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ABSTRACT: Electrostatic interactions contribute critically to the kinetic pathways and 

thermodynamic outcomes of peptide self-assembly involving one or more than one 

charged amino acids.  While it is well understood in protein folding that those amino 

acids with acidic/basic side chains could shift their pKas when placed in a hydrophobic 

microenvironment, it remains unclear to what extent aggregation of monomeric peptide 

units from the bulk solution could alter their charged status and how this change in pKa 

values would reciprocally impact their assembly outcomes. Here, we design and 

analyze two solution systems containing peptide amphiphiles with hydrocarbon chains 

of different lengths to determine the factor of deprotonation on assembly. Our results 

suggest that models of supramolecular nanofibers with uniformly distributed, fully 

charged amino acids are oversimplified. We demonstrate, with molecular dynamics 

simulations and validate with experimental results that asymmetric, different protonation 

states of the peptides lead to distinct nanostructures after self-assembly. The results 

give estimates on the electrostatic interactions in peptide amphiphiles required for their 

self-assembly and shed light on modeling molecular assembly systems containing 

charged amino acids.  

Introduction 

Peptide amphiphile (PA) self-assembly has been extensively studied over the past 
decades1. Peptide amphiphiles designed with different hydrophobic tails and peptide 

heads self-assemble into various structures2,3, achieving functions such as 
mineralization4,5, cell proliferation6,7, molecular imaging8–10, drug delivery11–13, and pH 
sensing14. Moreover, the self-assembly of PA is essential in immunology studies15–19, 
where PA materials have shown superior advantages. Research demonstrates that 
carefully designed PA superstructures can lead to strong bindings with certain 
enzymes15–17. Barrett et al discovered that PA micelles induce stronger immunological 
response17. Li et al showed PA fibers can reversely bind with antibodies18,19. To achieve 
controlled assembly for desired structures, understanding the relevant interactions is 
vital20.  

Electrostatic interactions contribute to a large number of systems including 
patterns on polyelectrolyte brushes21,22,  nanoparticles functionalized with ligands with 
end charged groups forming gels23,24 or crystals25 besides PA micelles and fibers26,27. The 
charges in PA are usually carried by the sidechains of amino acids. Given their weak 
acid/base nature, charge regulation of amino acids varies due to numerous factors, such 
as pH, molecule concentration, and microenvironment. Research unveils that the charge 
states of amino acids shift by an unexpected amount under different conditions28–30. Isom 
et al showed that, in a single protein, depending on the microenvironment, glutamic acid 
(GLU) has a pKa ranging from 4.5 - 9.5 with a theoretical value of 4.528. Similarly, the 
self-assembly process of PA brings changes in the chemical environment of the 
assembled molecules. The pKa shift of amino acids in peptide amphiphiles upon self-
assembly has been long noticed in experiments29,30.  

Theorists have made efforts to predict the acid-base equilibrium between the 
protonated and deprotonated acids in PA self-assembly under different pH and salt 
conditions31,32,33. However, the phenomenon draw few attention in simulation works34,35. 
All amino acids are usually assumed to be charged if they have acidic/basic side chain. 



The first reason is the computation expense in molecular dynamics (MD) simulations. 
Even though many successful attempts have been made using the continuum model21,36, 
simulating pH effects in the atomistic scale is still challenging and expensive. Furthermore, 
the time scale that atomistic simulations can reach is limited. It is hard to capture structural 
transitions in complex PA systems. Therefore, in these cases, regardless of the strong 
approximations, fully charged PA models often yield qualitative accurate results32. 
Another major reason lies in the deceiving fact that amino acids are calculated to be 
charged using experimental pH and the theoretical pKas of the amino acids. However, 
the pKa of an amino acid is a function of its surroundings37 and can vary significantly.  
Shifts in the pKas of amino acids are often underestimated.   

 
In this paper, we demonstrate that microenvironments have decisive effects on the 

charge states of amino acids and the resulting quantitative difference in the charge would 
lead to a qualitative change in the nanostructure of PA assembly. The charge states of 
the fiber should be discreetly described to accurately depict the properties of the fiber. As 
shown here, overestimating electrostatics in the PA superstructures yields significant 
deviations in various physical properties including their structural density, charge density, 
and the degree of salt ion condensation. Furthermore, on the macroscale, PA fiber 
interactions that depend on the surface charges would be modified.  

Motivated by the immunology studies on short carbon PAs, we first focus on a 
specific system of nanofiber self-assembled by hydrophobic-hydrophilic patterned 
peptide amphiphiles with a short hydrophobic segment. This system is especially 
amenable to determine the competition between hydrophobic and electrostatic 
interactions in PAs self-assembly into either spherical micelles or cylindrical fibers. In 
contrast, in systems with large carbon chains, the hydrophobic interactions usually 
dominate, and fibers are formed regardless of the charge states of the amino acids in MD 
simulations where the amino acids are generally assumed to be fully charged. The 
chemical structure of the molecule in this study is shown in Fig. 1a. In the system, 2 kinds 
of acid-base equilibrium exist: 

𝐶12 − 𝑉𝑉𝐸1
0𝐸2 ⇌ 𝐶12 − 𝑉𝑉𝐸1

−1𝐸2 + 𝐻+  
( 1 ) 

 

𝐶12 − 𝑉𝑉𝐸1𝐸2
0 ⇌ 𝐶12 − 𝑉𝑉𝐸1𝐸2

−1 + 𝐻+ 

( 2 ) 

The superscript denotes the charge states of the Glutamic acid (referred to as GLU or E), 
where 0 means the protonated state where the residue is not charged and -1 means the 
deprotonated state where the residue carries a negative charge. The subscript denotes 
the location of GLU in the sequence. Experimentally, the PAs form nanofibers under pH 
= 7.3~7.418. Usually, both GLUs are assumed to carry a negative charge under the 
experimental pH condition due to the very low pKa of GLU in bulk solutions. However, we 
hypothesize that the self-assembly process would create different microenvironments for 
GLUs: the inner GLU (E1) will locate around the boundary between the hydrophobic cores 
and the solvent. With limited access to polar solvents and ions, the protonation states are 
expected to be different from the bulk condition. Furthermore, in the case of short peptide 



amphiphile systems, the repulsive interactions between charged amino acids become 
significant. Therefore, a discrepancy between the fully charged PA assumption in 
simulations and experimental results is expected. Here, C16-VVEE fibers systems are 
also studied to demonstrate that MD simulations give qualitatively similar results 
regarding fiber formation regardless of the assumptions in the charge states of the amino 
acids when hydrophobic interactions dominate yet structural properties such as amino 
acid packing and ionic cloud distributions in the fibers are affected.  
 

 In the following sections, results from atomistic and coarse-grained simulations are 
shown to validate the hypothesis. Different charge conditions in the formation of 
cylindrical fibers and spherical micelles are discussed. Titration experiments and 
analytical fittings are carried out to further support the assumptions.  

Methods 
 

Atomistic simulations 

 GROMACS 2021.538 is used to perform molecular dynamics (MD) simulation in 
this paper. GROMACS is an MD package mainly designed for simulations of large 
biomolecules. The CHARMM3639 force field is used for all-atom simulations. The 
CHARMM TIP3P combined with the SETTLE algorithm40 is used to model water 
molecules. All visual analyses are performed with VMD41 and MDAnalysis42.  

The PA molecule is initialized with Avogadro43 and Packmol44. On the xy-plane, 9 
PAs are distributed radially with an angle of 40° between each other to form the first layer. 
The second layer of 9 PAs is placed 0.5 nm above the first layer with a 20° shift. A total 
of 16 layers are created to initialize the fiber45. The fiber is solvated in water with 0.1 M of 
NaCl except for the counterions. The initial structure is shown in Fig. 1. The system is 
equilibrated with gradually decreasing force constants applied on the C12. A subsequent 
production run is performed on the fully relaxed system for 200 ns. All detailed parameters 
for the simulation can be found in the Supplementary Information (SI). The final simulation 
snapshots are shown in Fig. 2. Same procedures are performed for C16-VVEE PA 
systems.  



 
Figure 1. Chemical structures of the studied peptide amphiphiles and schematic illustration 

of the initial setup for atomistic simulations. (a) The peptide amphiphile molecule for the 

fiber simulation. The first molecule is fully deprotonated and carries -2e charges. The second 

molecule is half protonated and carries -1e charges. (b) The initial structure of the fiber.  

 

 

 
Coarse-grained simulation  
 GROMACS 2021.5 and MARTINI 3 force field46 are combined in the coarse-
grained simulations. The details of the PA bead mapping are provided in Fig. S3 in SI. 
We solvate 150 PAs in an aqueous solution at 0.1M NaCl salt concentration along with 
counterions in a 9 × 9 × 9 nm3 box. Energy minimization is first performed on the system, 
followed by equilibration under NVT (constant number of molecules, constant volume, 
and constant temperature) ensemble and then NPT (constant number of molecules, 
constant pressure, and constant temperature) ensemble. A subsequent production run is 
performed for 1 µs. Detailed parameters for the simulations are listed in the SI.  
 

Local Debye length  
 The original formula for Debye length calculation is  

𝜆𝐷 =  √
𝜀𝑟𝜀0𝑘𝐵𝑇

∑(𝑍𝑖𝑒)2𝐶𝑖
 

( 3 ) 

 The Debye length depends on the ion concentrations and the relative permittivity. 
In the specific system, Na+ tends to concentrate around the fiber to neutralize the negative 
charges carried by the PA molecules. The dielectric constant is assumed to be 
proportional to the volume fraction of oil (𝜀𝑟 = 2) and water (𝜀𝑟 = 80). Therefore, the 
Debye length varies depending on the radial distance from the fiber center.  



𝜆𝐷(𝑟) =  √
𝜀𝑟(𝑟)𝜀0𝑘𝐵𝑇

∑(𝑍𝑖𝑒)2𝐶𝑖(𝑟)
 

( 4 ) 

 The local ion concentration can be calculated based on the simulation results with 
the radial distribution function (RDF): 

𝐶(𝑟) =  
𝑑𝑁

𝑑𝑉
= 𝑔(𝑟) × 𝜌0 

( 5 ) 

 

With a 2D radial distribution, 𝑑𝑉 = 4𝜋𝑟𝑑𝑟. 

 Therefore, the local Debye length is  

𝜆𝐷(𝑟) =  √
4𝜋𝑟𝑑𝑟 × 𝜀𝑟(𝑟)𝜀0𝑘𝐵𝑇

∑(𝑍𝑖𝑒)2𝑑𝑁𝑖
 

( 6 ) 

 

Titration on PA solutions 

 First, the PA solutions are prepared. The lyophilized peptide amphiphile powders 

are first pretreated with 400 µL hexafluoro-2-propanol (HFIP) to eliminate any pre-existing 

structures before assembly. After evaporating off the HFIP under compressed air for a 

minimum of 20 minutes until a dry thin film formed at the bottom of the tube, enough 

Nanopure water is added to reach a final concentration of 2.5 mM. The peptide amphiphile 

solutions were sonicated in a 45°C water bath for 40 minutes before being left overnight 

in a closed eppendorf tube at room temperature to allow for complete assembly, and the 

pH was measured before and after the overnight assembly. The preparation of the fibers 

was done following the protocal described in references 19 and 20. Titration curves are 

determined by adding 10 µL of 0.1M NaOH or HCl at a time to 5 mL of the peptide 

amphiphile solutions. After each addition of NaOH or HCl, the pH is measured, which is 

calibrated prior to experiments using pH 4, 7, and 10 buffers.  

 

Fitting of the titration curve 
 The C12-VVEE molecule is denoted as H2A for simplicity. The acid-base 
equilibrium is considered with the following equations: 

𝐻2𝐴 + 𝐻2𝑂 ⇌  𝐻3𝐴+ + 𝑂𝐻−         𝐾𝑏 

( 7 ) 

𝐻2𝐴 ⇌  𝐻𝐴− + 𝐻+         𝐾𝑎1
 

( 8 ) 



𝐻𝐴− ⇌  𝐴2− + 𝐻+         𝐾𝑎2
 

( 9 ) 

With species conservation and charge neutrality, two final expressions are reached: 

𝑤 + [𝐻+] +
𝑐𝐵𝑉𝐵

𝑉𝐵 + 𝑉0
=

𝐾𝑤

[𝐻+]
+

𝑤𝐾𝑤𝐾𝑎1

[𝐻+]2 𝐾𝑏
+ 2

𝑤𝐾𝑤𝐾𝑎1
𝐾𝑎2

[𝐻+]3 𝐾𝑏
 

( 10 ) 

𝑤 +
𝑤𝐾𝑤

[𝐻+]𝐾𝑏
+

𝑤𝐾𝑤𝐾𝑎1

[𝐻+]2 𝐾𝑏
+

𝑤𝐾𝑤𝐾𝑎1
𝐾𝑎2

[𝐻+]3 𝐾𝑏
=

𝑐0𝑉0

𝑉𝐵 + 𝑉𝐴
 

( 11 ) 

Where w is the concentration of H3A+; Kw is the water dissociation constant; VB is the 
volume of NaOH/HCl added; V0 and c0 are the initial volume and concentration of the H2A 
solution. The two equations allow extrapolation of the titration curve with the volume of 
NaOH/HCl added. More details can be found in the SI.  

 

Results and discussion 
 Based on both previous experiments and theoretical results, the pKa values of 
GLUs vary depending on the local environments28,29. Under a certain range of pH, it is 
possible that due to the difference in the microenvironment, E1 is protonated and carries 
no charges while E2 is deprotonated and has a -1e charge in the C12-VVE1E2 molecule. 
We expect that, in these cases, distinct structures would form, and MD simulations can 
capture the transitions between structures since the hydrophobic interactions do not 
dominate over the Coulombic repulsions.  
 

Two parallel simulations are performed with the same conditions except for the 
protonation states of the PA molecules. The atomistic simulation of the half-protonated 
PA system yields a stable, compactly packed fiber structure (Fig. 2a), which aligns with 
experimentally observed structures in literature. The convergence of energy and box size 
in the z direction indicate the equilibrium is reached (Fig. S2 in the SI). Around 9.8% of 
peptide heads form β-sheets, which help stabilize the structure. The C12 heads form a 
hydrophobic domain where no water molecules or ions penetrate. In comparison, the fiber 
composed of fully charged PA molecules breaks down into spherical micelles (hereafter 
referred to as micelles) (Fig. 2b). Two micelles have 63 PA molecules and 81 PA 
molecules respectively.  

 

The change in the equilibrium structure can be attributed to the different 
protonation states of E1 and E2. E1 is assumed to be protonated due to (1) decreased 
relative permittivity, and (2) limited access to ions. The radial distribution functions (RDF) 
of E1 and E2 are shown in Fig. 2c. At the ion concentration applied in this study (0.1 M), 
the Debye length agrees well with experimental measurements and is used to estimate 



the interactions between charges47. We assume the relative permittivity of the 
hydrophobic domain is 𝜀𝑟 = 2  (oil) and the local Debye length 𝜀𝑟(𝑟)  is a linear 
combination of the volume fraction of fiber (𝜀𝑟 = 2) and water (𝜀𝑟 = 80). With Eq (6), the 

Debye length 𝜆𝐷(𝑟) is calculated (Fig. 2c). The local Debye length is ~26.7% larger at the 
position of E1 (𝜆1 = 0.76 𝑛𝑚) than at the position of E2 (𝜆2 = 0.60 𝑛𝑚). The screening 
effect is much weaker in the environment of E1. Further, if the acid-base equilibrium shifts 
and one GLU loses a proton, the change in Coulombic interaction energy can be 
calculated with 

𝑑𝐸𝐶𝑜𝑢𝑙(𝑟) =  ∑
|𝑞𝑖||𝑞|

4𝜋𝜖0𝑟𝑖
2

𝑖

× 𝑒−𝑟𝑖𝑘(𝑟)  ∝  𝑒−𝑟𝑖𝜆𝐷(𝑟)−1
 

( 12 ) 

Where 𝑘(𝑟) is the inverse of Debye length, 𝑟𝑖 is the distance between the new charge and 
every other charge. Therefore, the energy penalty is exponentially higher if the charge is 
buried deeper inside the fiber. The synergistic effect of low permittivity and low ion 
concentration suggests that E1 is protonated.  
 

 



 

Figure 2.  Atomistic simulations results of the peptide amphiphiles. (a) The equilibrium 

snapshot of the 𝐶12 − 𝑉𝑉𝐸1
0𝐸2

−1  fiber. A densely packed fiber is formed. (b) The 

equilibrium snapshot of the 𝐶12 − 𝑉𝑉𝐸1
−1𝐸2

−1  system. The fiber breaks down into 2 

micelles. Blue surfaces are the 𝐶12 hydrophobic cores and the red cartoons are the amino 

acids. The GLUs RDFs and the Debye length as a function of distance from the 𝐶12 center 

of (c) the fiber and (d) the micelles. Both E2 have lower and wider peaks relative to E1 

because further away from the center, the GLUs have more free space. The Debye length 

near the hydrophobic cores is huge due to the sparse distribution of ions. It drops drastically 

as the distance from the center increases and reaches the minimum around the margin of the 

fiber/micelle due to the ion condensations. (e) The Ion condensation around the fiber and the 

micelle. The micelle has more ion condensed around it. (f) The average solvent-accessible 

surface area per PA molecule. The micelle has a much larger average surface area, allowing 

more ions and solvent molecules to diffuse into the micelle. 

 

 A similar analysis is performed on the micelles where both GLUs are charged in 
the PA molecules. The RDF of E1, E2, and Debye length are shown in Fig. 2d. The local 
Debye length at E1 (𝜆3 = 0.55 𝑛𝑚) and at E2 (𝜆4 = 0.56 𝑛𝑚)  of micelles has very close 

values and is less than the Debye length near the cylindrical fiber (~35.7% less than 𝜆1 
and ~8.9% less than 𝜆2). Both GLUs in the micelle experience significantly stronger 
electrostatic screening. Compared with cylindrical fibers, micelles have larger unit surface 
areas (~31%) (Fig. 2f). Sparse distribution of the GLUs mitigates the Coulombic repulsion. 
Furthermore, the micelles occupy less volume fraction at the same distance r from the 
center, compared with fibers. More free space allows more solvent molecules and ions to 
diffuse into the micelles, increasing the ion condensation around the micelle hydrophobic 
cores (Fig. 2e). 
 
 To further prove the statement that limited access to water and ions prevents 
deprotonation of the carboxylic groups, an artificial structure of fiber with -2e charges in 
each PA molecule is simulated by fixing the terminal atom of C12 with a position restraining 
force. The results are shown in Fig. 3. The RDF of the E1 group has a shift away from the 
fiber center as well as a narrower peak. The RDF suggests more extended PA chains in 
the artificial structure. A less compact structure is generated. Meanwhile, the distribution 
of Na+ shifts toward the center of the fiber, indicating Na+ penetrates deeper into the fiber. 
The narrowing gap between two distribution function peaks indicates E1 has more access 
to ions and therefore screens out the electrostatic repulsions and gains electrostatic 
attraction energies via binding due to the smaller local permittivity. However, internally 
the fiber is dehydrated, increasing the local electrostatic potential. It is entropically 
unfavorable for free Na+ to move from a polar medium to a less polar medium and to bind 
with the fiber. Therefore, the synergy of these effects generates potential destructive 
effects on the cylindrical fiber structure.  



 
Figure 3. Simulation results of artificial supramolecular nanofiber structure. (a) The RDF 

of E1 and Na+.  E1 has more access to Na+ after deprotonation. The distribution of (b) E1, (c) 

Na+. Red stands for the results of single-charged PA (E1 is uncharged) while yellow stands 

for the results of double-charged PA (E1 is charged).  

 
MARTINI 3 coarse-grained simulations produce the expected results (Fig. 4). With 

fully deprotonated C12-VVEE PA molecules, only micelles are formed. Two micelles have 
64 and 86 PA molecules respectively, qualitatively consistent with atomistic simulations. 
On the contrary, half-protonated C12-VVEE PA molecules form micelles and quickly 
merge into cylindrical fibers. 

 
Figure 4. The MARTINI3 coarse-grained simulations. (a) the equilibrium snapshot of the 

𝐶12 − 𝑉𝑉𝐸1
0𝐸2 fiber. A densely packed fiber is formed. (b) The equilibrium snapshot of the 

𝐶12 − 𝑉𝑉𝐸1
−1𝐸2 system. Two micelles form, consistent with the atomistic simulation results. 

 

  
To obtain the experimental pKa values of the GLUs in the PA molecules, titration on 

the C12-VVEE is carried out. We also write the pH of the solution as an analytical function 
of the added volume of NaOH based on the acid-base equilibrium, with 2 distinct pKas 
as fitting parameters (details are included in the SI). The titration curve and fitting curve 
are given in Fig. 5a, and the pKa values are given in Table 1. A large shift in the pKas is 
observed. Under the fiber self-assembly experiments (pH = 7.3~7.4), the protonation 
states are calculated with Henderson–Hasselbalch equation37: 

𝛼 =
1

1 + 10𝑝𝐻−𝑝𝐾𝑎
 



where 𝛼 is the percentage of the acidic form (charge-neutral) of the GLU residue under a 
certain pH. Only 4% of the inner GLUs (E1) are charged while almost all the outer GLUs 
(E2) are negatively charged. The result is consistent with our hypothesis and simulation 
results.  
 

 Theoretic pKa Experimental pKa ΔpKa Charged % 

E1 
4.1 

9.3 5.2 4% 

E2 6.0 1.9 99% 

Table 1. The pKa of GLUs from titrations. 

 

It became necessary to validate experimentally if there is indeed a morphological 
transition in the self-assembled structures formed by C12-VVEE when the solution pH is 
changed from 7 to 10. Dynamic light scattering (DLS) is first used to probe the size 
changes. Given the difficulty of accurately fitting the filamentous nanostructures with a 
mathematic model, we use the correlation functions to qualitatively assess their size 
differences. These correlation functions can be calculated from the time-dependent 
intensity trace using the equation: 

𝐺(𝜏) = ∫ 𝐼(𝑡) 𝐼|(𝑡 + 𝜏)𝑑𝑡
∞

0

 

As can be seen from Fig. 5b, solutions at both pH 7 and pH 10 show evidence of forming 
self-assembled structures. At pH 10, the curve is steeper and decays more rapidly at a 
much shorter timescale than that at pH 7, implying the formation of smaller particles of 
less polydispersity. These data corroborate our simulation results, which suggest that at 
pH 10, C12-VVEE forms filamentous nanostructures at pH 7 but spherical particles at pH 
10. 
 

The structural transition from filamentous nanostructures at pH 7 to discrete 
particles at pH 10 was further validated using transmission electron microscopy (TEM) 
imaging. Fig.  5c, 5d reveals clearly that C12-VVEE assembles into filaments at pH 7, but 
discrete particles of varying sizes (diameter: 18.9 ± 9.6 nm) at pH 10. The irregularity in 
particle shapes may be attributed to a drying effect during the TEM sample preparation 
and staining process in which the peptide amphiphile concentration and solution pH were 
likely varied. Nevertheless, a clear morphological transition in the assembled C12-VVEE 
structure is observed as the pH was raised from 7 to 10. The experimental results are 
highly consistent with theoretical predictions. 
   
 



 
Figure 5. (a) Titration and fitting curves of C12-VVEE. (b) Normalized correlation 

coefficient functions for solutions of 100 mM C12-VVEE assembled at pH 7 and pH 10 at 

25.0 ◦C. Representative transmission electron microscopy (TEM) images of supramolecular 

nanostructures formed by C12-VVEE at (c) pH 7 and (d) pH 10. Prior to imaging, TEM 

samples were negatively stained using an aqueous solution of 2 wt% uranyl acetate. Scale 

bars indicate 200 nm. 

 
 

 
To determine the possibility of micellization in PA with longer hydrocarbon tails, 

another PA fiber consisting of C16-VVEE is modeled and simulated (Fig. 6a) with different 
charge states. Similarly, in one system, both Glus in the PA are fully charged while in the 
other system, only E2 is charged. Compared with C12-VVEE systems, both C16-VVEE 
systems form fibers. The hydrophobicity is stronger in the C16-VVEE systems, which 
compensates for the electrostatic penalties even when both GLUs are charged. Similar 
to results from the artificial C12 fiber, the ions concentrate more and diffuse deeper into 
the fiber when the nanofiber carries 2 negative charges (Fig. 6b). During the equilibration, 
the doubly charged fiber quickly expands in the z direction to decrease the linear charge 
density (Fig. 6c). On the contrary, the single charged fiber further condenses during the 
equilibration. The linear density of the half-protonated fiber (20.86 PA/nm) is 59% larger 
than the fully charged fiber (13.1 PA/nm) while the radius of the half-protonated fiber is 
only slightly larger than the fully charged fiber. The half-protonated fiber has less 
extended PA chains and hence a much more compact structure.  The simulations further 
demonstrate that regardless of the assumptions on the charge states of PA molecules, 
MD simulations produce qualitatively similar results. However, significant quantitative 
inconsistencies are observed. Moreover, here, we simulated the physical properties of 



the fibers without the presence of other molecules. Large differences in molecular binding 
should be expected when other molecules are included. 

 
Figure 6. All-atom simulations for C16VVEE fibers. (a) the final snapshot of the 𝐶16 −
𝑉𝑉𝐸1𝐸2 fibers. The red surface is the half-protonated fiber, the blue surface is the fully 

charged fiber, and the blue squares are the simulation boxes. Two snapshots overlap to show 

the relative size of the fibers. (b) The ion condensation of the two systems. The peak of ion 

concentrations in the fully charged fiber system is much higher, indicating a stronger ion 

condensation. (c) The linear charge density of fibers. The double-charged fiber quickly 

expands to reduce charge density. 

 

The oversimplified model with all amino acids charged does not construct a stable 
cylindrical fiber in the C12-VVEE system because of the short hydrophobic chain and 
weaker hydrophobic interactions compared with other simulation work48–50 on PA 
superstructure systems. Notably, for other PA systems, the all-charged model may 
generate desired superstructures despite the inaccurate assumption but does not give 
accurate descriptions of physical properties. Extra caution is required if the all-charged 
model is used to study systems involving complex interactions such as molecular binding 
and phase separation. Overestimation of the charge density could lead to distinct ion 
distributions and electrostatic potentials over superstructures’ surfaces. Therefore, the 
oversimplified model possibly introduces challenges in calculating effective charges and 
predicting interactions involving PA superstructures. Careful examination and validation 
should be performed to determine the actual charge states of PAs in superstructures. 

 

 
Conclusions  

In this paper, we report the acid-base equilibrium that exists in the PA self-
assembly systems. Both atomistic and coarse-grained Simulations on two C12-VVEE fiber 
systems with different protonation states of GLUs yield two different final structures. The 
PAs with -2e charges generate micelles while PAs with -1e charges form densely packed 
fibers that corroborated well with our experimental observations.  Analysis reveals that 
the microenvironments of E1 yield a low relative permittivity, limited access for counter 
ions, and a condensed distribution of GLUs. The synergistic effects further boost the 
Coulombic repulsion between the negative charges and prevent the inner GLU from 
deprotonation in nanofibers.  A titration study was performed, confirming the existence of 
distinct pKa values for the two neighboring glutamic acid residues.  Simulations of C16-

VVEE fibers further demonstrate that MD simulations may yield similar results even with 



different assumptions of amino acids’ protonation states. However, the physical 
properties of the fibers formed under the assumptions are significantly different. The 
results indicate all-charged models might be oversimplified and inaccurate. That is, as 
found in previous studies of peptide assembly including continuum32, coarse grained35 
and/or all atom models48, our results indicate that acid-base equilibrium should be 
considered in modeling PA supramolecular assembly systems.  
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