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Departamento de Qúımica Inorgánica An

Ciudad Universitaria, Ciudad Autónoma de

mario@qi.fcen.uba.ar
cDepartment of Pharmaceutical Sciences, Co

Medical Center, Omaha, NE, 68198, USA. E
dInstituto de Investigaciones Fisicoqúımica
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orphology of peptide amphiphile
nanostructures via co-assembly†
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Santiago Herrera,be Agustin S. Picco,d Gabriel Ybarra,a Martin Conda-Sheridan *c

and Mario Tagliazucchi *be

The self-assembly of peptide amphiphiles (PAs) in aqueous solution yields nanoconstructs displaying a rich

spectrum of sizes and morphologies, including micelles, fibers, and lamellar ribbons. The morphology

impacts the bioactivity of the PAs and, thus, efforts have been made to control it by tuning their

molecular structure or the solution pH. However, synthesizing new PAs is time consuming and

biomedical applications limit the pH to physiologically relevant ranges. This work demonstrates that the

composition of a binary mixture of co-assembled PAs serves as a powerful approach to exert rational

control over the morphology, size and transition pHs of the supramolecular nanostructures. We

combined light scattering, SAXS, TEM and AFM experiments and theoretical predictions using

a Molecular Theory (MOLT) to construct composition–pH morphology diagrams for three relevant PA

mixtures. For C16KK/C16KKK mixtures (C16: palmitoyl and K: lysine), we demonstrate fine tuning of the

micelle-to-fiber transition pH by varying the composition of the system. For a mixture of oppositely

charged PAs, C16EEE/C16KKK (E: glutamic acid), theory and experiments reveal interesting composition-

driven micelle-to-fiber-to-micelle transitions. The C16KK/C16EE mixture exhibits three different

morphologies—micelles, fibers, and lamellae—and regions of the morphology diagram showing

coexistence between fibers and lamellae. MOLT calculations also provide insights into the internal

organization of the assemblies and predict that the nanostructure radius can also be tuned by the

composition of the mixture, in agreement with SAXS observations.
1 Introduction

Peptide amphiphiles (also known as lipopeptides) are a family
of self-assembling molecules that combine a peptidic head-
group and an hydrophobic tail, usually comprising a linear alkyl
chain.1–4 These molecules exhibit a rich self-assembling
behavior in solution, forming a variety of nanostructures that
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include spherical micelles,5–8 short (∼100 nm)9,10 and long (>10
mm)7,8,10–12 cylindrical bers and planar ribbons.5,6,12 The inclu-
sion of bioactive epitopes in the peptidic headgroup (such as
IKVAV) imparts biological activity to the assemblies. Notably,
PA's bioactivity depends on the morphology of the
nanostructures,10,12–14 for example Stupp's group studied
a series of PAs terminated in the IKVAV sequence, which
assembled into different morphologies.12 PAs forming non-
aggregated cylindrical bers displayed the IKVAV sequence
more efficiently than those assembling into bundles of ribbons,
and, therefore, showed higher bioactivity for neurite
outgrowth.12 In another example from the same group, the
length and aggregation state of PA nanobers determined their
activity in promoting cell adhesion and survival.10 This effect
was attributed to the fact that long bers displayed higher
adhesive forces than short ones, which beneted cell spreading
and proliferation. In a third example, Conda-Sheridan and co-
workers studied the antimicrobial activity of a family cationic
PAs and showed that PAs assembling into micelles were more
active than those forming bers or ribbons.13 This behavior was
ascribed to the weak cohesivity of spherical micelles compared
to bers, which favored their disassembly into isolated PAs that
disrupted bacterial membranes.
Chem. Sci., 2025, 16, 14605–14615 | 14605
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The relevance of morphology to bioactivity calls for
approaches to exert control over the shape, size, charge and
mesoscale aggregation of these self-assembled nanostructures.
So far, the most important variables used to manipulate these
properties have been the molecular architecture of the PA, the
solution pH,5–8,15 the presence and type of counterions,16,17 and
the ionic strength.18 For example, the PAs of the family CnKm

(where Cn and Km indicate n methyl/methylene groups and m
lysine units, respectively) display spherical micelle / cylin-
drical ber / lamellar ribbon transitions with increasing
solution pH.18–21 These transitions have been quantitatively
predicted using a theoretical tool known as Molecular Theory
(MOLT),20,21 and can be rationalized in terms of the deproto-
nation of the side-chain amino groups in the lysines with
increasing pH. Lower protonation degrees result in weaker
electrostatic repulsions among headgroups, which decreases
the curvature of the nanostructure. There are also some general
design rules to control morphology by introducing structural
modications in the PAmolecule. Introducing cohesive b-sheet-
forming amino acids near the hydrophobic core is known to
favor the formation of bers over spherical micelles because of
the formation of hydrogen bonds aligned with the long axis of
the ber.22,23 On the other hand, decreasing the length of the
alkyl tail18,24 or increasing the size of the peptidic headgroup,7,20

tends to favor small micelles over nanobers or ribbons, in
qualitative agreement with Israelachvili's packing theory.25

These examples demonstrate morphology control through
molecular architecture or solution composition, but there are
limits to the practical usefulness of these approaches. Changing
molecular architecture is time-consuming and cannot be done
gradually, which is a disadvantage for ne-tuning the aggregate
properties. On the other hand, biomedical applications restrict
the solution pH and ionic strength to physiologically relevant
values. In this work, we explore PA co-assembly as a novel
strategy to nely control the morphology and size of the
nanostructures.

The co-assembly of PAs has been previously addressed by
different groups,11,15,26–34 with special emphasis in the combi-
nation of bioactive PAs with shorter PAs that act as diluents or
llers,26–28 and mixtures of positively and negatively charged
small PAs.15,29–32,35 In an interesting example of the latter, Wester
et al.35 showed that equimolar mixtures of C16KKK/C16EEE and
C16(K)5K/C16(E)5E (E: glutamic acid) tend to form nanobers,
even when one or both individual components form spherical
micelles. This is consistent with the behavior of other mixtures
of positively/negatively charged PAs15,29–32 and it has been
ascribed to the increase in cohesiveness due to electrostatic
interactions between the oppositely charged headgroups.
However, most of these studies were restricted to a few PA
compositions and solution pH values, which precluded the
construction of systematic morphology diagrams. On the other
hand, the co-assembly of like-charged small PAs has been much
less investigated than that of oppositely charged ones. In the
present work, we comprehensively examine the morphology
behavior of mixtures of like- and oppositely charged PAs. For
this purpose, we use a molecular theory (MOLT) that we previ-
ously developed for single-component PA nanostructures20 and
14606 | Chem. Sci., 2025, 16, 14605–14615
apply it here for the rst time to PA mixtures. We performed
Light Scattering (LS), Atomic Force Microscopy (AFM), Trans-
mission Electron Microscopy (TEM), and Small Angle X-ray
Scattering (SAXS) experiments for selected systems and
demonstrate that MOLT predictions are in good agreement with
these experimental observations. In mixtures of like-charged
PAs (C16KKK/C16KK) our results reveal that co-assembly allows
manipulation of the micelle / ber transition pH by varying
the composition of the mixture. We identify regions of
morphology coexistence, where micelles and bers coincide
over a narrow composition range. In mixtures of oppositely
charged PAs like C16KKK/C16EEE, we observed a composition-
driven micelle / ber / micelle transition, governed by
electrostatic interactions and headgroup protonation states.
Additionally, we observed a complex morphology behavior in
C16KK/C16EE mixtures, with transitions between micelles,
bers, and lamellae depending on composition and pH, high-
lighting the interplay between headgroup charge and tail
cohesive interactions. SAXS analysis provided insights into
structural parameters, such as core radius and shell thickness
and showed an increase in the micelle radius in C16KKK/C16EEE
as the mixture composition approaches charge stoichiometry,
in agreement with MOLT calculations.
2 Methods
2.1 Experimental methods

2.1.1 PA synthesis. The synthesis of the PAs C16KK,
C16KKK, C16EE and C16EEE was performed using standard
Fmoc solid-phase peptide synthesis, as described previously.20

Amino-acids and rink amide resins were supplied by P3Bio and
solvents were supplied by Fisher. All amino-acids used in this
study were L-enantiomers. PA structures were conrmed by
MALDI and 1H NMR (see the ESI†).

2.1.2 LS. Light scattering measurements were performed
using a Dynamic Light Scattering instrument (Wyatt DynaPro
NanoStar) equipped with a 658 nm laser. The scattered light was
collected at a detection angle of 90°. All solutions were prepared
at a concentration of 0.25% w/v in borate buffer. For each
composition, the pH was adjusted by adding small amounts of
HCl or NaOH as needed. Aer pH adjustment, samples were
allowed to age for one day and weremeasured the following day.

2.1.3 TEM. TEM experiments were performed on a FEI
Tecnai G2 Spirit for 1 : 1 (molar fraction of 0.5) mixtures of
C16KK and C16KKK peptides at different pH values and a total
PA concentration of 0.25% w/v. The pH of the solution was
adjusted using buffer solutions.

2.1.4 AFM. A small volume of the PA solution (0.25% w/v)
was deposited onto a mica substrate, allowing adsorption for
1 minute, and the excess solution was gently removed and dried
with nitrogen to ensure uniform coverage. AFM imaging was
performed in air using an Agilent 5500 scanning probe micro-
scope (Agilent Technologies) isolated from vibrations, air
turbulence and acoustic noise. Images were acquired using an
insulating triangular Si tip (PointProbes Plus Non-Contact/So
Tapping Mode, radius > 10 nm, force constant 48 N m−1,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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resonance frequency 309.1 kHz) and analyzed and edited using
Gwyddion®.

2.1.5 SAXS. SAXS measurements were performed at the
Cateretê Beamline of the Brazilian Synchrotron Light Labora-
tory (LNLS-Sirius, Campinas, Brazil). Measurements were per-
formed using an X-ray wavelength of 1.5498 Å and a sample-to-
detector distance of 1.75 m. Scattering data were collected using
a PIMEGA 540D detector. Samples for SAXS were prepared at
0.25% w/v concentration and their pH values were adjusted
using borate buffer. Quartz capillaries (outer diameter of 1.5
mm and wall thickness 0.01 mm) were used to contain the
samples and placed in a sample-holder in a vacuum. The
accessible scattering vector range under these conditions was q
= 0.009–0.28 Å−1. All measurements were conducted at 25 °C.
Scattering data were modelled using SasView 5.0 (https://
www.sasview.org/).
Fig. 1 Scheme of the free energy per PA (u) as a function of the molar
fraction of PA1 in the mixture, x1, for the spherical micelle (M) and
cylindrical nanofiber (F) morphologies. The solid red line is tangent to
the M and F curves at points xM1 and xF1, respectively. For all global
compositions between xM1 and xF1, there is coexistence between
micelles with composition xM1 and fibers with composition xF1.
2.2 Theoretical methods

2.2.1 Molecular theory for amphiphile self-assembly. We
studied the mixtures of PAs using a thermodynamical statistical
tool known as MOLT. In the past, MOLT has been applied to
a broad spectra of problems related to the self-assembly of so
materials.36 We have recently applied this tool to model single-
component PAs,20,21 and extend the tool here to mixtures of PAs.

We provide here an outline of MOLT, and refer the interested
reader to the ESI† for a detailed derivation. MOLT is formulated
starting from a free energy functional of the system, U*(T, V,
NPA, {mi}) (the symbol * indicates that the aggregate is xed in
space25). This functional describes a system containing xed
numbers n1 and n2 of the two PA components in the mixture,
PA1 and PA2, at xed volume V and temperature T. The mobile
ions in the system (salt anions and cations, H+ and OH−) have
constant chemical potentials {mi}, which are xed by the pH and
ionic strength of the bulk solution. It should be noted that given
this denition, U* is a semigrand canonical free energy
(canonical for the PAs and grand canonical for the small ions).
As explained in detail in our previous studies,20,36,37 U* is written
as the combination of different contributions, such as the
translational and conformational entropy of the PAs, the ener-
gies from short-range effective interactions, the electrostatic
interactions and the free energies associated to the acid–base
chemical equilibrium. Note that these contributions depend on
explicit PA conformations and, therefore, MOLT takes into
consideration the chemical structure of the molecules (at
a coarse grain level similar to that of coarse-grained MD simu-
lations26,38). The contributions to U* depend on functions that
are unknown a priori, such as the local densities of each species,
the probability distribution functions of the PA conformations,
the local electrostatic potential and the position-dependent
degree of ionization of the acid–base groups in the system.
Finding the functional extrema of U* with respect to these
unknown functions results in a system of coupled integro-
differential equations, which we solve using numerical
methods. This procedure yields both structural information
(morphology, size and charge of the aggregates and internal
organization) and thermodynamic parameters (such as the free
© 2025 The Author(s). Published by the Royal Society of Chemistry
energy per PA, u) for the system in equilibrium. For more
information about the formulation of MOLT for amphiphiles,
we refer the reader to the ESI† and our previous studies.20,36,37

We nally want to mention some characteristics and limi-
tations of the theory. MOLT is a coarse-grained approach, in
which groups of ∼4 non-H atoms in the molecular structure are
clumped together in a coarse-grained bead (similarly to the
MARTINI MD force-eld39). Therefore, while MOLT incorpo-
rates some molecular information (coarse-grained molecular
structure and conformations) at a lower cost than MD simula-
tions, it does not provide structural details at the atomistic level
and cannot describe some effects that strongly depend on them,
such as the effect of amino-acid chirality.34,40,41 MOLT predic-
tions are also dependent on a proper parametrization of the
bead–bead interactions, which is discussed in the ESI.†

2.2.2 Determination of the equilibrium morphology of PA
mixtures and morphology coexistence. To use MOLT to predict
the equilibrium morphology for PA mixtures, we solve the
theory for different ideal morphologies: spherical micelles,
innitely long cylindrical nanobers and planar lamellae. These
calculations require xing the experimental conditions of the
solution (pH and ionic strength) and the molecular structure
and molar fractions of PA1 and PA2 in the mixture. For each
morphology, we rst scan the aggregation number, nT = n1 + n2,
and nd the one that minimizes the free energy per PA mole-
cule, u.20,37 We stress that the calculation is performed for
a xed PA composition, given by the molar fraction x1 = n1/nT.
While for single-PA assemblies, the structure with the lowest u
is predicted to be the equilibrium one, the analysis is more
complicated in mixtures of PAs due to the possibility of
morphology coexistence, as we explain next.
3 Results
3.1 Morphology diagram of mixtures of the cationic PAs
C16KK and C16KKK

In some cases, the plots of the minimal free energy vs.
composition (u vs. x1) for the different morphologies have
Chem. Sci., 2025, 16, 14605–14615 | 14607
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Fig. 2 (a) Structures of the PAs used in the C16KK/C16KKK mixture. (b)
Free energy per PA for this mixture at different pH values determined
through MOLT calculations assuming ideal cylindrical fibers (red solid
lines) or spherical micelles (green solid lines). For pH = 9, the dashed
line (tangent to the free-energy curves) indicates micelle–fiber
coexistence (the inset shows an enlargement of the region indicated
with a box). (c) Predicted morphology diagram. M and F indicate the
region where fibers and micelles are stable, respectively, and M–F is
the coexistence region.
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shapes similar to that in the scheme in Fig. 1. This plot indi-
cates that micelles and bers are the stable morphologies for x1
< xM1 and x1 > xF1, respectively. However, for xM1 < x1 < xF1, the free
energy of the system can be lowered through coexistence of
micelles with composition xM1 and bers with composition
xF1, see the red line in Fig. 1. This red line is tangent to the M and
F curves (solid black curves) at points xM1 and xF1, which establish
the criteria used to select these points (see the ESI† for
a detailed argument, note also that the points xM1 and xF1 do not
necessarily lie at the minima of the curves). This argument to
predict morphology coexistence is analogous to that used to
explain phase coexistence in systems exhibiting rst-order
phase transitions, such as phase separation in mixtures of
immiscible liquids.42,43 However, it is important to mention that
this similarity does not imply that morphological transitions in
experimental surfactant solutions are rst order. Instead, this
type of transition arises in our theory from the approximation of
considering only aggregates with minimal u and, thus,
neglecting the natural size and shape distribution of the
micellar aggregates.25

We start our analysis by studying the theoretical predictions
for a mixture of C16KK (PA1) and C16KKK (PA2), see structures in
Fig. 2a. Individually, both molecules are known to transition
from spherical micelles to cylindrical bers upon increasing the
solution pH.18–20 This transition results from the deprotonation
of lysines at high pH values, which reduces the electrostatic
repulsions between the amphiphile head groups, favoring the
least curved morphology (bers). The transition pH is higher for
C16KKK (pH ∼ 9 (ref. 18)) than for C16KK (pH ∼ 7.5 (ref. 18))
because the additional lysine increases the electrostatic and
steric repulsions, thereby stabilizing the micelle morphology.
On the other hand, both transition pH values are signicantly
smaller than the pKa of the amino group in the lysine side chain
(pKa = 10.54), but closer to the apparent pKas of these amino
groups in the nanostructures (pKapp

a = 8.4 for C16KK and 9.2 for
C16KKK18). These apparent pKas are smaller than the pKa of the
free amino acid because repulsive electrostatic interactions in
the assembly decrease the degree of protonation of the amines
(i.e., the charge-regulation effect20).

In Fig. 2b, we show the two different types of behavior
observed for the free-energy vs. composition (x1) curves for this
mixture. For pH 6, the free energy curves for bers and micelles
do not intersect and, therefore, the one with the lowest free
energy indicates the stable morphology (in this case, micelles)
for all compositions. In the second example (pH 9), the free-
energy curves intersect and the plot has a similar shape to
that in Fig. 1. Thus, there is a M / F transition with its cor-
responding region of M–F coexistence (this coexistence region
is difficult to visualize due to the slope of the curves, see the
inset in Fig. 2b(ii)).

We calculated xM1 and xF1 for each pH to construct the pH vs.
composition morphology diagram shown in Fig. 2c. For all
compositions, there is a M / F transition with increasing pH,
which is consistent with previous observations for the mono-
component systems. The M 4 F transition pH values for the
pure PAs C16KKK (x1 = 0, pH 10.2) and C16KK (x1 = 1, pH 8.2)
also agree with the predictions and experimental observations
14608 | Chem. Sci., 2025, 16, 14605–14615
in our previous work.20 In the region enclosed by the two curves,
MOLT predicts coexistence between micelles enriched in
C16KKK and bers enriched in C16KK (the proportion of each
morphology in the mixture is given by the lever rule43).

We tested the theoretical predictions by studying C16KK/
C16KKK mixtures with a combination of experimental tech-
niques: LS, TEM, AFM and SAXS. LS experiments reveled
a signicant increase in scattering intensity (counts per s) upon
increasing the solution pH for a xed composition (Fig. 3b).
This increase corresponds to the threshold of the M / F
transition because bers scatter light more efficiently than
micelles. We tted the LS intensity as a function of pH for
mixtures of different composition using a sigmoid function:
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Experimental verification of the morphology diagram of C16KK/C16KKK mixtures. The figure shows the boundaries for the M / F
transition predicted by MOLT (red and green solid circles, same as in Fig. 2c) andmeasured by LS (solid black circles and dashed gray lines, which
indicate regions of high LS). The TEM, AFM and SAXS observations under specific conditions were categorized as micelles (blue symbols), fibers
(red) or micelles + fibers (blue and red). (b) LS normalized intensity as a function of pH for mixtures with different ratios of C16KK and C16KKK. Solid
lines show the best fit using the sigmoid function in eqn (1). The LS intensity, I, was normalized using the fitting parameters as Inorm= (I− Imin)/(Imax

− Imin). (c) TEM images for x1 = 0.5 and different pHs. (d) AFM at pH 8.7 and different values of x1. (e) SAXS curves at pH 9 and different x1 values.

Table 1 Main structural parameters obtained from SAXS curve fitting
for C16KK/C16KKK mixtures at pH 9. The fiber lengths were fixed to 1
mm in all cases

x1 (fraction
of C16KK) Morphology

Core radius
(nm)

Shell thickness
(nm)

0 Micelle 2.1 1.0
0.5 Fiber 1.6 1.1
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I ¼ Imax � Imin

1þ exp
���

pH� pHMF
�
s
�þ Imin (1)

where 1/s is the width of the transition and pHMF is the micelle
/ ber transition pH, which we plotted against MOLT
predictions in the morphology diagram of Fig. 3a (the dashed
lines indicate the region where we measured high LS, indicating
the presence of bers).

Fig. 3c shows TEM images for a mixture of C16KK and
C16KKK with x1 = 0.5 at different pH values. At pH 7.3, we
observe micelles, in line with MOLT predictions (Fig. 3a). At pH
8.9, we observe micelles coexisting with high-aspect ratio
objects. This result may indicate the M–F coexistence predicted
by MOLT in that region, although we note that the shape and
width (15–25 nm) of the elongated objects seem more consis-
tent with planar ribbons or bundles of bers than with the
single cylindrical bers previously observed for pure C16KK19

and C16KKK.20 At pH = 10.1, TEM images show ber-like
aggregates, also in agreement with the predicted morphology
diagram. AFM experiments at pH 8.7 (Fig. 3d) reveal that pure
C16KK and C16KKK form well-dened bers and micelles,
respectively, in line with previous observations for these PAs19,20

and MOLT predictions. For the x1 = 0.5 mixture, we observe
both long bers and short objects, which can be either
segmented bers or spherical micelles.
© 2025 The Author(s). Published by the Royal Society of Chemistry
SAXS experiments at pH 9 for x1 = 0, 0.5, and 1 are shown in
Fig. 3e. At low q values, the SAXS intensity follows a power-law
behavior, I ∼ qa. The experimental exponents a = −0.15 (for
x1 = 0), a = −1.4 (for x1 = 0.5) and a = −1.2 (x1 = 1.0) are
consistent with theoretical expectations: for spherical micelles,
the intensity should decay with a slope close to zero, while for
elongated cylindrical bers, a slope near −1 is expected due to
their one-dimensional form factor.19,44 Table 1 summarizes the
structural parameters obtained from the ts. The core radii
range from 1.6 to 2.1 nm, while the shell thicknesses vary
between 0.7 and 1.1 nm. These values are in good agreement
with previous reports for the pure PAs19,41 and with MOLT
predictions (see below).

The combined experimental and theoretical data in Fig. 3a
show that our modeling framework can quantitatively predict
1 Fiber 1.7 0.7
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the effect of composition on morphology. Furthermore, the
results demonstrate that the transition pH can be continuously
tuned by varying the composition of the mixture.
3.2 Phase behavior of a mixture of oppositely charged
peptide amphiphiles

Next, we examine a mixture of C16KKK and C16EEE (E: glutamic
acid, see structures in Fig. 4a). MOLT calculations in Fig. 4b
reveal that the free-energy curves for ber and micelle intersect
at pH 3 and 12, indicating transitions between them, as well as
the corresponding coexistence region. At pH 8, the mixture
exhibits a very interesting behavior: the curves intersect at two
different points, indicating a M / F / M transition for
increasing x1.
Fig. 4 Morphology behavior of C16KKK/C16EEE mixtures. (a) Structures o
determined through MOLT calculations assuming ideal cylindrical fibers
of the boundaries of the M 4 F transition predicted by MOLT (solid red
lines, which indicate regions of high LS) and obtained from SAXS experim
(d) Normalized LS intensity vs. x1 for pH 8. Solid lines show the best fit u
different x1 values. (f) AFM images at pH 8 and different x1 values.

14610 | Chem. Sci., 2025, 16, 14605–14615
We used MOLT to predict the morphology diagram of the
system (Fig. 4c). For x1 close to 1, the behavior resembles that of
pure C16KKK, as expected. On the other hand, the morphology
behavior of pure C16EEE (x1 = 0) is predicted to be opposite to
that of C16KKK as it displays a F/M transition with increasing
pH. At low pH, the glutamic acid residues are mostly neutral
and do not repel electrostatically, resulting in a stable ber
morphology. At high pH, the carboxyl groups of glutamic acid
become deprotonated and negatively charged, which favors the
formation of micelles because the electrostatic repulsion
between headgroups increases the curvature of the assembly.
Wester et al.35 found a transition from elongated objects (clas-
sied as ribbons) to micelles at pH∼ 6.5 for the same molecule.
The facts that the transition involves ribbons instead of bers
and occurs at a pH higher than that predicted by MOLT (pH 5.5)
f the PAs in the mixture. (b) Free energy per PA at different pH values
(red solid lines) or spherical micelles (green solid lines). (c) Comparison
and green circles), measured by LS (solid black circles and dashed gray
ents, which were categorized as micelles (blue symbols) or fibers (red).
sing a product of two sigmoid functions. (e) SAXS curves at pH 8 and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Coarse-grain strategy for C16KKK and C16EEE used in MOLT
calculations. The C16 alkyl chain is represented by four alkyl-tail beads
(blue). The amino acid backbone (magenta) and side chains (orange for
lysines and green for glutamic acid) are represented by a single bead
each. (b) Volume fraction of the beads vs. distance from the center of
a spherical micelle composed of a C16KKK/C16EEEmixture for different
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indicates that some renement is needed for the bead–bead
interaction parameters in MOLT (for simplicity, we used the
same short-range interaction parameters as for C16KKK and
simply changed the charge and pKa of the side chain to model
glutamic acid). Note also that the predicted transition pH (pH
5.5) is higher than the pKa of a free carboxylic acid (“bulk pKa”,
we used a value of 4.5 in the calculations) because of the charge-
regulation effect. As discussed above, for positively charged PAs,
the apparent pKa is lower than the bulk pKa because electro-
static interactions stabilize the neutral species (–NH2) over the
charged one (–NH3

+). For negatively charged PAs, the stabili-
zation of the neutral state (–COOH) results in an apparent pKa

that is higher than the bulk pKa.45

At intermediate x1 values, the electrostatic repulsions
between the peptide head groups are reduced because the
assembly is approximately charge neutral. This situation
stabilizes the ber morphology. This prediction agrees
remarkably well with the observation of bers by TEM and SEM
by Wester et al.,35 for 1 : 1 C16KKK/C16EEE mixtures at pH 6.45
and pH 6.9. To further test our theoretical predictions, we
conducted a LS experiment at xed pH 8 and varying ratios of
C16KKK and C16EEE (Fig. 4d). This experiment conrms the
presence of a M / F / M transition with increasing x1 as
predicted by MOLT. In this case, we tted the LS data using
a product of sigmoid functions:

I ¼ Imax � Imin

½1þ expð �ðx1 � x1
1MFÞs1Þ�½1þ expððx1 � x1

2FMÞs2Þ� þ Imin

(2)

and plotted the transition compositions (x1
1MF = 0.42 ± 0.05

and x1
2FM= 0.8± 0.02) in the morphology diagram of Fig. 4c for

comparison.
SAXS experiments were performed at pH 8 and different

values of x1 (Fig. 4e and S8 in the ESI†). Table 2 shows the low-q
exponents and the best tting parameters using the same core–
shell model and SLD values used above for C16KK/C16KKK
mixtures. For x1 = 0.4 and 0.6, we nd a close to −1 (−1.1 and
−1.4, respectively), indicating a ber morphology. Furthermore,
these curves can be tted to the core–shell ber model
described above. The samples with x1 = 0, 0.2, 0.3, 0.8 and 1
show a good t to the core–shell spherical micelle model, which
conrms the existence of a M/ F/M transition, in excellent
agreement with MOLT and LS. This result is also conrmed by
the AFM experiments shown in Fig. 4f.
Table 2 Main structural parameters obtained from SAXS curve fitting fo

x1 (fraction of C16KKK) Morphology Core radius (nm)

0.0 Micelle 0.9
0.2 Micelle 1.9
0.3 Micelle 2.0
0.4 Fiber 1.7
0.6 Fiber 1.5
0.8 Micelle 1.7
1.0 Micelle 1.7

© 2025 The Author(s). Published by the Royal Society of Chemistry
An interesting observation in Table 2 is that the micelle size
increases when x1 increases from 0 (pure C16EEE) to 0.3. In
Fig. 5, we compare these SAXS measurements with MOLT
predictions. Fig. 5a shows the coarse-grain structure used in
MOLT calculations, where each bead represents either four
methylenes (tail beads in blue), the backbone atoms of an
amino-acid (magenta) or its side chain (orange for lysine, green
for glutamic acid). Fig. 5b shows the predicted volume fraction
r a C16KKK/C16EEE mixture at pH 8

Shell thickness (nm) Total radius (nm) Fiber length (nm)

0.9 1.8 —
1.0 2.9 —
1.1 3.1 —
1.1 2.8 17.6
1.1 2.3 >1000
0.8 2.5 —
0.9 2.6 —

values of x1 (molar fraction of C16KKK).
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of each of these beads as a function of the distance from the
micelle center, r, for different values of x1. As expected,20,46 tail
beads form the core of the nanostructure, while the amino acids
are located in the outer region. Comparing SAXS radii with
MOLT predictions is not straightforward because the micelle/
solvent interface is not a sharp step function, as assumed in
SAXS modeling. However, it is noteworthy that the decay of the
volume fraction proles predicted by MOLT occurs near the
experimental SAXS radii (shown by vertical dashed lines in
Fig. 5b). Also, MOLT shows a marked increase in micellar size
from x1 = 0 to x1 = 0.2, in line with SAXS results, which we
ascribe to a decrease in electrostatic repulsions as the mixtures
approach charge neutrality. Finally, the radii of the hydro-
phobic core predicted by MOLT and measured by SAXS are
always smaller than the length of a fully stretched C16 chain
(∼1.92 nm (ref. 47)), while the length of a tripeptide (∼0.8–1.1
nm (ref. 48)) is similar to the shell thicknesses measured by
SAXS and of the corona region predicted by MOLT. The height
of the micelles observed by AFM in Fig. 4f (∼4.5 nm for C16EEE
and ∼3 nm for C16KKK) is comparable to twice the radii
measured by SAXS and predicted by MOLT (in the case of
C16KKK, the height is slightly smaller than that expected from
the radius, which may be attributed to micelle deformation on
the substrate).

We also studied another mixture of oppositely charged PAs,
the C16KK/C16EE system (structures shown in Fig. 6a). An
interesting prediction from MOLT is that this mixture forms
Fig. 6 Morphology behaviour of C16KK/C16EE mixtures. (a) Structures o
values, 6 and 8. Solid lines show the best fit using a sigmoid function. (
boundaries of the M4 F transition predicted by MOLT (solid red, green a
lines, which indicate regions of high LS) and SAXS experiments for spec
(red) or fibers + lamellae (red and yellow). The symbols M, F and L indica

14612 | Chem. Sci., 2025, 16, 14605–14615
planar lamellae under some conditions (see the morphology
diagram in Fig. 6d). Note that in all systems discussed above,
the free energy of the lamellar morphology was higher than that
of bers and/or micelles (pure C16KK is predicted to form
lamellae at pH > 10.2,20 just above the range of pH studied in
Fig. 2). The predicted morphology diagram of C16KK/C16EE is
similar to that in Fig. 4c for C16KKK/C16EEE, with the difference
that it shows a lamellar morphology for nearly stoichiometric
mixtures and, therefore, it displays L/ F and F/ L transitions
with increasing x1, in addition to the M / F and F / M
transitions already predicted for C16KKK/C16EEE.

LS experiments for C16KK/C16EE mixtures (Fig. 6b) show that
increasing the content of C16KK leads to an elongated object
/M transition at pH 6, but results in an M/ elongated object
transition at pH 8. Note that LS does not distinguish between
bers and lamellae (i.e., planar ribbons with a bilayer struc-
ture19) because both greatly increase the scattering with respect
to the micelles. AFM experiments (Fig. S8 in the ESI†) also
indicate the formation of elongated objects forming a network.
However, these experiments are inconclusive about whether
these aggregates are narrow planar ribbons, bundles of bers or
a combination of both.

SAXS experiments on C16KK/C16EE mixtures at pH 9 (Fig. 6d
and Table 3) show micellar structures for x1 = 0 and bers for
x1 = 1. For x1 = 0.6 and 0.8, the low-q exponents are close to
−2.0 (−2.0 and −1.7, respectively), which are values character-
istic of lamellar assemblies.19 These SAXS curves were best tted
f the PAs used in the mixtures. (b) Normalized LS intensity vs. x1 at pH
c) SAXS curves at pH 9 and different x1 values. (d) Comparison of the
nd black circles) andmeasured by LS (solid gray circles and dashed gray
ific conditions that were categorized as micelles (blue symbols), fibers
te the regions of stability for micelles, fibers and lamellae, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Main structural parameters and low-q exponent obtained from SAXS curve fitting for C16KK/C16EE mixtures

x1 pH Morphology

Micelle or ber Lamella Lamella or ber

Core radius
(nm)

Shell thickness
(nm)

Core thickness
(nm)

Shell thickness
(nm)

Lamella width
(nm)

Length
(nm)

0.0 9 Micelle 1.3 1.2 — — — —
0.6 9 Lamella — — 1.7 1.0 100 >1000
0.8 9 Lamella — — 1.4 0.8 100 >1000
1.0 9 Fiber 1.7 0.7 — — — >1000
0.6 6 Fiber 1.5 0.9 — — — 291
0.9 6 Micelle 1.5 0.8 — — — —
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using a combination of a lamellar ribbon model and a broad
Gaussian peak centered at high q values (see the ESI† for
details). This Gaussian peak arises from correlations between
stacked lamellar units. The center of the Gaussian peak is
located at q0 = 0.127 Å−1 for x1 = 0.6 and q0 = 0.132 Å−1 for x1 =
0.8, corresponding to characteristic distances of d = 2p/q0 =

4.94 nm and 4.76 nm, respectively. The characteristic distances
refer to the inter-lamellar spacing—that is, the average center-
to-center distance between adjacent lamellar domains. The
presence of lamellae at x1 = 0.6 and 0.9 and pH 9 is in agree-
ment with MOLT predictions. While MOLT captures the overall
morphological transition, SAXS provides additional structural
insight by revealing the presence of ordered lamellae forming
short-range domains (i.e., a small number of stacked lamellar
units), as evidenced by the broadness of the tted peaks in the
lamellar phase. Additional SAXS measurements at pH 6 were
also performed and are shown in Fig. S10 of the ESI.† The
sample at pH 6 and x1 = 0.2 also exhibits a correlation peak;
however, this peak is sharper than those observed at pH 9,
indicating the formation of large domains of stacked lamellae.
The presence of the correlation peak due to stacking is strong
evidence that the elongated objects observed by LS, AFM and
SAXS in these samples have an internal lamellar structure.
4 Conclusions

In this work, we demonstrated that the composition of peptide
amphiphile co-assemblies is a exible approach to control the
morphology and size of their nanostructures. We explored three
specic systems. In mixtures of C16KK/C16KKK, we identied
a micelle4 ber transition induced by changes in the solution
pH and the composition of the system. In this case, the tran-
sition pH can be nely controlled between that of pure C16KK
and pure C16KKK by adjusting system composition. For
mixtures of oppositely charged PAs, we observed even more
interesting morphological behaviors such as a micelle 4 ber
4 micelle transition upon varying the concentration at a xed
pH (for C16KKK/C16EEE), as well as lamella4 ber and ber4
lamella transitions (for C16KK/C16EE). In these cases, the
neutralization of the acidic and basic PAs reduces electrostatic
repulsions in the system, favoring the formation of lamellae and
bers (the least curved structures) over micelles. This decrease
in electrostatic repulsions also explains why the size of micelles
© 2025 The Author(s). Published by the Royal Society of Chemistry
increases (i.e., the curvature decreases) when the solution
composition approaches charge neutrality.

We showed that MOLT, a molecular theory originally intro-
duced to model the behavior of pure C16KK and C16KKK,20

provides accurate predictions for PA mixtures as well. These
predictions are in agreement withmost LS, SAXS, AFM and TEM
experimental observations, although there are minor discrep-
ancies in specic cases. We ascribe these discrepancies to the
approximations inherent in our theoretical framework (such as
its coarse-grained nature and the mean-eld approximation). In
this regard, our theory allows construction of morphology
diagrams directly from the free energies of the aggregates,
which are predicted at a computational cost much smaller than
that of atomistic MD simulations (for example, a recent study
using atomistic MD was limited to the self-assembly of clusters
of a few PAs23). A novel theoretical prediction resulting from this
work is the coexistence of different morphologies near struc-
tural transitions. In the coexistence region, each morphology is
enriched in a different PA. TEM and SAXS provide experimental
evidence for micelle–ber (Fig. 2c) and ber–lamella (Fig. 6c)
coexistence, respectively.

In summary, we demonstrated that controlling the compo-
sition of PA co-assemblies is a powerful strategy for tuning the
morphology and size of their aggregates. An interesting ques-
tion that needs to be addressed in the future is whether the
functional properties of these co-assemblies (such as their
antimicrobial activity13,18,49,50) can also be nely tuned by varying
their composition.
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(MCTI). The Cateretê beamline staff is acknowledged for assis-
tance during the experiments. Beamtime was granted under
proposal 20241891. We thank Viktoriya Mashinson and Keyi
Lyu for assistance with the NMR studies.
Notes and references

1 M. P. Hendricks, K. Sato, L. C. Palmer and S. I. Stupp, Acc.
Chem. Res., 2017, 50, 2440–2448.

2 H. Cui, M. J. Webber and S. I. Stupp, Pept. Sci., 2010, 94, 1–18.
3 A. Dehsorkhi, V. Castelletto and I. W. Hamley, J. Pept. Sci.,
2014, 20, 453–467.

4 A. Trent, R. Marullo, B. Lin, M. Black and M. Tirrell, So
Matter, 2011, 7, 9572–9582.

5 A. Dehsorkhi, V. Castelletto, I. W. Hamley, J. Adamcik and
R. Mezzenga, So Matter, 2013, 9, 6033–6036.

6 Y. Chen, H. X. Gan and Y. W. Tong,Macromolecules, 2015, 48,
2647–2653.

7 A. Ghosh, M. Haverick, K. Stump, X. Yang, M. F. Tweedle and
J. E. Goldberger, J. Am. Chem. Soc., 2012, 134, 3647–3650.

8 A. Ghosh, E. T. Dobson, C. J. Buettner, M. J. Nicholl and
J. E. Goldberger, Langmuir, 2014, 30, 15383–15387.

9 A. G. Cheetham, P. Zhang, Y.-a. Lin, L. L. Lock and H. Cui, J.
Am. Chem. Soc., 2013, 135, 2907–2910.

10 F. Tantakitti, J. Boekhoven, X. Wang, R. V. Kazantsev, T. Yu,
J. Li, E. Zhuang, R. Zandi, J. H. Ortony, C. J. Newcomb, et al.,
Nat. Mater., 2016, 15, 469–476.

11 R. M. Da Silva, D. Van Der Zwaag, L. Albertazzi, S. S. Lee,
E. Meijer and S. I. Stupp, Nat. Commun., 2016, 7, 11561.

12 J. E. Goldberger, E. J. Berns, R. Bitton, C. J. Newcomb and
S. I. Stupp, Angew. Chem., 2011, 123, 6416–6419.

13 N. Rodrigues de Almeida, Y. Han, J. Perez, S. Kirkpatrick,
Y. Wang and M. C. Sheridan, ACS Appl. Mater. Interfaces,
2018, 11, 2790–2801.
14614 | Chem. Sci., 2025, 16, 14605–14615
14 T. J. Moyer, H. A. Kassam, E. S. Bahnson, C. E. Morgan,
F. Tantakitti, T. L. Chew, M. R. Kibbe and S. I. Stupp,
Small, 2015, 11, 2750.

15 D. Wang, X. Hou, X. Zhang, Y. Zhao, B. Ma, Y. Sun and
J. Wang, Langmuir, 2019, 35, 9841–9847.

16 J. F. Miravet, B. Escuder, M. D. Segarra-Maset, M. Tena-
Solsona, I. W. Hamley, A. Dehsorkhi and V. Castelletto,
So Matter, 2013, 9, 3558–3564.

17 M. A. Greeneld, J. R. Hoffman, M. Olvera de la Cruz and
S. I. Stupp, Langmuir, 2010, 26, 3641–3647.

18 G. Zaldivar, J. Feng, L. Lizarraga, Y. Yu, L. de Campos,
K. M. P. de Oliveira, K. H. Piepenbrink, M. Conda-Sheridan
and M. Tagliazucchi, Adv. Mater. Interfaces, 2023, 10,
2300046.

19 C. Gao, H. Li, Y. Li, S. Kewalramani, L. C. Palmer,
V. P. Dravid, S. I. Stupp, M. Olvera de la Cruz and
M. J. Bedzyk, J. Phys. Chem. B, 2017, 121, 1623–1628.

20 G. Zaldivar, S. Vemulapalli, V. Udumula, M. Conda-Sheridan
and M. Tagliazucchi, J. Phys. Chem. C, 2019, 123, 17606–
17615.

21 H. Xing, L. J. de Campos, A. J. Pereira, M. M. Fiora, F. Aguiar-
Alves, M. Tagliazucchi and M. Conda-Sheridan, Proc. Natl.
Acad. Sci. U. S. A., 2024, 121, e2321498121.

22 S. E. Paramonov, H.-W. Jun and J. D. Hartgerink, J. Am.
Chem. Soc., 2006, 128, 7291–7298.

23 S. A. Egner, M. Agrawal, H. Sai, M. D. Dore, L. C. Palmer and
S. I. Stupp, J. Am. Chem. Soc., 2025, 147(10), 8629–8641.

24 X.-D. Xu, Y. Jin, Y. Liu, X.-Z. Zhang and R.-X. Zhuo, Colloids
Surf., B, 2010, 81, 329–335.

25 J. N. Israelachvili, D. J. Mitchell and B. W. Ninham, J. Chem.
Soc., Faraday Trans. 2, 1976, 72, 1525–1568.

26 T. H. Pial, Y. Li and M. O. de la Cruz, So Matter, 2024, 20,
4640–4647.

27 Y. Li, L. L. Lock, J. Mills, B. S. Ou, M. Morrow, D. Stern,
H. Wang, C. F. Anderson, X. Xu, S. Ghose, et al., Nano Lett.,
2020, 20, 6957–6965.
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