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ABSTRACT 

Biological materials possess highly sophisticated material properties that are intrinsically 

connected to their molecular and intermolecular design. In recent decades, engineers have 

designed creative synthetic material platforms that translate these properties to tunable material 

systems in order to address emerging challenges facing society. One intriguing biological property 

to mimic is the ability of protein to molecularly recognize and bind to specific targets, which could 

be repurposed to address key challenges such as resource recovery from water or detecting harmful 

aqueous contaminants. However, tunable bio-inspired material platforms with this function are 

rare. Here, this thesis presents the design, synthesis, and characterization of a material platform 

based on peptide amphiphile micelles that exploits the natural binding ability of protein and 

selectively and reversibly binds to phosphate. By utilizing a stimuli-responsive pH trigger, this 

material is engineered for resource recovery and detection of phosphate by incorporating a protein-

extracted binding sequence into the material framework. In Chapter 2, the prototype design, 

synthesis, and characterization of single-component peptide amphiphile micelles are described. 

The fundamental phosphate binding characteristics are probed, including the pH-dependence of 

binding, selectivity over nitrate and nitrite, and reusability of the material. Molecular dynamics 

simulations are also employed to gain further insight into the molecular mechanism of binding in 

this system. Chapter 3 describes an enhanced design based on multi-component peptide 

amphiphile micelles and single peptide resin systems. This work provides additional insight into 

design principles for mimicking protein-inspired binding of phosphate in synthetic materials. 

Chapter 4 describes an unexpected intrinsic fluorescence property that was discovered in these 

peptide amphiphile micelles according to the aggregation-induced emission (AIE) effect. The 

fundamental fluorescent properties are characterized, and the ability of this material to signal 
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phosphate binding is described. Chapter 5 summarizes the work and discusses future directions. 

Overall, this work presents a rational design and thorough study of a novel synthetic material 

platform that harnesses the targeting ability of proteins, offering valuable insight for future protein-

inspired synthetic materials designed to this end.
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CHAPTER 1. 

INTRODUCTION 

1.1 BIOMIMETIC BINDING MATERIALS: MOTIVATION AND BACKGROUND  

Biologically inspired materials have received intense interest in recent decades,1–3 and for 

good reason—Nature’s materials have evolved to perform certain functions extremely well and 

with exact precision.4 Since these functions are intrinsically related to their material design and 

inter- and intra-molecular interactions, scholars have been wise to learn from biological materials 

and then harness this insight to engineer advanced functions into informed synthetic materials, 

resulting in important advances in fundamental insight and practical application. These 

applications of biomimetic materials can be directly derived from native protein functionality,1 

such as materials for cellular adhesion,2,5 collagen-based mechanical properties,6 or antimicrobial 

activity.7–9 Functionality of biomimetic materials can also be repurposed for an engineered 

application distinct from their native design, such as designing materials for targeted drug 

delivery,10 stimuli responsiveness,11 nerve regeneration,12,13 or treatment for atherosclerosis.14,15  

One intriguing protein-inspired function to repurpose is the ability of proteins to target and 

sequester a specific molecule. It is well known that proteins have the ability to recognize and 

reversibly bind to a specific target, and many biological functions hinge upon this key protein trait. 

Molecular-recognition materials engineered to mimic this function could access unique design 

traits of proteins to perform precise protein-inspired binding, with applications in resource 

reclamation,16 sensing applications,17,18 or biomedical use, including targeted removal of excess 

nutrients affiliated with certain diseases, such as a high concentration of phosphate for patients 

with chronic kidney disease.19 
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Several biologically inspired materials have already been engineered with derived protein-

binding function. Chuan He and coworkers engineered a protein that was able to bind to uranyl 

with femtomolar affinity through using a computational screening process to identify repurposed 

uranyl-binding sites.20 This group also repurposed molybdate-binding protein to bind to perrhenate 

with increased affinity through selective mutation.21 Using a similar computational design 

approach used to design the uranyl-binding protein, Dan Tawfik and coworkers designed de novo 

β-α repeat proteins that binds to phosphate, using as few as 55 amino acid residues which is well 

below the typical size of a protein.22 Biomimetic binding materials have also been identified using 

a combinatorial library approach, with Abigail Knight and coworkers successfully designing 

peptoid-based materials that selectively bound to chromium23 and cadmium.24 While the examples 

described so far have all been in situ, several groups have found success in tethering a bio-inspired 

binding moiety to a surface. Julie Renner and coworkers immobilized a peptide to a metal surface 

to develop an adsorbent material. When the peptide selectively bound to cerium, it was also able 

to selectively adsorb phosphate.16 In a similar manner, Rui Zhao and coworkers immobilized a 

peptide to a nanointerface to capture circulating tumor cells.25  

While these works represent important progress in designing bio-inspired binding materials, 

there are among the very limited number of engineered systems designed to this end. Mimicking 

protein-binding offers enticing potential to achieve heightened specificity, but it is nevertheless 

quite difficult to successfully translate this protein behavior into a synthetic material. This 

discrepancy between potential and reality prompts a call for newly engineered protein-analogous 

materials to be repurposed for this function, employing a feedback design scheme of 

complementary experimental and computational results for optimized molecular design and 

mechanistic insight. 
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1.2  PHOSPHATE AS A STRATEGIC TARGET FOR A BIOMIMETIC BINDING MATERIAL 

1.2.1 MOTIVATION FOR RESOURCE RECOVERY AND PHOSPHATE SEQUESTERING AND SENSING 

A protein-inspired binding material would be uniquely suited for the emerging need to 

recover and conserve resources from water. Essential resources are being unsustainably depleted 

while the global demand increasingly rises, and society is turning towards wastewater as a new 

source for reclaiming valuable products or toxic chemicals,26–29 including rare metals,30 critical 

fertilizer ingredients,31 and pharmaceutical products.32,33 Our ability to harvest these, however, is 

limited by several infrastructural, societal, and technological challenges.26 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 for recovery and 

detection. 

A strategic target compound for development of a prototype capture-and-release material is 

phosphate, a commodity widely targeted by technologies for reclamation.16,31,34–41 This limited 

resource is an essential ingredient in many fertilizers,42,43 but at its current rate of extraction, it is 

projected to be expended in 50 to 100 years.44 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.45 An effective, capture-and-release 

material could be strategically employed to target and recover phosphate from where it is 

detrimental and reinsert it where it is depleted yet greatly needed. 

There has also been complementary interest in designing phosphate-specific sensors to 

detect phosphate concentration in soil in real-time.46 This data would be highly valuable to farmers 

who could adjust their fertilizer distribution accordingly, preventing large fertilizer excesses from 

entering runoff and damaging local ecosystems. 
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1.2.2 CURRENT BIO-INSPIRED APPROACHES FOR PHOSPHATE RECOVERY 

Several techniques already exist that rely upon bio-inspired targeting to reclaim phosphate 

for reuse. Natural abilities of phosphate-processing organisms have been harnessed in their raw 

form to reclaim phosphorus,40 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.31,35,38–40 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.35 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. 

1.2.3 INSIGHTS FROM PHOSPHATE-BINDING IN PROTEINS AND SYNTHETIC DERIVATIVES 

 Phosphate is a strategic target for a bio-inspired molecular recognition material not just 

because there is a clear need for its selective recovery and detection, but also because there is a 

rich body of literature that has uncovered critical mechanistic insights into phosphate binding by 

phosphate-binding proteins (PBPs), thus making material design and development feasible. To 

design a synthetic phosphate-binding material inspired by these proteins, one must identify the key 

binding factors utilized by proteins and consider how to best translate them into a tunable synthetic 

material. 
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Phosphate-binding behavior by PBPs was first studied with intent interest in the 1980s47 and 

early 1990s48 and have been further characterized since then, with three key binding traits being 

identified: electrostatic stabilization, hydrogen bonding, and local nested cavity conformation.49 

The first studies identified that the majority of PBPs possess a conserved sequence, denoted the P-

loop48,50 or later the Walker A motif,22 that has the amino acid sequence of GXXXGK(T,S), where 

X could be any amino acid. This motif was found to adopt an LRLR nested cavity formation that 

usually served as a turning point in the structure of proteins between an alpha helix and a beta-

sheet on either side of this sequence, with “L” and “R” referring to angles that the local structure 

adopts.49,51–54 This discovered nest was termed a “giant anion hole” in the 1980s.47 The conserved 

glycine and lysine residues have also been emphasized as key factors in facilitating phosphate 

binding.55 The positively charged amine of the lysine side chain likely plays a critical role in 

stabilizing the negatively charged target molecule, and the flexibility of the glycine residues 

facilitates the Walker A motif to readily adopt the angles necessary to form the nested cavity 

conformation to bind to phosphate. In addition to charge and conformation playing critical roles 

in binding, the final identified contributor for binding is the hydrogen bonding that occurs through 

the amide bonds in the backbone of the peptide, which are displayed to the anion in the nest.  

This functional motif is simple and quite short compared to other binding schemes that 

proteins employ, which often incorporate complex tertiary and quaternary structures that utilize 

amino acid residues from remote locations in a protein for binding.4 As such, several studies have 

sought to deploy this shorter motif in engineered systems to bind to phosphate, with promising 

preliminary success. As previously mentioned, Dan Tawfik and coworkers performed a thoughtful 

study to engineer a phosphate-binding protein-inspired material that utilized this Walker A motif 

while incorporating alpha helices and beta sheet segments on either side to more closely mimic 
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the native state.22 Several other studies further reduced the native structure to isolate only the P-

loop sequence, SGAGKT, and found that this short peptide sequence was able to bind to phosphate 

as well.56,57 However, though these initial studies offer promise and important insight, they are 

limited in their ability to be practically implemented for reclamation purposes given that they are 

small molecules, and there is additional room for optimization of the binding methodology. Thus, 

one can harness the three key identified binding factors—charge, hydrogen bonding, and local nest 

conformation—along with the promise of the initial studies, and engineer an optimized, responsive 

system that can molecularly recognize phosphate through mimicking protein behavior for practical 

application, with promise to readily adapt the binding motif to target other molecules of interest. 

1.3 PEPTIDE AMPHIPHILE MICELLES: STRATEGIC PLATFORM FOR BIOMIMETIC BINDING  

Peptide amphiphiles (PAs) are a strategic platform for design of a novel biomimetic 

molecular-recognition material due to their protein-mimicking features and their precise control 

over molecular and macroscopic design for practical application. PAs consist of a short peptide 

sequence “headgroup” conjugated to a hydrophobic “tail” that causes spontaneous self-assembly 

into micelles in water. The PAs can be precisely designed and synthesized to feature multiple 

functional “building block” segments,58,59 such as protein-derived binding amino acid sequences 

that are systematically displayed upon assembly in the micelle coronae,60 or segments to promote 

protein secondary structure conformations in the headgroup,61 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 delivery14,62 and cell adhesion,5 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,63 which 

exploits similar concepts but could have differences in its practical implementation due to 
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molecular size and transport phenomena. Novel 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.64–66  

In addition to possessing advantages in synthesis and targeted binding, PAs also feature 

unique material characteristics with precise control over multiple length scales as well as stimuli-

responsiveness. The micelle architecture of PA spontaneous self-assembly can be precisely tuned 

according to well-studied strategies to direct the PAs towards self-assembly into wormlike 

micelles that form an entangled, dense suspension.67 This network can then be designed to host a 

multitude of phosphate-binding sites on its exposed surfaces, providing a physical structure for 

capture of phosphate. PAs have also been designed for pH-related stimuli responsive behavior,11 

making this platform promising for reclamation of phosphate once it is bound or for stimuli-

responsive sensing for detection of phosphate in water. Although the initial PA prototype will 

target phosphate, the versatility and breadth of PAs allows for straightforward modification of 

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. 

1.4 PEPTIDE AMPHIPHILE MICELLES FOR SEQUESTERING AND SENSING OF PHOSPHATE 

In this thesis, I present a newly engineered peptide amphiphile material that targets 

phosphate for harvesting and detection, exploiting the natural ability of proteins to bind and 

incorporating it into a tunable synthetic material. In Chapter 2, I present the prototype design, 

synthesis, and characterization of a single-component PA micelle that was shown to selectively 

and reversibly bind to phosphate through pH-responsive binding behavior. This work translated 
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the insights from protein binding behavior into a deployable material for selective harvesting of 

critical nutrients, and it employed molecular dynamic simulations to elucidate critical insight into 

the binding mechanism within the peptide micelle corona. With this work, ion recognition was 

successfully bridged from proteins to synthetic material. 

In Chapter 3, I describe the advanced engineered design of a multi-component PA micelle 

aimed to further enhance selectivity and binding efficacy. By combining experimental and 

computational results, this work derived intriguing insights into ion binding within a PA micelle 

that was found to perform binding mechanisms unavailable in native proteins. This chapter also 

describes binding to isolated peptides on a solid support resin, which provides additional insight 

into the mechanism of binding within a densely packed peptide micelle corona. This work is an 

important step towards determining which features are required to translate protein functionality 

into the PA micelle material platform, offering insights for future rounds of design and 

optimization. 

In Chapter 4, I describe an unexpected intrinsic fluorescence property that was discovered 

in this PA micelle material attributed to the aggregation-induced emission (AIE) effect. I 

characterize this fluorescence for three PA systems, which offers preliminary insight on how to 

further optimize emission effects in future rounds of design. I then show preliminary results 

describing its promise as a sensing material for phosphate detection in water. Concluding remarks 

are then presented in Chapter 5.  
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CHAPTER 2. 

DESIGN, SYNTHESIS AND CHARACTERIZATION OF SINGLE-COMPONENT PEPTIDE AMPHIPHILE 

MICELLES TO CAPTURE AND RECLAIM PHOSPHATE 

This chapter is modified and reprinted with permission from Fowler, W. C.; Deng, C.; 

Griffen, G. M.; Teodoro, T.; Guo, A. Z.; Zaiden, M.; Gottlieb, M.; Pablo, J. J. De; Tirrell, M. V. 

Harnessing Peptide Binding to Capture and Reclaim Phosphate. J. Am. Chem. Soc. 2021, 143, 

4440–4450. https://pubs.acs.org/doi/10.1021/jacs.1c01241. Copyright 2021 American Chemical 

Society. Further permission related to the material excerpted should be directed to the ACS. 

2.1 INTRODUCTION 

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. 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.67 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 
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valuable resources such as heavy metals, pharmaceuticals, or bioplastics, with the potential to truly 

become a modular materials platform for wastewater resource recovery.  

2.2 EXPERIMENTAL METHODS 

2.2.1 SYNTHESIS AND PURIFICATION OF PEPTIDE AMPHIPHILE MICELLES AND MICELLE 

PREPARATION PROCEDURE 

Two peptide sequences (GGGSGAGKT and SGAGKTSSSGGK(dde-

protected)GGHHHSGAGKT) were synthesized on 0.25 mmoles of rink amide resin 

(Novabiochem) through standard FMOC solid phase peptide synthesis using an automated Prelude 

X Benchtop Synthesizer (Protein Technologies, Tuscon, AZ, USA). For each coupling step, the 

FMOC protecting group was first removed from the resin using 20% piperidine in 

dimethylformamide (DMF). Separately, the amino acid was activated with N,N,N’,N’-

Tetramethyl-O-(1H-benzotriazol-1-yl)uranium hexafluorophosphate (HBTU) and N,N-

Diisopropylethylamine (DIPEA) in a molar ratio of 1:4:3.95:8 of resin: amino acid: HBTU: 

DIPEA. The activated amino acid cocktail was then added to the deprotected resin and then 

allowed to mix to conjugate.  

After the amino acid couplings were completed, each peptide was then coupled with a 

palmitic acid tail. For the GGGSGAGKT peptide, the palmitic acid was simply conjugated to the 

deprotected glycine N-terminus. For the SGAGKTSSSGGK(dde-protected)GGHHHSGAGKT 

peptide, the palmitic acid was conjugated to the side chain of the 10th residue lysine, ensuring first 

that the FMOC protecting group on the 1st residue serine was not removed in the standard coupling 

procedure. The deprotecting cocktail for the dde-protecting group of the lysine was prepared by 

dissolving 1.8 mmol NH2OH.HCl and 1.35 mmol Imidazole in 5 mL N-Methyl-2-pyrrolidone 

(NMP), sonicating until dissolved. Just before adding the solution to the resin, Dichloromethane 



11 
 

(DCM) was added in a 1:5 DCM to cocktail by volume proportion. The cocktail was then added 

to the resin and the solution was shaken for 3 hours to deprotect the side chain lysine. The solution 

was drained and washed with DCM and DMF. The palmitic acid was coupled to this free amine 

using the standard coupling cocktail described previously. After palmitic acid coupling, the FMOC 

of the serine was deprotected with 20% piperidine in DMF to leave a positively charged N-

terminus.  

After drying the resin under nitrogen, the peptide amphiphiles were then cleaved from the 

resin using a 95:2.5:2.5 by volume trifluoroacetic acid: triisopropylsilane: MilliQ water cleavage 

cocktail for 2 hours while shaking. The cleaved peptide amphiphiles were then precipitated 

through dropwise addition of the cleavage solution in a 50:50 by volume hexanes: -80 oC diethyl 

ether solution. The peptide amphiphiles were dried under nitrogen and dissolved in water.  

The peptide amphiphiles were purified using reverse-phase HPLC (Prominence, Shimadzu, 

Columbia, MD, USA) on a C8 column (Waters, Milford, MA, USA) at 50 oC using acetonitrile 

and water with 0.1% formic acid as gradient mobile phases. The molecular weight of the products 

in the HPLC fractions were characterized by MALDI-TOF mass spectral analysis (Biflex III, 

Bruker, Billerica, MA, USA). The product-verified fractions were lyophilized and stored as 

powders at -20 oC. The purity was analyzed using a similar gradient method on an Agilent 6130 

LCMS system in the University of Chicago’s Mass Spectrometry Facility, using a Waters column, 

C8, XBridge, 4.6 mm × 150 mm, 5 μm particle size, and 130 Å pore size. The purity was calculated 

by integrating the area under the peaks during the elution time and dividing the area of the product 

peak by the area of all peaks, excluding peaks that were artifacts of the method. The purity was 

confirmed to be greater than 95% for both PAs. 
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Finally, the PA micelles were fabricated through dissolving the lyophilized powder in 

MilliQ water at the desired concentration, heating at 70 oC for 1 hour on a mechanical shaker, and 

letting the solution cool down and equilibrate at room temperature for at least 2 hours before 

experimental use. 

2.2.2  CRITICAL MICELLE CONCENTRATION (CMC) DETERMINATION 

The CMC was calculated by marking an increase of fluorescence intensity, corresponding 

to an increased micelle concentration, of a dissolved dye that fluoresces in the presence of 

hydrophobic micelle cores. To execute this experiment, 1,6-diphenyl-1,3,5-hexatriene (DPH) dye 

was dissolved in tetrahydrofuran at a concentration of 100mM and then diluted in water to a final 

concentration of 1 µM. Each PA was dissolved in 1 µM DPH solution and serially diluted by half 

to range from 0.001 µM to 1000 µM, performed in triplicates for each PA. The dilutions were 

allowed to equilibrate for one hour while covered with aluminum foil at room temperature. They 

were then transferred to a 96-well plate in triplicates to minimize instrument error. Their 

fluorescence intensity was measured using a Tecan Infinite 200 plate reader (Mannedorf, 

Switzerland) with an excitation wavelength of 360 nm and an emission wavelength of 430 nm. 

The data were plotted with a log-transformed concentration and fit with two linear lines of best fit, 

one corresponding to the zero-slope portion and one fitting the data with increased fluorescence 

intensity. The CMC was identified as the intersection of these two fitted lines, approximating the 

inflection point of increased fluorescence intensity. 

2.2.3 NEGATIVE-STAIN TRANSMISSION ELECTRON MICROSCOPY (TEM) IMAGING  

Carbon film 200 mesh copper grids were glow discharged with a Gatan Solarus plasma 

cleaning system for 30 s. They were then loaded with 3.5 µL of PAs for 1 minute, and then the 

excess was removed through blotting with filter paper. The grids were negatively stained with 
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0.75% uranyl formate for 45 s, blotted off to remove excess stain, and then were allowed to air dry 

before imaging. All transmission electron microscopy (TEM) imaging was performed on either 

the FEI Tecnai TF30 300 kV TEM (Hillsboro, OR, USA) or the FEI Tecnai Spirit 120 kV TEM 

(Hillsboro, OR, USA). The images were processed and measured digitally using ImageJ software, 

and the average dimensions were calculated from a sample size of at least 10 micelles.  

2.2.4  MOLYBDENUM BLUE ASSAY FOR ANALYZING PHOSPHATE IN SOLUTION 

To determine the amount of phosphate in solution, a spectrophotometric assay referred to 

as the molybdenum blue reaction was employed, which emits a blue color linearly proportional to 

the amount of phosphate present in solution. The reaction involves the following steps:  

PO4
3- + 12 MoO4

2- + 27 H+  →  H3PO4(MoO3)12 + 12 H2O   (1) 

H3PMo(VI)12O40 + reductant  →  [H4PMo(VI)8Mo(V)4O40]
3-.  (2) 

The first step consists of the reaction between phosphate, ammonium molybdate, and acid, 

producing a product that is then reduced in the second step to produce the final blue-colored 

product. Our procedure was modified from previous molybdenum blue assay designs.68,69 For our 

procedure, the following reagents were prepared: 0.10 M ammonium molybdate (VI) tetrahydrate 

(ACS reagent, Acros Organics) in MilliQ water, 10%wt thiourea (99+%, for analysis, Acros 

Organics) in MilliQ water, 0.9 M sulfuric acid, and Na2HPO4 anhydrous (Fisher Scientific) in 

water at two concentrations of 1mM and 250 ppm phosphate. To conduct the assay for the 

calibration curve samples, 5 µL of ammonium molybdate, 10 µL of thiourea, and 5 µL of sulfuric 

acid were added in that order to 230 µL of a phosphate-containing solution with a concentration 

ranging from 0 to 50 ppm in MilliQ, diluted from the 250 ppm phosphate stock. Note that the 

reaction is catalyzed by acid, so the acid was added last and the time was recorded at this step to 

designate the start time of the reaction. The solution was vortexed and allowed to react for 45 
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minutes. Slightly before the reaction was completed, 75 µL of the molybdenum blue reaction 

solution was transferred in triplicates to a 96-well clear round-bottom plate. This was injected into 

a Tecan Infinite 200 plate reader (Mannedorf, Switzerland) so that it would be ready to be 

characterized precisely at the 45-minute mark. The spectrophotometric absorbance was measured 

at a wavelength of 700 nm and averaged between the three samples to minimize measurement 

error. The ammonium molybdate and phosphate stock solutions were recreated biweekly, to 

account for their shorter shelf life. 

Each time this method was employed to derive the phosphate concentration of an unknown 

solution, a calibration curve with three samples of known phosphate concentration (0, 25, and 50 

ppm) was created. A new curve was created each time to account for small fluctuations in 

absorbance depending on the age of reagents or time allowed to react. The data were fit with a 

linear line of best fit and were used the calculate the phosphate concentration of the unknown 

sample. The curve was rejected and recreated if the R-squared value was less than 0.99.  

2.2.5  ANALYSIS OF PH-DEPENDENT PHOSPHATE BINDING 

The binding experiments consisted of combining PA and PO4 solutions, adjusting the pH, 

physically separating the PA micelles from the solution with unbound phosphate, and analyzing 

the phosphate concentration of the filtrate. To perform a single measurement pH-dependent 

binding experiment, 62.5 µL of 1 mM Na2HPO4 stock was combined with 62.5 µL of a PA solution 

in MilliQ at a predetermined concentration to achieve the desired molar ratio of PA binding unit: 

PO4, with a final phosphate concentration of 0.5mM for all binding experiments. Because 

C16SGKGHhex has two binding units per molecule and C16GGGhex only has one, the 

concentration of C16SGKGHhex was half that of C16GGGhex to achieve the same molar ratio to 

phosphate. Upon combining the solutions, the pH was adjusted to the desired pH condition using 
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minimal 0.25 M HCl and 0.25 M NaOH, vortexting between additions, and the pH was measured 

using a Fisher Scientific Accumet XL500 pH/ISE/Conductivity Benchtop Meter (Vernon Hills , 

IL, USA) and a Fisherbrand Accumet Micro Glass Mercury-Free Combination Electrode. Upon 

reaching the target pH, the PA/PO4 solution was centrifuged at 9000 g-1 for 2 minutes to collect 

any viscous PA material that had accumulated on the side of the container, then transferred to a 

1mL disposable pipette and filtered using a 13 mm 0.22 µm GHP Acrodisc syringe filter, collecting 

the filtrate sans PA in another vial. 75 µL of the filtrate was withdrawn and analyzed using 

proportional volumes of the spectrophotometric assay reagents (1.63 µL ammonium molybdate, 

3.26 µL thiourea, and 1.63 µL sulfuric acid) and adhering to the rest of the assay protocol. For pH 

2, 10, and 11 samples, the amount of added 0.25M NaOH and HCl for pH adjustment was recorded 

per sample, and the pH of each of the calibration point samples was adjusted to the same pH using 

an equivalent proportional volume of the NaOH and HCl that was added to the binding sample. 

The phosphate concentration of the assay sample was calculated using the calibration curve 

generated with each sample. The original phosphate concentration of the filtrate was then 

determined by accounting for the volume of the added spectrophotometric reagents which diluted 

the reading. This was repeated in duplicates or triplicates for each pH condition.  

2.2.6  ANALYSIS OF KINETICS OF BINDING  

This experiment was conducted similarly to the single measurement pH dependent binding 

experiments, but the total volume was increased to account for multiple samples being withdraw 

and multiple measurements taken. The total volume was calculated according to the following 

scheme: 125 µL * (number of samples) + 200 µL, with the last term ensuring that enough sample 

was retained. A solution of 5:1 ratio of C16GGGhex to PO4 at the desired volume was prepared 

such that the final concentration of PO4 was 0.5 mM. The pH of the solution was adjusted using 
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minimal HCl and NaOH to the desired pH condition. At each time point, beginning from the 

moment the desired pH was attained, the pH of the sample was recorded using Hydrion pH paper 

and 125 µL of solution was withdrawn, filtered, and analyzed as described previously.  

2.2.7  ANALYSIS OF SELECTIVITY OVER NITRATE AND NITRITE 

Samples were prepared in MilliQ in molar ratios of 1:1:1:1, 2:1:1:1, and 3:1:1:1 of 

PA:PO4:NO3:NO2 equivalent to 10 ppm PO4. The pH was adjusted and measured as previously 

described, and the solutions were mixed for 30 minutes to ensure the samples reached equilibrium 

in the more dilute regime. The samples were filtered as previously described to partition out the 

PA, and the filtrate was analyzed using ion chromatography.  

Ion chromatography was preformed using a Thermo Scientific Dionex ICS-5000+ equipped 

with a Dionex AS-DV autosampler and using a Dionex IonPac AS22 column (Product No 064141, 

Thermo Scientific, California, USA). The analysis was run using an eluent of 4.5 mM Sodium 

Carbonate and 1.4 mM Sodium Bicarbonate (Product No 063965 from Thermo Scientific, 

California, USA) and a Dionex AERS 500 Carbonate 4 mm Electrolutically Regenerated 

Suppressor (Product No 085029 from Thermo Scientific, California, USA). 

2.2.8  ANALYSIS OF CYCLES OF CAPTURE AND RELEASE  

The capture and release method was designed to simulate usage conditions of filtration 

through a packed bed reactor, collecting the released phosphate at designated release intervals. To 

simulate this, a 520 µL solution of C16GGGhex and PO4 was prepared in a 5:1 ratio such that the 

final concentration was 0.5 mM. To capture the phosphate, the pH was adjusted to pH 6 as 

described previously and left to equilibrate in a shake plate at 200rpm for 30 minutes. 500 µL of 

this solution was transferred to the filter compartment of an Amicon Ultra 0.5 mL 3K MWCO 

centrifugal filter and centrifuged for 4 minutes at 9,000 g-1. This filtrate was analyzed using the 
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spectroscopic assay as described previously. A new reclamation vial was switched out, and the 

retained PA was then washed with 200 µL Milli-Q water 6 times, centrifuging each time at the 

previous conditions, to ensure all unbound phosphate was removed from the dense PA suspension. 

The PA material was then recovered by inverting the filter compartment and collecting in a new 

collection vial by centrifuging at 1,000 g-1 for 10 minutes, or until all sample was recovered.  

To perform the phosphate release and reclamation, 100µL of Milli-Q water was added to 

the filtration compartment and vortexed until well mixed with the PA. The now more dilute PA 

solution was transferred to a new binding analysis vial, and the total volume transferred was 

recorded. The volume of the recovered solution was raised to 480 µL using Milli-Q water, and the 

pH was adjusted to the desired release pH as previously described and left to equilibrate in a shake 

plate at 200rpm for 30 minutes. The amount of added acid and base was recorded. Upon reaching 

the target pH, Milli-Q water was added to reach a final volume of 500 µL. The released phosphate 

was then collected by transferring the solution to a centrifugal filter and centrifuging at 9,000 g-1 

for 4 minutes. This filtrate was then analyzed using the spectrophotometric assay, adjusted for pH 

as previously described. The PA solution was washed as previously described. To prepare the 

solution for a recapture process, phosphate was added to the solution based on the amount of 

retained phosphate ions in the material as determined from the assay to obtain a 5:1 ratio of PA:PO4 

at a 0.5 mM concentration of PO4 and a final volume of 500 µL. The solution was adjusted to pH 

6, and the process was repeated as many times as desired.  

2.2.9  ANALYSIS OF THE EFFECT OF NACL ON BINDING AND THE MOLYBDENUM BLUE ASSAY 

Samples were prepared in a 5:1 ratio of C16GGGhex:PO4 and varying NaCl concentrations 

such that the final PO4 concentration was 0.5 mM and the final NaCl concentrations ranged from 

2 µM to 40 µM. The samples were then adjusted to pH 6, filtered, and analyzed as described 
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previously. To assess whether increased NaCl influences the reading of this assay, molybdenum 

blue calibration curves were constructed with varying amounts of NaCl added to match the final 

NaCl concentrations tested in the binding experiments. These curves were then compared to a 

standardized curve with no NaCl added.   

2.2.10 SIMULATION MODEL AND FORCE FIELD PARAMETERS  

Atomistic Model: The simulations used the GROningen MAchine for Chemical Simulations 

(GROMACS)70 package and the ABF enhanced sampling methods implemented in SSAGES.71 

The PAs were modeled using the CHARMM forcefield72 and water was modeled using the TIP3P 

model.73 Custom force field parameters used for phosphate ions are listed in Tables 2.1-2.4. The 

Lorentz-Berthelot mixing rule was used for unlike non-bonded interactions involving phosphate 

atoms. Nonbonded interactions were calculated using a 12 Å cutoff distance. Long-range 

electrostatic interactions were handled using fast smooth Particle-Mesh Ewald (SPME)74 with a 

0.12 nm Fourier spacing. Covalent bonds involving hydrogens were constrained using the LINCS 

algorithm.75 All simulations were integrated using the leap-frog algorithm with a 2-fs timestep. All 

temperature-coupling used was Nosé–Hoover thermostat with a time constant of 0.1 ps used to 

maintain the temperature at 300 K. 

Phosphate Force Field Parameters: Atom types in phosphate were assigned in the following 

way. In H2PO4
-, the phosphate atom is PMHP; the unprotonated oxygen atom is OPMH; OHMH 

and HOMH are the hydrogen atoms and the protonated oxygen atoms, respectively. In HPO4
2-, the 

phosphate atom is PDHP; the unprotonated oxygen atom is OPDH; OHDH and HODH are the 

hydrogen atoms and the protonated oxygen atoms, respectively.  

The nonbonded interactions include Lennard-Jones interactions and Coulombic 

interactions. For atoms 𝑖 and 𝑗, their nonbonded interaction is: 
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 𝑢𝑛𝑏(𝑟𝑖𝑗) = 4𝜖𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

] +
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
, (1) 

where 𝑟𝑖𝑗 is the separation distance between atoms 𝑖 and 𝑗, 𝜎𝑖𝑗 is the Lennard-Jones diameter, 𝜎𝑖𝑗 

is the Lennard-Jones interaction strength, 𝜀0 is the vacuum permittivity. 𝑞𝑖 and 𝑞𝑗 are the partial 

charges of atoms 𝑖 and 𝑗. See Table 2.1 for nonbonded interaction parameters. 

Table 2.1: Nonbonded interaction potential parameters for phosphate atoms. 

atom 𝑚 

(amu) 

𝜎𝑖𝑖 

(nm) 

𝜖𝑖𝑖 

(
kJ

mol
) 

𝑞 

(𝑒) PMHP 30.974 0.3296 0.6904 1.17 

OPMH 15.999 0.2494 0.418 -

0.91 
OHMH 15.999 0.2672 0.418 -

0.72 
HOMH 1.008 0.04 0.192 0.28 

PDHP 30.974 0.3296 0.6904 1.2 

OPDH 15.999 0.2494 0.418 -

0.78 
OHDH 15.999 0.2494 0.418 -

0.66 
HODH 1.008 0.04 0.192 0.34 

 

 The 1-2 bonded atoms interact via a harmonic bonding potential in the form: 

 𝑢𝑏𝑜𝑛𝑑(𝑟𝑖𝑗) =
𝑘𝑏𝑜𝑛𝑑

2
(𝑟𝑖𝑗 − 𝑟𝑖𝑗

(0))
2

, (2) 

where 𝑟𝑖𝑗 is the separation distance between atoms 𝑖 and 𝑗, 𝑘𝑏𝑜𝑛𝑑 is the force constant and 𝑟𝑖𝑗
(0) is 

the equilibrium bond length. The bonding interaction parameters are listed in Table 2.2. 
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Table 2.2: Bonding potential parameters for phosphate atoms. 

bond 𝑟𝑖𝑗
(0)(nm)   𝑘𝑏𝑜𝑛𝑑 

(
kJ

mol∙nm2) PMHP-

OPMH 

0.154 485344 

PMHP-

OHMH 

0.167 198322 

OHMH-

HOMH 

0.0965 456056 

PDHP-

OPDH 

0.154 485344 

PDHP-

OHDH 

0.167 198322 

OHDH-

HODH 

0.0965 456056 

 

 The 1-2-3 bonded atoms interact via a harmonic bending potential in the form: 

 𝑢𝑏𝑒𝑛𝑑(𝜃𝑖𝑗𝑘) = 𝑘𝑏𝑒𝑛𝑑(𝜃𝑖𝑗𝑘 − 𝜃𝑖𝑗𝑘
(0))

2
, (3) 

where 𝑘𝑏𝑒𝑛𝑑 is the force constant, 𝜃𝑖𝑗𝑘 is the angle between united atoms 𝑖,  𝑗, and 𝑘, and 𝜃𝑖𝑗𝑘
(0)

 

is the equilibrium angle. The bending interaction parameters are listed in Table 2.3. 

Table 2.3: Bending potential parameters for polymer atoms. 

Angle 𝜃𝑖𝑗𝑘
(0)(deg) 𝑘𝑏𝑒𝑛𝑑 

(
kJ

mol∙rad2) OPMH-PMHP-

OPMH 

114.23° 1004 

OPMH-PMHP-

OHMH 

104.1° 827.6 

PMHP-OHMH-

HOMH 

107.9° 836.8 

OPDH-PDHP-

OPDH 

120° 1004 

OPDH-PDHP-

OHDH 

108.7° 827.6 

OHDH-PDHP-

OHDH 

102.9° 827.6 

PDHP-OHDH-

HODH 

107.9° 836.8 

 

 The torsional potentials for 1-2-3-4 bonded united atoms take the form: 

 𝑢𝑡𝑜𝑟𝑠(𝜙𝑖𝑗𝑘𝑙) = 𝑘𝜙[1 + cos(𝑛 𝜙𝑖𝑗𝑘𝑙 − 𝜙𝑖𝑗𝑘𝑙
(0))] (4) 
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where 𝑘𝜙 is the coefficient and 𝜙𝑖𝑗𝑘𝑙 is the dihedral angle defined by atoms 𝑖,  𝑗,  𝑘, and  𝑙. 𝑛 is the 

integer multiplicity and 𝜙𝑖𝑗𝑘𝑙
(0)

 is a refence dihedral angle. The torsional interaction parameters 

are listed in Table 2.4. 

Table 2.4: Torsional interaction parameters for polymer atoms. 

dihedral 𝜙𝑖𝑗𝑘𝑙
(0)(deg) 𝑘𝜙 (

kJ

mol
) 𝑛 

OPMH-PMHP-OHMH-

HOMH 

0° 1.26 3 

OHDH-PDHP-OHDH-

HODH 

0° 1.26 3 

OPDH-PDHP-OPDH-

HODH 

0° 1.26 3 

HODH-OHDH-PDHP-

OPDH 

0° 1.26 3 

1.  

2.2.11 SIMULATIONS OF PHOSPHATE BINDING TO SINGLE-CHAIN 

Simulation Protocols: For the unbiased molecular dynamics simulations, a single 

C16GGGhex chain and a single phosphate ion were placed in a cubic box (7 nm side length). At 

each pH condition, the phosphate ion was initialized at 9 different starting positions relative to the 

PA. For each replica, 20 ns of simulation under NVT ensemble in vacuum was performed to obtain 

a PA-phosphate bound structure. Then the system was solvated in water and a 10-ns NVT 

simulation for equilibration. Subsequently, another 10-ns MD trajectory under NVT ensemble was 

collected for analysis. 

For ABF advanced sampling, two distance CVs identified in the cluster analysis, dSGAGKT 

and dGGG, were used to describe single-chain binding. Specifically, dSGAGKT is defined as the 

distance between the center of mass of the phosphate and the center of mass of the following 

atoms:{Backbone N on 8GLY, backbone N on 9LYS, sidechain N on 9LYS, backbone N on 

10THR, sidechain O on 10THR}. dGGG is defined as the distance between the center of mass of 

the phosphate and the center of mass of the following atoms:{Backbone N on 2GLY, backbone N 
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on 3GLY, O on 3GLY, backbone N on 5SER, and sidechain O on 5SER}. Note that the C16 region 

was counted as the first residue, and the following GGGSGAGKT peptide corresponded to 

residues 2-10. Each CV was bound within the interval [0.05 nm, 2.0 nm] and divided into 50 bins. 

Each ABF simulation used 4 parallel walkers under NVT ensemble. Restraints were placed foreach 

CV at values of 0.0 nm and 2.5 nm with a spring constant of 500 kJ mol-1 nm-2 to ensure that the 

configurations explored remained in the CV space of interest. For each ABF bin, a minimum visit 

of 400 was required before forces are estimated.  ABF was carried out and output monitored at 

intervals of 40 ns until the free energy features no longer changed between the two most recent 

outputs, resulting in 240 ns total simulation time per walker for both pH conditions. 

Cluster Analysis: Cluster analysis was employed to identify the most frequently occurring 

PA-phosphate bound configurations. At each pH condition, snapshots from all nine trajectories 

were first rotationally and translationally aligned based on the peptide coordinates. Then the 

aligned snapshots were analyzed using the GROMACS cluster tool, using the gromos clustering 

algorithm76 with a cutoff of 0.27 nm. The snapshots are clustered based on the peptide coordinates.  

2.2.12 SIMULATIONS OF PHOSPHATE BINDING TO PEPTIDE AMPHIPHILE MICELLE 

Starting Configuration: The starting configuration for the PAM simulation was generated 

using a procedure in existing literature.77 Briefly, nine PA molecules were packed in the x-y plane 

with the C16 tail pointing inwards, with 40° angle between adjacent chains. Then 24 layers were 

stacked in the z-direction with 20° offset and 5 Å distance between layers, resulting 216 PAs in 

total in the simulation box. Forty phosphate ions were inserted at random positions avoiding 

position overlap with the PA molecules. The simulation box was 16 nm in x and y direction 

(periodic) and 12 nm in z direction (non-periodic). The simulation box was solvated using the 

GROMACS solvate tool. Sodium (Na+) or chloride (Cl-) ions were added to neutralize the system.  
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Simulation Protocol: The starting configuration was energy-minimized using a steepest 

descent algorithm with a force tolerance of 10 kJ mol-1 nm-1and a step size of 0.01 nm. The 

minimized configuration was then equilibrated under NVT ensemble for 4 ns. During this NVT 

simulation, for each PA chain, the position of the first carbon atom (closest to the micelle center) 

was restrained using a harmonic potential with a spring constant of 1000 kJ mol-1 nm-1 in each 

direction. Subsequently, the position restraint was removed, and the system was simulated for 50 

ns under NPT ensemble, where the pressure in the x-y direction and the pressure in the z direction 

were coupled independently. For each direction, the pressure was maintained at 1.0 bar using 

Berendsen barostat with a time constant of 1.0 ps. Figure 2.5C displays the time evolution of the 

solvent accessible surface area (SASA) over the total 50-ns NPT trajectory, in which the SASA 

are shown to stabilize by 30 ns. As a result, the last 20 ns of MD trajectory was used for analysis. 

Analysis: For the hydrogen bond (H-bond) analysis, the GROMACS hbond tool was used 

to identify H-bonds formed between PA chains and phosphate ions. The H-bond criterion used a 

distance cutoff of 0.35 nm and an angle cutoff of 30°. Note that the GROMACS hbond tool uses 

the hydrogen-donor-acceptor angle instead of the donor-hydrogen-acceptor angle. The SASA was 

computed using the GROMACS sasa tool.78 The entire micelle was selected for the SASA 

calculation. 

2.3  RESULTS AND DISCUSSION 

2.3.1  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 2.1). Here, we 

designed two different molecules to evaluate, denoted C16GGGhex and C16SGKGHhex, each 

consisting of three key design regions intended to optimize both functionalities: (1) producing 
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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.79 

 

Figure 2.1. (A) PAs denoted C16GGGhex andC16SGKGHhex. (B) Simulation snapshots of 

C16GGGhex. 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).  

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. 
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The phosphate binding of proteins has been thoroughly studied in other works,80,81 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.48 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 2.1. 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,48 and it was previously synthesized and found to bind 

phosphate in a pH-dependent manner.56,82  

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 (C16) for its use in previous systems that adopted 

a wormlike micellar assembly.11  

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 



26 
 

previously to produce hydrogen bonded beta sheets that encourage the assembly into a wormlike 

micellar structure.83 Similarly, the “SGKGH” notation for C16SGKGHhex 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.11 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. 

2.3.2  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 µM and 130.1 µM 

for C16GGGhex and C16SGKGHhex, respectively (Figure A.3). 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).84 In our binding materials, the lower CMC value of C16GGGhex 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 
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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. 

 

Figure 2.2. TEM images of C16GGGhex and C16SGKGHhex at neutral and high pH values. Both 

systems exhibit a reversible pH micelle transition when switching from neutral/acidic to high pH. 

C16GGGhex clumps together at high pH, while C16SGKGHhex assembled into spheres at pH 5 

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 C16GGGhex, we observe entangled wormlike 

micelles with an average diameter of 11.5 nm that extend tens of microns in length at neutral pH 

(Figure 2.2A).85 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 2.2C), 

we observe that the wormlike micelles cluster together. This phenomenon is likely due to the lysine 
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side chain being deprotonated, resulting in assemblies that are less soluble and then stabilize 

through aggregation. Overall, C16GGGhex is well-suited to form a dense suspension for the 

retention and release of phosphate. 

For C16SGKGHhex, we also observe reversible pH dependence on micelle formation. At 

pH 5 and below, C16SGKGHhex assembles into spherical micelles with a diameter 7.2 nm (Figure 

2.2B), but by pH 10, it has transitioned into wormlike micelles that are also clumped together and 

extend for tens of microns (Figure 2.2D). This transition from sphere to wormlike micelles has 

been noted previously for pH-dependent materials.86,87 For C16SGKGHhex, 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. 

2.3.3  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.68,69 To perform the binding process, 

we combined the phosphate and PA at the desired concentrations, adjusted the pH using minimal 

HCl and NaOH, physically separated the PA from the unbound phosphate in solution, and then 

performed the spectrophotometric assay on the filtrate containing unbound phosphate. The PO4 

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.88 For this 

preliminary fundamental testing, we evaluated the phosphate binding dependence on three factors: 
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(i) the pH of the solution, (ii) the ratio of the hexapeptide binding unit to phosphate, and (iii) length 

of time permitted to bind.  

 

Figure 2.3. (A-B) pH-dependent phosphate binding of the PA micelles (A) C16GGGhex and (B) 

C16SGKGHhex at a molar ratio of 5:1 PA binding unit: PO4 and a PO4 feed concentration of 0.5 

mM (47.5 ppm). For C16GGGhex, 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 PO4 was bound at pH 2 and 10, respectively, becoming ideal “release” conditions. For 

C16SGKGHhex, 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 PO4 constant at 0.5 mM. (C) For 

C16GGGhex, 92% and 100% of binding were achieved at a ratio of 3:1 and 5:1 PA binding unit: 

PO4, respectively. (D) For C16SGKGHhex, only 89% binding was achieved even when the ratio 

was increased to 10:1. 

The results in Figure 2.3 depict how phosphate binding depends on pH and the ratio of 

binding unit to phosphate. For both C16GGGhex and C16SGKGHhex, 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 
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increases. C16GGGhex 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, C16SGKGHhex 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 C16GGGhex. The superior 

performance of C16GGGhex places this material on par to meet the strict phosphate effluent limits, 

which can be as low as 0.1 mg/L of phosphorus.35 

The kinetics experiments (see Figure A.11) demonstrated that C16GGGhex 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 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, C16GGGhex, at a ratio of 5:1 PA:PO4 with a capture 

pH of 6 and two potential release pH’s of 2 and 11. 

The superior binding ability of C16GGGhex over C16SGKGHhex 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. C16SGKGHhex has a +6 charge at neutral pH (from 

3 histidines, 2 lysines, and 1 amine N-terminus), while C16GGGhex only has a charge of +1. 

Nevertheless, C16GGGhex 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. 

C16SGKGHhex transitions from spheres to worms, but the binding profile follows a comparable 

trend as C16GGGhex.  
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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 6.32 A simulation study on the same peptide, in its lysine-protonated, 

zwitterionic state, confirmed that binding with HPO4
2- is favored over H2PO4.

89 Moreover, as the 

pH rises above the pKa 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 HPO4
2- 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 pKa 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 
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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 H2PO4
- 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. 

2.3.4  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 71,90 
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to study phosphate binding of both the unimer and self-assembled C16GGGhex 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 H2PO4
- and a protonated lysine amine, and 

pH 11 consisting of phosphate as HPO4
2- 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.  

2.3.4.1 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.70,76 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 2.4A. 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 C16GGGhex in all of the top five most common clusters, 
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but the binding was stabilized at 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. 

 

Figure 2.4. Single-chain binding simulations of C16GGGhex 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 
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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 

dSGAGKT=1.34nm, dGGG=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) 

dSGAGKT, distance from the phosphate to the center of the 3-prong SGAGKT binding pocket; and 

(2) dGGG, 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 2.4B. 

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 C16GGGhex fails to sequester phosphate at pH 

6. At pH 11, however, a minimum is found at dSGAGKT=1.34, dGGG=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 dGGG 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.  
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2.3.4.2 PHOSPHATE-BINDING TO PEPTIDE AMPHIPHILE MICELLES 

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:PO4 ratio of 5:1. For each pH condition, 

40 phosphate and 216 PA chains were simulated in water. Sodium (Na+) or chloride (Cl-) ions 

were added to neutralize the simulation box. The last 20-ns of the 50-ns MD trajectory under an 

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 2.5A 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 2.5B). 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.  



37 
 

 

Figure 2.5. Simulations of phosphate binding to the C16GGGhex 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 nm2and 

623 ± 8 nm2 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) = 𝑘𝑇𝑙𝑛(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 A.14), 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, 
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this result highlights that binding at pH 6 in the assembled state is even more stabilized compared 

to binding to the unimer PA at pH 11.  

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 2.5B), 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 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 pKa and deprotonating a small fraction of lysine amines 
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causes to micelles to clump together. To 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,78 the time-averaged SASA was found to be 798 ± 9 and 623 ± 8 nm2 

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 2.3A 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 A.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:PO4 experiments (Figure 2.3C), 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.  
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2.3.5  SELECTIVITY OVER NITRATE AND NITRITE 

With knowledge of the fundamental binding properties, we experimentally evaluated the 

selectivity of C16GGGhex 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.35 In our experiments, we introduced equimolar amounts of nitrate, 

nitrite, and phosphate to systems with 1x, 2x, and 3x molar excess of C16GGGhex at pH 6, 

equivalent to 10 ppm phosphate. The results are shown in Figure 2.6. 

 

Figure 2.6. Selectivity results for C16GGGhex 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, C16GGGhex 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, 

C16GGGhex begins to bind to nitrite and nitrate in a linearly increasing trend, while still binding 

phosphate most.  

In all cases, we observe that C16GGGhex binds to phosphate significantly more than to either 

of the competing oxyanions. In the 1:1:1:1 case, C16GGGhex binds less 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 2.3C). Thus, at this lower concentration of PA, we observe 
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excellent selectivity and see C16GGGhex performing its designed-in molecular recognition 

functionality. As we increase the amount of PA in the system, C16GGGhex continues to bind 

phosphate aligned with the previously observed amounts in Figure 2.3C, 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, C16GGGhex 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 

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. 
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2.3.6  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.  

 

Figure 2.7. Capture and release results for C16GGGhex. 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. 
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The cycles of capture and release data in Figure 2.7 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,59 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,91–93 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, 
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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. 

2.4  CONCLUSIONS 

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 C16GGGhex sequestered 100% of phosphate at pH 6 and released up to 75% at 

pH 2 for up to seven cycles. C16GGGhex 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 
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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.   
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CHAPTER 3. 

ENHANCED DESIGN: PHOSPHATE-BINDING BY MULTI-COMPONENT PEPTIDE AMPHIPHILE 

MICELLES AND RESIN-PEPTIDE SYSTEMS 

This chapter will be submitted in modified form as a journal article. 

3.1 INTRODUCTION 

To enhance the prototype phosphate-binding peptide amphiphile (PA) micelle system, we 

designed a second generation of PA micelles that feature multi-component design. Through this 

study, we aimed to further probe the effect of charge, hydrogen bonding, and peptide conformation 

on binding to gain insight on how to optimize protein-binding-inspired engineered materials. 

The multi-component PA systems were designed to create a local environment in which the 

phosphate-binding hexapeptide could more readily utilize its LRLR nested cavity formation to 

bind to phosphate.48,49 In this work, we sought to determine if providing the PA system greater 

access to protein-derived conformation would further optimize phosphate binding, both in 

selectivity and also greater efficiency of binding at a 1:1 ratio of peptide to phosphate. Multi-

component PA systems are well poised to evaluate this, where a second filler PA component can 

be added to the micelle to decrease the density of the micelle corona and facilitate greater 

conformational freedom for the hexapeptide-binding-unit. Overall, the design of this study is well 

suited to evaluate the importance of the three binding parameters for phosphate-binding—amide 

backbone hydrogen bonding, charge interaction, and LRLR nested conformation—and provide 

further mechanistic insight on design principles to mimic protein binding by synthetic materials.  

3.2 EXPERIMENTAL METHODS 

3.2.1 SYNTHESIS AND PURIFICATION OF PEPTIDE AMPHIPHILE MICELLES AND RESIN-PEPTIDE 

SYSTEMS 
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The peptide amphiphiles with peptide sequences GGGGGK and GGGGGSGAGKT 

conjugated to a palmitic acid tail were synthesized, cleaved, and purified as described in Chapter 

2. The PS-PEG-Peptide systems were synthesized on 0.25 mmoles of TentaGel® S NH2 Resin 

(90 µm) for the following peptide sequences: K, KGK, KGGK, KGKGK, and KGGKGGK. The 

synthesis protocol was identical to that of the rink amide resin systems, with the exception that a 

double coupling step was performed for each amino acid to ensure complete conjugation. The 

peptides were not cleaved from the resin. After the coupling steps were completed, the resin was 

rinsed with dichloromethane, dried under nitrogen, weighed on an analytical balance, and 

submerged in MilliQ water to reach the desired molar concentration of peptide given the loading 

(mmol/g) of the TentaGel resin. 

3.2.2  MICELLE FABRICATION PROCEDURE 

The multi-component PA micelles were fabricated to ensure homogenous mixing of both 

PA components in each micelle. To do this, the purified single-component PAs were lyophilized, 

and the lyophilized powder was dissolved in hexafluoroisopropanol (HFIP), which is a good 

solvent for PAs that does not promote hydrophobically driven self-assembly into micelles. The 

PA-in-HFIP solutions of each PA were combined to achieve the desired ratio and molar 

concentration. The HFIP was evaporated until nitrogen flow, leaving behind a thin film. The film 

was dissolved in MilliQ water at the desired concentration, heated at 70 oC for 1 hour on a 

mechanical shaker, and allowed to equilibrate to room temperature before experimental use.  

3.2.3 CRITICAL MICELLE CONCENTRATION (CMC) DETERMINATION 

The CMC experiments were performed in an identical manner as in Chapter 2. However, in 

this case due to a non-linear increased fluorescence regime, the CMC was identified as the 
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concentration at which the fluorescence value is greater than that of 20% above the zero-slope 

baseline region.  

3.2.4  CRYOGENIC TRANSMISSION ELECTRON MICROSCOPY (CRYO-TEM) IMAGING 

Cryo-TEM samples were flash-frozen in liquid ethane onto Quantifoil R1.2/1.3 grids 

(copper, 200 mesh; Q210CR1.3, EMS, Hatfield, PA) using a Vitrobot Mark IV (FEI, Hillsboro, 

OR). Grids were imaged at 300kV accelerating voltage on a Titan Krios (Thermo Scientific, 

Hillsboro, OR). The images were processed and measured digitally using ImageJ software. 

3.2.5  ANALYSIS OF PH-DEPENDENT PHOSPHATE BINDING 

Samples were prepared in MilliQ water in molar ratios of 1:1, 2:1, and 4:1 of Peptide:PO4 

for the phosphate-only experiments, and 1:1:1:1, 2:1:1:1, and 4:1:1:1 of Peptide:PO4:NO3:NO2 for 

the selectivity experiments, all equivalent to 10 ppm PO4. The salts used were Na2HPO4, NaNO3, 

and NaNO2. The pH was adjusted to the desired pH condition using minimal HCl and NaOH, and 

the pH was measured using a Fisher Scientific Accumet XL500 pH/ISE/Conductivity Benchtop 

Meter (Vernon Hills , IL, USA) and a Fisherbrand Accumet Micro Glass Mercury-Free 

Combination Electrode. Upon reaching the target pH, the solution was filtered using a 13 mm 0.22 

µm GHP Acrodisc syringe filter to separate the unbound anions from the PA-anion bound 

complexes. The filtrate was analyzed using ion chromatography using a Thermo Scientific Dionex 

ICS-5000+ equipped with a Dionex AS-DV autosampler and using a Dionex IonPac AS22 column 

(Product No 064141, Thermo Scientific, California, USA). The analysis was run using an eluent 

of 4.5 mM Sodium Carbonate and 1.4 mM Sodium Bicarbonate (Product No 063965 from Thermo 

Scientific, California, USA) and a Dionex AERS 500 Carbonate 4 mm Electrolutically 

Regenerated Suppressor (Product No 085029 from Thermo Scientific, California, USA). The 

experiments were performed in duplicate for each condition. 
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3.3 RESULTS AND DISCUSSION 

3.3.1  MULTI-COMPONENT PEPTIDE AMPHIPHILE DESIGN SCHEME 

A series of multi-component peptide amphiphile micelles were designed to isolate the 

relative contributions of conformation, hydrogen bonding, and electrostatic attraction on peptide 

binding of phosphate in a PA micelle (Figure 3.1). This rational design was informed by a key 

insight derived from our previous work, namely that the phosphate ions were stabilized through 

hydrogen bonding and electrostatic attraction from multiple peptide chains in the micelle corona, 

reminiscent of tertiary binding.94 However, in this high-density environment of the peptide micelle 

corona, the peptide binding motifs were conformationally constrained, and the protein-derived 

LRLR nested cavity conformation was limited. 

 

Figure 3.1. (A) Molecular structures of the Filler PA and the Binding PA that feature three building 

block regions, which spontaneously co-assemble into a micelle in water due to the hydrophobic 

effect. (B) Cryo-TEM images of the four PA systems with varying ratios of Filler PA to Binding 

PA, which reveal extended wormlike micelles for all systems. 
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Here, we aimed to reinsert the protein-derived conformation into the system design by 

sequentially decreasing the density of the peptide binding motifs in the micelle corona, making the 

motifs less conformationally constrained. We hypothesized that increasing the conformational 

freedom of the phosphate-binding motifs would further optimize phosphate binding, allowing the 

protein-analogous micelle to more closely mimic P-loop binding by accessing the three established 

binding parameters: hydrogen bonding, charge attraction, and nested cavity conformation.  

Multi-component PA systems are well poised to evaluate this. The peptide density can be 

precisely tuned by spontaneous co-assembly of a Binding PA and a Filler PA into multi-component 

supramolecular structures as predetermined compositions. Here, we designed a series of four PA 

micelle systems using both components, with the composition of Binding PA sequentially reduced 

by half from 100% to 50% to 25%. A pure Filler PA system was also evaluated as a control for 

non-sequence-specific binding. A similar design scheme was used by Honggang Cui and co-

workers. They designed a two-component PA micelle to bind to monoclonal antibodies, and they 

found that decreased composition of the binding moiety corresponded to increased antibody 

capture.63  

Each PA was designed with tunable “building block” regions with individualized 

function.2,67 The Binding PA, denoted C16G5hex, is derived from the prototype phosphate-binding 

PA micelle with nearly identical design.94 Region 1 is a hydrophobic tail required to facilitate self-

assembly. Region 2 is a five glycine spacer region to promote wormlike micelle formation,83 which 

is the desired micelle architecture to create an entangled network of PA micelles to capture and 

release phosphate. The number of glycine residues was increased from three to five in this study 

to further extend the binding motif into the environment and access greater conformational 

freedom, as well as increase the solubility of the Filler PA counterpart. Region 3 is the protein-



51 
 

derived P-loop hexapeptide binding moiety, SGAGKT, that has previously been shown to bind 

phosphate.56,57,94 The Filler PA, denoted C16G5K, has identical Regions 1 and 2 to ensure that it 

homogenously co-assembles with C16G5hex. The binding moiety in Region 3 is substituted with a 

lysine residue, which was required for solubility.  

We synthesized the PAs using FMOC solid phase synthesis and purified them to greater 

than 95% purity (Figure B2). All PAs were found to self-assemble into wormlike micelles using 

cryogenic transmission electron microscopy (cryo-TEM) imaging (Figure 3.1B-E) with similar 

dimensions, which will allow for direct comparison between systems.  

3.3.2 EXPERIMENTAL PHOSPHATE-BINDING RESULTS BY MULTI-COMPONENT PA MICELLES 

The phosphate-binding abilities of the multi-component PA micelles were evaluated at key 

conditions derived from our previous study. In that work, phosphate was nearly completely bound 

at pH 6 and a molar ratio of 3:1 PA:PO4. We used simulations to probe why this ratio was needed 

to achieve complete binding, and we observed that two to three PA chains were always required 

to bind to phosphate in the multi-chain binding effect observed. In our re-engineered multi-

component design, we wanted to determine if we could achieve higher binding at a lower ratios of 

Binding PA to PO4 if the nested cavity conformation was employed, which would also further 

elucidate binding mechanistic insight. Thus, we evaluated phosphate binding at pH 6 at ratios of 

1:1, 2:1, and 4:1 PA:PO4. Here the PA is total PA, rather than Binding PA, to keep the PA 

concentration constant across all systems tested. These ratios nicely complement the Binding PA 

multi-component compositions chosen and would easily facilitate a direct per-molecule binding 

analysis. For example, a 4:1 PA:PO4 ratio for the 3:1 Filler:Binding system would have a 1:1 ratio 

of binding motif to phosphate.  



52 
 

In our previous work, we also described how phosphate-binding in the micelle at high pH 

was restricted due to a “squeezing” effect of the micelle corona when the amine lysine side chain 

was deprotonated at high pH, which is contrary to phosphate binding trends of the free 

hexapeptide.56,57 Thus, we evaluated binding at pH 10 and 11 again here to determine if decreased 

density of the micelle corona would mitigate this squeezing effect and replenish the ability to bind 

at high pH.  

The phosphate binding performance of the four PA systems are shown in Figure 3.2. The 

results are surprising, revealing similar binding trends across all four systems for identical 

conditions. At pH 6, we observe essentially complete binding of phosphate at 4:1 ratio of PA:PO4
 

for all systems, with incomplete binding at lower ratios. These PA:PO4 ratio trends are consistent 

with our previous work. We also see similar trends across pH conditions as in our previous study, 

namely that binding was still prohibited at pH 10 and 11 but maximized at pH 6. The only 

noticeable difference between systems is that there is marginally higher binding for the Pure Filler 

PA and the 1:1 Filler:Binding PA systems at pH 6 and 1:1 ratio of PA:PO4, which bound nearly 

half of the phosphate compared to a quarter in the other two systems.  
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Figure 3.2. Phosphate-binding results of the multi-component micelle systems, with a 

concentration of 10 ppm phosphate for all systems. (A-D) Phosphate-binding performance of each 

PA system at a 4:1 ratio of PAtotal:PO4 and pH conditions of 6, 10, and 11. (E-H) Phosphate-binding 

performance at pH 6 of increasing ratios of PAtotal:PO4. The binding trends are nearly identical 

across all systems, contrary to expectation. 

   These unexpected results lead to several conclusions. First, as the density of the phosphate-

binding motif decreases from 100% to 50% to 25%, there is no noticeable effect on binding, 

suggesting that increased conformational freedom of the unit in this design does not correlate with 

more efficient 1:1 binding of phosphate. What is more surprising is that the trend remains intact 

even for the pure Filler PA system, which was designed to be a control system. Thus, apparently 

the binding contributors from this system, which are limited to hydrogen bonding from the amide 

backbone and electrostatic charge, are sufficient to achieve binding in this densely packed corona. 

Second, the similar PA:PO4 ratio trend for binding suggests that multi-chain binding is retained in 

these systems, where complete capture of phosphate only occurs at a 4:1 ratio of PA:PO4. Finally, 

we determined that binding at high pH is not restored as the density is reduced, also suggesting 

that a similar binding mechanism is employed in these systems as was observed in the prototype 

single-component PA system.  
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 These results indicate that the LRLR sequence-specific nested cavity conformation has 

negligible impact on binding in the densely packed micelle corona; instead, hydrogen bonding and 

electrostatic attraction contribute more significantly. As such, we are poised to translate these 

design insights and physical principles to engineer de novo peptide sequences to determine if we 

can mimic protein binding of phosphate without the predetermined conformational restrictions that 

are characteristic of protein binding.  

3.3.3 CASE STUDY: EVALUATING DESIGN PRINCIPLES THROUGH SINGLE-PEPTIDE BINDING OF 

PHOSPHATE  

To engineer de novo peptide sequences for phosphate binding, we designed a series of 

simplified motifs to manipulate the effects of hydrogen bonding and electrostatic interaction. We 

chose only to build the motifs using glycine and lysine residues. Those residue were the only 

residues present in the Filler C16G5K PA micelle that bound phosphate, and they have been 

determined to play an essential role in phosphate-binding proteins (PBPs) since they are highly 

conserved in the P-loop sequence of PBPs.55 We also wanted to more precisely isolate the 

individual molecular mechanistic binding principles, so we switched material platforms from the 

highly interactive peptide micelle corona to a polystyrene-polyethylene-peptide Tentagel resin 

system that has been used to characterize single-peptide binding.24  

Using glycine and lysine residues, we constructed five peptide motifs. The first was a single 

lysine (K) residue, to determine if binding could be achieved by a single charge alone, without 

significant hydrogen bond contributions. The other four motifs varied two design variables: (i) 

charge number, through controlling the number of lysine residues, and (ii) charge spacing and their 

corresponding conformational freedom, adjusted through the number of glycine residues that 

spaced the lysine residues. From these guiding principles, the four synthesized sequences were 



55 
 

KGK, KGGK, KGKGK, and KGGKGGK. Their phosphate binding performance is shown in 

Figure 3.3 at pH 6 and 1:1, 2:1, 4:1, and 8:1 peptide:PO4 molar ratios, all at a phosphate 

concentration of 10 ppm. 

 

Figure 3.3. Phosphate-binding results of five single-peptide motifs, (A) K, (B) KGK, (C) 

KGKGK, (D) KGGK, and (E) KGGKGGK, at pH 6, 10 ppm PO4, and 1:1, 2:1, 4:1, and 8:1 

peptide:PO4 molar ratios. 

 Significantly, the phosphate-binding results demonstrate that binding can be achieved by de 

novo peptide systems. All systems excluding the K system bound phosphate to a noteworthy 

degree as the ratio of peptide increased. The KGK, KGGK, and KGKGK systems all performed 

similarly, with roughly half of phosphate bound at 4:1 and 8:1 ratios of peptide to phosphate. 

KGGKGGK bound the highest percentage of phosphate at 78%±4.8% for an 8:1 ratio of 

peptide:PO4. The K system shows minimal binding, indicating that a single charge alone is 

insufficient to bind to phosphate. None of the systems achieved 100% binding of phosphate at the 

ratios tested.  
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The de novo systems also offer a valuable conformational design insight towards synthetic 

mimicking of protein-binding. Comparing KGKGK to KGGKGGK, we see that increased spacing 

and conformational freedom between charges promotes higher binding performance. This finding 

can be considering alongside the PA micelle binding results. In PA micelles, the charges and 

hydrogen bonding donors are highly flexibly and can readily adopt a specific conformation in the 

densely packed corona that is required to bind to phosphate. These two systems together suggest 

that although binding occurs independent of the specific LRLR nested cavity conformation, there 

is still a conformation factor that needs to be optimized to achieve binding.  

Binding in these systems is also likely correlated to entropy maximization of the chains, 

where chains are not forced to adopt a specific constrained conformation to bind, but rather can 

bind through multiple flexible binding factors. The flexible PA micelle and the KGGKGGK 

systems are better poised to adopt a favorable binding conformation than the other three more rigid 

counterparts. The finding that increased flexibility corresponds with specific protein binding is 

corroborated by a recently published paper in Nature. Tae Su Choi & F. Akif Tezcan deliberately 

designed an artificial protein to be flexible, which enabled the protein to adopt conformational 

structures needed to bind to metal ions.95 It is also possible that none of the single-peptide chains 

could achieve 100% binding at the conditions tested because they were more conformationally 

limited compared to the flexible peptide arrangement within the PA micelle. 

Despite not achieving complete binding in these single-peptide resin systems, we were 

nevertheless able to demonstrate that synthetic binding sequences can still be employed to bind to 

phosphate. This intriguing result indicates that we no longer need to be limited to protein-derived 

sequences and particular tertiary and quaternary structures to mimic protein binding. While these 

systems present a reduced design approach, we are positioned to translate these features and 
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principles to more sophisticated sequences and systems in the effort to engineer precise biomimetic 

materials.  

3.3.4 SELECTIVITY OF PA MICELLES AND RESIN-PEPTIDE SYSTEMS 

 Finally, we sought to compare not just the ability of both systems to bind, but also their 

abilities to perform selective binding. We tested against nitrate and nitrite, since that would be a 

key competing anion in fertilizer runoff. Unfortunately, we only report selectivity for nitrate for 

the Resin-Peptide systems, since there was an artifact peak in the ion chromatograms for the resin 

systems that interfered with the nitrite peak. 

 The selectivity results for the PA micelles are shown in Figures 3.4. Surprisingly, the 

selectivity is conserved across all systems, even though the LRLR nest is removed from the Pure 

Filler PA system. One might have expected the selectivity performance to decrease as the 

hexapeptide binding motif is removed, even if the overall phosphate binding performance is 

retained across systems. This similarity again suggests that a similar binding mechanism is 

employed across all four PA systems. Compared to the prototype C16GGGhex system, the ratio of 

phosphate bound compared to nitrate and nitrite is similar (Figure 2.6).  
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Figure 3.4. Selectivity phosphate-binding results over nitrate and nitrite of four PA micelle systems 

at pH 6. The phosphate concentration is 10 ppm and the molar ratios of PA:PO4:NO3:NO2 

evaluated were 1:1:1:1, 2:1:1:1, and 4:1:1:1. The performance across the systems shows similar 

trends. 

 The selectivity results for the Resin-Peptide systems are shown in Figure 3.5. In another 

surprising result, selectivity was not as pronounced for these systems as it was for the PA micelle, 

with more nitrate being bound by these systems. This result is unexpected in another manner, 

because if binding was solely achieved by charge and hydrogen bonding, then one might expect a 

similar selectivity trend as was seen in the PA micelle system.  
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Figure 3.5. Selectivity phosphate-binding results over nitrate of five single-peptide motifs at pH 

6. The phosphate concentration is 10 ppm and the molar ratios of PA:PO4:NO3 evaluated were 

1:1:1, 2:1:1, 4:1:1, and 8:1:1.  

 While further study is merited to understand this difference in selective performance 

between peptide systems, one potential explanation could be related to the nature of the ions. While 

both ions have a single negative charge at pH 6, they have different geometries: phosphate is 

tetrahedral, and nitrate is planar. It could be that because the micelle is a highly interactive and 

flexible platform, it may be more conducive for the peptide chains of the micelle to form a three-

dimensional structure that binds to a tetrahedral ion rather than being more conformationally 

limited to assuming a planar binding conformation. It is not entirely clear why selectivity is worse 

for the Resin-Peptide system, but perhaps the single-chain conformation is not as able to be as 

discriminatory in possible conformations as the micelle system can, thereby reducing the its ability 

to bind selectively.  
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3.4 CONCLUSIONS 

Overall, we determined that complete and selective binding by peptides can be achieved 

independent of sequence when facilitated by the densely packed, highly flexible micelle peptide 

corona environment. This micelle platform has the unique advantage of presenting a high density 

of adaptable hydrogen bonding donors that can readily adopt the conformation necessary to bind 

to phosphate. Whereas proteins must rely on adopting a specific conformation, the protein-

analogous micelle can adapt more readily to achieve binding conformations within the headgroup 

that utilize both charge and hydrogen bond donors. We started out the study with three design 

parameters—hydrogen bonding, charge, and conformation—and now we can add a fourth to the 

list, entropy maximization, which is often non-accessible in naturally occurring proteins which 

have to resort to a highly constrained conformation to bind. These results make the peptide micelle 

platform highly intriguing for future rounds of protein-inspired binding design, presenting a high 

concentration of highly flexible and tunable binding contributors in one local environment. Finally, 

we demonstrated that de novo phosphate-binding peptide sequences can be engineered from these 

design principles, opening intriguing opportunity for biomimetic materials to overcome the highly 

complex binding mechanisms of proteins to outperform them through informed engineered design.  
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CHAPTER 4. 

UNEXPECTED INTRINSIC FLUORESCENCE IN PEPTIDE AMPHIPHILE MICELLES WITH PROTEIN-

INSPIRED PHOSPHATE SENSING 

This chapter will be submitted as a journal article. 

4.1 INTRODUCTION 

Engineering functional biomimetic materials has become a rich field of study that harnesses 

insights from evolutionarily optimized biological materials and translates these findings to 

functionalized synthetic materials. One quintessential biomimetic material is peptide amphiphile 

micelles (PAMs).59,96–98 Peptide amphiphiles consist of a peptide headgroup conjugated to a 

hydrophobic tail that spontaneously self-assemble into micelles in water to systematically display 

the peptide to the aqueous environment. PAMs fuse strategic material design and fundamental 

study with a diverse and creative array of applications including targeted drug delivery,99 protein 

purification,63 nutrient reclamation,94 nerve regeneration,12 and tissue scaffolding for spinal cord 

recovery.13 This wide breadth of functionality is directly linked to tunable material design 

advantages. The precisely controlled synthesis yields a monodisperse product for sequence-

specific biomimetic applications; the PA-to-PA interactions within the micelle can be tuned to 

control the self-assembled architecture and conformational secondary structure;60,61,100,101 and 

multi-component composite materials can be easily fabricated to engineer in advanced multi-

faceted use in one material platform.102,103 

Interestingly, despite their thorough study and diverse use over the past two decades, to my 

knowledge no one has reported that this class of materials, without a fluorescent tag, possesses 

unexpected intrinsic fluorescence. This exciting discovery adds an additional desirable feature to 

this already robust material platform that pairs well with many current uses of PA micelles, such 
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as bioimaging and sensing, fueling even more routes of study and application for this biomimetic 

material. 

This discovery emerged when I connected similarities between the molecular and self-

assembled features of PAMs and features of other recently reported materials that unexpectedly 

fluoresce.104,105 These other unexpectedly fluorescent systems similarly did not contain aromatic 

rings to suggest fluorescence a priori; instead, they featured electron-rich moieties in lone pairs of 

oxygens106,107 or the double bond of an amide.108 Nevertheless, these materials possessed two 

parameters required to exhibit fluorescence through a phenomenon known as aggregation-induced 

emission (AIE): that (1) electron-rich moieties be “space conjugated,” rather than covalently 

conjugated, to be close enough to create emission pathways between subfluorophoric molecules, 

and that (2) these moieties be restricted in vibrational or rotational motion to minimize energy loss 

through those modes. One study by Liu et al. reported unexpected fluorescence for a material with 

remarkably similar features to PAMs, namely surfactant micelles with closely packed amide bonds 

at the hydrophobic/hydrophilic corona interface.108 PAMs likewise possess closely packed amide 

bonds in the micelle corona, so I evaluated PAMs at the identical excitation and emission 

conditions, which unveiled their undiscovered intrinsic fluorescence.  

While AIE has yet to be reported for PAMs to my knowledge, there have been reports of 

aggregation-induced emission of bio-inspired materials as far back as 2001,109,110 coinciding with 

the discovery of AIE itself. AIE was first reported by Tang, et al. for 1-methyl-1,2,3,4,5-

pentaphenylsilole that by itself was weakly emissive but upon aggregation exhibited a sharp 

increase in fluorescence,111 sparking many aromatic AIE materials to be designed and 

characterized. That same year, Swaminathan et al. reported fluorescence of a highly concentrated 

L-Lys solution, a feature that was attributed to AIE.109 In 2006, amyloid-like fibers were found to 
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fluoresce,112 prompting numerous studies to understand and optimize biological or biomimetic 

AIE materials,113–115 with exciting developments in sensing applications.116–119 However, AIE 

materials historically have possessed several distinct disadvantages to overcome in order to be 

practically viable, including poor solubility in water due to aromatic components, a lack of 

hierarchical self-assembling control,120 complicated synthetic routes, and challenge in 

functionalization for application.114 Peptide amphiphile micelles inherently overcome all of these 

limitations in one highly tunable platform.  

In this work, I present fundamental characterization of this newly discovered intrinsic 

fluorescence in peptide amphiphile micelles and highlight their promise as a new bioinspired 

sensing platform with preliminary phosphate detection results. Overall, this discovery of AIE in a 

well-studied, highly tunable, widely applicable, and easily functionalized material unveils a 

controllable approach for systematic study of the mechanism of AIE and a strategic platform for 

rationally designed protein-inspired sensing applications. 

4.2 EXPERIMENTAL METHODS 

4.2.1 SYNTHESIS AND PURIFICATION OF PEPTIDE AMPHIPHILE MICELLES AND MICELLE 

PREPARATION PROCEDURE 

Three peptide sequences (GGGGGK, GGGGGSGAGKT, and SSSSSSGAGKT) were 

synthesized on 0.25 mmoles of rink amide resin (Novabiochem) through standard FMOC solid 

phase peptide synthesis using an automated Prelude X Benchtop Synthesizer (Protein 

Technologies, Tuscon, AZ, USA). For each coupling step, the FMOC protecting group was first 

removed from the resin using 20% piperidine in dimethylformamide (DMF). Separately, the amino 

acid was activated with N,N,N’,N’-Tetramethyl-O-(1H-benzotriazol-1-yl)uranium 

hexafluorophosphate (HBTU) and N,N-Diisopropylethylamine (DIPEA) in a molar ratio of 
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1:4:3.95:8 of resin: amino acid: HATU: DIPEA. The activated amino acid cocktail was then added 

to the deprotected resin and then allowed to mix to conjugate. After the amino acid couplings were 

completed, the deprotected glycine N-terminus was then coupled with a palmitic acid tail.  

After drying the resin under nitrogen, the peptide amphiphiles were then cleaved from the 

resin using a 95:2.5:2.5 by volume trifluoroacetic acid: triisopropylsilane: MilliQ water cleavage 

cocktail for 2 hours while shaking. The cleaved peptide amphiphiles were then precipitated 

through dropwise addition of the cleavage solution in a 50:50 by volume hexanes: -80 oC diethyl 

ether solution. The peptide amphiphiles were dried under nitrogen and dissolved in water.  

The peptide amphiphiles were purified using reverse-phase HPLC (Prominence, Shimadzu, 

Columbia, MD, USA) on a C8 column (Waters, Milford, MA, USA) at 50 oC using acetonitrile 

and water with 0.1% formic acid as gradient mobile phases. The molecular weight of the products 

in the HPLC fractions were characterized by MALDI-TOF mass spectral analysis (Biflex III, 

Bruker, Billerica, MA, USA). The product-verified fractions were lyophilized and stored as 

powders at -20 oC. The purity was analyzed using a similar gradient method on an Agilent 6130 

LCMS system in the University of Chicago’s Mass Spectrometry Facility, using a Waters column, 

C8, XBridge, 4.6 mm × 150 mm, 5 μm particle size, and 130 Å pore size. The purity was calculated 

by integrating the area under the peaks during the elution time and dividing the area of the product 

peak by the area of all peaks, excluding peaks that were artifacts of the method. The purity was 

confirmed to be greater than 95% for all PAs. The precise PA concentration for the purified 

samples was calculated by Amino Acid Analysis (AAA), which was performed by the Molecular 

Structure Facility at the University of California Davis. The PA samples were then lyophilized in 

fractions for storage until later use. To fabricate the micelles, the lyophilized PAs were dissolved 
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in MilliQ water at the desired concentration, heated at 70oC for 1 hour on a mechanical shaker, 

and equilibrated to room temperature before experimental use. 

4.2.2 NEGATIVE-STAIN TRANSMISSION ELECTRON MICROSCOPY (TEM) IMAGING  

Carbon film 200 mesh copper grids were glow discharged with a Gatan Solarus plasma 

cleaning system for 30 s. They were then loaded with 3.5 µL of PAs for 1 minute, and then the 

excess was removed through blotting with filter paper. The grids were negatively stained with 

0.75% uranyl formate for 45 s, blotted off to remove excess stain, and then were allowed to air dry 

before imaging. All TEM imaging was performed a Technai G2 F30 (FEI) electron microscope 

operating at 300kV. The images were processed digitally using ImageJ software. For the PA 

samples with phosphate, before sample incubation and staining, equal volume (2uL) of sample and 

PO4 were mixed on parafilm for 1 minute. After 1 minute, all 4 uL was transferred onto the grid 

and stained as previously described. 

4.2.3 CONFOCAL FLUORESCENT MICROSCOPY IMAGING 

The PA samples were loaded on a transparent microscope slide and imaged with a Leica 

Stellaris 8 FALCON (Buffalo Grove, IL, USA) on a DMI-8 stand and a 63x/1.40 oil objective. 

The white light laser was set to 460nm with reflection mode to the HyD detector and pinhole of 

0.2 Airy units. The scan rate was 2kHz, and line average was 48. The reflection method used was 

based on a previously published method.1 Fluorescence images were taken with 405 nm laser 

illumination. The images were process using ImageJ. 

4.2.4 UV-VIS ABSORBANCE MEASUREMENTS 

The measurements were recorded using a Shimadzu UV-3600 Plus UV-VIS-NIR 

spectrophotometer (Columbia, MD, USA). The samples were transferred to a quartz crystal cuvette 

with a 10 mm path length, and the absorbance was scanned from 200 nm to 800 nm for PA samples 
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at concentrations of 100 µM, 250 µM, 500 µM, and 1000 µM and quinine sulfate in 0.1 M H2SO4 

at concentrations of 1 µg/mL, 5 µg/mL, and 7 µg/mL. 

4.2.5 EXCITATION AND EMISSION MEASUREMENTS USING FLUORESCENCE SPECTROMETRY 

The measurements were recorded using a Horiba Fluorolog-3 (Irvine, CA, USA) equipped 

with a dual monochromator to minimize light scattering from the micelles, which produces 

additional noise. For the pure PA experiments, a quartz crystal cuvette with a 10 mm path length 

was loaded with PA sample and transferred to the instrument. The emission scans were recorded 

for PA samples at concentrations of 100 µM, 250 µM, 500 µM, and 1000 µM at an excitation 

wavelength of 355 nm and emission values ranging from 370 nm to 650 nm, with an excitation slit 

width of 5 nm and an emission slit width of 14 nm. The emission scans of the quinine sulfate were 

recorded at concentrations of 1 µg/mL, 5 µg/mL, and 7 µg/mL at identical conditions. The 

excitation scans were recorded for PA samples of 11 mM at an emission wavelength of 430 nm 

and excitation values ranging from 200 nm to 405 nm with an excitation slit width of 3 nm and an 

emission slit width of 10 nm.  The excitation and emission intensities in Figures 4.3C, B.4C, and 

B.5C are scaled to display comparable peak heights, since the fluorescence intensities are arbitrary. 

For the PA plus phosphate experiments, phosphate was added to a PA solution in a 1.5 mL 

centrifuge tube to achieve a final concentration of 1000 µM C16G5hex and final phosphate 

concentrations ranging from 10 µM to 1000 µM. The solutions were centrifuged using a benchtop 

1.5 mL centrifuge at high speed for 5 minutes. The supernatant was collected and transferred to 

the 10 mm path length quartz crystal cuvette. The emission scans were performed as described.  

4.2.6 CRITICAL MICELLE CONCENTRATION (CMC) DETERMINATION USING DPH DYE 

The true CMC was calculated by marking an increase of fluorescence intensity, 

corresponding to an increased micelle concentration, of a dissolved dye that fluoresces in the 
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presence of hydrophobic micelle cores. To execute this experiment, 1,6-diphenyl-1,3,5-hexatriene 

(DPH) dye was dissolved in tetrahydrofuran at a concentration of 100mM and then diluted in water 

to a final concentration of 1 µM. Each PA was dissolved in 1 µM DPH solution and serially diluted 

by half to range from 0.05 µM to 500 µM, performed in triplicates for each PA. The dilutions were 

allowed to equilibrate for one hour while covered with aluminum foil at room temperature and 

then were transferred to a 384-well plate. Their fluorescence intensity was measured using a Tecan 

Infinite 200 plate reader (Mannedorf, Switzerland) with an excitation wavelength of 360 nm and 

an emission wavelength of 430 nm. The data were plotted with a log-transformed concentration. 

The CMC was identified as the concentration at which the fluorescence value is greater than that 

of 20% above the zero-slope baseline region. 

4.2.7 FLUORESCENCE CRITICAL MICELLE CONCENTRATION (FCMC) DETERMINATION  

The fluorescence critical micelle concentration was calculated simply by serially diluting 

the PA stock concentration by half to range from 2 µM to 4000 µM. The dilutions were transferred 

to a 384-well plate. The fluorescence intensity was measured and calculated as for the CMC 

calculations, but with an excitation wavelength of 355 nm. When plotted with the CMC data, the 

FCMC data were shifted down by 1500 a.u. and scaled by 10 to emphasize the inflection point 

comparison.  

4.2.8 CIRCULAR DICHROISM SPECTROSCOPY MEASUREMENTS  

A quartz crystal cuvette with a 0.1 cm pathlength was loaded with 200 µL of PA samples 

at100 µM. Samples were measured at room temperature using a Jasco J-815 Circular Dichroism 

Spectropolarimeter (Easton, MD, USA). Three scans were performed for each sample from 190 

nm to 250 nm with 0.1 nm step size, and the data were averaged between scans. The data were 
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converted to mean residue ellipticity and fit according to a minimum-energy calculation of a linear 

combination of alpha helix, beta sheet, and random coil models.  

4.2.9 GEL FLUORESCENCE IMAGING 

The samples were prepared by depositing 16 µL of 5 mM C16G5hex onto a non-fluorescent 

black plate, and then adding 4 µL of a given combination of MilliQ water and 20 mM Na2HPO4 

stock to achieve final concentrations of 4 mM C16G5hex and 0 mM, 1 mM, 2 mM, and 4 mM PO4. 

When the phosphate was added to the PA droplet, the droplet was gently stirred with the tip of the 

pipette to ensure complexation of the PA with phosphate. The samples were prepared in triplicate. 

The plate was transferred to a BioRad ChemiDoc MP Molecular Imager (Hercules, CA, USA), 

and fluorescent images were taken using a 530/28 emission filter and an exposure time of 10 s. 

The integrated fluorescence density of each sample droplet was calculated using ImageJ imaging 

software. 

4.2.10 PHOSPHATE BINDING EXPERIMENTS 

Samples were prepared in MilliQ water in molar ratios of 1:1:1:1, 2:1:1:1, and 4:1:1:1 of 

PA:PO4:NO3:NO2, equivalent to 10 ppm PO4. The salts used were Na2HPO4, NaNO3, and NaNO2. 

The pH was adjusted to the desired pH condition using minimal HCl and NaOH, and the pH was 

measured using a Fisher Scientific Accumet XL500 pH/ISE/Conductivity Benchtop Meter 

(Vernon Hills , IL, USA) and a Fisherbrand Accumet Micro Glass Mercury-Free Combination 

Electrode. Upon reaching the target pH, the solution was filtered using a 13 mm 0.22 µm GHP 

Acrodisc syringe filter to separate the unbound anions from the PA-anion bound complexes. The 

filtrate was analyzed using ion chromatography using a Thermo Scientific Dionex ICS-5000+ 

equipped with a Dionex AS-DV autosampler and using a Dionex IonPac AS22 column (Product 

No 064141, Thermo Scientific, California, USA). The analysis was run using an eluent of 4.5 mM 
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Sodium Carbonate and 1.4 mM Sodium Bicarbonate (Product No 063965 from Thermo Scientific, 

California, USA) and a Dionex AERS 500 Carbonate 4 mm Electrolutically Regenerated 

Suppressor (Product No 085029 from Thermo Scientific, California, USA). The experiments were 

performed in duplicate for each condition. 

4.3. RESULTS AND DISCUSSION 

4.3.1 DESIGN OF THE PEPTIDE AMPHIPHILE MATERIALS FOR AIE INSIGHT 

Peptide amphiphile (PA) micelles have boasted of facile incorporation of sequence-specific 

molecular building block regions to precisely control biomimetic function.67,121 Here, I designed 

three PA micelles with three building block regions each (Figure 4.1). The goals of this design 

were two-fold: (1) to directly compare the impact of the tightly packed Region 2 building block 

on AIE performance, since this region has previously been proven to interact at the micelle 

interface so significantly that it dictates overall self-assembled micelle architecture121 and 

secondary structure,101 thus likely also strongly impacting AIE function; and (2) to determine the 

impact of incorporating a functional binding sequence on AIE performance, to probe the potential 

for designing dual-function PAMs with AIE and bio-inspired targeting.  
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Figure 4.1. Molecular structures of C16G5K, C16G5hex, and C16S5hex with three building block 

regions to control self-assembly, AIE, and bio-inspired binding function (left). The PA molecules 

spontaneously self-assemble in water, yielding intrinsically emissive PA micelles that are proposed 

to fluoresce due to tightly backed peptide amides in the micelle corona. The photo (right) depicts 

bulk solution fluorescence of C16G5hex.  

Two pairs of PAs were rationally designed to meet these aims. First, a strategic principal 

PA molecule was selected, and then design alterations to this PA were performed on Regions 2 

and 3 to directly isolate their relative impacts on AIE. The principal PA, denoted C16G5hex, was 

derived from a recently engineered PA material that selectively sequesters phosphate.94 It consists 

of a sixteen-carbon hydrophobic tail, Region 1, to drive self-assembly; a glycine spacer, Region 2, 

which has strong intermolecular interactions within a micelle headgroup;83 and a hexapeptide 

phosphate-binding moiety, Region 3, that was extracted from a class of phosphate-binding proteins 

in the protein data bank.48,56 The majority of the PA design was conserved between studies, but 

here, the number of glycine spacers in Region 2 was increased from three to five to amplify this 

region’s potential intermolecular AIE effect.  

From here, C16G5hex was directly compared to C16G5K to determine the impact of 

incorporating a protein-derived binding sequence on AIE. They have identical Regions 1 and 2, 
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but the hexapeptide binding sequence of C16G5hex was replaced with a single lysine residue in 

C16G5K, which was required for solubility.  

The second pair, C16G5hex and C16S5hex, was designed to probe the impact of Region 2 on 

AIE. Regions 1 and 3 are identical, but the glycine residues of C16G5hex were replaced with serine 

residues in C16S5hex. Glycine residues in Region 2 have been reported to promote wormlike 

micelle formation in PAMs due to being able to pack tightly,83 which could amplify AIE. 

Alternatively, serine residues could provide numerous lone pair electrons from the oxygen atom 

of the hydroxyl group, which could enhance AIE in a similar manner as in other AIE materials 

with an excess of lone pair electrons.106,107 Region 2 of PAs has also been determined to strongly 

impact the secondary structure that peptides adopt within the headgroup,61,101 a factor that has also 

been reported to affect AIE.122,123  

Each of these molecules was synthesized using FMOC solid-phase peptide synthesis, a 

technique that enables precise synthetic control through step-wise amino acid coupling. Precise 

control is essential to incorporating these functional building block regions and is a noteworthy 

advantage of PA micelles. 

4.3.2 SELF-ASSEMBLY VERIFICATION THROUGH IMAGING 

PA micelles not only possess synthetic tunability; they also can be designed to self-assemble 

into a predictable range of micellar constructs by controlling two properties: (i) the packing 

parameter for surfactant molecules84,124 and (ii) the inter-peptide interactions, particularly in 

Region 2 of the molecular design. The packing parameter, P, relates the chemistry of the molecule 

to its packed self-assembled state in the micelle by using the ratio P = v/al, where (v) and (l) are 

the volume and maximum extended length of the tail, respectively, and (a) is the area of the 

headgroup at the interface. These molecular design variables can be tuned to achieve different 
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ratios that correlate to given self-assembled architectures, such as P < 1/3 corresponding to 

spherical micelles and 1/3 < P < 1/2 corresponding to wormlike micelles. Second, design of inter-

peptide interactions also strongly impacts the self-assembled architecture. Densely packable 

glycine, alanine, and valine residues have been shown to promote wormlike micelle formation,121 

while charged residues such as lysine or glutamic acid have been shown to repulsively interact and 

drive self-assembly into spherical micelles.86,94 This aggregation control further elevates PA 

micelles as a desirable platform to systematically elucidate mechanistic insight of AIE, leading to 

AIE design insights for optimized functional use.  

In this study, the interactions of Region 2 were designed to yield consistent micellar 

architecture to enable direct comparison of AIE features between systems. It was also hypothesized 

that wormlike micelles may be more emissive than spherical micelles since the PA molecules are 

more closely packed. Hence, glycine and serine residues were chosen for the Region 2 residues, 

which both interact with nearby chains in a packed state and would be likely to yield wormlike 

micelles upon self-assembly.  

The self-assembly properties of the systems were visualized using both negative-stain 

transmission electron microscopy (TEM) and confocal fluorescent microscopy (Figure 4.2). The 

TEM images indicated that the PA micelles all self-assemble into wormlike micelles that extend 

microns in length, yielding the desired consistency between systems. The reflective imaging 

technique used for confocal microscopy uniquely captures the fluorescent properties of the 

individual PA micelles.125 It was also able to construct a 3-D rendering of the micelles in the 

droplet, which allows one to reconstruct how the extended micelles are arranged in their native 

liquid state. Overall, while these wormlike micelle systems constitute a consistent preliminary 

study between like systems, the aggregation properties of this platform can be readily tuned in 
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future studies to directly probe how the self-assembled architecture impacts AIE properties in 

PAMs. 

 

Figure 4.2. Negative-stain TEM images (left) and confocal fluorescent microscopy images (right) 

of C16G5K, C16G5hex, and C16S5hex. Both visualize self-assembly into wormlike micelles. The 

scale bar for the confocal images is omitted because the imaging technique used magnifies the 

constructs beyond true scales. The reader is instead referred to the TEM images for correct scaling.  

4.3.3 FUNDAMENTAL AIE PROPERTIES IN PA MICELLES 

After visualizing individual micelle fluorescence, the bulk fundamental fluorescence 

features were characterized for all three systems. Figure 4.3 depicts results for C16G5hex. The 

reader is referred to Figures B.4 and B.5 for data for C16G5K and C16S5hex respectively, which 

exhibit nearly identical properties for these fundamental experiments. Experiments were 

performed at room temperature and in MilliQ water. All three systems possess a shoulder in the 
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absorbance spectra (Figure 4.3A), blue-shifted after the characteristic 220nm absorbance peak for 

peptides. The maximum excitation and emission occur at 355nm and 430nm respectively (Figure 

4.3B). The fluorescence emission intensity increases as concentration is increased from 100 µM 

to 1000 µM, with no peak shifting or additional shoulders appearing as concentration increases 

(Figure 4.3C). All of these results are consistent with previous studies that reported AIE of 

molecules with amide bonds.108 This suggests a similar proposed emission mechanism, namely 

that emission occurs across stabilized amide bonds in close proximity within the peptide corona 

of the micelle.  

 

Figure 4.3. Fundamental fluorescence characterization data for C16G5hex, including (A) 

absorbance intensity, (B) an excitation scan at 430 nm emission and emission scan at 355 nm 

excitation, (C) the fluorescent emission intensity at an excitation of 355 nm, and (D) the critical 

micelle concentration (CMC) using 1,6-diphenyl-1,3,5-hexatriene (DPH) dye and the intrinsic 

fluorescence critical micelle concentration (FCMC). Note: the FCMC data are shifted down by 

1500 a.u. and scaled by 10 to emphasize the inflection point shift. 
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To investigate the aggregation conditions required for AIE, the true critical micelle 

concentration (CMC) of the micelles, which is the concentration at which PA molecules begin to 

self-assemble, was compared to the fluorescence critical micelle concentration (FCMC), the 

concentration at which AIE begins to occur (Figure 4.3D). The true CMC was determined using 

1,6-diphenyl-1,3,5-hexatriene (DPH) dye, a standard procedure for calculating CMCs for 

surfactant molecules.126 Serial dilutions of PAs were dissolved in an aqueous solution with DPH 

dye, which fluoresces only when the dye partitions into hydrophobic cores. Thus, an increase in 

fluorescence indicates that hydrophobic-core micelles are beginning to form, yielding the CMC. 

The intrinsic fluorescence data was measured without any added dye at an excitation wavelength 

of 355 nm and an emission wavelength of 430 nm. Both the CMC and the FCMC values were 

calculated as the concentration value at which the fluorescence intensity value was greater than 

20% above the baseline value.  

The true CMCs were calculated to be 2 µM, 1 µM, and 1 µM for C16G5K, C16G5hex, and 

C16S5hex, respectively. The FCMC for all systems was 60 µM. This order of magnitude increase 

indicates that a critical number of PA unimers must be present and closely packed enough in order 

to demonstrate AIE. It is also assumed that the PA micelles near the CMC more closely resemble 

spherical micelles or short rods compared to the extended wormlike micelles visualized in Figure 

4.2, which are well above the CMC. It seems feasible that extended wormlike micelles could be 

more emissive than smaller aggregates, as they provide a less interrupted emission pathway and 

more closely packed components. Future studies are required to determine the precise impact of 

micelle architecture on the PAM AIE effect.  

It is worth noting that the DPH dye excitation and emission wavelengths are 360 nm and 

430 nm respectively, nearly identical to the PA system. In this case, the fluorescence intensity 
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increase is offset enough to not interfere with the CMC calculation at low concentrations, but this 

might not always be the case for other PA systems. Interference seems inevitable at concentrations 

equal to and higher than the FCMC. For future DPH CMC experiments, this interference could be 

minimized by increasing the DPH concentration several-fold in order to nullify the less emissive 

AIE effect at higher concentrations.  

The quantum yields (QYs) of these PAMs were calculated to normalize and compare the 

emissive properties between PAM systems, which revealed the first major discrepancy. The QYs 

were determined by comparing linear fluorescence intensity vs. absorbance curves to a standard 

solution of quinine sulfate in 0.1 M H2SO4 solution (Figure B.6).127,128 C16G5hex had the highest 

QY at 1.30%, while C16G5K and C16S5hex had QYs of 0.85% and 0.82%, respectively. To 

understand the nearly doubled QY for C16G5hex compared to the other systems, the intermolecular 

interactions were probed using circular dichroism (CD) spectroscopy (Figure 4.4). The CD spectra 

revealed a predominantly random coil arrangement of peptide chains within the micelle corona for 

C16G5K and C16G5hex, indicated by the characteristic minima near 200 nm. On the other hand, the 

spectra for C16S5hex indicated that beta-sheet hydrogen bonding occurred between peptides in the 

corona, with a negative band near 220 nm and a maximum near 190 nm. This is likely facilitated 

through the hydrogen-bonding hydroxyl groups of the serine residues.  
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Figure 4.4. Circular dichroism spectra for C16G5K, C16G5hex, and C16S5hex. C16G5K and 

C16G5hex display characteristic properties of a random coil configuration with no secondary 

structure or ordering. C16S5hex largely adopts an ordered beta-sheet structure within the peptide 

headgroup.  

 To understand the QY difference, the CD conformational data is paired with molecular 

design insight as we consider two PAM pairs separately. The first pair, C16G5hex and C16S5hex, 

have otherwise identical peptide designs apart from Region 2 spacer residues. The exchange of 

glycine to serine residues in this region had a noteworthy effect on the secondary structure, shifting 

the inter-peptide interactions from disordered to ordered hydrogen-bonded beta-sheets. Several 

previous studies have probed the effect of secondary structure on AIE,122,123 and Lin et al. found 

that the random coil conformation facilitated the largest AIE properties compared to both alpha 

helices and beta sheets.122 The lack of structure enabled the peptide chains to pack more tightly, 

leading to the not necessarily intuitive conclusion that close proximity of subfluorophores is more 

important in enhancing emission than adopting ordered emission pathways through beta-sheet 

hydrogen bonding. This previous finding aligns well with these results. This QY difference 

between the glycine and serine systems also yields the interesting conclusion that the excess lone 

electron pairs of the hydroxyl groups do not translate to a higher QY for C16S5hex, even though 

other systems relied exclusively on this functional group to achieve AIE.106,107 Either the hydroxyl 

190 215 240 265

-2E+6

-1E+6

0E+0

1E+6

Q
M

R
E
 (

d
e

g
 c

m
2
 d

m
o

l-1
)

Wavelength (nm)

 C16G5K

 C16G5hex

 C16S5hex



78 
 

groups are not densely packed enough to significantly contribute to AIE in the micelle compared 

to solid oxygen-based AIE materials like fluorescent rice and starches,106 or the AIE due to the 

amide bonds is a much greater contributor in this system.  

 The QY discrepancy between the second pair, C16G5hex and C16G5K, can be understood 

by considering molecular design differences since they both exhibit random coil conformation. 

C16G5K has five fewer amino acid residues than C16G5hex and is otherwise identical. This implies 

that the emissive pathways for AIE are not just limited to Region 2 but also likely occur across the 

amide bonds of Region 3 as well, suggesting that further increasing peptide building block length 

would enhance AIE intensity in future iterations of design. Overall, these findings highlight the 

direct effect of molecular engineering on AIE performance, indicating the significant potential to 

optimize the QY of PAMs.  

4.3.4 PAM DESIGN UTILIZING SECOND-ORDER AGGREGATION AIE TO SENSE PHOSPHATE 

Peptide amphiphile micelles have also been referred to as “protein analogous micelles,”129 

a name that encompasses their unique biomimicry functionality. Here, the phosphate-binding 

ability of C16G5hex is combined with this newly discovered AIE to engineer a new sensing 

platform that readily leverages the targeted molecular-recognition ability of proteins. 

The predecessor material to C16G5hex was originally engineered to be a capture-and-

recovery platform to sequester phosphate for reuse from agricultural runoff.94 This runoff is often 

rich in excess fertilizer, which causes severe eutrophication in downstream bodies of water.45 

Concurrently, the global supply of phosphate is being rapidly depleted, prompting calls for creative 

methods to reclaim and conserve it.37,42 There has also been complementary interest in designing 

phosphate-specific sensors to detect phosphate concentration in soil in real-time.46 This data would 

be highly valuable to farmers who could adjust their fertilizer distribution accordingly, preventing 
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large fertilizer excesses from entering runoff and damaging local ecosystems. Phosphate-binding 

PAMs are well-positioned to be evaluated as phosphate sensors to this end. 

C16G5hex was selected for sensing evaluation since it had the highest emissive properties of 

the three PAMs, likely increasing its sensitivity. The binding and selectivity ability of C16G5hex 

was evaluated over nitrate and nitrite, the key competing ions in agricultural runoff. C16G5hex was 

confirmed to bind to phosphate selectively over nitrate and nitrite in a similar fashion as the 

prototype C16GGGhex material (Figure 3.4). At a 4:1:1:1 molar ratio of PA to each anion, 96% of 

phosphate was bound while nitrate and nitrite were only bound at 27% and 17%. As the ratio of 

PA decreases to equimolar, the amount of nitrate and nitrite bound decreased to 8% and 9% 

respectively while 32% of phosphate was bound. It is also interesting to note that self-assembly 

was found to enhance the binding and selectivity of phosphate in the original study, so this 

controllable self-assembly now plays a dual role of enhancing binding and triggering intrinsic 

fluorescence emission. 

With the binding ability confirmed, the triggered AIE sensing mechanism was then 

designed. Several AIE sensing mechanisms have been developed,130 and the mechanism utilizing 

phase-separation enhanced emission complements PAMs particularly well. In this mechanism, 

binding of an AIE material to its target triggers second-order aggregation, likely due to a decrease 

in solubility of the AIE material upon binding. This phase-separation causes increased emission 

intensity since the vibrational and rotational motion is decreased for the more tightly packed 

subfluorophores. Interestingly, two recent PAMs have reported similar binding-triggered 

aggregation, including the C16G5hex predecessor. In my previous work, when the PAM bound to 

phosphate, macroscopic aggregates appeared in solution. Another recent PAM was designed by 

Dr. Honggang Cui’s group to selectively bind to monoclonal antibodies.63 Upon binding, the 
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PAMs also phase-separated into a solid-like precipitate, and this was leveraged to extract and 

purify the target protein.  

This second-order aggregation was evaluated and confirmed for C16G5hex. The negative-

stain TEM images (Figure 4.5) visualize the clumping effect at the nanoscale level, with second-

order aggregates becoming more pronounced as more phosphate was added. By pairing this 

inherent aggregation with the newly discovered AIE, C16G5hex is intrinsically positioned to 

become a highly tunable bio-inspired AIE sensing platform. 

 

Figure 4.5. TEM images of C16G5hex show second-order aggregation of the self-assembled 

micelles. As more phosphate is bound, the aggregation becomes more pronounced. The 

concentration of C16G5hex is constant at 1 mM. 
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4.3.5 PHOSPHATE SENSING PERFORMANCE 

The preliminary phosphate-sensing characteristics were quantified using gel fluorescence 

microscopy and fluorometry (Figure 4.6). The gel fluorescence microscopy images visualized how 

fluorescence intensity increases as more phosphate is added (Figure 4.6A), with the phosphate-PA 

clumps being the more strongly emissive components in the sample droplets. When the ratio of 

PA:PO4 is 1:1, the second-order aggregates are noticeably emissive across the three trials. The 

remaining solution was no longer visibly emissive, with likely most of the peptide amphiphile 

partitioning into the macroscopic aggregate. The fluorescence intensity of the samples was 

quantified using Image J analysis (Figure 4.6B), confirming that emissive intensities indeed were 

enhanced when phosphate was added. However, the sensitivity provided by this technique is 

limited, with the lowest phosphate concentration tested being 1 mM, or 95 ppm. Useful levels of 

phosphate detection would be in the low ppm range.130  
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Figure 4.6. (A) Fluorescence gel microscopy images of 4 mM C16G5hex droplets with increasing 

final concentration of phosphate, with fluorescence intensity increasing as gelled aggregates form 

when C16G5hex binds to phosphate. (B) Integrated fluorescence density of the droplet images 

averaged across three trials quantifies the increase in fluorescence intensity. (C) Emission spectra 

of the supernatant after centrifugation of 1000 µM C16G5hex with increasing amounts of 

phosphate. As more phosphate complexes with C16G5hex, the supernatant is depleted of C16G5hex 

and the emission decreases. (D) The fluorescence intensity of the peak maximums at 430 nm for 

each phosphate concentration, which linearly decreases as added phosphate increases.  

To probe the sensitivity limits of this PA platform, emission studies using a dual-

monochromator fluorometer were performed. The samples with the macroscopic aggregates could 

not be measured directly, since the heterogeneity of the samples would produce inconsistent 

readings. To obtain reliable data using the fluorometer, the aggregate solutions were centrifuged, 

and the supernatant containing the unbound PA was measured. With increasing C16G5hex being 
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removed through centrifugation as it bound to more phosphate, the fluorescence of the supernatant 

was expected to decrease in intensity as more phosphate was added, which was the effect observed 

in the gel fluorescence microscopy images. This effect was confirmed in Figures 4.6C and 4.6D. 

With the final C16G5hex concentration held constant at 1 mM, phosphate was added to reach final 

concentrations ranging from 10 µM to 1000 µM, or 0.95 ppm to 95 ppm. The peak maxima at 430 

nm were plotted versus phosphate concentration in Figure 4.6D, showing a linear trend. The 

emission spectra had a noticeable decrease in fluorescence intensity even for the 0.95 ppm PO4 

sample, positioning the platform to be competitive with other anion AIE sensors that measure 

down to the micromolar range.  

4.3.6 DISCUSSION COMPARING PAMS TO CURRENT AIE MATERIALS 

It is worthwhile to briefly discuss how PAMs as a new AIE material compare to and enhance 

the robust AIE material landscape, particularly for bio-related and sensing AIE materials. For a 

more thorough background, the reader is referred to a recently published review on 

biomacromolecule AIE platforms which includes a section on bio-related sensing.114 A primary 

difference is the lower QY of these initial PAM systems compared to some other AIE systems, 

especially those with aromatic components, which can be 10% and higher. The PAM QY of future 

designs could be enhanced through several means, including increasing the peptide segment 

length, optimizing the packed state of Region 2, covalently tethering the micelle cores through 

straightforward click chemistry to reduce molecule motion, or incorporating aromatic amino acids 

such as tryptophan to enhance AIE. An enhanced QY would make PAMs more readily usable for 

bioimaging or visualizing targeted drug delivery, and it would likely further enhance the sensitivity 

for sensing applications.  



84 
 

In terms of advantages, the precise synthetic and structural design control of PAMs are 

significant. The aforementioned review states, “To date, polymers with precise number of AIEgens 

are rare… Development of precise and defined AIE-active biomacromolecules can greatly speed 

up their biorelated applications.”114 Traditional synthetic approaches add AIEgens as side-chain 

pendants to polymer backbones, often with a lack of specificity and control.131 The sequence-

specific synthesis of PAMs and their precise tunability to control aggregate structure uniquely sets 

PAMs apart as an AIE platform.  

AIE future directions also largely hinge upon functionalization and stimuli-responsiveness. 

Other AIE materials have demonstrated stimuli-responsive behavior through unique avenues such 

as reaction moieties placed in the polymer backbone.132 PAMs allow for protein-inspired function 

to be seamlessly incorporated directly into the AIE material, opening up exciting avenues related 

to many known peptide-targeting moieties. PAMs are also water-soluble, highly stable, 

environmentally benign, and biocompatible, all forward-looking goals for AIEgen development.  

4.4. CONCLUSIONS AND FUTURE OUTLOOK 

Peptide amphiphile micelles, a material that has been widely studied and applied for more 

than two decades, were discovered to be a new AIE material platform that features precise 

synthetic control, self-assembling tunability, and bio-inspired functionality. The absorbance, 

excitation, and emission properties were consistent with previously identified AIE systems that 

utilize amides as the emission pathways. The fluorescence critical micelle concentration was found 

to be approximately 1.5 orders of magnitude higher than the true critical micelle concentration, 

suggesting that a critical number of PAs must be assembled into the micelle to display AIE. 

C16G5hex had the highest quantum yield of the three peptide amphiphile micelles tested, which 

was attributed to the random coil arrangement of the peptide chains in the micelle corona and the 
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increased number of emission pathways due to a higher number of amino acid residues being 

present. This direct impact of tuning molecular factors to impact AIE presents peptide amphiphile 

micelles as a highly engineerable AIEgen. C16G5hex was then evaluated as a phosphate-sensing 

AIE material by harnessing a protein-extracted binding sequence, and it was able to detect 

phosphate by utilizing a second-order aggregation stimulus down to a sensitivity of 1 ppm 

phosphate. Overall, this work demonstrates that pairing synthetic protein mimicry with intrinsic 

AIE fluorescence opens up a wide array of new AIE applications for this already well-

characterized and highly tunable material. 
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CHAPTER 5. 

SUMMARY AND FUTURE OUTLOOK 

5.1. SUMMARY AND CONCLUSIONS 

This thesis described the design, synthesis, and characterization of a novel protein-inspired 

material platform based on peptide amphiphile micelles that was able to selectively and reversibly 

bind to phosphate. The prototype design was put forth in Chapter 2. From there, a more thorough 

fundamental understanding of the binding mechanisms of the system was described in Chapter 3. 

Then Chapter 4 described a newly discovered material property of the system and its natural 

application in stimuli-responsive sensing. The primary conclusions from this work are as follows: 

(1) binding mechanisms used by proteins can be repurposed and engineered in to synthetic 

materials, (2) there is opportunity to enhance this design using flexible and interactive peptide 

material designs that not restricted by traditional protein binding mechanisms, and (3) this protein-

inspired binding material is also intrinsically fluorescent and can signal phosphate binding through 

emission signal changes. A more detailed summary of each conclusion is presented below.  

In Chapter 2, a binding motif called the P-loop was derived from phosphate binding proteins 

and incorporated into the headgroup of the peptide amphiphile. These PAs self-assembled into 

wormlike micelles that formed a dense entangled suspension. This network was found to sequester 

phosphate at pH 6 and release it at pH 2 and 11. It was selective over nitrate and nitrite, and it 

could be reused up to the seven cycles tested. By using molecular dynamics simulations, we 

observed that binding at pH 6 was able to be achieved because multiple chains were employed to 

stabilize the phosphate ion.  

Using this multi-chain binding insight, in Chapter 3 we designed multi-component PA 

micelles that were intended to be a platform to further understand and optimize protein-inspired 
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binding. Although binding was achieved in the prototype material, the nested cavity conformation 

was limited in the densely packed micelle corona. Thus, we designed multi-component PA systems 

with varying ratios of a Binder PA and a Filler PA to sequentially reduce the binding motif density 

and observe the effect on binding. The results were unexpected, showing that phosphate binding 

was achieved across all systems, including the pure Filler PA, indicating that binding could be 

achieved without the sequence-specific nested cavity conformation. With this insight, we designed 

de novo peptide sequences that employed the design principles that we derived from the multi-

component system, namely that hydrogen bonding and charge play large roles in sequestering 

phosphate, and they demonstrated noteworthy phosphate binding ability. Though these platforms 

were not as selective and could not bind as efficiently as the PA micelles, they offer intriguing 

insight for how biomimetic materials can be engineered to overcome the highly complex binding 

mechanisms of proteins in future iterations of design. 

Chapter 4 detailed the discovery that peptide amphiphile micelles are intrinsically 

fluorescent according to the aggregation-induced emission (AIE) effect, and that this platform 

inherently is a stimuli-responsive sensing material. The AIE properties were evaluated and found 

to be consistent with similar AIE systems without aromatic rings. When the PA micelles bound to 

phosphate, second-order aggregation was induced, which intensified the AIE effect. The 

preliminary sensing results demonstrated a sensitivity level of down to 1 ppm concentration of 

phosphate. Overall, this discovered AIE phenomenon, when paired with the protein-inspired 

binding of the PA micelles, elevates the potential deployment of this platform not just for resource 

reclamation but now also for protein-inspired sensing applications.  

 

 



88 
 

5.2. DISCUSSION AND FUTURE OUTLOOK 

 One of this work’s main contributions to the field of biomimetic materials is that it offered 

valuable insight into what factors are involved in mimicking the binding ability of proteins in a 

stimuli responsive absorbent material. We proved that binding to phosphate can occur by PA 

micelles, but we also uncovered binding principles that were used by this system that are not 

accessible to conformationally constrained proteins. While this work began as a protein-derived, 

sequence-specific material design, it became clear as the binding mechanism was elucidated that 

this system in some ways is also akin to a polyelectrolyte design study.  

 As discussed throughout this work, peptide amphiphiles have been traditionally used for 

their targeting ability of larger biomolecules such as antibodies or cell receptors. One of the distinct 

aspects of this work was that PAs were repurposed to target small molecules on the ion-scale to 

become a protein-inspired absorbent material. Phosphate, a small molecule, was chosen due to its 

value in the environmental economy and also because it was a straightforward test case, with an 

easily extractable P-loop sequence to extract and evaluate within the larger construct of a micelle. 

But through our work, we discovered that mimicking protein binding of small charged molecules 

by a densely charged supramolecular object becomes a complex fusion of protein-derived binding 

factors—conformation, charge, and hydrogen bonding—as well as entropically driven binding 

factors, which is inaccessible to typical proteins. And when you introduce polyelectrolyte-akin 

entropic binding influence, the specificity of binding featured by proteins becomes more difficult 

to retain. 

 When considering this finding in terms of future directions, there are several potential 

avenues for next spheres of study. First, this platform could be more fully explored exclusively as 

a polyelectrolyte-akin material system for targeting small charged molecules, dismissing the 
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sequence-specific protein interactions. This material is intriguing for this purpose because it is 

highly tunable in terms of amino acid control and self-assembled construct, thereby offering 

straightforward design and modification. It also presents a very high density of binding 

contributors in a localized environment, which allows multiple chains to interact with a single ion. 

This level of density is difficult to emulate in polymers or brush systems.  

 Second, one could redesign the PA micelle system to minimize nonspecific binding and 

restore sequence-specific protein-derived interactions for small charged molecules. Though the 

multi-component micelles described in Chapter 3 sought to reclaim this protein-inspired 

conformation, the system ultimately disregarded the nested cavity conformation. Instead, the 

system favored utilizing the terminal lysine residue amines of the Filler PA for phosphate binding, 

prompting non-specific multi-chain interactions. A redesign of the system could replace or shield 

these positive charges by adding additional glycine residues, and it could include a much longer 

spacer in the Binding PA to sufficiently distance the P-loop sequence from non-specific 

interference. By several simple design alterations for this highly tunable system, the small protein-

binding motif would be forced to mimic the protein-derived binding mechanism, which is likely 

more specific, thereby restoring protein specificity for small ions by PA micelles. 

 Third, the target of the PA micelle system could be exchanged for a larger molecule that 

requires sequence-specificity in order to be bound, where conformation is critical and where these 

protein-analogous materials would be especially suited to be used. There has been extensive work 

in determining binding motifs for specific targets by proteins. Utilizing one of these to target a 

more complex molecule than a phosphate ion would be another straightforward approach to 

restoring protein specificity of binding.  
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 Finally, a more ambitious goal for this system would be to very strategically utilize this 

multi-chain binding for more complex targets. While the multi-chain binding of phosphate was 

originally unintentional, it is intriguing to consider computationally inspired system design for a 

multi-component PA micelle system, with a Filler PA and two or more complementary Binding 

PAs that are controllably distributed along the micelle to adopt a multiple pronged binding scheme 

that is truly reminiscent of complex tertiary binding. Again, the highly tunable nature of this 

material, as well as the inherent protein-derived building blocks, positions this material for 

complex protein-inspired design that would be difficult to mimic in other synthetic systems. 

 The final point of discussion on this material is its potential to be translated for real-world 

application. Though two potential applications are put forth, namely resource recovery and 

detection, the PA micelle materials is more readily applicable to the latter than the former.  

In order for a material like this to be deployable on the kilogram scale for resource recovery 

from wastewater, a few things need to be considered. First, the production needs to be cost-

effective. While there have been strides to significantly scale-up the synthesis of peptides, such as 

utilizing recombinant technologies, this technique has yet to be realized in a cost-effective manner. 

Second, the material platform would need to be more mechanically robust and likely covalently 

tethered so that the micelles would remain intact in dilute solution. Initially, we attempted to 

engineer a robust hydrogel material using the already characterized C16SGKGHhex material, 

which is a self-supporting hydrogel with appealing mechanical properties. In the two systems 

tested in Chapter 2, neither had comparable mechanical robustness. They were viscous, but they 

fell short of the strength of a self-supporting hydrogel. By covalently tethering the micelle 

components, material loss would be prevented and its durability as an absorbent material would 
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increase. And finally, the selectivity and specificity of the platform would need to be improved, 

using any of the techniques discussed previously in this section. 

While there are more hurdles to overcome to deploy this material for resource recovery in 

complex wastewater solutions, there is more immediate promise in this material being used for 

detection and sensing applications. Scale-up and mechanical robustness are factors that are not 

nearly as important to optimize for these applications, since less material would be required for 

small-scale sensors and they would not require mechanical robustness needed for high throughput 

of wastewater. The primary factors to optimize for this application would be increasing specific 

binding performance and enhancing the emissive properties so that less material would be needed 

in sensing devices. Overall, by combining this fluorescence feature with the high tunability of 

protein-inspired binding, there is rich opportunity moving forward to explore this platform for 

protein-inspired sensing applications. 
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APPENDIX A. 

SUPPLEMENTARY DATA FOR CHAPTER 2 

A.1 MASS SPECTROSCOPY VERIFICATION USING MATRIX-ASSISTED LASER DESORPTION-

IONIZATION – TIME OF FLIGHT (MALDI-TOF) 

 The theoretical molecular weight for C16GGGhex is 928.10 g/mol. The main peak in the 

purified HPLC fraction is 950.698 (Figure A.1A). An artifact of this technique is that a sodium ion 

commonly adheres to the molecule in the place of a hydrogen atom upon ionization, making the 

detected mass larger than the mass of the molecule. After subtracting the molecular weight of a 

sodium ion (22.99 g/mol) and adding back the mass of the hydrogen atom it replaced, the 

confirmed molecular weight of C16GGGhex is 928.72 g/mol. Similarly, for C16SGKGHhex, the 

theoretical weight is 2288.55 g/mol. After subtracted the mass of sodium and adding the mass of 

hydrogen, the confirmed molecular weight of C16SGKGHhex is 2287.37 g/mol (Figure A.1B).  

 

Figure A.1. The mass spectra for (A) C16GGGhex and (B) C16SGKGHhex after purification from 

HPLC.  
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A.2 PURITY ANALYSIS USING LIQUID CHROMATOGRAPHY – MASS SPECTROSCOPY (LC-MS)  

 

Figure A.2. LC-MS chromatogram of (A) C16GGGhex and (B) C16SGKGHhex at 220 nm. The 

product elutes in the center peak for each plot. The purities were calculated to be (A) 96.5% and 

(B) 97.3%. 

 

Table A.1. LC-MS Chromatogram peak table for C16GGGhex 
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Table A.2. LC-MS Chromatogram peak table for C16SGKGHhex  

 

The confirmed purity of C16GGGhex was 96.45%, and the confirmed purity of 

C16SGKGHhex was 97.30%. 

A.3 CRITICAL MICELLE CONCENTRATION (CMC) 

The CMC is calculated as the inflection point of the fluorescence intensity beginning to 

increase, which occurs in the presence of hydrophobic cores (Figure A.3). The CMCs were 8.43 

µM and 130.1 µM for C16GGGhex and C16SGKGHhex, respectively. The ten-fold difference in 

CMC values can be explained by the packing parameter for surfactant molecules.84 The packing 

parameter P evaluates the most stable degree of curvature at the tail-headgroup interface of the 

micelle using the ratio P = v/al, where (v) and (l) are the volume and maximum extended length 

of the tail, respectively, and (a) is the area of the headgroup at the interface. For C16SGKGHhex, 

the (a) area of the headgroup is much larger due to the double-sided headgroup, causing each PA 
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molecule to face more steric constraints in its ability to self-assemble, corresponding to the higher 

CMC. C16SGKGHhex is also much more hydrophilic than C16GGGhex with more than double the 

number of amino acids in the headgroup, further stabilizing the individual PA molecules in an 

unassembled state. 

 

 

Figure A.3. The CMC plots of (A) C16GGGhex and (B) C16SGKGHhex.  

 

A.4 ADDITIONAL NEGATIVE-STAIN TRANSMISSION ELECTRON MICROSCOPY (TEM) IMAGING 

 

Figure A.4. C16GGGhex at pH 2 forms extended wormlike micelles. 
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Figure A.5. C16GGGhex at pH 6 forms extended wormlike micelles. 

 

 

Figure A.6. C16GGGhex at pH 10 forms wormlike micelles that begin to clump together. 
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Figure A.7. C16GGGhex at pH 11 forms wormlike micelles that heavily clump together. 

Figure A.8. C16GGGhex at pH 6 after one cycle of capture and release at pH 11 demonstrates that 

the declumping of the micelles is reversible. 

For C16SGKGHhex in Figure A.9, this transition at high pH to wormlike micelles from 

spherical micelles can be understood in terms of the packing parameter discussed above. At low 

pH, the histidines are protonated, repelling each other and effectively increasing the area of the 
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headgroup, pushing the packing parameter below the 1/3 value corresponding to spherical micelles 

to accommodate the larger steric hindrance. Upon deprotonation and a subsequent decrease in 

headgroup area at high pH, the assembly becomes more stabilized as wormlike micelles and 

approaches the 1/2 packing parameter value corresponding to the wormlike micelles seen in Figure 

A.9. 

 

Figure A.9. C16SGKGHhex at pH 10 forms extended wormlike micelles that clump together very 

thickly. 
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A.5 SPECTROPHOTOMETRIC MOLYBDENUM BLUE ASSAY 

 

Figure A.10. Confirmation of a linear trend using the spectrophotometric molybdenum blue assay. 

As concentration of phosphate in solution increases, the absorbance increases with very reliable 

accuracy. 

A.6 ANALYSIS OF KINETICS OF BINDING 

The kinetics data shown in Figure A.11 demonstrated that C16GGGhex sequestered and 

released phosphate within seconds to minutes of reaching the target pH, corresponding to the time 

it requires to promptly filter the suspension and evaluate the phosphate content. Additionally, the 

material maintains its unbound or bound state as long as the pH remains constant, up to the two 

hours that we tested 

 

Figure A.11. The phosphate binding concentrations and percentages measured over time at the 

three pH values of 6, 2, and 11. Phosphate is captured at pH 6 and unbound at pH 2 and 11 over 

the two hours measured.  
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A.7 EFFECT OF INCREASED NACL ON BINDING AND THE MOLYBDENUM BLUE ASSAY 

As more NaCl is added to binding experiments of C16GGGhex at pH 6, the amount of 

phosphate binding noticeably decreases (Figure A.12). This phenomenon could explain the slight 

decrease in binding after multiple cycles of capture and release as the pH was repeatedly altered, 

if for example the wash steps between cycles did not completely wash out all NaCl and the 

concentration NaCl gradually accumulated in the sample as the number of cycles increases. This 

effect of decreased hexapeptide binding by an increase in NaCl concentration was also observed 

by Zhai, et al.82  

  

Figure A.12. Binding experiments of C16GGGhex at pH 6 at a 5:1 ratio of PA:PO4 and varying 

final solution concentrations of NaCl.  

We also investigated whether these higher concentrations affected the spectrophotometric 

assay to confirm that the observed decrease in binding was not an artifact of the assay (Figure 

A.13). As the concentration of NaCl increases in the spectrophotometric calibration curves, the 

fitted lines do not noticeably vary or follow any noticeable trend, implying that added NaCl does 

not affect the spectrophotometric readings at these concentrations. 
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Figure A.13. Spectrophotometric calibration curves constructed with increasing amounts of added 

NaCl, from (A) 0 mM NaCl, (B) 2 mM NaCl, 20 mM NaCl, and (D) 40 mM NaCl. 

Even though we confirmed that binding is impacted by increased NaCl, the impact for our 

material is relatively small at the pH extremes. Table A.3 details the average final concentration 

of added HCl and NaOH in order to achieve pH 2, 6, and 11 for our binding systems. The release 

conditions of pH 2 and 11 require concentrations of HCl and NaOH that fall in the range that would 

impact binding, both near 4 mM of added HCl or NaOH. However, this approximately 12% 

decrease in binding at pH 6 does not match the roughly 90-95% unbound phosphate at these 

extremes (Figure 2.3). Thus, we confirm that NaCl interference is not the cause of the observed 

near zero binding at pH 2 and 11.  

Table A.3. Average final concentrations of added HCl and NaOH to achieve the final solution pH 

Final pH [HCl] (mM) [NaOH] (mM) 

2 3.6±0.2 0 
6 0 0.2±0.1 

11 0 4.6±0.2 
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A.8 ESTIMATED POTENTIAL OF MEAN FORCE FOR PHOSPHATE MICELLE BINDING 

From the phosphate-micelle simulation at pH 6, we estimated the potential of mean force 

(PMF) profile as a function of separation distance between phosphates and the micelle center. The 

PMF is obtained via the equation PMF(r) = kTln(P(r)). The PMF profile shown is relative to the 

PMF at the distance of 8 nm, which corresponds to the unbound state. The PMF shows a minimum 

at a phosphate-micelle separation distance of approximately 3.5 nm. The PMF difference between 

this minimum and the unbound state is -11.6 kJ/mol. 

 

Figure A.14. PMF as a function of the separation distance between phosphates and the micelle 

central axis. The result is obtained at the condition pH 11 and PA:PO4 = 5:1. 

A.9 REPRESENTATIVE SNAPSHOT OF MULTI-CHAIN BINDING 

 

Figure A.15. Representative snapshot of Multi-chain Binding from phosphate-micelle simulation 

at pH 6. The hydrophobic core is shown in red and the corona is shown in blue. The two different 

PA chains interacting with the phosphate is shown in dark blue and magenta, respectively.  
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APPENDIX B. 

SUPPLEMENTARY DATA FOR CHAPTERS 3 AND 4 

B.1 MASS SPECTROSCOPY VERIFICATION AND PURITY ANALYSIS USING LIQUID 

CHROMATOGRAPHY–MASS SPECTROSCOPY (LC-MS) 

After purification on high performance liquid chromatography (HPLC), the collected 

fraction containing the purified product was analyzed using LC-MS. The chromatographs (Figure 

B.1) and the mass spectra of the eluted peak (Figure S2) indicate that the syntheses were successful 

(see Table B.1). The purification achieved greater than 95% purity for all three samples (Tables 

B.2-B.4).  

 

Figure B.1. LC-MS chromatogram at 220 nm UV absorbance of (A) C16G5K, (B) C16G5hex, and 

(C) C16S5hex. The product elutes in the center peak for each plot.  

 

Figure B.2. The mass spectra at the LC-MS center peak for (A) C16G5K, (B) C16G5hex, and (C) 

C16S5hex after purification from HPLC.  
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Table B.1. Theoretical and Experimentally Measured Molecular Weights of Three Peptide 

Amphiphile (PA) Samples 

 

Table B.2. LC-MS Chromatogram peak table for C16G5K 

Table B.3. LC-MS Chromatogram peak table for C16G5hex 

 

Table B.4. LC-MS Chromatogram peak table for C16S5hex 

 

The confirmed purities of C16G5K, C16G5hex, and C16S5hex are 96.5%, 96.6%, and 95.1% 

respectively. This was calculated according to the area of each peak that eluted during the solvent 

gradient change from water with trifluoroacetic acid to acetonitrile. The area of the peak 

corresponds to the amount of that product present in the sample. 
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B.2 ADDITIONAL TEM IMAGES OF PURE PA MICELLES 

Figure B.3. Negative-stain transmission electron microscopy at longer length scales for (A) 

C16G5K, (B) C16G5hex, and (C) C16S5hex confirm extended wormlike micelles.   

B.3 ABSORPTION, EXCITATION, EMISSION, AND CMC DATA FOR C16G5K AND C16S5HEX 

 
Figure B.4. Fundamental fluorescence characterization data for C16G5K, including (A) absorbance 

intensity, (B) the fluorescent emission intensity at an excitation of 355 nm, (C) an excitation scan 

at 430 nm emission and emission scan at 355 nm excitation, and (D) the critical micelle 

concentration (CMC) using 1,6-diphenyl-1,3,5-hexatriene (DPH) dye and the intrinsic 

fluorescence critical micelle concentration. Note: the FCMC data are shifted down and scaled by 

10 to emphasis the inflection point shift. 
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Figure B.5. Fundamental fluorescence characterization data for C16S5hex, including (A) 

absorbance intensity, (B) the fluorescent emission intensity at an excitation of 355 nm, (C) an 

excitation scan at 430 nm emission and emission scan at 355 nm excitation, and (D) the critical 

micelle concentration (CMC) using 1,6-diphenyl-1,3,5-hexatriene (DPH) dye and the intrinsic 

fluorescence critical micelle concentration.  Note: the FCMC data are shifted down and scaled by 

10 to emphasis the inflection point shift. 

B.4 QUANTUM YIELD CALCULATIONS 

The quantum yield (QY) for each PA sample was calculated according to the equation 

Φ𝑃𝐴 = Φ𝑄𝑆 (
𝑆𝑙𝑜𝑝𝑒𝑃𝐴

𝑆𝑙𝑜𝑝𝑒𝑄𝑆

) (
𝜂𝑃𝐴

2

𝜂𝑄𝑆
2 )

where Φ𝑃𝐴 is the QY of the peptide amphiphile, Φ𝑄𝑆 is the QY of the standard, 𝑆𝑙𝑜𝑝𝑒𝑃𝐴 and 

𝑆𝑙𝑜𝑝𝑒𝑄𝑆 are the slopes from the plots of fluorescence intensity vs. absorbance for the PAs and the 

standard, respectively, and  𝜂𝑃𝐴
2  and 𝜂𝑄𝑆

2  are the refractive indexes for the solvents for the PA 

sample and the standard, respectively. The standard used was quinine sulfate in 0.1 M H2SO4, 

which had a comparable emission range as the PA micelles. The absorbance and fluorescence 

intensities were calculated for samples in the linear regime (Figure S6), ensuring that the slit widths 
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remained constant between measurements and samples. The reference quantum yield for the 

standard was 0.54, and the refractive indexes for both solvents were 1.33.  

 

Figure B.6. Quantum yield measurements show linear correlations for absorbance vs. fluorescence 

intensity for (A) all three PA systems and (B) quinine sulfate with an R2 value of over 0.99 for all 

four linear fits. 

B.5 CIRCULAR DICHROISM SPECTRA FITTED CURVES 

 

Figure B.7. Circular Dichroism spectra and their fitted curves for (A) C16G5K, (B) C16G5hex, and 

(C) C16S5hex.  

Table B.5. Fitted Curve Values for C16G5K, C16G5hex, and C16S5hex. 
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B.6 ADDITIONAL TEM IMAGES OF PA MICELLES WITH PHOSPHATE  

 

 

Figure B.8. Negative-stain TEM images for C16G5K with increasing amounts of phosphate added. 

Figure B.9. Negative-stain TEM images for C16S5hex with increasing amounts of phosphate 

added.  
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