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Peptide amphiphiles are a class of molecules that can self-assemble into a variety of
supramolecular structures, including high-aspect-ratio nanofibers. It is challenging to
model and predict the charges in these supramolecular nanofibers because the
ionization state of the peptides are not fixed but liable to change due to the acid-base
equilibrium that is coupled to the structural organization of the peptide amphiphile
molecules. Here, we have developed a theoretical model to describe and predict the
amount of charge found on self-assembled peptide amphiphiles as a function of pH and
ion concentration. In particular, we computed the amount of charge of peptide amphiphiles
nanofibers with the sequence Cg — VoALES. In our theoretical formulation, we consider
charge regulation of the carboxylic acid groups, which involves the acid-base chemical
equilibrium of the glutamic acid residues and the possibility of ion condensation. The
charge regulation is coupled with the local dielectric environment by allowing for a varying
dielectric constant that also includes a position-dependent electrostatic solvation energy
for the charged species. We find that the charges on the glutamic acid residues of the
peptide amphiphile nanofiber are much lower than the same functional group in aqueous
solution. There is a strong coupling between the charging via the acid-base equilibrium and
the local dielectric environment. Our model predicts a much lower degree of deprotonation
for a position-dependent relative dielectric constant compared to a constant dielectric
background. Furthermore, the shape and size of the electrostatic potential as well as the
counterion distribution are quantitatively and qualitatively different. These results indicate
that an accurate model of peptide amphiphile self-assembly must take into account charge
regulation of acidic groups through acid—base equilibria and ion condensation, as well as
coupling to the local dielectric environment.
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1 INTRODUCTION

The Stupp laboratory has developed a class of peptide
amphiphiles that spontaneously form high-aspect-ratio,
filamentous nanostructures in water (Hartgerink et al., 2001).
These peptide amphiphile molecules typically consist of a
hydrophobic hydrocarbon tail conjugated to a sequence of
amino acids with the propensity to form p-sheet hydrogen
bonds and charged amino acids for solubility. The headgroups
of these peptides typically contain amino acid residues with
weakly acidic or weakly basic side chains (Hendricks et al,
2017). The competition between the hydrophobic interactions
of the alkyl chain, the packing of the alkyl chain and headgroup,
electrostatic interactions originated from the chargeable amino
acid residues as well as the ability of the amino acid residues to
form hydrogen bonds, causes peptide amphiphiles to self-
assemble into a variety of nanostructures such as fibers,
ribbons, bilayers, and micelles (Hendricks et al., 2017).

The self-assembly of peptide amphiphile (PA) molecules is
controlled by the alkyl chain length, the formation of f-sheet
hydrogen bonds and headgroup size and charge (Dehsorkhi et al,
2014). While the influence of the alkyl chain length and headgroup
size on the self-assemble is relatively well understood for simple
surfactants (Israelachvili, 2011), a fundamental understanding and
control of the charge found in PA nanostructures are still lacking,
particularly when the charge is not fixed but originates from amino
acids with variable ionization states like glutamic acid (Deiss-Yehiely
etal,, 2017; Ortony et al., 2017). However, determining and modeling
the effective charge density is crucial for understanding the PA self-
assembly behavior and to optimize the sample processing conditions
for a particular application. Furthermore, recent studies have shown
that the molecular dynamics is critical for the PA nanostructures to
form hierarchical structures (Freeman et al., 2018; Stupp et al., 2020;
Wester et al., 2020) and to optimize biological signaling (Alvarez
et al., 2021).

The filamentous peptide amphiphile nanostructures have been
shown to mimic the extracellular matrix and have shown great
potential for drug delivery and the regeneration of many different
tissues (Matson and Stupp, 2012; Sato et al., 2018). Beyond their
application as biomaterials, peptide amphiphiles have also been
explored in material science applications and have been used to
construct anisotropic actuating materials (Chin et al., 2018; Li
et al,, 2020). Consequently, there is an increasing number of
experimental as well as theoretical studies into properties,
behavior, and applications of peptide amphiphiles.

Experimentally, it is difficult to directly measure the amount of
charge found in self-assembled peptide amphiphiles, since
experimental techniques rely on indirect measurements. For
example, (-potential measurements, a common tool employed in
colloid chemistry, measures the electrophoretic mobility which can
be used to estimate the electrostatic surface potential and charge.
Also this method is best used for spherical particles and can it be
more challenging to interpret for filamentous/fibrous structures. Ion
counting or inductively coupled plasma mass spectroscopy (ICPMS)
experiments (Gebala et al, 2015), can determine the number of
condensed counterions and counterions contained in the cloud that
surrounds a charged molecule or particle. {-Potential and ICMPS

Charge in Nanofibers

measurements provide an indirect indication of the strength of the
electrostatic potential and charge of the charged moiety.

Small-angle X-ray scattering (SAXS) has been used to study
supramolecular nanofibers (Bitton et al., 2005; Moyer et al., 2014;
Kornmueller et al., 2016; Hendricks et al., 2017; Kornmueller
et al,, 2017). Anomalous small angle X-ray scattering (ASAXS)
has emerged as a useful tool to determine the spatial distribution
of ions surrounding charged macromolecules or self-assembled
aggregates (Ballauff and Jusufi, 2006; Sztucki et al., 2012). This is
done by careful subtraction of the scattered intensity profiles in
the small-angle region at energies near and far away from an
absorption edge of a targeted element such as rubidium or
bromine. This technique has been used to determine the
counterion distribution surrounding DNA (Das et al., 2003;
Andresen et al,  2004), DNA-capped  proteins
(Krishnamoorthy et al, 2018) and spherical and cylindrical
nanoparticles (Dingenouts et al., 2004; Patel et al., 2004).

Titration offers another method to establish (indirectly) the
charge of self-assembling peptide amphiphiles. There are few
titration studies of peptide amphiphile fibers and micelles
(Toksoz et al., 2011; Buettner et al., 2017; Gao et al., 2017),
due to bundling of the nanofibers at low or high pH values
depending on whether the PA side chains are acidic or basic.
Likewise, the possibility of morphological transitions make these
titration experiments difficult. The interpretation of the titration
curves is also complicated since a peptide amphiphile molecule
can consists of multiple interacting amino acids. Furthermore the
peptide amphiphile molecules are densely packed within the
nanostructures and their ionizable side chains exist in a range
of different chemical environments. Therefore (simple) relations,
like the Henderson-Hasselbach (Atkins, 1998) equation, which
estimates the amount of charge of a simple monoprotic acid in
dilute solution, can not be applied to titration curves of self-
assembled peptide amphiphiles.

Theoretically, molecular dynamics (MD) simulations have
provided many insights into the self-assembly of peptide
amphiphiles (Velichko et al., 2008; Lee et al., 2011, 2012).
While MD simulations include many molecular details, they
generally impose a fixed charge distribution and do not
consider the possibility of dynamic chemical equilibria
between protonation and deprotonation of acids. Acid-base
chemical equilibrium can be introduced in MD simulations
using constant-pH or reaction ensemble simulations (Donnini
et al., 2011; Landsgesell et al., 2019), but this is difficult and
costly to implement except in small, relatively simple systems
(Donnini et al., 2011; Cote et al., 2014). Nanofibers, which
involve many PA molecules, are therefore typically modeled
with coarse-grained simulations, which impose fixed charges
and other constraints and assumptions to predict the structure
formation (Lee et al., 2011; Lee et al., 2012). Since self-
assembling peptide amphiphiles often include amino acid
side chains with weak acids like glutamic acid or aspartic
acid (or weak bases like lysine), the extent of deprotonation
or ionization is highly pH dependent. Another limitation is
that MD simulations, due to their time-consuming nature, are
not practical for systematic variation of parameters like salt
concentration and pH.
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Here, we present a theoretical model to describe the charge of a
PA-nanofiber that includes the chemical equilibrium between the
protonated, deprotonated, and ion-condensed states of the amino
acid residue and the effect of dielectric environment and solvation.
Importantly, the theory does not assume the charged state of the
acid residues of the peptide but rather predicts the position-
dependent state of charge. The theory is based on a molecular
statistical thermodynamic approach that has previously been
developed to predict thermodynamic and structural properties
of end-tethered weak polyelectrolytes, which are polymers whose
degree of deprotonation is not fixed but can change depending on
environmental conditions including pH and ionic concentration
(Solveyra et al., 2020). Predictions of this theory on the height of
poly-acrylic acid brushes and the charged state of acid ligated gold
nanoparticles were in good agreement with experimental
observations (Gong et al., 2007; Wang et al.,, 2011). Likewise, a
similar approach was used to investigate the effect of solution
conditions on the charge regulation of bacteriophage capsids (Nap
et al., 2014a) and the absorption of acidic ligands to quantum dots
(Westmoreland et al.,, 2019). Also noteworthy is a recent study by
Tagliazucchi et al. in which the molecular theory was used to study
the self-assembly of neutral and chargeable peptide amphiphiles
(Zaldivar et al, 2018; Zaldivar et al., 2019). However, ion-
condensation and effects related to the electrostatic solvation
free energy were not considered.

The objective of this theoretical study is to gain more insight
into the effect that pH and other solution conditions, like type and
amount of counterions, have on the amount of charge in the PA-
nanofiber. To this end we consider a peptide amphiphiles with
sequence Cijs — V,AE,, which is well characterized
experimentally (Goldberger et al., 2011; Ortony et al., 2014).

One of the major findings is that there is a very strong coupling
between the acid-base equilibrium and the local dielectric environment,
which results in a much lower degree of deprotonation of the glutamic
acid groups of the PA-nanofiber compared to the degree of
deprotonation of the same acid in solution. Assuming a constant
dielectric background, a common approximation employed in
theoretical descriptions of colloids, polyelectrolyte solutions, and
end-tethered polyelectrolyte layers, results in qualitatively and
quantitatively very different degrees of deprotonation of the acid
groups as compared to considering a position-dependent dielectric
constant plus electrostatic solvation energy.

The paper is organized as follows. First, we present the
theoretical approach. This is followed by a presentation and
discussion of the results. Finally, we end with a summary,
concluding remarks, and indicate potential future directions.

2 THEORETICAL APPROACH

Here we consider Cis — V,A;E,, a well studied peptide
amphiphile, consists of an aliphatic tail of 16 hydrocarbons
linked to a peptide sequence of two valines, two alanines, and
two glutamic acids, which forms a nanofiber. Figure 1 shows a
“schematic” of the PA-nanofiber. The self-assembling PA-
nanofiber is in contact with an aqueous solution. The reservoir
is characterized by a given pH and contains either NaCl to mimic
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FIGURE 1 | Atomistic simulation snapshot and density profiles. (A)
chemical structure of Cyg — VoALE,. (B) Snapshot of the last simulation
configuration. Cys — VALE, nanofiber is highlighted at the center, with
glutamic acid residue colored in orange and hydrogen atoms omitted for
display. Na* ions are represented by blue beads, and water by black dots.
Blue solid lines denote the simulation box. Aggregation number is 17.3 +
0.1 PA/nm. (C) Volume fraction of PA-fiber and number density of Glu units as
a function of radial cylindrical coordinate.

the high salt of biological media or RbCl since Rb" provides a
higher atomic number with better contrast for X-ray studies like
anomalous small-angle X-ray scattering (ASAXS) (Ballauff and
Jusufi, 2006). In this model, we assume complete dissociation of
the salt ions. The pH is adjusted by adding either HCI or RbOH.
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In case of an aqueous solution that contains NaCl salt, either HCI
or NaOH is added.

The carboxylic acid of the glutamic amino acid residue can be
found either in a deprotonated state (A™), a protonated state (AH)
or a state in which the acid is condensed with either a Rb* or a
Na®" counterion, which are denoted by ARb and ANa,

respectively.
Following chemical reactions are included
AH = A” + HY, (1)
A”+ Na" = ANa, (2)
A” + Rb* = ARbD. 3)

Considering both Rb* counterions as well as Na* ions allows us to
investigate how different monovalent ions affect the protonation
state of PAs.

The free energy describing one PA-nanofiber in contact with
an electrolyte solution has a number of distinct contributions,
which can be summarized as follows

F = -TScontpa = TSmixpa + Frvpa + Evaw — TSmix + Fehem
+ Felect + Eelect, solv T Erep' (4)

The first four contributions are related to the conformational
and translational entropy of the PA molecules, the van der Waals
or hydrophobic interactions among the hydrocarbons and amino
acids and the possibility to from hydrogen bonds between the
amino-acids residues, respectively. The following four
contributions are stemming from the mixing entropy of the
mobile ions and solvent (S,;), the acid-base chemical
equilibrium of the acid group of the glutamic acid and ion
condensation (Feem), the electrostatic interaction energy
(Felect)> and the electrostatic solvation energy of the charged
species (Felect, solv)- The last term, E,, accounts for the steric
repulsions among all molecular species. We shall invoke a
simplifying approximation. Therefore, we shall only present
the pertinent terms and relegate the presentation of the
complete theory to the supporting material.

The — TS,,ix in the free energy corresponds to the mixing or
translational entropy per unit length of the PA-nanofiber of the
solvent (water) and mobile ionic species

Smix
o ; Jer(r)pk(r) (o) =1).  (5)

The index k runs over all the different types of mobile species:
the water molecules, cations (Rb*, Na*), anions (Cl7), protons
(H"), and hydroxide ions (OH™). The variable pi(r)
corresponds to the number density of mobile species k and
v,, is the volume of a water molecule, which is used as the unit
of volume. We use cylindrical coordinates to reflect the
symmetry of the PA-nanofiber, and assume the system to be
laterally homogeneous and only explicitly anisotropic in the
radial direction r. The function G(r)dr is the cylindrical
volume element divided by the unit length of the PA-
nanofiber and equals G(r)dr = A(r)dr/L = 2nrdr. The next
term in the free energy, F.pem, describes the chemical free
energy associated with (de)protonation of the acid of the Glu
amino acid and the ion condensation of Rb* and Na™.
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22— [ @G (1), O [ () 0nf 4 (1) + i )+ Fan ()00 F e ()
B

+ﬁl¢iﬂ) + fana (1) (ln fana(r) + ﬁHiNa) + faro (1) (ln Sfaro (1)

+HPUGr)] + D Bur J drG(r)p (r). (6

ke{H*,OH=,Rb*,Na*}

Here, the f4- () is the fraction of glutamic acid residues that are
deprotonated at position 1, f45(r) is the fraction of protonated acids,
and fyrp(r) and fan,(r) are the fractions of acids that are condensed
with either Rb" or Na". The variable y¢ corresponds to the standard
chemical potential for a molecule of type i. The first and third terms
within Eq. 6 describe the entropy of the deprotonated charged state
(A") and protonated state (AH), respectively. The second and fourth
terms in Eq. 6 correspond to the standard chemical potential of the
charged and uncharged state, respectively. The subsequent terms have
an identical meaning and pertain to the enthalpic and entropic
contribution arising from the ion-condensation of Rb" and Na™.

The seventh term, Fej., in the free energy functional, Eq. 4
describes the electrostatic contribution to the free energy
(Schwinger et al., 1998) and is given by

F elect

1 2
<t @G m[ (o, v + 306 OTVO)] @)

Here, y(r) is the electrostatic potential and {p,(r)) is the total
charge density. The total charge density is the sum of the charge
density of all charged mobile ions and the charge density of the
amino-acid residues

Cpg () = Y ezipi (1) + eza- fa- (N<pgu (1)) (8)

Here, the summation runs over all charged mobile ions Rb*, Na™,
Cl7, H*, OH" with z; corresponding to their valency. e is the unit
of charge. The second term is the number density of amino-acid
residues that are deprotonated: {p, (r)) = fa- (r){pg, (r)).

In the electrostatic functional, €, and €,(r) correspond to the
dielectric permittivity of vacuum and the local relative dielectric
constant, respectively. Variation of the above functional with
respect to the electrostatic potential yields the Poisson equation
(Schwinger et al,, 1998; Wang, 2008b). As shown by Z.-G.Wang,
using field-theoretical arguments, (Wang, 2008a, 2010), consideration
of a varying dielectric constant, that is having a non-uniform
inhomogeneous dielectric medium, also requires the inclusion of a
non-uniform electrostatic self-energy into the free energy functional.
This electrostatic solvation energy (Wang and Wang, 2014) is the
electrostatic energy required to transfer a charged molecule into a
dielectric medium with a given position-dependent dielectric constant
and is represented through a Born-type solvation energy. It is given by

Eelec , solv .
Tt = ; Jer(r)Auf(r)pk(r) with

z2e? 1 1
Auf(r) =k -—). 9
ue (r) 8meyay (e,(r) ew) ©)

For every ion of type k, a; corresponds to the radius and z
represents its valence. In order to describe the dielectric medium
we need to provide a constitutive equation for the relative
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dielectric constant. We assume that the relative dielectric function
of the medium is the volume-weighted average of the dielectric
constant of water and the PA-nanofiber.

€ (1) = Y €pi(r) = epaldpa (1) + €u (1= {¢ps (1)) (10)

Here, we ignore the effect that the local volume fractions of the
ions have. The dielectric constant of water equals €, = 78.54,
while we set the dielectric constant of the PA-fiber equal to eps =
2 (oil).

Using a uniform dielectric background media with a dielectric
constant equal to that of the solvent is a common approximation
in classical density functional theories (DFT) and Poisson-
Boltzmann approaches that describe electrolyte solutions or
electrolyte solutions near interphases, because the density of
the electrolytes is low (Avni et al., 2019). A uniform dielectric
background media is also employed in modeling end-tethered
polyelectrolyte layers and is shown to work reasonably well, even
for polyelectrolyte layers with higher grafting densities (Nap et al.,
2006; Nap et al, 2014b). Electrostatic solvation free energy
contribution, albeit constant, also occurs in, for example, the
modeling of electrolyte adsorption to liquid-liquid interphases
(Kung et al., 2009). Considering that the PA-nanofiber has a very
dense aliphatic core assuming a uniform dielectric constant might
be questioned. Therefore, we shall consider the case of a varying
dielectric constant as well as a uniform dielectric background.

The last term in Eq. 4, E,p, describe the repulsive interactions
between all molecules, which, in the theory, are modeled as
excluded volume interactions. These intermolecular excluded
volume interactions are accounted for by assuming that the
system is incompressible at every position

(Ppa (N + D (1) = 1. (11)
k

Here ¢y(r) = pi(r)vy is the volume fraction of mobile species k
with volume v, and {¢ps(r)) is the volume fraction of the PA-
fiber. These volume packing constraints are enforced through the
introduction of the Lagrange multipliers 7(r) since these are
constraints, they are not formally part of the Helmholtz free
energy. The volume fraction of the PA-nanofiber is the volume
weighted average of the density of all residues of the peptide
amphiphiles

<¢PA (r)y = z

ie{A~,AH,ARb,ANa}

P (r)) fi (r)vi + Zp, (rv,. (12)

The first term describes the volume associated with the
glutamic acid residues. Since we allow for volume changes
upon ion-condensation to the glutamic acids, a summation
over all charged states of the glutamic acid residues is
required. The second contribution in Eq. 12 represents all
other residues and the hydrocarbon tail.

The total free energy is minimized with respect to the number
density of all species, p;(r), the fraction of the charged states, fi(7),
and varied with respect to the electrostatic potential, y(r), under
the constraints of incompressibility and the fact that the system is
in contact with a bath of cations, anions, protons, and hydroxide
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ions. Thus, the proper thermodynamic potential is the semi-
grand potential (Nap et al., 2006; Nap et al., 2014b): Q = F —
Y iuiN;, with N; denoting the total number of particles of species i.

It is important to note that the complete theory, as formulated
in the supporting material, is also dependent on the volume
fraction of the PA-nanofiber, {(¢ps(r)), and the Glu number
density, {pg(r)). Meaning the total free energy includes the
conformational energy and van der Waals interactions of the PA
as well. However, due to technical challenges, we have not been
unable to solve the complete molecular theory for appropriate
large PA aggregation numbers yet. At these conditions the solvent
is expelled from the aliphatic core and it becomes numerical
challenging to satisfy the packing constraint. Hence we invoked
an additional approximation. Namely, we imposed the volume
fraction distribution of the PA-nanofiber and the distribution of
the Glu number density. Similar approximations have been
employed to model the counterion distribution around Au-
NPs coated with DNA (Kewalramani et al.,, 2013) and as well
as protein-nucleic acid conjugates (Krishnamoorthy et al., 2018).

To obtain a reasonable estimate of the volume fraction of the
PA-nanofiber and the Glu number density, we use predictions
from atomistic MD simulations. Technically, the simulations
provide the number density of the water (pgj (r)) from which
we can obtain the volume fraction of the PA-nanofiber needed as
input for the theory. Ignoring the volume contributions from the
ions, the volume fraction of the PA-nanofiber is then simply given
as (gb(}, A1) =1- p& (7)vy. Because we allow for volume changes
in the ion condensation reactions, we take the volume fraction of
the PA-nanofiber from the simulation to correspond to the
deprotonated state of glutamic acid. Consequently the total
volume fraction of the PA-nanofiber is given by

Gpa) =Ly MY+ Y Lpg (O fi (1) (vi = vae).

ie{AH,ARb,ANa}
(13)

Given the volume fraction profile and distribution of glutamic
acid residues, we can compute using our theory the amount of
charge of the Glu residues on the PA-nanofiber as well as the
distribution of ions and water molecules and the electrostatic
potential.

Finally, there has been considerable amount of theoretical
research on charge regulation on flat surfaces (Ninham and
Parsegian, 1971; Behrens and Borkovec, 1999; Boon and van
Roij, 2011) and colloidal particles (Carnie et al, 1994
Stankovich and Carnie, 1996; Pericet-Camara et al., 2004; Frydel
et al,, 2007; Popa et al,, 2010a; Popa et al., 2010b; Markovich et al.,
2017; Avni et al., 2019). These are mostly formulated within the
context of Poisson-Boltzmann theory, where the surface charge is
either imposed to obey the acid-base equilibrium based on its
solution equilibrium constant or by invoking the so-called the
constant regulation approximation, (Behrens and Borkovec,
1999; Pericet-Camara et al, 2004; Popa et al, 2010a), that
involves an unknown adjustable parameter. The approach
presented here is, however, different. First, we consider a
distribution of chargeable sites, i.e., there is a “diffusive” interface
instead of a flat, impenetrable surface. Secondly, we do not impose
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the chemical state instead it follows from the free energy
minimization. Thirdly, we considered a varying dielectric
constant and electrostatic solvation energy. Common Poisson-
Boltzmann based theories usually assume a fixed dielectric
constant and only involve the translational entropy of the ions
(Fmix) and electrostatic interactions (Fgect). The other terms for the
free energy are usually not considered, especially the ones describing
the chemical equilibrium of the acid groups, the ion-condensation
of the ions and the effect of the dielectric environment as well as the
excluded volume repulsion or finite size of all molecules-including
water. Thus, unlike traditional Poisson-Boltzmann approaches, the
current model includes the effect of charge regulation and dielectric
environment as well as the type and size of ions.

Minimization of the free energy vyields the following
expression for the local volume fraction of the solvent

¢, (1) =p, (r)v, = exp (- (r)vy), (14)

while the density of the ions reads

p,(r) = viexp(/}‘uy = Buy = Pre(r)v, = /)’w(r)zye)exp (-BAuE (1)).

(15)

Observe that the Lagrange multiplier, 7(r), can be interpreted as
the lateral osmotic pressure. Also, notice that the chemical
potential of water is not specified explicitly because the
incompressibility ~ constraint reduces the number of
independent thermodynamic variables. Therefore, the chemical
potential, 4, is in reality an exchange chemical potential, i.e., the
difference between the chemical potential of the molecule of
type y and that of water. Likewise, the charge neutrality and
the water self-dissociation equilibrium further reduce the
number of independent thermodynamic variables. Values of
the exchange chemical potentials for all species can be
obtained by relating them to their reservoir concentrations:
pz;”lkvw = exp (ﬁ‘uf - ﬁ‘u}, - ﬁnb“lkvy), with Auf’b””‘ =0 (Eq. 9)
and y"* = 0 (Eq. 16) (Nap et al, 2006; Nap et al,, 2017).

Functional variation of the free energy with respect to the
electrostatic potential yields the Poisson equation and its
boundary conditions

e 2 (er(r)rd”/‘”> = (o, (e, (N o,

rdr dr dr |-
limy (r) = 0. (16)

Minimization of the free energy with respect to the different

states of the Glu residue, fa- (1), fau(r), fana(r), and fars(r)
results in following set of ‘chemical reaction’ equations

) ~pr(r)Avan
fa () = o PAGS, o PAGE (€

, 17)
fAH (7) pH‘r (r)vw
fA* (r) © o e PTMAVANG
Sa () _ iy, gy, 0@ (18)
Jana (1) P (7
~r A

Ja ) _ gy grpacgy 0 (19)
S ano (r) Pro (NVw
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The variable AG? is the standard reaction free energy change
of either the acid-base equilibrium reaction of the acid or the
dissociation equilibrium reaction of the metal-ion pairs: ANg, or
ARb. Here, Av; corresponds to the difference in volume between
the products and reactants. Thus, AG® = } ;v;uf and Av; = Y ;.
Here v; is the stoichiometric coefficient of species J involved in
either the acid-base or ion-condensation reaction. The variable
BAG (r) is a position-dependent “solvation” free energy change
and is given by

AGS, (1) = A (r) + Aub. (r) = Auby, (1) + Eqory (1) (Va- = Van)

(20)

AGfgII\‘,’a (r) and AGf;’IIQVb (r) are defined in a similar fashion. Note,
that the expression for AGS” vanishes if a uniform dielectric
background is assumed. In the above equation E,,;,(r) is given as

1 2 ; P
Eo (1) = Ee"e’, [bpa (D]Vow (1) + zk:uf (r)py. () %

21

with €/ [¢p, (r)] corresponding to the functional derivative with
respect to the volume fraction of the PA-nanofiber and
ub (r) = z2e*/8nepe, (r)ax, ie, to “absolute” electrostatic
solvation energy. In our previously studies of weak
polyelectrolyte layers, this solvation energy contribution did
not appear since we only had considered the acid-base
equilibrium, for which we assume v4 =vu4y. The ion
condensation has a contribution similar to Eq. 20, with a non-
zero volume change equal to (va- — vagp)-

The AG? is related to the chemical equilibrium constant,
namely K? = exp (—PfAG?). Explicitly, the standard free energy
change of the acid-base equilibrium AH = A~ + H" is given by
AGSy = uS- + u%. — uSpp and the change in volume is equal to
Avag = va- + vy —vag. The chemical equilibrium constant
KSy is related to the experimental acid-base equilibrium
constant Kp = Cexp (-fAGSy) of a single acidic monomer
in infinitely dilute solution. Here C is a constant required for
consistency of units and equal to C = 1/(Nuv,,), where Ny is
Avogadro’s number. This constant can be obtained readily by
recasting the above chemical reaction into

[A~(DIH" (] _ K3y
[AH()]  Naw,

e PAGIH (1 g=Br(r)Bvan 22)

and observing that, in the limit of infinite dilution 7 — 0 and y —
0, the two exponents vanish and the right-hand side becomes
equal to the experimental equilibrium constant of a carboxylic
acid monomer in solution. The chemical equilibrium constant for
the ion condensation reactions are obtained in an identical
fashion. Inspection of above reaction equations reveals that
with increasing lateral osmotic pressure, 7(r), corresponds to
decreasing volume fraction of water or increasing peptide
amphiphile volume fraction, and negative electrostatic
potential the acid-base equilibrium shifts towards the neutral
state. A similar trend occurs with decreasing dielectric constant
(increasing {(¢pa(r))), in which the acid-base equilibrium shifts
towards the neutral state.
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To obtain a solution we need to solve the Poisson equation and
incompressibility constraint simultaneously, since the unknowns
in Egs. 14, 15, 17, 18, 19 are the Lagrange multipliers or lateral
pressures, 71(r), and the electrostatic potential, y(r). Once the
lateral pressures and the electrostatic potential are established, the
amount of protonation and ion condensation of the Glu acids as
well as the density distribution of the ions and the solvent are
known. Solutions can be obtained by substituting the expressions
of the volume fractions of all components into the
incompressibility constraint Eq. 11 and the Poisson equation
Eq. 16. This results in a set of non-linear integrodifferential
equations that are converted into a set of coupled non-linear
algebraic equations by discretizing space and these non-linear
equations can be solved numerically (Hindmarsh et al., 2005). For
detailed discretized expressions for individual terms and the
computational procedure, the reader is referred to the
supporting materials and previous publications (Nap et al,
2006; Nap et al., 2014a).

The inputs required to solve the non-linear equations are the
concentrations of RbCl and NaCl, the reservoir pH the volume of
all species, the volume fraction distribution of the PA-nanofiber
and the distribution of chargeable sites of the Glu-residues. Also
required are the acid-base equilibrium constants pK, of the
carboxylic acid and equilibrium dissociation constant of the
Rb" and Na" ions with the carboxylate groups, all listed in the
supporting information.

3 RESULTS

Figure 1 shows a representative snapshot of the atomistic MD
simulation of the peptide amphiphile self-assembled into a
nanofiber structure. Here the alkyl chains comprise the core of
the nanofiber and the water-exposed periphery is made up of the
peptides. For clarify we also show the chemical structure of the
peptide amphiphile. Atomistic molecular dynamics simulations
were performed based on the previously equilibrated structures
(Ortony et al., 2017). The simulation details are provided in the
Supporting Materials. Shown in Figure 1C are the volume
fraction distribution of the PA-fiber and the number density
of the Glu units.

Using the above volume fraction profile and distribution of
glutamic acid residues as input, we determine with the theory the
amount of charge on the PA-nanofiber, the distribution of ions
and water molecules and the electrostatic potential. To
characterize the charging behavior of the PA-nanofiber and
quantify the changes that occur due to changes in pH and salt
concentration, we computed the average degree of dissociation.
The average degree of dissociation {f) is obtained by integration
of the local position-dependent degree of dissociation, f- (r)
(Eq. 17), and given by

= [#GWfa 1pa, )] [ &G Ipa, 0. @3
Figures 2A,B show the average degree of charge as a function

of pH for PA-nanofiber immersed in aqueous solutions that have
different concentrations of RbCl and NaCl, respectively. For
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FIGURE 2 | The average degree of dissociation as function of reservoir
pH for increasing (A) RbCl and (B) NaCl salt concentrations. The line labeled
‘ideal’ represent the ideal solution behavior.

comparison, the dotted line labelled ‘ideal’ shows the degree of
charge of an isolated carboxylic acid molecule in dilute solution,
which obeys the ideal solution chemical equilibrium equation:
(fy = 1/(1 + 10PKa=pHD),

There is a very large deviation from ideal solution behavior as
well as a strong salt dependence. For all salt concentrations and
pH values, the degree of dissociation of the acidic residues is
significantly lower than predicted by ideal solution behavior. For
example at pH = 7 a carboxylic acid in solution is almost
completely charged ({f) = 0.99), since its pK, equals 5. But
the same acid residue in the PA-nanofiber has a degree of
deprotonation reduced to less than 50%. To be precise, {f) =
0.56 for [RbCl] = 200mM and by decreasing the salt
concentration to 1mM the fraction of charged acids further
reduces and becomes as low as 15.3%. Thus, the degree of
charge as a function of pH or the titration curve shifts to
much higher pH values. The apparent pK,, that is the pH for
which half of the acid units are charged is shifted upwards by as
much as 2-4 pH units, depending on the salt concentration. Also,
we observe the occurrence of a plateau value of {f) = 0.8 at higher
pH values. The fraction of charged acids never reaches 1. Thus,
the amino acids inside a PA-nanofiber behave quantitatively and
qualitatively differently from an isolated acid group.
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FIGURE 3 | The average degree of protonation, deprotonation and ion- FIGURE 4 | The radial cylindrical number density distribution of the total,
condensation of the glutamic acid residue as function of reservoir pH for a and the protonated, deprotonated and Rb* condensed Glu acid residues of
concentration of [RbCI| = 50 mM. the PA-nanofiber. For a reservoir pH of 7.4 and a RbCl concentration of [RbCl] =
50 mM. The inset shows the relative dielectric constant.

To explain the predicted trends, we first focus upon the case of
relatively low concentration of [RbCl] = 50 mM and present in
Figure 3 the average fraction of acids that are protonated,
deprotonated, and condensed with Rb* as a function of pH. At
low pH, the acids are mostly found in their protonated state. With
increasing pH, the acid starts to gradually deprotonate. Observe that
significant deprotonation only occurs for pH values well above the
pK, of the carboxylic acid group. Simultaneously with
deprotonation ions start to condense. The general behavior of
the degree of dissociation as a function of salt concentration and
pH can be understood as follows. The charge or degree of
deprotonation of the amino acids occurs through a balance
between the chemical free energy of the acid-base equilibrium
reaction and the counterion ion condensation to the glutamic
amino acids, the electrostatic interactions, and the mixing
entropy of the solvent and mobile ions. To be exact, the entropy
that is associated with counterion confinement. With decreasing salt
concentrations, the electrostatic repulsion between the deprotonated
amino acids are less screened and the system experiences increased
electrostatic repulsion, for which the system tries to compensate.
The PA-nanofiber system can respond in several ways.

First, the PA system recruits additional counterions from the
reservoir, which increases the electrostatic screening. This
decreases the (enthalpic) electrostatic repulsion at an entropic
cost related to the loss of translational entropy of the counterions.
Secondly, the electrostatic repulsion can be reduced by decreasing
the number of deprotonated amino acids, which can be
accomplished by either shifting the acid-base equilibria
towards its protonated state or by condensing counterions.
Both occur at the cost of their respective chemical free
energies. For a weak acid the cost associated with the chemical
free energy contribution is small as compared to the loss of
entropy due to counterion confinement. Hence the mechanism of
charge regulation through shifting the chemical equilibrium is
usually the primary mode by which charged systems, such as
weak polyelectrolytes and PA-nanofibers, try to mitigate the
effects of electrostatic repulsion.

There is a third mechanism available to the peptide-
amphiphiles to negate the electrostatic repulsion by increasing
the intermolecular spacing between PA molecules. By changing
the spatial distribution of the PA the charges are moved apart and
the electrostatic repulsion decreases. Clearly, the approximation
we use does not account for this possibility, since we assume a
fixed spatial distribution of Glu residues within the PA-
nanofibers. Observe that increasing the intermolecular spacing
between PA molecules cannot negate nearest neighbor
electrostatic interactions of charged Glu residues that reside on
the same PA molecule. Also, the hydrophobic interaction of alkyl
chains leads to the formation of the very dense core of the PA-
nanofiber, this limits the possibility of increasing the
intermolecular spacing between PA molecules within a
(cylindrical) nanofiber. The possibility of molecular
reorganization depends also on the strength of the B-sheet
hydrogen bonds of the peptides. Only by a large structural
transition, which involves enthalpic and entropic penalties,
from a cylindrical nanofiber to a spherical micelle can the
electrostatic penalty be reduced (Israelachvili, 2011; Zaldivar
et al,, 2018; Zaldivar et al., 2019). This occurs experimentally
for pH above 8. We have investigated the effect of different spatial
distributions of PA molecules on the charge of the PA-nanofiber.
The distributions are obtained from MD simulations with
different aggregation numbers. Calculations using different
distributions resulted in qualitatively similar titration curves.
We conclude that changes in spatial reorganization of the PA-
nanofiber have a minor effect in determining the overall charge of
the PA-nanofiber.

3.1 lon-Condensation Vs Protonation

In the previous section we analyzed the charge regulation of a PA-
nanofiber by considering the average degree of (de)protonation
and ion condensed states of the Glu residues only. Here, to
acquire further insight into the charging behavior of PA-
nanofibers, we present in Figure 4 the position-dependent
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radial distribution of the protonated, deprotonated, and Rb*
condensed Glu acid residues alongside of the distribution of
all Glu acid residue. We consider a physiological pH = 7.4 and
an RbCI concentration of [RbCl] = 50 mM. The distribution
shows that most deprotonated acids reside at the surface of the
PA-nanofiber, where the carboxylic acids are most exposed to the
water surrounding the PA-nanofiber. In contrast, the acids that
are less exposed and “buried” inside the PA-nanofiber are either
protonated or are condensed with Rb" ions.

The relative dielectric constant is the volume weighted average
of the dielectric constant of water (78.54) and the PA-nanofiber
(2). See Eq. 10. Thus the dielectric constant is proportional to the
PA-nanofiber volume fraction distribution as presented in
Figure 1 and the dielectric constant smoothly transition from
a value of 78.54 at the periphery to approximately two within the
alkyl core. Therefore, acids that are located within the nanofiber
experience a much lower dielectric environment. The dielectric
constant as function of radial distance is shown in the inset of
Figure 4. With decreasing dielectric constant the strength of
electrostatic  interactions Simultaneously, with
decreasing dielectric constant the free energy required to
solvate charged, deprotonated acids and ions increases.
Observe that this electrostatic solvation energy or Born energy
is inversely proportional to the dielectric constant. Therefore, it is
energetically more unfavorable for a “buried” acid to be
deprotonated. In contrast, deprotonated acids are mostly
found in the solvent-exposed terminus or surface of the PA-
nanofiber which contains more water and has a higher dielectric
constant compared to the interior of the PA-nanofiber.

Deprotonation of the terminal carboxylic acids near the
surface of the PA-nanofiber is more favorable than for acids
located in the interior of the PA-nanofiber. On the surface of the
PA-nanofiber, the resulting excess electrostatic repulsion is
mitigated by counterion confinement. Here,
confinement is energetically less expensive than completely
shifting the chemical equilibrium to the neutral state or
condensing ions. The dielectric environment is closer to that
of water. Thus there is a smaller energetic penalty (in terms of
solvation) for ions to penetrate the terminal part of the PA-
nanofiber. It is still unfavorable, because of the loss of
translational entropy due to ion confinement. By confining
counterions in the solvent exposed region of nanofiber the
acids remain deprotonated to a higher degree. Locating
counterions within the denser part of the nanofiber is
energetically far less unfavorable, because of the higher
solvation energy because the dielectric constant is lower.
Hence the concentration of counterions drops with the denser
part of the PA-nanofiber. Thus within the denser part of the
nanofiber electrostatic repulsion due to deprotonation can not be
reduced by counterion confinement. Instead the electrostatic
repulsions are avoided by reduction of the number of charged
acids by shifting the acid-base equilibrium to the protonated state
and by counterion condensation. Consequently, ions will only
penetrate the surface region of the PA-nanofiber. This is clearly
illustrated in Figure 4 where the dashed line corresponds to the
distribution of free Rb" ions. The free Rb" ions are located outside
and in the solvent exposed surface region of the PA-nanofiber

increases.

counterion
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FIGURE 5 | The average degree of protonation, as a function of reservoir
pH for various carboxylate-Rb dissociation free energies. Form top to bottom
the dissociation free energy, or equivalent the binding free energy decreases.
The reservoir has a RbCl concentration of [RbCI] = 50 mM.

where they overlap only with the distribution of deprotonated
acids. Inside the PA-nanofiber, the distribution of free ions drops
to zero. At the center of the PA-nanofiber, there are almost no
solvents molecules present since the PA-nanofiber volume
fraction approaches one and consequently the relative
dielectric constant reaches a value of approximately two. There
the Rb* number density is very low (< 10™*nm ™), thus there are
effectively no Rb" ions located in the center of the fiber. This is
analogous to the preference for ions to partition into water rather
than an oil phase with a low dielectric constant.

A second interesting feature of Figure 4 is the position-
dependent charge neutralization. We find that acids that are
closest to the center of the PA-nanofiber have comparable
amounts of ion-condensation and protonation, while acids
located slightly further away from the center exhibit more
protonation than ion condensation. Within increasing lower
dielectric environments ion-condensation becomes relative
more favorable compared to protonation.

As discussed in the previous paragraphs, the equilibrium
charged state of the Glu residue arises from a delicate
interplay between various chemical and physical forces:
include  acid-base  equilibrium and ion-condensation
electrostatic and osmotic interactions. The balance between
shifting the acid-base equilibrium and ion-condensation is also
influenced by the strength of ion-binding (AG,g;) and the free
energy associated with protonation (AG,). The latter value is
known and directly related to the value of equilibrium constant,
which is equal to pK, = 5. On the other hand, the value of free
energy of ion-binding is not well established. From past MD
simulations, we found that the ion condensation of Na* with
acetate (i.e., carboxylic acid) is 7.7 kJ/mol (Park et al., 2018).
Taking into account that Rb" is larger than Na", the free energy of
ion binding of Rb" must be smaller and we estimate a value of
around 6.5 kJ/mol. To investigate the effect of the size of the free
energy of ion condensation, we varied the value of the Rb-binding
constant. Figures 5, 6 show the effect of variation of ion binding
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FIGURE 6 | The radial cylindrical number density distribution of free Rb* FIGURE 7 | The average degree of charge as function of reservoir pH for
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correspond to different carboxylate-Rb dissociation free energies. The constant plus electrostatic self-energy. The reservoir has a RoCl concentration
reservoir has a pH of 7.4 and a RbCl concentration of [RbCI] = 50 mM. of [RbCI] = 50 mM.

on the degree of deprotonantion and distribution of Rb* ions.
Unsurprisingly, with decreasing binding free energy the fraction
of condensed ions is reduced. More interestingly, around
physiological pH this decrease in ion condensation due to the
reduction in the binding free energy does not result in a
significant increase in the amount of deprotonation. The value
of the binding free energy only influences the extent of
deprotonation when the pH is significantly higher than
physiological values.

At higher pH the acid-base equilibrium tends to shift to
complete deprotonation and through ion condensation the
resulting excess electrostatic repulsions can be mitigated.
Consequently at higher pH values ion-condensation becomes
the “primary” mode of charge regulation. This also explains the
occurrence of the plateau value as observed in the titration curves.
For a pH around physiological conditions, the total charge does
not change when the binding energy is varied and the amount of
deprotonation remains roughly the same. With increasing
binding energy the amount of counterion condensation
increases but this accompanied with an decrease in the
amount of protonation. This effect can indirectly be observed
in Figure 6, which shows the density of total and bound Rb* ions
for different binding constants. As the binding energy reduces the
number of ions that are condensed reduces. However, the number
of free Rb" ions is not affected since the amount of charged acids
is very similar. Thus, the number of confined counterions ions
remains very similar. Note that the case of AG; = — 18 kJ/mol
corresponding to pK; = — 5 has virtually no condensed ions.

Finally, observe that the titration curves for PA-nanofiber in a
solution containing Na* counterions have a much lower plateau
value as compared to solutions containing Rb* ions. This is a
direct conquence of the fact that Na™ ions have a larger binding
energy then Rb* ions and electrostatic solvation energy since Na*
is smaller then Rb". Thus although PA-nanofibers respond
qualitatively similar to different ion species, quantitatively the
charging behavior of PA nanofibers in different electrolyte
solutions can be very different.

3.2 Effect of Dielectric Environment
In the previous sections, we predicted the charge of PA-nanofiber

that included explicitly a varying position-dependent dielectric
constant and electrostatic solvation energy. However, most
theories describing electrolyte solutions and end-tethered
polyelectrolytes  layers assume a constant dielectric
background. Hence, we shall explore in this section the
necessity of employing a variable position-dependent dielectric
constant and electrostatic solvation energy. We will explore the
effect of the dielectric media by comparing results for different
assumptions about the dielectric environment.

Figure 7 shows the average degree of charge as a function of
pH for different assumptions for the dielectric function. We
assumed 1) a fixed dielectric constant (e.(r) = €,), 2) a varying
dielectric constant and solvation energy, and 3) the case of
varying dielectric constant with a fixed solvation energy. For the
case of fixed dielectric constant, the relative dielectric constant is
set equal to that of the water €, = €,, = 78.54. The assumption of a
fixed dielectric constant is a common approximation employed
in theoretical studies of electrolyte and polyelectrolyte solutions
(Ninham and Parsegian, 1971; Israelachvili, 2011). It is also
commonly employed in theoretically studies of end-tethered
(weak) polyelectrolyte layers (Israéls et al., 1994; Zhulina et al.,
1995; Zhulina and Borisov, 2011). Here, even for comparatively
dense weak polyelectrolyte layers, the charging behavior was
similar for either a fixed dielectric constant or a varying
dielectric function and electrostatic solvation energy (Nap
et al, 2006; Nap et al., 2014b). Only for dense brushes at
high salt concentration were significant changes found
(Léonforte et al, 2016). Thus, assuming a fixed dielectric
constant or a varying dielectric function resulted in structural
and thermodynamics properties of end-tethered weak
polyelectrolytes that are quantitatively and qualitatively very
similar (Nap et al,, 2014b). We found here that changes in
the dielectric constant resulted in very large qualitative and
quantitative differences in the PA nanofibers.

Frontiers in Chemistry | www.frontiersin.org

March 2022 | Volume 10 | Article 852164


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Nap et al.
A 0.0— .
-1.0— —
v 2.0 —
D
N— - -
>
Q30— __ —
\\\ |
= - Er=£W
-4.0 — € =¢ (r)+solvation —
B
—~
i )
S § 2 T I T I T
< 02 o - 1 4
& 0.2 S 15 N N
N— - & N -
= z I+ -
N—
>-0.4 O 1
Q & 0.5 —
L ~ - - -
0 3
0.6 0 4 6
| I 1 I 1 I 1 I 1
0 2 4 10
r(nm)
FIGURE 8 | The electrostatic potential (A) and total charge number
density (B) as function of radial coordinate for fixed dielectric constant (dashed
lines) and varying dielectric constant plus electrostatic solvation energy (solid
lines). The inset shows the total Rb* ion concentration including free and
bound ions. The reservoir has a pH value of 7.4 and a RbCl concentration of
[RbCI] = 50 mM.

The results presented in Figure 7 clearly shows a large
quantitative difference in the degree of charge that is most
prominent around physiological pH values. For example, at
pH = 7 bulk solution behavior would favor almost complete
deprotonation with {f) = 0.99. Consideration of charge
regulation assuming a fixed dielectric constant reduces the
average degree of charge to (f) = 0.66 while a varying
dielectric constant combined with the electrostatic solvation
energy results in an average degree of charge of {f) = 0.43,
which is 154% lower in the amount of charge. The dashed curve
in Figure 7 shows the case of a varying dielectric constant but
does not include a varying solvation energy. The results are
almost identical to the case of €,(r) = €,, which indicates that
the influence of the dielectric environment on the charge
regulation is most strongly manifested via the indirect
coupling with the solvation energy, a result in line with past
calculations on end-tethered weak polyelectrolytes (Nap et al.,
2006; Nap et al, 2014b). There is also a large qualitative
difference between assuming a fixed dielectric constant and
a varying dielectric constant and solvation energy, as
demonstrated by Figure 8, which shows the electrostatic
potential as a function of radial distance from the center of
the nanofiber for both fixed dielectric constant and varying

Charge in Nanofibers

dielectric constant. The electrostatic potential, shown for the
reservoir condition of pH = 7.4 and Rb" salt concentration of
[RbCI] = 50mM, differ both in size and shape. Increasing the
pH to a higher value increases the difference even further. The
difference can become almost a factor of two. See supporting
material. A fixed dielectric constant results in a non-monotonic
variation of the electrostatic potential, while a varying dielectric
function and varying electrostatic solvation energy lead to a
shape that monotonically decreases as a function of distance
from the center of the PA-fiber. The difference is also reflected
in the distribution of the total charge as shown in Figure 8B.
Because of the large electrostatic potential, counterions will
accumulate around the negatively charged carboxylate
groups. Assuming a fixed dielectric constant implies that
there is no electrostatic solvation energy penalty for ions to
penetrate the PA-nanofiber. Hence the total charge distribution
displays two positive peaks. Phrased alternatively, an electric
double layer potential is set up on “both sides” of the negatively
charged glutamic acid distribution. This will result in the
observed non-monotonic behavior of the electrostatic
potential for fixed dielectric constant. This behavior is
clearly “unphysical” since ions have a low propensity to be
located in regions that have low dielectric constant, from which
they are expelled.

Finally, the dielectric function has also a significant influence
on the size and shape of the counterion profile. Comparison of the
ion density profiles between the case of €,(r) = €,, and varying €,(r)
and solvation energy, shows an a large decrease in their maximum
value. Also in the amount counterions confined and bound by the
PA-nanofiber is much reduced by considering a varying dielectric
constant and electrostatic solvation energy instead of a fixed
dielectric constant. The distribution of the Rb" ions is important
since the Rb* counterion distribution can be probed in ASAXS or
via ion counting experiments. Assuming €,(r) = €,, would result in
qualitative and quantitatively different predictions.

4 SUMMARY AND CONCLUDING
REMARKS

We have developed a theoretical model to describe and predict
the charges found in self-assembled peptide amphiphile
nanofibers as a function of pH and ion concentration. In
particular, we computed the amount of charge on a nanofiber
made of peptide amphiphiles with the sequence Cis — V,A,E,.
Theoretically, we accounted for the acid-base equilibrium as well
as the local dielectric environment by allowing for a position-
dependent dielectric constant as well as a local solvation energy of
the charged species. We find that the charge on the glutamic acid
residues is much lower compared to the same acid in dilute
solution. Surprisingly there is a very strong coupling between the
acid-base equilibrium and the local dielectric environment.
Considering a constant dielectric background instead of
varying dielectric media results in qualitative very different
degrees of deprotonation. Also, the shape and value of the
electrostatic potential and counterion ion distribution are
quantitatively and qualitatively different. Considering a
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constant dielectric media, a commonly applied approximation,
result in counterion penetration into the alkyl region of the
peptide amphiphile nanofiber. This erroneous result indicates
that it is necessary to include a dielectric constant plus
electrostatic solvation to properly describe the charging
behavior of peptide amphiphiles.

We also considered the effect of counterion ion binding of Rb*
and Na® to the carboxylate group of glutamic acid. We
demonstrated that ion condensation can result in a
considerable amount of bound ions, particularly for buried
carboxylic groups. Counterion binding offers an additional
mode of charge regulation and, depending on the strength of
the metal-acid binding, a “bimodal” distribution of counterions is
found with spatially distinct regions of bound and free of
counterions. Experimentally, this counterion distribution could
be revealed by X-ray scattering experiments.

It can potentially also be probed through nuclear magnetic
resonance (NMR) measurements or inductively coupled plasma
mass spectroscopy (ICPMS). NMR has been used to measure the
macromolecule-bound metal ion concentrations in for example
protein and DNA metal complexes (Kozlyuk et al., 2016) while
ICPMS has been used to reveal the concentration of counterions
located around double-stranded DNA (Gebala et al., 2015).
Observe that the latter method measure the total amount of
counterions and can not distinguish between condensed and free
counterions.

While the theory presented here includes many important
details related to charge regulation and electrostatic solvation is
still a mean-field approach and as such does not include
electrostatic fluctuations. Another approximation is that we
imposed the PA volume fraction and glutamic acid density
distribution. Similar approximations have been used to
investigate DNA-coated nanoparticles (Kewalramani et al,
2013). This assumption can be rationalized by noting that the
PA-nanofiber structure is compact and dense, which is
particularly true for the aliphatic core of the fiber. Because of
this approximation, we can only predict the charge of cylindrical
PA-nanofibers and cannot investigate the transition to for
example spherical micelles. Experimentally such transitions
are known to occur for elevated pH values, roughly above
pH 8. Hence, the predictions are only representative for
cylindrical nanofibers up to pH 8. We also investigated the
charge of PA-nanofibers that had a different PA-volume
fraction and Glutamic number density distribution. The
distributions are obtained from MD simulations of PA-
nanofibers with different aggregation numbers, which
provides qualitatively similar results for the charging
behavior of the PA-nanofiber. Therefore, we believe that the
trends presented here are relevant and that changes in the PA
distribution will have only a minor effect on the charging of PA-
nanofibers. However, it is important to emphasize that because
the model assumes a static peptide nanofiber, the results
presented here are qualitative. The PA distribution and the
amount of charge on the glumatic acid residues are coupled
together and can therefore influence each other. This interplay
between structure and charge of the PA molecules is missing
since the PA molecular distribution is assumed to be static and
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cannot respond to changes in the charge distribution. For future
directions, we will add the conformational entropy of the PA-
molecules into the theory and investigate how the charging of
PA-molecules couples with the self-assemble of the PA-
molecules.

Another limitation of the theoretical approach is that the local
dielectric constant is taken to be the linear volume-weighted
average of the dielectric constant of water and the PA-nanofiber
(Eq. 10). Such a constitutive equation provides an empirical
description of the dielectric properties of the system. However,
the local dielectric constant is coupled with the local
polarization of the molecules, which is in turn determined
by the local density composition and the local electric field.
The description of the dielectric properties of the PA nanofiber
could be improved upon by considering a polarizable
molecular model. An example of such a model can be
found in reference (Nakamura et al., 2012).

Very noteworthy are the recent theoretical investigations by
Zaldivar et al., who applied the same Molecular Theory approach
to self-assemble of peptide amphiphiles and demonstrated the
structural transitions between bilayer, cylindrical, and spherical
structured nanofibers can occur as a function of pH (Zaldivar
etal., 2018; Zaldivar et al., 2019). Observe they opted to represent
the peptide amphiphiles with much more coarse-graining. This
much more coarse-grained representation, based up the Martini-
force field, of the peptide amphiphiles enabled the successful
solving of the equations. Another important difference was that
their approach did not include the possibility of either a varying
dielectric constant or position-dependent solvation energy.
However, our results demonstrate that the inclusion of varying
dielectric constant and solvation energy leads to significant
changes in the charge of cylindrical peptide amphiphiles
nanofibers, which should influence the location or “phase”
boundary of structural transitions. How the changes in charge
of PA-nanofiber influence the location and the possibility of
structural changes is difficult to access, since other
nanostructures like spherical micelles will also undergo a
similar charge regulation mechanism. The calculations
presented here demonstrate that the amount of charge and
thereby the electrostatic potential is sensitive to the dielectric
environment and this effect needs to be considered.

Finally, note that the all-atom simulations we used to obtain an
input of PA-nanofiber distribution assume that both glutamic
acid residues are completely charged and are independent of
environmental conditions like pH and salt concentration. The
results from our theory here show that the charge of PA-
nanofibers is not fixed and varies considerably, depending on
the surrounding environment. This suggest that all-atom
simulations should utilize grand-canonical reaction ensemble
(Landsgesell et al., 2019) or constant pH ensemble (Donnini
et al,, 2011; Cote et al., 2014) for an more accurate description of
the charging of the PA molecules, instead of conventional all-
atom simulations that assume a fixed charge.

The results, here, indicate that to properly understand the
charge on peptide amphiphiles we need to take into account both
the capacity of charge regulation of the amino acid residues and
its coupling with the local dielectric environment.

Frontiers in Chemistry | www.frontiersin.org

March 2022 | Volume 10 | Article 852164


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Nap et al.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

RJN, LCP, SIS, MOC and IS conceived the project. RJN developed
the theory and model. BQ performed the simulations. RJN wrote
the original draft, and all authors reviewed and edited the
manuscript. LCP and SIS used their experimental expertise to
direct and guide the project and IS supervised the project.

FUNDING

This work was supported by the Center for Bio-Inspired Energy
1433 Science, an Energy Frontier Research Center funded by the
U.S. 1434 Department of Energy (DOE), Office of Science, Basic
Energy Sciences (BES), under Award # DE-SC0000989.

REFERENCES

Alvarez, Z., Kolberg-Edelbrock, A. N., Sasselli, I. R., Ortega, J. A, Qiu, R,
Syrgiannis, Z., (2021). Scaffolds with Enhanced
Supramolecular Motion Promote Recovery from Spinal Cord Injury. Science
374, 848-856. doi:10.1126/science.abh3602

Andresen, K., Das, R., Park, H. Y., Smith, H., Kwok, L. W., Lamb, J. S., et al. (2004).
Spatial Distribution of Competing Ions Around DNA in Solution. Phys. Rev.
Lett. 93, 248103. doi:10.1103/PhysRevLett.93.248103

Atkins, P. W. (1998). Physical Chemistry. 6th ed. New York: Freeman. edn.

Avni, Y., Andelman, D., and Podgornik, R. (2019). Charge Regulation with Fixed
and mobile Charged Macromolecules. Curr. Opin. Electrochem. 13, 70-77.
doi:10.1016/j.coelec.2018.10.014

Ballauff, M., and Jusufi, A. (2006). Anomalous Small-Angle X-ray Scattering:
Analyzing Correlations and Fluctuations in Polyelectrolytes. Colloid Polym. Sci.
284, 1303-1311. doi:10.1007/s00396-006-1516-5

Behrens, S. H., and Borkovec, M. (1999). Exact Poisson-Boltzmann Solution for the
Interaction of Dissimilar Charge-Regulating Surfaces. Phys. Rev. E 60,
7040-7048. doi:10.1103/PhysRevE.60.7040

Bitton, R., Schmidt, J., Biesalski, M., Tu, R., Tirrell, M., and Bianco-Peled, H.
(2005). Self-assembly of Model DNA-Binding Peptide Amphiphiles. Langmuir
21, 11888-11895. doi:10.1021/1a051811p

Boon, N., and van Roij, R. (2011). Charge Regulation and Ionic Screening of Patchy
Surfaces. J. Chem. Phys. 134, 054706. doi:10.1063/1.3533279

Buettner, C. J., Wallace, A. J., Ok, S., Manos, A. A., Nicholl, M. J., Ghosh, A., et al.
(2017). Balancing the Intermolecular Forces in Peptide Amphiphiles for
Controlling Self-Assembly Transitions. Org. Biomol. Chem. 15, 5220-5226.
d0i:10.1039/c70b00875a

Carnie, S. L., Chan, D. Y. C,, and Stankovich, J. (1994). Computation of Forces
between Spherical Colloidal Particles: Nonlinear Poisson-Boltzmann Theory.
J. Coll. Int. Sci. 165, 116-128. doi:10.1006/jcis.1994.1212

Chin, S. M., Synatschke, C. V., Liu, S, Nap, R. ], Sather, N. A,, Wang, Q., et al.
(2018). Covalent-Supramolecular Hybrid Polymers as Muscle-Inspired
Anisotropic Actuators. Nat. Commun. 9, 2395. doi:10.1038/s41467-018-
04800-w

Cote, Y., Fu, I. W., Dobson, E. T., Goldberger, J. E., Nguyen, H. D., and Shen, J. K.
(2014). Mechanism of the pH-Controlled Self-Assembly of Nanofibers from

et al Bioactive

Charge in Nanofibers

Additional support for guidance and supervision of the
project by IS was provided by the National Science
Foundation, Div. of Chem. Bioeng. Env. and Transp. Sys.
1833214 (IS).

ACKNOWLEDGMENTS

RJN thanks Ivan R. Sasselli and Zois Syrgiannis for useful
discussions. This research was supported in part through the
computational resources and staff contributions provided for the
Quest high performance computing facility at Northwestern
University which is jointly supported by the Office of the
Provost, the Office for Research, and Northwestern University
Information Technology.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2022.852164/
full#supplementary-material

Peptide Amphiphiles. J. Phys. Chem. C 118, 16272-16278. do0i:10.1021/
jp5048024

Das, R., Mills, T. T., Kwok, L. W., Maskel, G. S., Millett, I. S., Doniach, S., et al.
(2003). Counterion Distribution Around DNA Probed by Solution X-ray
Scattering. Phys. Rev. Lett. 90, 188103. doi:10.1103/physrevlett.90.188103

Dehsorkhi, A., Castelletto, V., and Hamley, I. W. (2014). Self-Assembling
Amphiphilic Peptides. J. Pept. Sci. 20, 453-467. doi:10.1002/psc.2633

Deiss-Yehiely, E., Ortony, J. H., Qiao, B., Stupp, S. I, and Olvera de la Cruz, M.
(2017). Ion Condensation onto Self-Assembled Nanofibers. J. Polym. Sci. Part.
B: Polym. Phys. 55, 901-906. doi:10.1002/polb.24353

Dingenouts, N., Patel, M., Rosenfeldt, S., Pontoni, D., Narayanan, T., and Ballauff,
M. (2004). Counterion Distribution Around a Spherical Polyelectrolyte brush
Probed by Anomalous Small-Angle X-Ray Scattering. Macromolecules 37,
8152-8159. doi:10.1021/ma048828;j

Donnini, S., Tegeler, F., Groenhof, G., and Grubmiiller, H. (2011). Constant Ph
Molecular Dynamics in Explicit Solvent with Lambda-Dynamics. J. Chem.
Theor. Comput. 7, 1962-1978. d0i:10.1021/ct200061r

Freeman, R., Han, M., Alvarez, Z., Lewis, ]. A., Wester, J. R., Stephanopoulos, N.,
et al. (2018). Reversible Self-Assembly of Superstructured Networks. Science
362, 808-813. doi:10.1126/science.aat6141

Frydel, D., Dietrich, S., and Oettel, M. (2007). Charge Renormalization for Effective
Interactions of Colloids at Water Interfaces. Phys. Rev. Lett. 99, 118302. doi:10.
1103/PhysRevLett.99.118302

Gao, C, Li, H,, Li, Y., Kewalramani, S., Palmer, L. C., Dravid, V. P., et al. (2017).
Electrostatic Control of Polymorphism in Charged Amphiphile Assemblies.
J. Phys. Chem. B 121, 1623-1628. doi:10.1021/acs.jpcb.6b11602

Gebala, M., Giambasu, G. M., Lipfert, J., Bisaria, N., Bonilla, S., Li, G., et al. (2015).
Cation—-anion Interactions within the Nucleic Acid Ion Atmosphere Revealed by
Ton Counting. J. Am. Chem. Soc. 137, 14705-14715. doi:10.1021/jacs.5b08395

Goldberger, J. E., Berns, E. ], Bitton, R., Newcomb, C. J., and Stupp, S. I. (2011).
Electrostatic Control of Bioactivity. Angew. Chem. - Int. Ed. 50, 6292-6295.
doi:10.1002/anie.201100202

Gong, P., Wu, T., Genzer, J., and Szleifer, I. (2007). Behavior of Surface-Anchored
Poly(Acrylic Acid) Brushes with Grafting Density Gradients on Solid
Substrates: 2. Theory. Macromolecules 40, 8765-8773. doi:10.1021/ma071018y

Hartgerink, J. D., Beniash, E., and Stupp, S. I. (2001). Self-Assembly and
Mineralization of Peptide-Amphiphile Nanofibers. Science 294, 1684-1688.
doi:10.1126/science.1063187

Frontiers in Chemistry | www.frontiersin.org

March 2022 | Volume 10 | Article 852164


https://www.frontiersin.org/articles/10.3389/fchem.2022.852164/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.852164/full#supplementary-material
https://doi.org/10.1126/science.abh3602
https://doi.org/10.1103/PhysRevLett.93.248103
https://doi.org/10.1016/j.coelec.2018.10.014
https://doi.org/10.1007/s00396-006-1516-5
https://doi.org/10.1103/PhysRevE.60.7040
https://doi.org/10.1021/la051811p
https://doi.org/10.1063/1.3533279
https://doi.org/10.1039/c7ob00875a
https://doi.org/10.1006/jcis.1994.1212
https://doi.org/10.1038/s41467-018-04800-w
https://doi.org/10.1038/s41467-018-04800-w
https://doi.org/10.1021/jp5048024
https://doi.org/10.1021/jp5048024
https://doi.org/10.1103/physrevlett.90.188103
https://doi.org/10.1002/psc.2633
https://doi.org/10.1002/polb.24353
https://doi.org/10.1021/ma048828j
https://doi.org/10.1021/ct200061r
https://doi.org/10.1126/science.aat6141
https://doi.org/10.1103/PhysRevLett.99.118302
https://doi.org/10.1103/PhysRevLett.99.118302
https://doi.org/10.1021/acs.jpcb.6b11602
https://doi.org/10.1021/jacs.5b08395
https://doi.org/10.1002/anie.201100202
https://doi.org/10.1021/ma071018y
https://doi.org/10.1126/science.1063187
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Nap et al.

Hendricks, M. P., Sato, K., Palmer, L. C., and Stupp, S. L. (2017). Supramolecular
Assembly of Peptide Amphiphiles. Acc. Chem. Res. 50, 2440-2448. doi:10.1021/
acs.accounts.7b00297

Hindmarsh, A. C,, Brown, P. N, Grant, K. E,, Lee, S. L., Serban, R., Shumaker, D. E.,
et al. (2005). SUNDIALS: Suite of Nonlinear and Differential/algebraic Equation
Solvers. ACM Trans. Math. Softw. 31, 363-396. doi:10.1145/1089014.1089020

Israéls, R., Leermakers, F. A. M., and Fleer, G. J. (1994). On the Theory of Grafted
Weak Polyacids. Macromolecules 27, 3087-3093. doi:10.1021/ma00089a028

Israelachvili, J. N. (2011). Intermolecular and Surface Forces. 3rd edn. San Diego:
Academic Press.

Kewalramani, S., Zwanikken, J. W., Macfarlane, R. J., Leung, C.-Y., Olvera de la
Cruz, M., Mirkin, C. A,, et al. (2013). Counterion Distribution Surrounding
Spherical Nucleic Acid-Au Nanoparticle Conjugates Probed by Small-Angle
X-Ray Scattering. ACS Nano 7, 11301-11309. doi:10.1021/nn405109z

Kornmueller, K., Lehofer, B., Meindl, C., Frohlich, E., Leitinger, G., Amenitsch, H.,
et al. (2016). Peptides at the Interface: Self-Assembly of Amphiphilic Designer
Peptides and Their Membrane Interaction Propensity. Biomacromolecules 17,
3591-3601. doi:10.1021/acs.biomac.6b01089

Kornmueller, K., Lehofer, B., Leitinger, G., Amenitsch, H., and Prassl, R. (2017).
Peptide Self-Assembly into Lamellar Phases and the Formation of Lipid-Peptide
Nanostructures. Nano Res. 11, 913-928. doi:10.1007/s12274-017-1702-4

Kozlyuk, N., Sengupta, S., Luptdk, A., and Martin, R. W. (2016). In Situ NMR
Measurement of Macromolecule-Bound Metal Ion Concentrations. J. Biomol.
NMR 64, 269-273. doi:10.1007/s10858-016-0031-3

Krishnamoorthy, K., Hoffmann, K., Kewalramani, S., Brodin, J. D., Moreau, L. M.,
Mirkin, C. A,, et al. (2018). Defining the Structure of a Protein-Spherical
Nucleic Acid Conjugate and its Counterionic Cloud. ACS Cent. Sci. 4, 378-386.
doi:10.1021/acscentsci.7b00577

Kung, W., Solis, F. J., and Olvera de la Cruz, M. (2009). Thermodynamics of
Ternary Electrolytes: Enhanced Adsorption of Macroions as Minority
Component to Liquid Interfaces. J. Chem. Phys. 130, 044502. doi:10.1063/1.
3065071

Landsgesell, ]., Nova, L., Rud, O., Uhlik, F., Sean, D., Hebbeker, P., et al. (2019).
Simulations of Ionization Equilibria in Weak Polyelectrolyte Solutions and
Gels. Soft Matter 15, 1155-1185. doi:10.1039/c8sm02085j

Léonforte, F., Welling, U., and Miiller, M. (2016). Single-chain-in-mean-field
Simulations of Weak Polyelectrolyte Brushes. J. Chem. Phys. 145, 224902.
doi:10.1063/1.4971212

Lee, O.-S., Stupp, S. I, and Schatz, G. C. (2011). Atomistic Molecular Dynamics
Simulations of Peptide Amphiphile Self-Assembly into Cylindrical Nanofibers.
J. Am. Chem. Soc. 133, 3677-3683. doi:10.1021/ja110966y

Lee, O.-S., Cho, V., and Schatz, G. C. (2012). Modeling the Self-Assembly of
Peptide Amphiphiles into Fibers Using Coarse-Grained Molecular Dynamics.
Nano Lett. 12, 4907-4913. doi:10.1021/n1302487m

Li, C, Iscen, A, Sai, H., Sato, K., Sather, N. A., Chin, S. M., et al. (2020).
Supramolecular—covalent Hybrid Polymers for Light-Activated Mechanical
Actuation. Nat. Mater. 19, 900-909. doi:10.1038/s41563-020-0707-7

Markovich, T., Andelman, D., and Podgornik, R. (2017). Complex Fluids with
mobile Charge-Regulating Macro-Ions. Europhys. Lett. 120, 26001. doi:10.
1209/0295-5075/120/26001

Matson, J. B, and Stupp, S. L (2012). Self-assembling Peptide Scaffolds for
Regenerative Medicine. Chem. Commun. 48, 26-33. doi:10.1039/clcc15551b

Moyer, T. J., Finbloom, J. A., Chen, F,, Toft, D. J,, Cryns, V. L., and Stupp, S. L.
(2014). pH and Amphiphilic Structure Direct Supramolecular Behavior in
Biofunctional Assemblies. J. Am. Chem. Soc. 136, 14746-14752. d0i:10.1021/
ja5042429

Nakamura, I, Shi, A.-C,, and Wang, Z.-G. (2012). Ion Solvation in Liquid
Mixtures: Effects of Solvent Reorganization. Phys. Rev. Lett. 109, 257802.
doi:10.1103/physrevlett.109.257802

Nap, R, Gong, P., and Szleifer, 1. (2006). Weak Polyelectrolytes Tethered to
Surfaces: Effect of Geometry, Acid-Base Equilibrium and Electrical Permittivity.
J. Polym. Sci. Part. B: Polym. Phys. 44, 2638-2662. doi:10.1002/polb.20896

Nap, R. J., Losdorfer Bozi¢, A., Szleifer, L., and Podgornik, R. (2014a). The Role of
Solution Conditions in the Bacteriophage Pp7 Capsid Charge Regulation.
Biophys. ]. 107, 1970-1979. doi:10.1016/j.bpj.2014.08.032

Nap, R. J,, Tagliazucchi, M., and Szleifer, 1. (2014b). Born Energy, Acid-Base
Equilibrium, Structure and Interactions of End-Grafted Weak Polyelectrolyte
Layers. J. Chem. Phys. 140, 024910. doi:10.1063/1.4861048

Charge in Nanofibers

Nap, R. J., Tagliazucchi, M., Gonzalez Solveyra, E., Ren, C.-1,, Uline, M. J., Szleifer,
I, et al. (2017). “Polymer and Biopolymer Brushes,” in Modeling of Chemical
Equilibria in Polymer and Polyelectrolyte Brushes (John Wiley & Sons),
161-221. doi:10.1002/9781119455042.ch6

Ninham, B. W., and Parsegian, V. A. (1971). Electrostatic Potential between Surfaces
Bearing Ionizable Groups in Ionic Equilibruim with Physiologic saline Solution.
J. Theor. Biol. 31, 405-0428. doi:10.1016/0022-5193(71)90019-1

Ortony, J. H., Newcomb, C. J., Matson, J. B., Palmer, L. C., Doan, P. E., Hoffman, B.
M, et al. (2014). Internal Dynamics of a Supramolecular Nanofibre. Nat. Mater.
13, 812-816. doi:10.1038/nmat3979

Ortony, J. H., Qiao, B., Newcomb, C. J., Keller, T. J., Palmer, L. C., Deiss-Yehiely, E.,
et al. (2017). Water Dynamics from the Surface to the interior of a
Supramolecular Nanostructure. J. Am. Chem. Soc. 139, 8915-8921. doi:10.
1021/jacs.7b02969

Park, S. H., Nap, R. ], and Szleifer, I. (2018). Association Free Energies of Metal
Cations with Mesylate and Acetate in Brine Calculated via Molecular Dynamics
Simulation. ArXiv e-prints, arXiv:1801.05888[physics.chem-ph].

Patel, M., Rosenfeldt, S., Ballauff, M., Dingenouts, N., Pontoni, D., and Narayanan,
T. (2004). Analysis of the Correlation of Counterions to Rod-like Macroions by
Anomalous Small-Angle X-ray Scattering. Phys. Chem. Chem. Phys. 6, 2962.
doi:10.1039/b402155j

Pericet-Camara, R., Papastavrou, G., Behrens, S., and Borkovec, M. (2004).
Interaction between Charged Surfaces on the Poisson-Boltzmann Level: The
Constant Regulation Approximation. J. Phys. Chem. B 108, 19467-19475.
doi:10.1021/jp0473063

Popa, I, Papastavrou, G., and Borkovec, M. (2010a). Charge Regulation Effects on
Electrostatic Patch-Charge Attraction Induced by Adsorbed Dendrimers. Phys.
Chem. Chem. Phys. 12, 4863-4871. doi:10.1039/B925812D

Popa, I, Sinha, P., Finessi, M., Maroni, P., Papastavrou, G., and Borkovec, M.
(2010b). Importance of Charge Regulation in Attractive Double-Layer Forces
between Dissimilar Surfaces. Phys. Rev. Lett. 104, 228301. doi:10.1103/
PhysRevLett.104.228301

Sato, K., Hendricks, M. P., Palmer, L. C., and Stupp, S. I. (2018). Peptide Supramolecular
Materials for Therapeutics. Chem. Soc. Rev. 47, 7539-7551. doi:10.1039/c7¢s00735¢

Schwinger, J., DeRaad, L. L., Jr., Milton, K. A., and Tsai, W.-Y. (1998). Classical
Electrodynamics. Reading Massachusetts: Persus Books.

Solveyra, E. G., Nap, R. J., Huang, K., and Szleifer, I. (2020). Theoretical Modeling
of Chemical Equilibrium in Weak Polyelectrolyte Layers on Curved
Nanosystems. Polymers 12, 2282. doi:10.3390/polym12102282

Stankovich, J., and Carnie, S. L. (1996). Electrical Double Layer Interaction between
Dissimilar Spherical Colloidal Particles and between a Sphere and a Plate: Nonlinear
Poisson-Boltzmann Theory. Langmuir 12, 1453-1461. doi:10.1021/1a950384k

Stupp, S. I, Clemons, T. D., Carrow, J. K., Sai, H., and Palmer, L. C. (2020).
Supramolecular and Hybrid Bonding Polymers. Isr. . Chem. 60, 124-131.
doi:10.1002/ijch.202000005

Sztucki, M., Cola, E. D., and Narayanan, T. (2012). Anomalous Small-Angle X-ray
Scattering from Charged Soft Matter. Eur. Phys. ]. Spec. Top. 208, 319-331.
doi:10.1140/epjst/e2012-01627-x

Toksoz, S., Mammadov, R,, Tekinay, A. B., and Guler, M. O. (2011). Electrostatic
Effects on Nanofiber Formation of Self-Assembling Peptide Amphiphiles.
J. Colloid Interf. Sci. 356, 131-137. doi:10.1016/j.jcis.2010.12.076

Velichko, Y. S., Stupp, S. L, and Olvera de la Cruz, M. (2008). Molecular Simulation
Study of Peptide Amphiphile Self-Assembly. J. Phys. Chem. B 112, 2326-2334.
doi:10.1021/jp074420n

Wang, R., and Wang, Z.-G. (2014). Continuous Self-Energy of Ions at the
Dielectric Interface. Phys. Rev. Lett. 112, 136101. doi:10.1103/PhysRevLett.
112.136101

Wang, D., Nap, R. J., Lagzi, I, Kowalczyk, B., Han, S., Grzybowski, B. A., et al.
(2011). Why and How Nanoparticle’s Curvature Regulates the Apparent pKa of
the Coating Ligands. J. Am. Chem. Soc. 133, 2192-2197. doi:10.1021/jal08154a

Wang, Z.-G. (2008a). Effects of Ion Solvation on the Miscibility of Binary Polymer
Blends. J. Phys. Chem. B 112, 16205-16213. doi:10.1021/jp806897t

Wang, Z.-G. (2008b). Variational Electrostatics for Charge Solvation. J. Theor.
Comput. Chem. 7, 397-419. doi:10.1142/s0219633608003824

Wang, Z.-G. (2010). Fluctuation in Electrolyte Solutions: The Self Energy. Phys.
Rev. E 81, 021501. doi:10.1103/PhysRevE.81.021501

Wester, J. R., Lewis, J. A., Freeman, R., Sai, H., Palmer, L. C., Henrich, S. E., et al.
(2020). Supramolecular Exchange Among Assemblies of Opposite Charge

Frontiers in Chemistry | www.frontiersin.org

14

March 2022 | Volume 10 | Article 852164


https://doi.org/10.1021/acs.accounts.7b00297
https://doi.org/10.1021/acs.accounts.7b00297
https://doi.org/10.1145/1089014.1089020
https://doi.org/10.1021/ma00089a028
https://doi.org/10.1021/nn405109z
https://doi.org/10.1021/acs.biomac.6b01089
https://doi.org/10.1007/s12274-017-1702-4
https://doi.org/10.1007/s10858-016-0031-3
https://doi.org/10.1021/acscentsci.7b00577
https://doi.org/10.1063/1.3065071
https://doi.org/10.1063/1.3065071
https://doi.org/10.1039/c8sm02085j
https://doi.org/10.1063/1.4971212
https://doi.org/10.1021/ja110966y
https://doi.org/10.1021/nl302487m
https://doi.org/10.1038/s41563-020-0707-7
https://doi.org/10.1209/0295-5075/120/26001
https://doi.org/10.1209/0295-5075/120/26001
https://doi.org/10.1039/c1cc15551b
https://doi.org/10.1021/ja5042429
https://doi.org/10.1021/ja5042429
https://doi.org/10.1103/physrevlett.109.257802
https://doi.org/10.1002/polb.20896
https://doi.org/10.1016/j.bpj.2014.08.032
https://doi.org/10.1063/1.4861048
https://doi.org/10.1002/9781119455042.ch6
https://doi.org/10.1016/0022-5193(71)90019-1
https://doi.org/10.1038/nmat3979
https://doi.org/10.1021/jacs.7b02969
https://doi.org/10.1021/jacs.7b02969
https://doi.org/10.1039/b402155j
https://doi.org/10.1021/jp0473063
https://doi.org/10.1039/B925812D
https://doi.org/10.1103/PhysRevLett.104.228301
https://doi.org/10.1103/PhysRevLett.104.228301
https://doi.org/10.1039/c7cs00735c
https://doi.org/10.3390/polym12102282
https://doi.org/10.1021/la950384k
https://doi.org/10.1002/ijch.202000005
https://doi.org/10.1140/epjst/e2012-01627-x
https://doi.org/10.1016/j.jcis.2010.12.076
https://doi.org/10.1021/jp074420n
https://doi.org/10.1103/PhysRevLett.112.136101
https://doi.org/10.1103/PhysRevLett.112.136101
https://doi.org/10.1021/ja108154a
https://doi.org/10.1021/jp806897t
https://doi.org/10.1142/s0219633608003824
https://doi.org/10.1103/PhysRevE.81.021501
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Nap et al.

Leads to Hierarchical Structures. J. Am. Chem. Soc. 142, 12216-12225. doi:10.
1021/jacs.0c03529

Westmoreland, D. E., Nap, R. ], Arcudi, F., Szleifer, I., and Weiss, E. A. (2019). pH-
Dependent Structure of Water-Exposed Surfaces of CdSe Quantum Dots.
Chem. Commun. 55, 5435-5438. d0i:10.1039/c9¢c01339¢

Zaldivar, G., Samad, M. B., Conda-Sheridan, M., and Tagliazucchi, M. (2018). Self-
assembly of Model Short Triblock Amphiphiles in Dilute Solution. Soft Matter
14, 3171-3181. doi:10.1039/c8sm00096d

Zaldivar, G., Vemulapalli, S., Udumula, V., Conda-Sheridan, M., and Tagliazucchi,
M. (2019). Self-assembled Nanostructures of Peptide Amphiphiles: Charge
Regulation by Size Regulation. J. Phys. Chem. C 123, 17606-17615. doi:10.1021/
acs.jpcc.9b04280

Zhulina, E. B., and Borisov, O. V. (2011). Poisson-Boltzmann Theory of pH-
Sensitive (Annealing) Polyelectrolyte brush. Langmuir 27, 10615-10633. doi:10.
1021/1a201456a

Zhulina, E. B., Birshtein, T. M., and Borisov, O. V. (1995). Theory of Ionizable
Polymer Brushes. Macromolecules 28, 1491. d0i:10.1021/ma00109a021

Charge in Nanofibers

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Nap, Qiao, Palmer, Stupp, Olvera de la Cruz and Szleifer. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

15

March 2022 | Volume 10 | Article 852164


https://doi.org/10.1021/jacs.0c03529
https://doi.org/10.1021/jacs.0c03529
https://doi.org/10.1039/c9cc01339c
https://doi.org/10.1039/c8sm00096d
https://doi.org/10.1021/acs.jpcc.9b04280
https://doi.org/10.1021/acs.jpcc.9b04280
https://doi.org/10.1021/la201456a
https://doi.org/10.1021/la201456a
https://doi.org/10.1021/ma00109a021
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Acid-Base Equilibrium and Dielectric Environment Regulate Charge in Supramolecular Nanofibers
	1 Introduction
	2 Theoretical Approach
	3 Results
	3.1 Ion-Condensation Vs Protonation
	3.2 Effect of Dielectric Environment

	4 Summary and Concluding Remarks
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


