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ABSTRACT: Stimuli-induced structural transformations of molecular
assemblies in aqueous solutions are integral to nanotechnological
applications and biological processes. In particular, pH responsive
amphiphiles as well as proteins with various degrees of ionization can
reconfigure in response to pH variations. Here, we use in situ small and
wide-angle X-ray scattering (SAXS/WAXS), transmission electron micros-
copy (TEM), and Monte Carlo simulations to show how charge regulation
via pH induces morphological changes in the assembly of a positively
charged peptide amphiphile (PA). Monte Carlo simulations and pH titration
measurements reveal that ionic correlations in the PA assemblies shift the
ionizable amine pK ∼ 8 from pK ∼ 10 in the lysine headgroup. SAXS and
TEM show that with increasing pH, the assembly undergoes spherical micelle to cylindrical nanofiber to planar bilayer
transitions. SAXS/WAXS reveal that the bilayer leaflets are interdigitated with the tilted PA lipid tails crystallized on a rectangular
lattice. The details of the molecular packing in the membrane result from interplay between steric and van der Waals interactions.
We speculate that this packing motif is a general feature of bilayers comprised of amphiphilic lipids with large ionic headgroups.
Overall, our studies correlate the molecular charge and the morphology for a pH-responsive PA system and provide insights into
the Å-scale molecular packing in such assemblies.

■ INTRODUCTION
Assemblies of amphiphilic molecules in aqueous solutions and
at interfaces are often used as model systems for cell
membranes and associated processes and have important
nanotechnological applications, including extraction,1,2 decon-
tamination and remediation,3 and biosensing.4 Peptide
amphiphiles (PAs), molecules in which a hydrophobic alkyl
tail is covalently linked to an amino acid sequence, can self-
assemble into nanostructures with a broad range of
applications.5−9 Interestingly, these structures can reconfigure
in response to external stimuli, including temperature, pH, and
ionic strength,10−12 which allows versatile conformations such
as membrane and fiber conformations that can mimic
extracellular matrixes.13

One interesting class of self-assembled PA molecules is based
on amino acid sequences that are comprised of two domains:
an amino acid sequence that gives rise to intermolecular β-sheet
hydrogen bonding and a sequence of hydrophilic charged
amino acids.8,14−17 The van der Waals interactions between the
tails enhance the propensity of the peptides to assemble into

ordered structures, often with well-defined intermolecular
hydrogen bond frameworks.18 When the amino acids that
promote β-sheet hydrogen bonding are not part of the
sequence, electrostatic interactions are expected to play an
even greater role in the assembly thermodynamics.
Theoretical investigations have probed the dependence of

the PA assembly structures on the relative strengths of the
intermolecular interactions. For example, a combined Monte
Carlo, molecular dynamics (MD) simulation, and transmission
electron microscopy (TEM) study on the assembly of a
bioactive PA showed that when hydrogen bonding was the
dominant intermolecular interaction, long (short) cylindrical
micelles were formed if the electrostatic repulsion between the
headgroups was weak (strong).19,20 By contrast, under
conditions where hydrogen bonding was weakened, PAs either
did not assemble (strong intermolecular electrostatic repul-
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sions) or formed spherical micelles (weak intermolecular
electrostatic repulsions). This demonstrates the critical role of
electrostatic interactions in the PA assembly. In general, the
strength and range of these electrostatic interactions can be
tuned by the solution pH and salt concentration. The pH
controls the charge of the amino acids in the headgroup, and
the counterions from the salt screen the intermolecular
electrostatic repulsions.
Most of the experimental studies on PA assemblies have

focused on the effects of the number and sequence of amino
acids in the hydrogen bond forming block. Judicious choice for
these parameters results in PA structures such as planar
nanobelts,21 spherical micelles,22 helical fibers,23 and most
commonly, cylindrical nanofibers.10,15,24

As mentioned above, the effects of headgroup ionization have
also been studied, but in systems with intermolecular hydrogen
bonding interactions.14,22,25−29 To determine purely the effects
of interheadgroup electrostatic interactions, we completely
eliminated the hydrogen bond forming block.
The designed molecule C16K2 (Figure 1a) comprises a

cationic headgroup of two lysines (K), which is conjugated to a

palmitoyl alkyl tail. From a broader perspective, our study deals
with understanding self-assembly of amphiphiles with large
ionizable headgroups. In this context, previous studies have
focused on amphiphiles with small headgroups. For example,
the pH-controlled micelle to vesicle transition is studied in
great detail as a model for a primitive cell or protocell.30−34 An
elegant packing parameter model developed by Israelachvili35

describes the relationship between molecular shape and
morphology. Specifically, the effective molecular shape trans-
forms from conical (charged headgroup, spherical micelle) to
nearly cylindrical (uncharged headgroup, spherical vesicle).
However, this model does not fully describe PA self-assembly
because it does not adequately consider the steric constraints
imposed by the large headgroups or other intermolecular
interactions such as hydrogen bonding. Here, we investigate the

structural transformations driven by charge regulation in a
model system of an ionic amphiphiles with a large headgroup.

■ RESULTS AND DISCUSSION
The synthesis of C16K2 with trifluoroacetate (CF3COO

−)
counterions is described in the Supporting Information (section
1.1). Figure 1b shows Monte Carlo simulations (Supporting
Information, section 1.2) for the average molecular charge as a
function of the solution pH. For pH < 7, the two lysine groups
are fully ionized. Further increase in pH leads to a monotonic
decrease in the average degree of ionization. The theoretical
curve can be described by a single pK ∼ 8.2, which is
substantially lower than the pK ∼ 10.0 expected for isolated
lysines.36 This implies that in C16K2 assemblies, the ionization
tendency of lysines is reduced. This is because any arrangement
of like-charged molecules in close proximity increases the
overall electrostatic potential energy of the ionized state.
Figure 1c shows the measured titration curve for 4 mM

C16K2 with 100 mM NaOH (Supporting Information, section
1.3). C16K2 was soluble over the entire pH range with the
solutions becoming highly viscous for pH > 10. For
comparison, two calculated titration curves are shown (Figure
1c). The first calculation (red, dashed) assumes that each
protonated lysine is a monoprotic acid with a pK = 8.2 and uses
the Henderson−Hasselbach equation (Supporting Information,
section 1.2) up to the volume added of NaOH, corresponding
to an equivalent concentration of PA and NaOH (equivalence
point; here, 400 μL of NaOH). Thereafter, the added NaOH is
assumed to only increase the solution pH. The second
calculation, which reproduces the measured titration curve
better up to pH ∼ 9.5 is based on the above-described Monte
Carlo simulation that takes into account electrostatic
correlations in the ionization process. Both of the calculations
deviate from the measured titration curve in a regime where the
solution became highly viscous. Nevertheless, these observa-
tions show that Monte Carlo simulations can be used to
estimate a priori the ionization tendency of molecules that are
in close proximity. It should be noted that the observed
titration curves vary slightly between synthetic batches of C16K2
(see Figure S1). These differences could be due to variations in
the concentration of the amphiphile or of residual salts after
purification and lyophilization. Regardless, only one buffer
region (plateau at pH ∼ 8) is observed in the titration curves
for C16K2. Because morphological transformations such as the
micelle to vesicle transition in fatty acids30,37 frequently occur at
pH ∼ pK, we hypothesized that a nano- or mesoscopic
structural transformation would also occur at pH ∼ 8 in our
system.
The structures of the C16K2 assembly as a function of

solution pH were analyzed over micrometer to angstrom-
length-scales by in situ small- and wide-angle X-ray scattering
(SAXS/WAXS, Supporting Information, section 1.4) and cryo-
transmission electron microscopy (cryo-TEM, Supporting
Information, section 1.5). For all of the structural studies, 4
mM solutions of C16K2 in ultrapure water were used. The
solution pH was adjusted with aqueous NaOH. Figure 2a
shows the background subtracted SAXS/WAXS intensities as a
function of the scattering vector magnitude q = 4πsin θ/λ.
Here, λ is the X-ray wavelength, and 2θ is the scattering angle.
Important changes in the intensity profiles with increasing pH
can be discerned without detailed analysis (Figure 2a). First, for
q < 0.3 nm−1, i.e., within the SAXS regime, the I vs q slope
becomes steeper for pH > 7.2. These changes in the slope are

Figure 1. (a) Molecular structure of +2 charged C16K2 peptide with
estimates for the hydrophobic tail length and hydrophilic headgroup
length and width. (b) Averaged C16K2 headgroup charge as a function
of pH in standard water environment obtained by Monte Carlo
simulation, showing deprotonation around pH 8.2. (c) C16K2 titration
curve showing how pH changes as a function of the volume of NaOH
added. For comparison, calculated titration curves based on a
monoprotic acid with pK = 8.2 (red, dashed) and Monte Carlo
simulations (green) are shown.
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related to the changes in the overall morphology of the
assembly. In addition, for pH ≥ 8.3, two diffraction peaks are
observed in the WAXS region (12 < q ≤ 16 nm−1), indicating
the appearance of crystalline ordering in the C16K2 molecular
packing.
First, we discuss the nanometer to micrometer scale

morphological transformations that are deduced from the
SAXS and cryo-TEM. Figure 2a shows the SAXS intensity
profiles for pH = 5.3, 7.2, 7.9, 8.3, and 9. On the basis of the
above-described Monte Carlo simulations, these pH values
correspond to ∼100, 96, 75, 52, and 17% ionization of the
headgroup lysines. For pH 5.3 and 7.2, when the PA
headgroups are nearly fully charged, the SAXS intensity profiles
(Figure 2a, bottom 2 curves) could be fitted by spherical core−
shell models. For the fitting, the electron density of the core
(assumed to comprise of hydrophobic tails) was constrained to
be around 80% of that for pure water (ρw = 334 e−/nm3). This
assumption is consistent with a noncrystalline, fluid-like
packing of alkyl tails.38 The most robust fitting parameters
are the overall spherical radius (Rs) and the electron densities
for the core (ρcs) and the shell (ρss). For pH 5.3, Rs = 2.4 ± 0.1
nm, ρcs = 260 ± 20 e−/nm3, and ρss = 450 ± 40 e−/nm3. For
pH 7.2, Rs = 2.7 ± 0.2 nm, ρc = 250 ± 30 e−/nm3, and ρs = 450

± 40 e−/nm3. The Rs for both pH 5.3 and 7.2 compare well
with the molecular length L ∼ 2.5 nm (Figure 1a). This implies
that the PA molecules assemble into spherical micelles (Figure
2b, bottom). The relatively high electron density for the
spherical shell, which physically represents the PA headgroup
region, suggests that the charged PA headgroups are associated
with the electron-rich CF3COO

− counterions. We note that in
going from pH 5.3 to 7.2, Rs increases by ∼11%. This increase
in Rs is visually detectable in SAXS intensity profiles.
Specifically, the minimum at q ∼ 1 nm−1 shifts to a lower q
value for the pH 7.2 case. However, we cannot definitively
ascribe this increase to an increase in the thickness of the
hydrophobic core or the hydrophilic headgroup regions
because the uncertainties on these individual fitting parameters
are >0.5 nm.
For pH 7.9, where ∼25% of the lysines are estimated to be

uncharged, the SAXS intensity (I) profile falls off as q−1 in the
low q region. The exponent of −1 at low q is indicative of long
1D nanostructures.39 In fact, for q = 0.1−5 nm−1 range, the
SAXS I vs q profile could be reasonably fitted with a cylindrical
core−shell model. Similar to the spherical core−shell model,
most of the SAXS profiles here can be fitted well with a radius
of the cylinder Rc = 2.3 ± 0.2 nm, and the core and the shell
electron densities ρcs = 275 ± 25 and ρss = 455 ± 35 e−/nm3,
respectively. The radius Rc is again close to the molecular
length L. This implies that the PA assembly transforms from
spherical to cylindrical micelles (Figure 2b, middle) when 30%
of the lysines are expected to be uncharged. A visual
confirmation of this structural phase transition was obtained
via cryo-TEM. For pH 5 (spherical micelle case), only small
globular aggregates were observed (Figure 3a). By contrast, for

pH 7.9, 1D structures with persistent lengths >100 nm (Figure
3b) were observed. Furthermore, the cryo-TEM derived
nanostructure width ∼5 nm (Figure S3 in the Supporting
Information) matches the SAXS-derived diameter 2 × Rc for
the cylindrical micelle.
Increasing the pH to 8.3 (∼52% ionization) or 9 (∼17%

ionization) results in SAXS intensities I ∝ q−1.4 and I ∝ q−1.5 in

Figure 2. (a) In situ small- and wide-angle X-ray scattering data
showing the background subtracted scattered intensity versus the
scattering vector q for C16K2 as the pH is increased from 5.3 to 9. The
data sets are offset vertically (×1, 10, 100, 1000, and 10 000) for
clarity. The solid black curves are the best fits over the range 0.1 < q <
6 nm−1 using different models. Red and green dashed curves are the
separate form factors of bilayer and cylindrical micelles formed at high
pH values. (b) pH-dependent self-assembly structure of C16K2
determined from X-ray scattering data. (c) Model fit (black curve)
to background subtracted WAXS data (purple dots) for C16K2 at pH 9.
(d) Crystalline structure of the C16K2 bilayer formed at pH 9
determined from WAXS fitting using a T-shape box model (bottom
right figure, Supporting Information, section 2) to simulate the C16K2
molecule. The wide blue box approximates the headgroup, and the
long black box approximates the tail. The projection of the headgroups
along the bilayer normal direction shows a rectangular-P lattice (top
right figure) with headgroups aligned along diagonals of the rectangle
in a herringbone pattern.

Figure 3. Representative cryogenic TEM images of self-assembly
formed by C16K2. (a) Only spherical objects are observed at pH 5. (b)
Solution at pH 8 show long fibers (red arrow). The black rod in the
center is lacey carbon grid. Black stains in the background are excessive
ethane from sample preparation. (c) At pH 9, flat ribbons can be
observed, and there are also indications of long fibers (red arrow)
similar to the fibers formed at pH 8.
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the low q (<0.4 nm−1) region, respectively. These low q
exponents lie between −1 and −2, which correspond to
nanostructures with extended dimensions in 1D and 2D,
respectively.39 The discussion above on 1D assembly and the
amphiphilic nature of the C16K2 molecules suggests that at high
pH, the assembly consists of mixtures of cylindrical micelles
and flat bilayer membranes (Figure 2b, top). Furthermore, the
increase in the magnitude of the exponent suggests that the
fraction of 2D bilayers is enhanced with increasing pH. Figure
2a (top two curves) shows the fits for I vs q profiles with linear
combinations of cylindrical core−shell model (dashed green
lines) and a symmetric bilayer membrane model with a
hydrophobic region sandwiched between two hydrophilic
regions (dashed orange lines). An enlarged view of these data
sets and the SAXS intensities based on the cylindrical micelle-
bilayer mixture model is shown in Figure S3 (Supporting
Information). This approach was verified through cryo-TEM,
which showed a mixture of nanofibers and nanoribbons (Figure
3c). To reduce the free parameters in the fitting of SAXS data
from the bilayer-cylindrical micelle mixture, the parameters for
the cylinder component were held fixed at the best fit values
obtained for pH 7.9, as described above. That is, Rc = 2.3 nm;
ρcs = 275 e−/nm3, and ρss = 455 e−/nm3. The best fit
parameters for the SAXS data reveal that in going from pH 8.3
to 9, the fraction of the bilayers indeed increases from 51 ± 20
to 73 ± 20%. For the bilayer component, fitting of the SAXS
data reveals thicknesses ttb = 2.2 ± 0.5 nm and thb = 0.5 ± 0.1
nm for the hydrophobic tail region and each of the two
headgroup regions, respectively. The hydrophobic region
thickness is substantially smaller than the length of two alkyl
tails. However, the enhanced electron density of the hydro-
phobic region ρtb = 330−60

+0 e−/nm3 corresponds to a crystalline
packing of the alkyl tails.38 The tail crystallization is also
manifested by the appearance of two diffraction peaks in the
WAXS region (12 < q ≤ 16 nm−1). These observations suggest
that the alkyl tails should be in their fully extended
conformation with a length of 1.9 nm. Taken together, these
observations imply that the two leaflets of the bilayer are
strongly interdigitated. The interdigitated configuration was
also recently suggested for another peptide amphiphile bilayer
assembly via atomic force microscopy measurements.21 We
show via a detailed analysis of the WAXS data that the
molecular packing in the interdigitated state maximizes the van
der Waals interactions among the tails. It should be noted that
alkyl tails of a single leaflet could not form a densely packed 2D
crystalline monolayer because of the steric constraints imposed
by the large headgroups. It also should be noted that both
nanofibers and nanoribbons are structures with high aspect
ratio. We speculate that bilayer nanoribbons formed at a high
pH might evolve from cylindrical micelle nanofibers, the
pathway of which is currently not well understood. Finally, the
high viscosity of the solutions for pH > 10 might be a result of
the formation of extended networks of nanoribbons. Overall,
SAXS and cryo-TEM show that as the headgroup charge is
reduced, the C16K2 molecular assemblies undergo transitions
from spherical micelles to long cylindrical micelles to planar
bilayers with the two bilayer leaflets interdigitated.
Second, we discuss the angstrom scale molecular packing

within the C16K2 crystalline bilayers formed at pH ≥ 8.3, which
is deduced from the WAXS (Figure 2c). For example, at pH 9,
two diffraction peaks in the WAXS region are observed with an
approximate 1:2 intensity ratio at q = 13.3 and 15.2 nm−1 that
indicate a two-dimensional rectangular-P lattice.40 On the basis

of the multiplicity, the peak with lower intensity at q = 13.3
nm−1 is the (02) peak, and the peak at q = 15.2 nm−1 is the
(11) peak. To fit the diffraction peaks, we cannot simply
approximate the C16K2 molecule as a thin rods perpendicular to
the crystalline bilayer plane because, when using this model as a
repeat unit, the WAXS peak fit cannot reproduce the relative
intensities and “shoulder” between these two peaks in WAXS
data (Supporting Information, Figure S4). Here, we instead use
a T-shaped model to simulate the C16K2 molecule in which the
horizontal box represents the hydrophilic headgroup, and the
vertical box represents the hydrophobic tail (Figure 2d, for
details of the box model and WAXS analysis, see the
Supporting Information, section 2). In this model, we allow
the headgroup to rotate in the bilayer plane and the tail to tilt
along all directions. Parameters such as thickness and electron
density can be deduced from the SAXS fitting results
summarized above. Following the approach detailed by
Harutyunyan et al.,41 WAXS intensity simulations powder
averaged the intensities from the 2D lattices of the bilayers,
which are comprised of model T-shaped C16K2 molecules.
These simulations produced three major results. (1) The
rectangular-P 2D unit cell (uc) has lattice constants a = 0.46
nm and b = 0.95 nm. (2) The basis consists of two molecules;
one pointing downward at the uc origin, and one pointing
upward at the uc center. The tails of both are tilted ∼33° with
respect to the bilayer-normal toward the same diagonal
direction of the rectangular lattice. The observed tilt reduces
the intertail distance to 0.44 nm and thereby maximizes the
tail−tail van der Waals’ interactions.42 (3) As shown in Figure
2d, the projection of the headgroup at the uc origin is aligned
along the uc [11] diagonal direction, which is 26° from the b-
axis, and the headgroup at the uc center is aligned with [−11]
diagonal direction. From the top view of the bilayer lattice, the
projection of the headgroups (Figure 2d) corresponds to a
herringbone structure (crystallographic plane group pgg2). We
deduce that the rotation of the headgroup results from steric
constraint because the width of the headgroup (∼1.1 nm) is
longer than both lattice constants (0.46 and 0.95 nm) but
comparable to the diagonal length 1.06 nm. Similarly, WAXS
fitting for the pH 8.3 data shows essentially the same crystalline
structure with minor differences in tilt and rotation angle
(Supporting Information, Figure S5). As an extension of the
current study, the WAXS-predicted molecular arrangement will
be refined in future grazing-incidence WAXS (GIWAXS)
studies on bilayers deposited on solid substrates. This aligned
geometry may also allow observation of higher order diffraction
peaks, which may have been smeared out due to the intrinsic
powder averaging in solution scattering, thereby yielding higher
spatial resolution for molecular packing.

■ CONCLUSIONS
We designed an ionic peptide amphiphile C16K2 and show that
charge regulation via pH can induce spherical micelles to
cylindrical nanofibers to crystalline bilayer membrane structural
phase transitions even in the case of amphiphilic molecules with
large ionic headgroups, whereas the geometric packing
parameter model suggests only spherical micelles.35 To the
best of our knowledge, the cylindrical micelle to bilayer
transition has not been reported in assemblies of any PAs. This
transition is concomitant with the crystallization of the
amphiphilic tails. The crystalline bilayer structure shows strong
interdigitation between the two leaflets and large tilts of the
molecular tails. These features, which are imposed by the steric
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constraints of the large ionic headgroup, are necessary for
maximizing the intermolecular van der Waals’ interactions.
Therefore, they should be a general characteristic of the bilayer
assemblies of any other molecules with headgroup dimensions
much larger than the alkyl tail diameter.
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