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Transitions in nanostructure driven by pH are observed for a self-
assembling peptide amphiphile (PA) with a cationic pentapeptide
headgroup. At pH 3, the PA forms flat tape-like structures, while at
pH 4 the PA assembles into twisted right handed structures. These
twisted structures transform again to flat tape-like structures at pH 7.
In complete contrast, spherical micelles are observed at pH 2.
These changes in response to pH may be relevant to biological and
pharmaceutical applications of this PA in skincare.

Peptide amphiphiles (PAs) are remarkable molecules in which
the biofunctionality of peptides is controlled by the amphiphi-
licity imparted by attachment of lipid chains. This leads to novel
nanostructures with the possibility to fine tune the balance of
hydrogen bonding with hydrophobic and electrostatic interac-
tions, which together govern the peptide self-assembly. There is
unprecedented scope to further utilize this to generate self-
assembled structures with hierarchical ordering due to inter-
actions with other functional molecules.

Here, we investigate the influence of pH on the self-assembly
of the PA C;s-KTTKS which has a pentapeptide headgroup
based on a sequence from pro-collagen I. C;,-KTTKS is used
commercially (under the trade name Matrixyl) in anti-wrinkle
creams. The pH of skin is slightly acidic (values in the range
PH 4-6 have been reported)'™ and therefore the effect of pH on
the self-assembly and activity of PA may be relevant to its
application, to date in cosmetics but potentially also in wound
healing. Indeed, conditions such as acne and eczema can
influence the pH of the skin, and can damage it, as can the
aging process. Melanoma (skin cancer) is an even more severe
disease and it is typically associated with reduced skin pH.* It is
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therefore of practical as well as fundamental interest to examine
the pH dependence of the self-assembly of a PA used in skincare
applications. The formation of giant extended nanotapes by PAs
has been observed using several microscopic methods.>® Small-
angle X-ray scattering (SAXS) indicates that the tapes comprise
bilayers of the peptide amphiphile molecules. The polar head of
C,6-KTTKS, has a net charge of +2 at low pH and +1 at pH 7, due
to the presence of the two lysine residues and the carboxy
terminus. We have also previously investigated electrostatic
effects on the interaction of this PA with the anionic surfactant
sodium dodecyl sulphate (SDS) and observed that in the pres-
ence of the surfactant, tapes are disrupted and fine twisted
fibrils can be produced.”

The structures formed after the self-assembly of C;,-KTTKS
at the different pH investigated in this study were evaluated by
atomic force microscopy (AFM). Fig. 1 shows the AFM images
for 1 wt% solutions of C;4-KTTKS at pH 2 (Fig. 1a), at native pH
3 (Fig. 1c), at pH 4 (Fig. 1d) and at pH 7 (Fig. 1e). 3D AFM images
of those images are shown in ESI Fig. 1.1 From the AFM images
it is clear that different morphological structures of C;,-KTTKS
are formed at different pHs. Additional AFM images for 1 wt%
solutions of C,,-KTTKS at pH 3, 4 and 7 are shown in ESI Fig. 2.1
At native pH 3 multilayered flat-tape structures are observed
(Fig. 1c) as previously reported.” The longitudinal height profile
of the tapes confirms a flat surface of these structures (Fig. 1f,
blue curve). However, at just slightly higher pH, i.e. pH 4, the
presence of twisted fibrillar structures is detected (Fig. 1d). All
the twisted fibrillar structures are right handed with the longi-
tudinal height profile (Fig. 1f, black curve) typical for twisted
structures such as amyloid fibrils.® Upon an increase in pH from
pH 4 to pH 7, obtained by adding NaOH, a change in
morphology again occurs, with flat tape structures appearing
(Fig. 1e) similar to the structures assembled at native pH 3.
Completely different structures were detected in the case of
1 wt% C16-KTTKS at pH 2 (by adding HCI to a pH 4 solution) as
compared to pH 3, 4 and 7, since spherical micellar structures
could be observed (Fig. 1a). The statistical analysis of the height
of the micelles is presented in Fig. 1b and the height of the
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Fig. 1

(a) AFM image of 1 wt% Cq¢-KTTKS at pH 2. (|
images of 1 wt% Cy6-KTTKS at: (c) native pH 3, (d) pH 4 and (e) pH 7. (f) The longitudinal height profiles of the structures observed for 1 wt% C;¢-KTTKS at native pH 3
(blue curve), at pH 4 (black curve) and at pH 7 (red curve). Z scale for the AFM images is 6 nm for (a) and 60 nm for (c—e).

micelles was determined to be 2.7-2.8 nm. Thus, AFM reveals a
transition in morphology upon increase in pH from spherical
micelles (pH 2) to flat tapes (pH 3) to twisted fibrous tapes
(pH 4) to flat broad tapes (pH 7).

SAXS was employed to further elucidate the self-assembled
nanostructures in aqueous solution, and the main results are
summarized in Fig. 2.
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Fig.2 SAXS profiles for 1 wt% Cy¢-KTTKS at pH 2, pH 4 and pH 7. The solid line
through the data for the pH 2 sample is a fit to a form factor for spherical micelles,
as described in the text and in the ESL.T
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b) The height distribution for spherical micelles extracted from the AFM images of 1 wt% C;¢-KTTKS at pH 2. AFM

Peaks for the pH 7 sample were observed at 1.2 nm™* and
2.4 nm ', This is indicative of a bilayer structure of the nano-
tapes of C;6-KTTKS (d = 5.24 nm) as previously reported.>® In
direct support of the SAXS results, a value of 5.3 nm for the
height of thinnest nanotapes was also obtained by AFM at pH 7,
confirming the bilayer spacing measured by scattering and in
perfect agreement with the results reported in our previous
work.” A similar SAXS profile is obtained for C,,-KTTKS at pH 4,
which lacks a second order lamellar reflection, but nonetheless
still exhibits the main bilayer spacing as for pH 7. At pH 2,
neglecting the influence of structure factor in the scattering
profile in this g-range, the form factor was fitted to a spherical
micelle model as shown in Fig. 2 (see ESI for detailst), which
supports the findings from the AFM measurements shown in
Fig. 1a. Recently we reported for C;,-KTTKS the transition from
nanotape fibrils to spherical micelles with an increase in
temperature to 55 °C.° Similarly, we observe here a similar
transition but this time with a decrease in pH. The pH of
C,6-KTTKS was measured at room temperature and was found
to be pH 3. Interestingly, increasing the temperature to 55 °C
caused a reduction in pH to pH 2.38. The fitting parameters for
the pH 2 curve (provided in the ESIf) are strikingly similar to the
data for the native pH sample at 55 °C, which is, again,
consistent with the formation of spherical micelles.’ The charge
of the PA was calculated using the software HySS. This revealed
an increase in charge as pH decreases. At pH 7, the charge was
calculated to be +1.00e increasing to a charge of +1.51e at pH 3

This journal is © The Royal Society of Chemistry 2013
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and +1.91e at pH 2, i.e. with a larger relative change in charge
between pH 3 and pH 2 corresponding to the micelle-tapes
transition.

The breakdown of tape-like elongated aggregates into small
micelles can be understood by drawing a direct analogy with the
behaviour of hydrophobic polyelectrolytes (i.e. polyelectrolytes
in a poor solvent). In hydrophobic polyelectrolytes, a transition
from a globular structure to a necklace configuration formed by
strings-and-beads is observed when the linear charge density
exceeds a well-defined critical value. In the present case, a
breakdown of an elongated fibrillar/tape-like object into smaller
micelles can be expected when the electrostatic energy per unit
length (promoting dissociation) exceeds the cohesive energy
per unit length, the latter comprising the surface tension and
B-sheet hydrogen bonds (holding together the fibril):

kB TIB(Ncharges)z/L > O'TCDequivalentL + AFﬁ-sheelsL (1)

where kg is the Boltzmann constant, T is the temperature, Iy is
the Bjerrum length, Ncparges is the total number of charges per
length L, o is the fibril-water interfacial tension, TDcquivalent 1S
the cross-sectional perimeter of the fibril (Dequivalene being the
diameter of the cylindrical fibril with an equivalent cross-
sectional perimeter) and AFp gheets iS the total energy per length
L due to B-sheet H-bonds. Eqn (1) can be reworked into:

Acriticz > (anDequivalent + AFB-sheets)/kBTlB (2)

where Acritic = Ncharges/L s the critical linear charge density at
which the electrostatic breakdown is expected. The right term in
eqn (2) is dependent on the temperature, shape, topology and
composition of the fibril. Thus, for a given fibril shape, eqn (2)
predicts an electrostatic breakdown of the fibril at a given Acyitic,
i.e. at a given pH, in agreement with AFM observation, which
show a breakdown at pH between 3 and 2.

The transitions in nanostructures observed by AFM upon
variation of pH for C;,KTTKS solutions are supported by
observations from circular dichroism (CD) spectroscopy. Fig. 3
shows CD spectra, which reveal the presence of B-sheet struc-
tures for 1 wt% C,;,-KTTKS at native pH 3, as noted by us
previously.®
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Fig. 3 CD spectra for 1 wt% C;¢-KTTKS at varying pH as indicated.
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CD spectra for both pH 4 and 7 also exhibit B-sheet features,
which arise from the intermolecular hydrogen bonding between
the pentapeptide headgroup, as highlighted by the minimum at
220 nm and a maximum at 195 nm." In order to form high
aspect ratio structures such as nanotapes and twisted fibres as
shown by AFM, B-sheet ordering is required to stabilise the
structure, as indicated by CD.* In contrast, the CD spectrum for
1 wt% C;6-KTTKS at pH 2 lacks B-sheet features and instead
reveals a random coil spectrum with a minimum at 195 nm."
This is consistent with both the AFM images and SAXS analysis,
again supporting the spherical micelle structures.

Fibre X-ray diffraction (XRD) was performed on dried stalks
to complement in situ SAXS. XRD 2D images for 1 wt%
C16-KTTKS at pH 2, 4 and 7 are shown in ESI Fig. 3.f
One-dimensional radial intensity profiles were obtained for all
three pH values and shown in Fig. 4 in order to determine the
d-spacing.

The 2D patterns for 1 wt% C;,KTTKS at pH 3-7 indicate
features of a cross-f sheet structure. A meridional reflection is
present with d = 4.69 A for pH 3-4, which corresponds to the
spacings of the B-strands of the peptide headgroups.'* A similar
intensity profile for pH 7 is observed with a meridional reflec-
tion at d = 4.76 A. The one-dimensional intensity profile for pH
2 lacks peaks corresponding to a cross-f sheet arrangement due
to spherical micelle formation, consistent with AFM images and
SAXS. Instead a sharp peak with d = 2.83 A is observed. This is
also observed for pH 3, 4 and 7, and relates to the local ordering
of the PA assemblies. A peak at 3.16-3.27 A is observed for the
tape/fibril samples and is associated with lipid chain order.

Other authors have reported pH effects on PA self-
assembly.”*** A few examples include the finding that the PA
C1,-AB(11-17) self-assembles into fibrils at pH 3 and nano-
ribbons at pH 10."*** The Stupp group has investigated the self-
assembly of C;5-RGD, which formed long fibres at pH 4 and
disassembled with an increase in pH." Lin et al. have studied
hydrogel formation of a self-assembled PA, C,,-GSH."” AtpH 4 a
network of entangled fibres are observed. As the pH increases a
transition occurs to rods and ribbons. Ghosh et al. have repor-
ted a transition from fibrils to spherical micelles for the PA
palmitoyl-TAAAEEEEK(DO3A:Gd)-NH,, which occurs around
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Fig. 4 XRD one-dimensional radial averages with indicated d-spacings for
1 wt% Cy6-KTTKS at different pH values.
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PH 6; in that case a DO3A group was incorporated into the PA
molecule to influence self-assembly.*® To our knowledge, this is
the first report in which pH changes allow, within the same PA
system, such a vast polymorphic control of the self-assembled
structures, with morphology variations following the sequence
upon pH increase: spherical micelles — flat tapes — twisted
right handed fibrils — flat tapes.

In summary, we have shown that the self-assembly of
C16-KTTKS can be fine tuned by adjusting the pH of the solu-
tion. We observe that as the pH decreases a transition in
morphology occurs from tapes, to twisted fibrils, to tapes, to
micelles. While the break-down of tapes into spherical micelles
at very low pH is understood based on electrostatic consider-
ations, the fibril-tape transition sequence still needs to be fully
elucidated and will be the topic of future studies. The solutions
studied at pH 4 and 7 correspond to the range of pH values for
skin, and under these conditions tapes and fibrils are expected
to occur. Very low pH (pH 2) is not expected for skin and
therefore micelles should not be observed in standard formu-
lations. Studying the effects of pH on the self-assembly of a
collagen stimulating PA is important as this molecule can play
an important role in wound healing and regenerative medicine.
We aim to shed light on this effect in order to improve skincare
products for the future.
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