical
micelle concentration (CMC), that is, the concentration at which the PAs begin to self-assemble. The CMCs were 8.43 yM and 130.1 yM for
C16GGGhex and C1sSGKGHhex, respectively (Figure S3). These values are in the expected range for PA molecules, but this ten-fold difference
is noteworthy and is explained by the packing parameter, P, for these amphiphilic molecules. P relates the chemistry of the molecule, most
notably the area of the headgroup, to the packed self-assembled state (see SI for further discussion).* In our binding materials, the lower CMC
value of C,sGGGhex is advantageous because it corresponds to a lower concentration of unimer PAs in solution when the system is assembled
above the CMC. To minimize the ratio of unimer to assembled micelle and to ensure that we are always working with assembled materials, we
conducted all future experiments at a concentration of PA at least 10 times greater than the value of the CMC, unless otherwise noted.
C,;GGGhex C,,SGKGHhex
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Figure 2. TEM images of Ci1sGGGhex and C16SGKGHhex at neutral and high pH values. Both systems exhibit a reversible pH micelle transition when
switching from neutral/acidic to high pH. C1sGGGhex clumps together at high pH, while C16SGKGHhex assembled into spheres at pH S and clumped
wormlike micelles at high pH.



We performed negative stain transmission electron microscopy (TEM) to visualize the micellar architectures and calculate the length scales
of the micelle assemblies. For each system, we see a pH dependence of micelle formation. For C1sGGGhex, we observe entangled wormlike
micelles with an average diameter of 11.5 nm that extend tens of microns in length at neutral pH (Figure 2A).** This is the desired micelle
architecture for our capture and release material to provide a solid support through which phosphate-rich solution can flow. At high pH (Figure
2C), we observe that the wormlike micelles cluster together. This phenomenon is likely due to the lysine side chain being deprotonated,
resulting in assemblies that are less soluble and then stabilize through aggregation. This pH-dependent aggregation is reversible (Figure S8).
Overall, C1sGGGhex is well-suited to form a dense suspension for the retention and release of phosphate.

For C1sSGKGHhex, we also observe reversible pH dependence on micelle formation. At pH 5 and below, C1sSGKGHhex assembles into
spherical micelles with a diameter 7.2 nm (Figure 2B), but by pH 10, it has transitioned into wormlike micelles that are also clumped together
and extend for tens of microns (Figure 2D). This transition from sphere to wormlike micelles has been noted previously for pH-dependent
materials.** For C1sSGKGHhex, the effective headgroup area decreases when the histidine imidazole groups are deprotonated at high pH,
reversibly pushing the assembly to be most stabilized as wormlike micelles. Overall, this PA micelle platform showcases the unique tunability
of small molecular variations on microscale properties, and though it does not produce the desired entangled network for the full pH range, it
will allow us to determine how this micelle shape transition affects binding.

2.3 Analysis of Fundamental Phosphate-Binding Properties

We evaluated and compared the phosphate binding functionality of the two PA micelles. We employed a spectrophotometric assay to
quantify phosphate binding which emits a blue color linearly proportional to the amount of phosphate in solution.***” To perform the binding
process, we combined the phosphate and PA at the desired concentrations, adjusted the pH using minimal HCland NaOH, physically separated
the PA from the unbound phosphate in solution, and then performed the spectrophotometric assay on the filtrate containing unbound
phosphate. The PO, feed concentration was chosen to be 0.5mM (47.5ppm) for all experiments to simulate a comparable phosphate
concentration to that of municipal wastewater influent streams.* For this preliminary fundamental testing, we evaluated the phosphate binding
dependence on three factors: (i) the pH of the solution, (ii) the ratio of the hexapeptide binding unit to phosphate, and (iii) length of time
permitted to bind.
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Figure 3. (A-B) pH-dependent phosphate binding of the PA micelles (A) C1sGGGhex and (B) C1sSGKGHhex at a molar ratio of S:1 PA binding unit:
PO, and a POs feed concentration of 0.5 mM (47.5 ppm). For C1sGGGhex, essentially 100% of phosphate (within measurement error) was bound to
the micelle at pH 6, representing the ideal “capture” conditions, while only 5% and 10% of POswas bound at pH 2 and 10, respectively, becoming ideal
“release” conditions. For Ci1sSGKGHhex, a similar trend of maximum and minimum binding was observed, although complete binding was not
achieved. (C-D) Phosphate binding at pH 6 when the ratio of PA binding unit: PO4 was varied while keeping the concentration of PO+ constant at 0.5
mM. (C) For C16GGGhex, 92% and 100% of binding were achieved at aratio of 3:1 and 5:1 PA binding unit: POs, respectively. (D) For C1sSGKGHhex,
only 89% binding was achieved even when the ratio was increased to 10:1.

The results in Figure 3 depict how phosphate binding depends on pH and the ratio of binding unit to phosphate. For both Ci1sGGGhex and
C1sSGKGHhegx, the optimal phosphate binding occurs at pH 6, with minimal binding occurring at low and high pH extremes. Intuitively, as the
ratio of PA to phosphate increases, the amount of captured phosphate in solution also increases. Ci1sGGGhex achieved phosphate capture of
92% and 100% at pH 6 and a molar ratio of 3:1 and 5:1 PA binding unit to phosphate, respectively. Comparatively, Ci1sSGKGHhex only
achieved 79% binding at identical 5:1 ratio conditions. Additionally, increasing the ratio further to 10:1 did not achieve the complete phosphate
capture as exhibited by Ci1sGGGhex. The superior performance of C1sGGGhex places this material on par to meet the strict phosphate effluent
limits, which can be as low as 0.1 mg/L of phosphorus.”

The kinetics experiments (see Figure S11) demonstrated that C1sGGGhex sequestered and released phosphate within seconds to minutes
of reaching the target pH, and the material maintains its unbound or bound state as long as the pH remains constant. This rapid succession
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between capture and release states eliminates any need for equilibrating binding time, an additional process design advantage. In light of these
binding results, we chose to continue additional characterization only for the superiorly performing PA micelle, C1sGGGhex, at a ratio of 5:1
PA:PO, with a capture pH of 6 and two potential release pH’s of 2 and 11.

The superior binding ability of C1sGGGhex over C1s<SGKGHhex illuminates three interesting binding implications. First, it appears that
binding is notably impacted by the entire PA molecule design, even though both designs utilize the same binding moiety. Second, binding is
not maximized by increasing charged interactions. C1sSGKGHhex has a +6 charge at neutral pH (from 3 histidines, 2 lysines, and 1 amine N-
terminus), while C1sGGGhex only has a charge of +1. Nevertheless, C:s<GGGhex achieves maximal binding of the anion, presumably from
superiorly employing the P-loop binding mechanism for targeted capture. Third, binding is achieved by both spherical and wormlike micelle
architectures, with no notable differences in performance. C1sSGKGHhex transitions from spheres to worms, but the binding profile follows a
comparable trend as C1sGGGhex.

The most notable implication, however, was that the binding properties appear to be significantly impacted by the self-assembled state of the
PAs compared to unassembled hexapeptides not conjugated to a tail. Contrary to the results of our micelle material, namely maximal binding
at pH 6 and minimal binding as pH increases, previous experimental studies of the free peptide observed the opposite, with highest phosphate
binding at high pH and minimal binding at and below pH 6.*> A simulation study on the same peptide, in its lysine-protonated, zwitterionic
state, confirmed that binding with HPO4" is favored over HyPO4.* Moreover, as the pH rises above the pK. of lysine sidechain at 10.5, Bianchi
et al. observed that the unprotonated lysine side chain had an important role in wrapping around the phosphate to stabilize the bound complex.
These works combined indicate that both protonation states of the free hexapeptide stabilize HPO,* by forming a nested cavity and
incorporating the side chain, performing the P-loop mechanism for phosphate binding.

We hypothesize that the assembled structure induces a pH shift in the binding trigger, fundamentally altering the capture and release
functionality of the peptide. This is supported by the results of our simulations. The TEM images at high pH for both PAs already alluded to an
intriguing macroscopic phenomenon, namely the spontaneous bundling of wormlike micelles correlated to deprotonation of lysine, that could
feasibly impact phosphate binding. We propose that while the free peptide is unconstrained and able to adopt any conformation to stabilize
binding of the phosphate ion at the full pH range, the peptide in our system, which already is more constrained in the micelle, becomes even
more confined as pH rises and approaches the pK, of lysine. As the lysine charges in the headgroup are neutralized and no longer repel each
other, the micelle headgroup collapses and thereby eradicates any conformational freedom that previously allowed the free peptides to sequester
the phosphate ions. The collapse of micelle coronae is later quantitatively confirmed by our simulations. Therefore, although previous results
show that high pH is the optimal binding state for this peptide, our self-assembled micelle system distorts the peptide binding conformation
within each micelle, eliminates further conformational freedom by the micelles collapsing together upon each other, and fundamentally alters
the binding ability at high pH.

Interestingly, we do not simply observe zero binding at the full pH range, as would be expected in light of the collapsed micelle morphology
at high pH; instead, we see a pH shift of binding. Whereas other systems observed decreased-to-no binding below pH 6, we observe pH 6 as
our maximal binding condition, with binding occurring in decreased efficacy until reaching pH 2. As our simulation results later confirm,
phosphate is bound at this pH condition by the densely packed, positively charged headgroup in the micelle corona that attracts and
conformationally stabilizes the negatively charged H.POy through nested hydrogen bonding. Not only is this binding pH shift induced by
peptide aggregation scientifically intriguing and useful for informing future material designs, but it also has beneficial implications for resource
reclamation. It is much more convenient to operate the phosphate collection conditions near the equilibrium pH of the system, which rests
around neutral pH, and to perform the release conditions at the more unstable pH extremes, compared to vice versa. Overall, this system proved
to capture phosphate completely and release phosphate at low and high pH values within minutes, while maintaining reversible structural
stability to facilitate practical phosphate reclamation, which we were positioned to evaluate next.

2.4 Simulation Results Elucidate Binding Properties

To investigate the nanoscale mechanisms for the pH shift, we applied unbiased molecular dynamics (MD) simulations and the adaptive
biasing force (ABF) enhanced sampling method ***' to study phosphate binding of both the unimer and self-assembled C1sGGGhex at pH 6
and 11. The pH states are represented by the differing protonation states of the phosphate ion and the PA lysine sidechain, with pH 6 consisting
of phosphate as H;POy4 and a protonated lysine amine, and pH 11 consisting of phosphate as HPO+* and a deprotonated lysine amine. We
studied the unimer PA first to determine whether the molecular alterations of the PA were the cause of the pH binding shift. Then we tested
the assembled micelle system to further examine how binding is impacted by a dense, assembled peptide environment.

2.4.1 Phosphate-binding to Unimer PA

Compared to the free hexapeptide with natural C and N termini, the hexapeptide in the PA is conjugated with three additional glycine
residues on the N terminal and is amidated on its C terminal, which could likely disrupt binding behavior compared to that of the free peptide.
To determine this, we screened the bound PA-phosphate structures using unbiased MD. For each pH condition, 9 unbiased MD trajectories
with different starting configurations were collected. Snapshots were collected every 10 ps for a total of 9009 snapshots for each pH condition.
The snapshots were rotationally and translationally aligned by the peptide coordinates and were subsequently analyzed using the GROningen
MAchine for Chemical Simulations (GROMACS) cluster tool.**** The unbiased MD information was later used to define collective variables
(CVs) to describe the system dynamics, which were then used in ABF enhanced sampling simulations to study the thermodynamics of binding
at each pH condition.

For each pH condition, the phosphate interacted with the PA through various mechanisms, with the top five most commonly observed
clusters presented in Figure 4A. At pH 6, phosphate was found to be bound only in the third cluster and unbound in the other clusters shown.
In contrast, at pH 11, the phosphate was bound by CisGGGhex in all of the top five most common clusters, but the binding was stabilized at
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multiple locations, some of which included the GGG spacer in addition to the hexapeptide. In regards to observing the proposed P-loop
mechanism of binding, we identified several clusters at both pH’s in which the phosphate was surrounded by a 3-pronged “claw” formed by the
hexapeptide backbone and its lysine side chain. This is consistent with the previously studied “nested cavity” P-loop mechanism for binding.
These results agree with previous characterizations in that the hexapeptide prefers to bind phosphate at high pH rather than at low pH, and
indicate that the physics built into our models are consistent with past reports for single molecules.
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Figure 4. Single-chain binding simulations of C1sGGGhex show that binding is preferred at pH 11. (A) Snapshots of the top five populated clusters
obtained in unbiased MD simulations. Populations of clusters decrease from left to right. The snapshots reveal the GGG spacer (boxed in red) and
hexapeptide are the two major regions of phosphate binding along the PA chain. (B) Free energy surface obtained via ABF sampling for single-chain
PA binding to one phosphate. At pH 6, free energy is lowest for the unbound state (upper right corner). At pH 11, a bound state at dscackr=1.34nm,
dcee=0.74nm is preferred with a binding free energy of -2.8 kJ/mol.

These snapshots also highlight that the spacers, incorporated into the molecular design to tune the micellar architecture, are not passive
participants in binding but rather play an active role in stabilizing the phosphate. To qualify this phenomenon further, we calculated free energy
surfaces in terms of two distance CV’s to characterize binding of the unimer PA to phosphate: (1) dscacxr, distance from the phosphate to the
center of the 3-prong SGAGKT binding pocket; and (2) decc, distance from the phosphate to the center of the GGG binding region (additional
details provided in SI). We used these two CVs to perform ABF simulations to calculate the free energy landscape of one phosphate ion binding
to a unimer PA at each pH condition. The results are shown in Figure 4B.

Our simulations confirm that phosphate is unbound at pH 6 and that it binds to the unimer PA utilizing the GGG spacer in addition to the
hexapeptide. For pH 6, the free energy minimum, corresponding to the most stable binding state, is located at the top right corner of the free
energy surface. This location corresponds to a phosphate ion far from both binding regions of the PA, simply stable in aqueous solution,
suggesting that C1sGGGhex fails to sequester phosphate at pH 6. At pH 11, however, a minimum is found at dscackr=1.34, deee=0.74 with a
free energy difference of -2.8 kJ/mol with respect to the unbound state. This free energy minimum occurs at low dace values, suggesting that
interaction with the GGG linker is important for phosphate binding to the PA at pH 11. The free energy results confirm the finding that, unlike
phosphate-binding to the SGAGKT hexapeptide, phosphate-binding to this PA exhibits more flexible binding structures, where the bound
phosphate can interact with both the spacer and hexapeptide regions.

2.4.2 Phosphate-binding to Peptide Amphiphile Micelle

Having verified that the molecular alterations did not shift the pH binding conditions of the unimer PA, we simulated a micelle system to
probe how the densely packed self-assembled environment impacts binding. We used unbiased MD simulations to characterize the phosphate
binding behaviors of the micelle at an approximate PA: PO, ratio of 5: 1. For each pH condition, 40 phosphate and 216 PA chains were simulated
in water. Sodium (Na*) or chloride (CI') ions were added to neutralize the simulation box. The last 20-ns of the 50-ns MD trajectory under an
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isothermal-isobaric ensemble were used for analysis (details in SI). The simulated micelle was periodic along its cylindrical axis, which is aligned
in the z-direction.

Our micelle simulations confirm the experimental shift in binding pH that is induced when the PA molecules systematically self-assemble.
We corroborated this simulated binding shift using three complementary approaches: a histogram analysis of the radial distance of the
phosphate to the micelle core, a potential of mean force (PMF) estimation, and a hydrogen bond (H-bond) analysis. Visually, we observe in
Figure SA two top-down snapshots of the simulated system, depicting the majority of phosphate ions being bound at pH 6, while most
phosphate ions were unbound at pH 11. The visual analysis was further corroborated using a histogram of the radial distance of the phosphate
ions to the micelle core (Figure SB). These distances were then compared to the distance to the possible PA binding sites that were observed
in the single-molecule PA analysis, namely the hexapeptide and the GGG spacer. Indeed, at pH 11, the distance of the phosphate to the center
of the micelle was not localized anywhere, signifying an unbound state. But for pH 6, the majority of phosphate ions were located at the same
distance from the core as the hexapeptide sequence, confirming localized binding to the hexapeptide.
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Figure S. Simulations of phosphate binding to the C1sGGGhex micelle at pH 6 and 11. (A) Top-down snapshots of the simulated micelles at the end
of the production run. (B) Normalized histograms of radial position from the micelle central axis for different components in the systems. The GGG
spacer is noted as ‘GGG’ and the SGAGKT hexapeptide as ‘Hex’ in the legend. (C) Solvent-accessible surface area (SASA) of the micelle as a function
of simulation time. The dash lines indicate the start of the time-averaging interval. The average SASA values are 798 + 9 nm*and 623 + 8 nm”* at pH 6
and 11, respectively.

The potential of mean force (PMF) offers insight into the free energy of binding of phosphate to the micelle compared to the unimer PA,
with a lower free energy signifying a more stabilized bound state. The PMF along the radial CV was estimated by computing the Boltzmann
inversion on the corresponding probability distribution via the equation PMF (r) = kTIn(P(r)), where k is the Boltzmann constant and T
is the temperature. Here, the PMF was computed as a function of distance from the micelle center, and P (r) is the normalized histogram of the
radial position of phosphate ions. From the PMF results (Figure S14), we estimated that the PMF for a phosphate to bind to the micelle at pH
6 was -11.7 kJ/mol, which is lower by a factor of four than the binding free energy for phosphate binding to a single PA at pH 11 (-2.8 kJ/mol).
Interestingly, this result highlights that binding at pH 6 in the assembled state is even more stabilized compared to binding to the unimer PA at
pH1L

Finally, an H-bond analysis was performed to quantify the binding percentage of phosphate to the micelle at both pH states. We define the
binding percentage to be the percent of time that a phosphate forms at least one H-bond with the micelle, averaged over the simulation time
and phosphate samples. This was found to be 59% and 0.4% at pH 6 and 11, respectively. Though the simulated binding percentage at pH 6 is
lower than the experimental measurement of complete capture, these values qualitatively capture the significant difference between binding
performances at pH 6 and 11.

Having quantified that the pH shift is in fact occurring, we probed the fundamental reason for why. For pH 11, we noted two phenomena
that caused this decrease in binding, one pertaining to a per-molecule analysis and the other pertaining to a newly emergent and noteworthy
bulk property. The per-molecule insight was derived from the radial histogram data. When binding did occur at pH 6 (Figure SB), we observed
that GGG no longer interacted with the phosphate in the assembled state, even though previously GGG played an active role in stabilizing
phosphate as a unimer PA, especially for pH 11. It is likely that the densely packed corona prohibited the phosphate from penetrating deep
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enough into the corona to fully utilize the additional hydrogen bonds of the GGG backbone. With these key components of binding now
inaccessible in the micelle state, phosphate was unable to be bound and stabilized at high pH.

Second, we were motivated by the TEM images of clustered PA micelles (Figure 2C) to probe how the lysine side chain deprotonation
influences binding according to a bulk micellar mechanism. As discussed previously, the micelle was apparently teetering on the edge of
insolubility, so simply approaching the pK, and deprotonating a small fraction of lysine amines causes to micelles to clump together. T'o quantify
the impact of this phenomenon on binding, we relied on the solvent-accessible surface area (SASA) for the entire micelle to measure the extent
of headgroup presentation to the aqueous environment, and thereby to the phosphate ions. Using the GROMACS SASA tool,** the time-
averaged SASA was found to be 798 £ 9 and 623 + 8 nm” at pH 6 and 11, respectively. These results suggest that the deprotonation of lysine
leads to a statistically significant decrease in micellar surface area, and with that a decrease in access to binding sites. Thus, as more of the lysine
amines become deprotonated, the micelle corona gradually collapses and expels more and more phosphate, corresponding to the decreased
binding in Figure 3A as pH rises. The simulated system of all deprotonated lysine amines shows this to the extreme, when the micelle is fully
collapsed and phosphate is completely expelled or “squeezed” out of the micelle. Thus, compared to a unimer PA, under assembled conditions,
phosphate is no longer able to penetrate the even denser micellar headgroup, and binding becomes impossible, explaining the first part of the

pH shift.

To understand the increase in binding stability at pH 6, we utilized data from the H-bonding analysis. In the assembled system, we observed
multiple chains involved in binding to stabilize the phosphate in the headgroup in the densely packed corona (Figure $15). The multi-chain
binding behavior is a direct result of the PA micelle assembly, where multiple binding opportunities are simultaneously presented to the
phosphate ions. This result is also corroborated by our ratio of PA:PO, experiments (Figure 3C), which elucidated that multiple chains per
phosphate were necessary to achieve complete bulk phosphate capture. This binding mechanism is not available for a single peptide, nor has it
been previously remarked on in single-chain binding studies, presenting an additional advantage of this self-assembled binding system where
increased binding stability is introduced.

2.5 Selectivity Over Nitrate and Nitrite

With knowledge of the fundamental binding properties, we experimentally evaluated the selectivity of Ci1sGGGhex to bind to phosphate in
the presence of competing oxyanions, probing the molecular recognition of this material. We chose nitrate and nitrite as the competing anions
since those would be the primary competitors in agricultural runoff streams that are rich in these three fertilizer components.”” In our
experiments, we introduced equimolar amounts of nitrate, nitrite, and phosphate to systems with 1x, 2x, and 3x molar excess of C1¢GGGhex at
pH 6, equivalent to 10 ppm phosphate. The results are shown in Figure 6.

100, o,
] o,
S INo,
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(&)

Anion Bound (%)
s 9
|
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1:1:1:1 2:1:1:1 3:1:1:1
PA:PO,:NO;:NO,

Figure 6. Selectivity results for CisGGGhex at pH 6 with molar ratios equivalent to 10 ppm phosphate. Phosphate is bound more than nitrate and nitrite
in all cases. In the case of equimolar PA to phosphate, C1sGGGhex binds 52% of the phosphate present and less than 5% of nitrate and nitrite, exhibiting
excellent selectivity in these conditions. As the concentration of PA increases, CisGGGhex begins to bind to nitrite and nitrate in a linearly increasing
trend, while still binding phosphate most.

In all cases, we observe that C1sGGGhex binds to phosphate significantly more than to either of the competing oxyanions. In the 1:1:1:1
case, C1sGGGhexbindsless than 5% of nitrate and nitrite but is still able to sequester 52% of phosphate, consistent with its binding performance
without competing ions (see Figure 3C). Thus, at this lower concentration of PA, we observe excellent selectivity and see C1sGGGhex
performing its designed-in molecular recognition functionality. As we increase the amount of PA in the system, C1s§GGGhex continues to bind
phosphate aligned with the previously observed amounts in Figure 3C, but it discriminates phosphate less, following a linear trend of binding
increasing amounts of nitrate and nitrite up to 35% and 31%, respectively. This trend could be indicative of the molecular-recognition P-loop
being less exclusively employed to capture phosphate through the signature selective nested cavity formation. Instead, Ci1sGGGhex is likely
indiscriminately binding nitrite and nitrate by electrostatic attraction to the positively charged lysine, whose abundance increases as the PA
concentration increases. It could also be that the densely packed corona prohibits the peptides from adopting the molecular-recognition P-loop
nested cavity formation as readily, decreasing its designed-in means to select only phosphate. However, because we do not simply observe
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proportionate binding of anions in each case but rather observe a linear binding trend that ends in nearly zero binding of competitors, a strong
case can be made for P-loop molecular recognition in the 1:1:1:1 conditions.

While these preliminary results present opportunities for optimizing exclusive binding to phosphate even with excess binding sites present,
we nonetheless observe molecular preference for phosphate in all cases, with particular success in discriminating between phosphate and its
competitors with equimolar amounts of binding sites and phosphate. To harken back to our previous findings in considering routes for
optimization, the unique multi-chain binding observed in our micelle simulations presents an intriguing starting point, specific to the versatility
PA micelles, to design increased molecular selectivity in future rounds of synthesis.

2.6 Cycles of Capture and Release

Finally, we evaluated the capture, release, and reclamation functionality of this material, as well as its durability upon cycles of reuse, providing
valuable information for the practical phosphate reclamation potential of our material platform. We sequentially adjusted the pH from 6 to the
acidic or basic release pH, collecting and analyzing the filtrate at each step. After filtration at the release pH, we added phosphate to re-achieve
a starting concentration of 50 ppm, as calculated from the phosphate concentration of the filtrate.

- =[]=pH 11 Release
100 =(=pH 2 Release

~
[$)]

PO, Bound (%)
R g

BT AT SR e
Cycle

Figure 7. Capture and release results for CisGGGhex. The filled-in markers represent the pH 6 capture condition, while the open markers represent the
release condition of either pH 2 or 11. The gray rectangle depict the release step from pH 6 to either pH 2 or 11. The material demonstrates an ability
to reversibly capture and release phosphate for both the release pH 2 and pH 11. For the pH 11 release condition, the material becomes unable to
rebind nearly half of the present phosphate after 3 cycles. It was noted that the solution turns notably cloudy, highlighting how the PA aggregation at
high pH likely contributed to a decreased ability to rebind phosphate. For the pH 2 release condition, the material could rebind greater than 73% of
phosphate and release up to 75% of phosphate for up to 7 cycles, becoming the superior release condition.

The cycles of capture and release data in Figure 7 demonstrate that our material does indeed perform sequential binding and release, and it
also highlighted interesting material properties at pH 11. For pH 2 triggered release, the material was able to expel and rebind phosphate for up
to the 7 cycles tested, rebinding up to 73% each time and releasing up to 75%. The capture and release performance both diminish as the number
of cycles increases, which could be a function of increased time required to achieve equilibrium after successive cycles, highlighting the potential
for optimization of this process. The material using a pH 11 triggered release, on the other hand, exhibited a sharp decrease in ability to rebind
after only 3 cycles, binding only 55% of the added phosphate in solution. Since this performance was markedly worse, we ceased performing
further cycles under this release condition after this point. We believe that this trend is occurring due to the clumping of micelles observed at
high pH, which was visually supported by a significant increase in cloudiness of the sample after successive cycles. Thus, it appears that the
fundamentally altered binding ability at pH 11, as observed in the simulation results, also negatively impacts the functionality of the material
when operating repetitively at these basic release conditions. The decrease in binding for both systems could also be due to loss of unimer PAs
upon wash steps. This loss could be averted by locking the assemblies through internal covalent crosslinks, a straightforward design change that
has been employed previously,” which could increase the robustness and recyclability of the PA micelle network.

In sum, these data demonstrate that our material is capable of successive capture and release of phosphate, as opposed to remaining

permanently bound like many adsorbents,**~’

with promise for further process optimization. More broadly, they highlight the feasibility of
using an entangled wormlike micelle structure with phosphate binding units coating the fibers to practically catch, retain, and separate out the

phosphate from water, an advantage over the free-floating peptides which would be difficult to partition out from the solution.

3. Conclusion

We have designed, synthesized, and characterized a prototype of a materials platform to capture and reclaim phosphate, utilizing self-
assembled peptide amphiphiles that easily incorporate specific protein-inspired binding sequences to molecularly recognize their specific
targets. These peptide amphiphile wormlike micelles form a dense entangled suspension that becomes a solid support for straightforward
collection of phosphate in response to a pH trigger. The PA material C1sGGGhex sequestered 100% of phosphate at pH 6 and released up to
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75% at pH 2 for up to seven cycles. C1sGGGhex also was found to selectively bind to phosphate over nitrate and nitrite. Detailed atomistic
simulations with advanced sampling confirm that the assembled state of the material fundamentally alters the pH binding functionality
compared to the free peptide, shifting the maximal binding conditions from pH 10.5 to 6 due to the micellar headgroup becoming
conformationally constrained at high pH, thereby expelling the phosphate. At pH 6, simulations indicate that unimer PAs do not bind
phosphate, but they are able to do so via multi-chain binding when assembled into a micelle. Our simulations serve to highlight the important
role of PA packing in phosphate binding behavior and suggest a new multi-chain phosphate-binding mechanism that is unique to PA micelles,
reminiscent of the tertiary structure adopted by proteins for targeted binding. These findings indicate that PA packing in micelles is an important
design factor, thus opening up a new avenue of relying upon multi-chain binding motifs for the design of selective ion-sequestering materials.

This work represents a first step in our aim to incorporate protein-inspired design into a tunable synthetic material for practical resource
reclamation from wastewater. Since this material platform so naturally incorporates protein-inspired binding sequences, we are positioned to
easily modify the binding sequence to target a wide array of other valuable resources in wastewater. Overall, if proven to be scalable and cost-
effective, this novel materials platform could potentially provide a paradigm shift in materials development for specific capture and reclamation

for wastewater.
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