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Abstract—Molecular self-assembly is an intrinsic property of proteins central to their biological functionality. One important industrially
interesting property is the ability to control and switch on and off self-assembly using a variety of external chemical and physical triggers.
Model peptides have been developed with significantly reduced chemical and structural complexity compared to biological proteins. These
are ideal systems for exposing the fundamental principles that drive protein-like self-assembly, as well as for establishing in a quantitative
manner their structure–function relationship. We investigate simple, short model peptides that adopt a purely b-strand conformation, align
in an antiparallel manner and self-assemble in one dimension in solution into long b-sheet nanotapes and higher order aggregates with no
other conformation (i.e., helices, turns or random coils) present in the aggregates. These micrometre-long nanostructures gel in solutions
at concentrations as low as 0.2% v/v. Their gel–fluid transition has been previously shown to be controlled by pH, temperature, or by mixing
with complementary peptides. Here we show the dramatic effect of another chemical trigger, that of physiological-like salt concentration, on
the self-assembly, morphology and gelation of a series of systematically designed charged self-assembling tape-forming peptides, each 11
amino acid residues in length, in the pH range of 2–14. This study provides a detailed understanding of the self-assembly of this class of pep-
tides in aqueous solutions of biologically relevant pH and ionic strength. This insight has led to the development of injectable self-assembling
peptide lubricants as potential therapeutics for the treatment of early stage knee joint osteoarthritis.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Protein-like self-assembly has been the focus of intense re-
search over the last years, due to its importance for under-
standing amyloid diseases, as well as due to applications
in the emerging field of nanotechnology.1–12 In our labora-
tory, we have previously developed one of the simplest
model peptide systems which, above a critical concentration
(c*) in solution, undergoes nucleated one-dimensional self-
assembly into well-defined twisted micrometre-long b-sheet
aggregates, such as helical tapes, twisted ribbons, fibrils and
fibres as a function of peptide concentration.13–20 At higher
concentrations (typically higher than 0.2 wt %), these long
supramolecular structures can give rise to isotropic or ne-
matic organogels and hydrogels. A theoretical model has
been developed, which can quantitatively describe peptide
self-assembly in terms of a set of molecular energetic
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parameters.21,22 This hierarchical self-assembly behaviour
has been shown to stem from the chirality of the individual
peptide molecules, which gives rise to an intrinsic twist
about the tape long axes: left handed in the case of peptides
made of L-amino acids.23 The finite fibril width and helicity
has its origin in the competition between the free energy gain
from attraction between ribbons and the free energy cost
of elastic distortion of the intrinsically twisted ribbons on
incorporation into a growing fibril. This hierarchical self-
assembling behaviour also provides an explanation for the
structure and stability of amyloid fibrils formed by more
complex proteins in vivo. The well-defined self-assembled
structures have been used as templates for nanostructured in-
organic materials such as hollow silica nanotubes,24 nucle-
ation of biominerals25 and surface nanocoatings.26

The ability of these peptides to self-assemble into b-sheet
tapes and stack to form fibrils can be utilised to establish
model systems in which the systematic exchange of individ-
ual amino acids within the peptide primary structure can be
studied. For example, the incorporation of ionisable side
chains into the sequence allows the introduction of pH
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responsiveness into the system, where in the absence of
charged side chains there was none.27,28 It can be determined
how, on a simple level, exchanging acidic for basic side
chains, and vice versa, changes the macromolecular state,
i.e., gel or fluid of the solutions at fixed pH values. At
a more detailed level, it can be identified that the change
in physical state of the solutions is as a result of the electro-
static repulsive or attractive interactions between neighbour-
ing charged groups on the peptide molecules.

Likewise, the effect of exchanging larger hydrophilic glut-
amine side chains (–(CH2)2CONH2) for smaller, more
hydrophilic serine side chains (–CH2OH) can be studied.
The interactions between amino acid residues within a fibril,
and also between amino acids and the surrounding solvent
are important in producing stable, soluble fibrils, and the
effect of the reduction in the size of the side chain on the
molecular packing of peptides within the fibrillar structure
can be observed.

The control exerted by electrostatic interactions naturally
leads to the question of how the self-assembly would be af-
fected by changing the ionic strength in solution. An in-
crease in salt concentration in water would be expected to
shield the electrostatic forces and shift both the critical con-
centration required for the onset of self-assembly and the ob-
served pH of the transition from gel to fluid. The influence of
biologically relevant ionic strength on the self-assembly and
gelation of systematically varied b-sheet tape-forming pep-
tides was the purpose of the current investigation.

The primary structures of these peptides are given in Table 1.
The amino acid side chains that contain an ionisable acid
group are indicated by a negative charge while those that
contain ionisable basic groups are indicated by a positive
charge. The distribution of electrical charges on each peptide
will depend on the pH in solution.

2. Results and discussion

Peptide P11-4 was designed to form b-sheet fibrils and gels at
low pH and to convert to a monomeric fluid solution at high
pH, in all cases in pure water in the absence of any added
salt.27 The material change is driven by the deprotonation
of the glutamic acid (–CH2CH2COOH) side chains in posi-
tions 5, 7 and 9 and is shown to correspond to a change in
peptide secondary structure from b-sheet to random coil.

The self-assembly behaviour of P11-4 was studied at
c¼6.3 mM (equivalent to ca. 0.7% v/v) at pH 1–14. Band fit-
ting of FTIR absorption spectra was used as a semi-quantita-
tive method for the determination of the proportion of
peptide in b-sheet aggregates as a function of pD. In order
to further verify and to increase the accuracy of the b-sheet

Table 1. Peptide primary structures: amino acid residues are numbered 1 to
11 from the N- to the C-terminal (left to right); O: ornithine

Peptide Primary structure

P11-4 CH3CO-Q1-Q-R+-F-E�-W-E�-F-E�-Q-Q11-NH2

P11-8 CH3CO-Q-Q-R+-F-O+-W-O+-F-E�-Q-Q-NH2

P11-9 CH3CO-S-S-R+-F-E�-W-E�-F-E�-S-S-NH2

P11-12 CH3CO-S-S-R+-F-O+-W-O+-F-E�-S-S-NH2
content determination, FTIR data were combined with solu-
tion 1H NMR data.

In the absence of any added salt, at pD<w3, P11-4 forms self-
supporting cloudy gels (Fig. 1a). FTIR reveals a large absorp-
tion band centred at 1618 cm�1 corresponding to peptide in
a b-sheet conformation, with the weak band at 1682 cm�1 in-
dicating an antiparallel arrangement (Fig. 1c(i)). The high
resolution 1H NMR spectrum (Fig. 1d(i)) shows a structure-
less, broad banded trace, indicative of peptide molecules
locked into a relatively static fibril. In this pH range the
peptide has a net +1 charge from the charge on the Arg3
side chain.

At pD>3.4, milky flocculates are obtained, composed of in-
soluble self-assembled aggregates. The insolubility is due to
the electrical charge neutrality on each peptide molecule.
The charged arginine (–(CH2)3CNH(NH2)C]NH) side
chain in position 3 is balanced by the negative charge of
the glutamic acid in position 9.

As the pD is increased further other glutamic acid side
chains in the peptide molecule become increasingly deproto-
nated, and viscous weakly nematic fluids are observed, due
to the net negative charge on the peptide. As the pH increases
further, more glutamic acid side chains in the peptide be-
come deprotonated, the net peptide charge increases and
the repulsion between peptides in fibrils and fibres increases
still further giving a higher proportion of peptide molecules
in a monomeric state. FTIR (Fig. 1c(ii)) spectra indicate a
reduced b-sheet absorption band at 1618 cm�1 matched in
intensity by a band at 1645 cm�1 corresponding to peptide
in a random coil state, which increases in magnitude as
a function of pD.

The deprotonation of the glutamic acid side chains as a func-
tion of pH can be monitored by FTIR. At pD�4 a weak
absorption band is observed at 1710 cm�1, which has been
assigned to COOD of protonated glutamic acid side chains.
At pD�4 an absorption band in the amide II0 region at
1565 cm�1 is observed, which is assigned to COO� of de-
protonated glutamic acid side chains. This band is seen to in-
crease with intensity as the pD of the solution is increased
from 4 to 8.

At pD 8–9 the b-sheet aggregates completely disintegrate
into monomeric peptide (Fig. 1a and c). In the pH range
9–12, all glutamic acid side chains are deprotonated and
the net peptide charge becomes �2. At pH>12, the Arg3
side chain also loses its proton, and the net peptide charge
becomes �3. The high resolution 1H NMR spectrum of
a solution of P11-4 at pD 12 (Fig. 1d(ii)) consists of sharp
peaks corresponding to peptide protons, indicative of
monomeric peptide molecules undergoing fast random, re-
orientational motion. To confirm that solutions at pD>10
contain only monomeric peptide, we observe that for
a 6.3 mM solution the magnitude of the intensity of the
NMR band is w10 times that observed for a 0.6 mM solu-
tion (unpublished data, data not shown). This direct rela-
tionship between band intensity and peptide concentration
indicates that these basic solutions contain no b-sheet. Ad-
ditionally, titrating the solutions to even higher pD solutions
gave no further increase in the band intensity, showing that
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Figure 1. Self-assembly of P11-4 at c¼6.3 mM. (a) Percentage b-sheet of P11-4 as determined by FTIR (C) and solution 1H NMR (:) as a function of pD in
D2O with no added salt. (b) Percentage b-sheet of P11-4 as determined by FTIR (B) and NMR (6) as a function of pD in 130 mM NaCl in D2O (note that the
solid lines are to guide the eye and do not represent a best fit): I: nematic gel, II: flocculate, III: nematic fluid, IV: isotropic fluid. (c) FTIR absorption spectra of
P11-4 in D2O showing (i) nematic gel at pD 2, (ii) viscous nematic fluid at pD 7.7, (iii) isotropic solution at pD 11.8. (d) 1H NMR spectra of P11-4: (i) broad
banded spectrum corresponding to aggregated peptides in a nematic gel at pD 2 in D2O, (ii) aromatic protons of monomeric peptide in a clear isotropic fluid at
pD 12 in D2O and (iii) in clear isotropic fluid at pD 13.5 in 130 mM NaCl.
all peptide is in the monomeric state by pD 9. The critical
concentration required for the onset of peptide self-
assembly is dependent on the ionisation state of the amino
acid side chains. The concentration at which P11-4 self-
assembly occurs therefore increases as the pH/pD of the
solution increases.

The transition from b-sheet to random coil is particularly
sharp in the absence of added salt and occurs over the range
of pD 7.5–8. The sharpness of this transition is driven by the
increase in negatively charged glutamic acid side chains. To
investigate the balance between the degree of charge and the
structural transition, the effect of increasing the ionic
strength was studied. In order for this study to be relevant
to biological-like conditions, aqueous solutions with
130 mM added NaCl were studied here, similar to the con-
centration of NaCl in the blood. It is expected that as the
ionic strength in solution is increased, the electrostatic repul-
sion between Glu� would be decreased due to the shielding
of charge by salt counterions.

It was found that increasing the ionic strength of the solution
by the addition of 130 mM NaCl shifts the transition to
monomer to higher pD values by more than 4 units
(Fig. 1b). Preliminary titration experiments of solutions of
P11-4 also suggest that there is no apparent effect of ionic
strength on the deprotonation of glutamic acid side chains
as a function of pH (data not shown). This implies that the ob-
served effect of ionic strength on the pH responsiveness of the
peptide gels is mainly due to screening of electrostatic repul-
sions rather than change of the deprotonation behaviour of
the glutamic acid side chains and of the net peptide charge
as a function of pH. Another effect of added salt is that the
nematic gel (region I in Fig. 1b) now extends over two pD re-
gions: 6–11 and 2–3.8. In contrast, at this peptide concentra-
tion in the absence of salt, nematic gels were only obtained in
the pD range of 2–3.4.

The gels in D2O in the absence of added salt (region I) are
shown by electron microscopy to be composed of fibrils
and fibres, which are micrometres in length. Typically fibrils
are observed with widths in the range 12–19 nm at their wid-
est point, and 9–13 nm at their thinnest point. They exhibit
a helical pitch of 200–426 nm. A typical fibril has a width
equal to 15 nm (Fig. 2c) and narrows to 9 nm with a helical
pitch of 225�10 nm. Figure 2a shows the association of two
fibrils, each with width equal to 13 nm coiling together to
form a large fibre 23 nm in width. Such entanglements
may provide evidence of the nature of gelation through fibre
formation. Flocculates and nematic fluids (regions II and III
in Fig. 1a) are also shown to be composed of similar fibrils
and fibres.

Some fibrils can be seen to dissociate into thinner self-
assembled structures,w4 nm in width. These 4 nm wide rib-
bons or fibrils are only observed in these cases, rather than as
a separate population. Occasionally rings 5–40 nm in dia-
meter are observed along with small amorphous aggregates
or ‘nanoparticles’ but these are relatively few in number in
comparison to fibrils and fibres.

Despite the dramatic shift in the pD at which the transition
from b-sheet to monomer occurs on moving from low salt
to high salt solution, the most frequently observed fibrillar
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Figure 2. TEM micrographs of P11-4 solutions with c¼6.3 mM: (a) nematic gel at pD 3 in D2O, (b) flocculate at pD 6 in D2O, (c) nematic gel of P11-4 at pD 9.3
in 130 mM NaCl, (d) viscous fluid at pD 11.6 in 130 mM NaCl. Scale bars correspond to100 nm.
morphologies appear to be independent of ionic strength and
pD over the pD range 1–8.5 in D2O, and 1–11 in 130 mM
NaCl.

It has also been observed that converting the gel to monomer
by heating to temperature >70 �C or switching the pH will
allow the reassembly and gelation of peptides on cooling
to room temperature or at an appropriate pH. The pH behav-
iour has been shown to be reversible by titrating solutions up
to six times.

Peptide P11-8 was designed to display the converse pH
switching behaviour to P11-4. P11-8 was expected to be in
the monomeric state at low pH in solution, and to form fibril-
lar aggregates at high pH. This opposite behaviour is driven
by the incorporation of basic amino acids rather than acidic
amino acids into the peptide primary structure (Table 1).
P11-8 has an arginine side chain at position 3, ornithine
(–(CH2)3NH2) side chains at positions 5 and 7 and a glutamic
acid side chain at position 9. The side chains of free arginine
and free ornithine are positively charged in solution below
their pKa values of 12.5 and 10.8, respectively.

At pD<6 in D2O P11-8 forms clear isotropic fluids at a pep-
tide concentration of 6.4 mM. FTIR spectra (Fig. 3c(i)) show
a broad absorption band at 1645 cm�1, which is assigned to
peptides in the random coil state. The band at 1672 cm�1 is
residual TFA� from the peptide cleavage and purification.
The behaviour at pD<6 is due to the +2 net charge per pep-
tide (+3 at pD<4). At 6<pD�10.3 biphasic solutions con-
taining gel particles dispersed in a clear fluid are observed.
The proportion of gel to fluid within this mixture increases
as the pD approaches 10.3. Optical microscopy reveals
that the gel particles are nematic whilst the fluid is isotropic
(data not shown). FTIR reveals a large absorption band cen-
tred at 1614 cm�1 corresponding to peptide in a b-sheet con-
formation, with the weak band at 1684 cm�1 indicating an
antiparallel arrangement. At 6<pD�10.3 the ornithine
side chains become progressively deprotonated, thus gradu-
ally decreasing the net charge per peptide and also the inter-
molecular electrostatic repulsion, thus allowing self-
assembly to take place.

At pD�10.3�0.3, nematic gels are observed, which are
shown by FTIR to have a characteristic b-sheet absorption
band at 1614 cm�1. Figure 3c(ii) shows the FTIR spectrum
of P11-8 at pD 12.8. It is interesting to note that gels formed
at pD�13 are weaker than those observed at pD 10–13. This
applies to gels in D2O (no added salt) as well as those with
increased ionic strength (130 mM NaCl). This may be ex-
plained if we consider the electric charges on the amino
acid side chains. The ornithine side chains would be ex-
pected to achieve their fully deprotonated state at pD>w11
(–(CH2)3NH2), so the only charged groups would be Arg+

and Glu�. This means that the net electronic charge per pep-
tide would be 0 and the fibrils would be expected to floccu-
late out of solution at pD>11. However, reaction of CO2

with the amino groups on deprotonated Orn at high pH
leads to formation of carbamate (RNHCOO–) groups.27–29

Repulsion from these negatively charged carbamates would
be enough to stabilise the fibrillar dispersion and to give rise
to gels. At pD>13 the arginine side chain will also be
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deprotonated, so that there will be an even higher number of
net negative charges per molecule coming from the glutamic
acid and the carbamate side chains. This high net negative
charge may be destabilising the process of self-assembly
and lead to the weaker gels.

The analysis of the FTIR data for P11-8 (shown in Fig. 3a) is
more scattered than that observed for P11-4 (Fig. 1a). This is
because of the difficulty of collecting the data. Biphasic
solutions and gels readily separate upon the application of
‘mechanical force’ or compression between CaF2 discs when
sampling occurs for FTIR. This leads to disproportionate
amounts of gel and fluid between the IR discs and leads to
inaccurate determination of b-sheet content. 1H NMR re-
veals that the transition occurs at a similar pD value to that
observed using FTIR (Fig. 3a).

It has been shown that P11-8 does indeed self-assemble into
b-sheet fibrils at high pH values and forms monomeric
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Figure 3. (a) Percentage b-sheet of P11-8 as determined by FTIR (C) and
NMR (:) as a function of pD in D2O. (b) Percentage b-sheet of P11-8 as
determined by NMR (6) as a function of pD in 130 mM NaCl in D2O: I:
isotropic fluid, II: biphasic solution, III: nematic gel. (c) FTIR absorption
spectra of P11-8 (c¼6.4 mM) in D2O showing (i) monomer at pD 4, (ii)
strong self-supporting b-sheet gel at pD 12.8.
peptide solutions at low pH. The pH-dependent behaviour
of P11-8 is not exactly the converse of P11-4. This can be
seen by comparing their phase behaviours (Fig. 1a and
b and Fig. 3a and b). P11-4 forms viscous nematic fluids in
the region of the transition between gel and fluid
(8.5>pD�7), whereas in the transition region for P11-8
(6�pD<11) we observe biphasic solutions. These two phys-
ically different states have been shown to have approximately
the same percentage b-sheet. In addition the physical proper-
ties of the two gel states are also different. P11-4 gels are shear
softening, i.e., if sheared they will flow but after some time,
they will return to their original gel state. If a P11-8 gel is
sheared it will break into gel particles and give rise to a bi-
phasic solution. The bulk gel state will not reform with
time. As was observed for P11-4, the pH switching behaviour
of P11-8 is reversible. The gel can also be converted to fluid
solution by heating to temperatures >80 �C and will reform
on cooling.

Upon addition of 130 mM NaCl, the random coil to b-sheet
transition is seen to shift by 3 pH units to lower pH (Fig. 3b).
P11-8 solutions were observed to contain gel particles at
4.4�pD�8.5, whilst at pD�8.5 self-supporting gels were
observed.

At pD�8 in D2O, P11-8 is observed by electron microscopy to
self-assemble into fibrils and fibres of similar dimensions
over the whole range 8�pD�13.5. Fibrils with typical widths
in the region of 7–14 nm and several mm in length are
observed (Fig. 4). In some cases fibres 20–30 nm in width
can be seen that are comprised of a number of 8–14 nm
wide fibrils stacked (coiled) together into a rope-like struc-
ture. In fact, the most striking difference between P11-4 and
P11-8 fibrils is this tendency for the P11-8 fibrils to be loosely
associated allowing the composition of the fibres to be
ascertained. P11-4 fibres are more tightly packed, and may
in fact be comprised of fewer fibrils, which are more highly
twisted.

The only pH-dependent behaviour of the P11-8 self-assem-
bled aggregates is a tendency for fewer super-fibres and
loose associations of fibrils and more uniform fibrils ob-
served at pD�11, with typical dimensions: wide width
w10–11 nm, narrow width w5–7 nm, twist pitch w140 nm
and length >1 mm. This pH range is above the pKa of free
ornithine, indicating different packing when only the gluta-
mic acid is charged.

Electron micrographs also reveal the presence of rings with
d¼5–25 nm, thin tapes wz2.5�0.5 and nanoparticles in
D2O and 130 mM NaCl at pD values above 8 and 4, respec-
tively. Rings can most clearly be seen in Figure 4c in which
the uranyl acetate stain has collected inside the looped tapes.
Each ring appears to be composed of thin tapes 2–3 nm in
width.

Peptide P11-9 has the same ionisable side chains (arginine in
position 3 and glutamic acid in positions 5, 7 and 9) as P11-4
but the glutamine residues (–CH2CH2CONH2) at positions
1, 2, 10 and 11 have been replaced by serine residues
(–CH2OH). In this way, whilst retaining the pH responsive
behaviour of P11-4 the relative hydrophilicity of the peptide
molecule has been increased.
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Figure 4. TEM of P11-8 (c¼6.4 mM): (a) biphasic solution of nematic gel and isotropic fluid of P11-8 at pD 8.4 in D2O, (b) a nematic gel of P11-8 at pD 11 in
D2O, (c) a nematic gel of P11-8 at pD 11 in 130 mM NaCl in D2O, (d) a nematic gel of P11-8 at pD 13.5 in 130 mM NaCl in D2O. Scale bars 100 nm.
P11-9 (c¼7.0 mM) forms clear self-supporting gels at
pD�3.2�0.2 in D2O (Fig. 5a). FTIR spectra of the gels
(Fig. 5c(i)) have a large absorption band at 1614 cm�1 cor-
responding to b-sheet aggregates and a weaker band at
1684 cm�1 indicating an antiparallel b-sheet. In addition,
a band at 1710 cm�1 corresponding to COOD (protonated
glutamic acid side chains) is observed. At 3.2�pD�6.8,
flocculates are obtained. The percentage of b-sheet within
the flocculate is shown to be comparable to that in the
self-supporting gels (Fig. 5a), but the fibrillar aggregates
are insoluble. At pD�3.2 the gels have a single positive
charge (arginine in position 3). Glutamic acid side chains be-
gin to be deprotonated as the pD is increased, and a situation
where the peptide molecules have a net charge of 0 (+1 Arg,
�1 Glu) will be encountered. Without sufficient repulsion
between the fibrils, large insoluble aggregates are formed
leading to flocculation. This explanation is evidenced by
the disappearance of the very weak band at 1700 cm�1 and
the increase in a band at 1565 cm�1 which corresponds to
COO� (i.e., deprotonated glutamic acid). At 6.8�pD�7.2,
clear viscous fluids are obtained as the peptide molecules be-
gin to have a slight net negative charge and the fibrillar ag-
gregates become soluble. At pD>7.2 clear isotropic fluids
are observed, accompanied by a characteristic random coil
band at 1645 cm�1. The FTIR spectra of viscous fluids at
6.8�pD�7.2 can be seen to contain similar proportions of
random coil (1645 cm�1) and b-sheet (1614 cm�1).

Addition of salt shifts the conformation transition by more
than 3 units to higher pH (Fig. 5b) and makes the transition
broader compared to that in the absence of salt. As may be
expected, the pH responsive behaviour of P11-9 is similar
to that of P11-4. However, P11-9 forms clear self-supporting
gels at pD 2 and gives rise to clear nematic fluids or gels at
pD 7.5 whereas P11-4 forms cloudy gels or fluids.

The gels of P11-9 at pD�3 are shown by electron microscopy
to be composed of fibrils micrometres in length, which are
typically 5–7 nm at their widest point and 4 nm at their nar-
rowest point (Fig. 6). A twist pitch of 50–80 nm is observed.
Most fibrils are composed of two thinner structures, 2–4 nm
in width. Occasionally fibrils 10 nm in width, composed of
three strands 2–3 nm in width each are observed. At this
pD value, rings 5–10 nm in width are also observed. Thin
tapes, 2–3 nm in width are observed in the background.
Flocculates at 3.2�pD�6.8 and nematic fluids at
6.8�pD�7.2 contain fibrils of the 5–10 nm in width an
micrometres in length. These appear to have a slightly less
helical appearance. Rings 10 nm in width form by the end
to end contact of short aggregates 3–4 nm in width. Tapes
3–4 nm in width are also observed in the background.

Peptide P11-12 has serine residues in positions 1, 2, 10 and
11 similar to P11-9, but is designed through the incorporation
of ornithine side chains in positions 5 and 7 to have pH
responsive behaviour analogous to P11-8.

Solutions of P11-12 at pD<9 have an absorption band at
1645 cm�1 corresponding to peptide in a random coil state.
The large absorption band at 1673 cm�1 corresponds to
TFA� as observed previously for P11-8 (Fig. 7a). Bands cen-
tred at 1614 cm�1 and 1625 cm�1 were assigned to peptide in
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a b-sheet conformation and were seen to increase in magni-
tude as a function of pD. The weak absorption bands at
1695 cm�1 and 1685 cm�1 indicate an antiparallel arrange-
ment. At pD<4.4 a weak absorption band centred at
1710 cm�1 is observed (assigned to COOD). At pD�4.4
this band is not observed and a band in the amide II0 region
at 1565 cm�1 assigned to COO� is seen. The band at
1565 cm�1 increases in intensity as the pD is increased, re-
flecting the deprotonation of the glutamic acid side chains
above their pKa value (the pKa of free glutamic acid is
4.25). In the range 9.5<pD<11.5, the amount of b-sheet
present is nearly 100%. However at pD>11.5, it starts drop-
ping again. This may be explained by the increased presence
of negatively charged carbamates and glutamic acid side
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Figure 5. Self-assembly behaviour of P11-9 (c¼7.0 mM). (a) Percentage
b-sheet of P11-9 as determined by FTIR (C) and NMR (:) as a function
of pD in D2O. (b) Percentage b-sheet of P11-9 as determined by FTIR
(B) and NMR (6) as a function of pD in 130 mM NaCl in D2O: I: nematic
gel, II: flocculate, III: nematic fluid, IV: isotropic fluid. (c) FTIR absorption
spectra of P11-9: (i) nematic self-supporting gel at pD 2 in D2O, (ii) mono-
meric isotropic fluid at pD 10 in D2O.
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chains and the loss of the positive charge on the arginine at
pD>12.5, as also discussed for P11-8. This makes the net
peptide charge higher than �1 and partially destabilises the
aggregates at very high pD. Addition of salt causes the con-
formation transition to shift by 2 pD units to lower pD
(Fig. 7b).

In the absence of added salt at pD�8 in D2O, fibrils are not
observed. However, at pD 8 a number of ‘nanoparticles’ and
rings are observed 5–40 nm in diameter. At 8.5�pD�12,
fibrils and bundles composed of 3–4 nm wide fibrils are
observed (Fig. 8). These are observed concurrent with
nanoparticles 3–25 nm in diameter. Rings w5–10 nm in di-
ameter are also observed over the range of pD 2–14, and
are formed by ribbons or fibrils 2–3 nm in width. Dark spots
formed by the accumulation of uranyl acetate stain within
the rings are evident. In solution containing 130 mM
NaCl, the transition from nanoparticles to fibrils happens
at a different pD value, but the observed morphologies are
consistent for each bulk phase. The fibrils formed by P11-
12 are very similar to those observed for P11-9, in agreement
with the observation made for P11-4 and P11-8 that the pep-
tide sequence dominates behaviour.

Discussion. Our data show that these charged peptide solu-
tions are reminiscent of the behaviour of polyelectrolyte
molecules and complexes.30 Our results are also in-line
with data obtained with other gel-forming self-assembling
peptide model systems reported in the literature.2,4,12,31 A
class of amphiphilic self-assembling peptides with comple-
mentary charges present on each molecule has been previ-
ously developed primarily for applications as 3D scaffolds
for tissue engineering.1 Aqueous gels formed by one such
peptide (KFE12) at a concentration of 1 wt % have been
studied in the presence of different salts (KCl, K2SO4 and
K3Fe(CN)6), particularly in terms of their rheological prop-
erties. It has been shown that KFE12 undergoes b-sheet self-
assembly when the intermolecular electrical double-layer
repulsion becomes less than the van der Waals attraction.
This is quantified by the DLVO theory, which predicts that
addition of salts would screen charged groups from each other
and would thus decrease the Debye length of the solvent.32,33

A family of peptide amphiphiles consisting of a long hydro-
carbon chain segment followed by a peptide segment has
also been previously presented. Detailed studies of the
rheological properties of aqueous solutions of a typical
molecule PA-1 as a function of pH and a wide range of
counterions have recently been published.3 The data show
that self-assembly of PA-1 into networks of cylindrical mi-
celles and gelation are triggered by counterion screening,
and are in agreement with the DLVO theory. The behaviour
of the P11 series of peptides presented in this paper is also
qualitatively consistent with the DLVO theory, although
the effects of different concentrations of salt, or of different
types of counterions have not been investigated in detail. The
Debye screening length is 0.96 nm in 0.1 M monovalent salt
(NaCl) compared with w10 nm in the buffered solutions.34

This order of magnitude change in the screening length
shifts the pD for self-assembly by w4 points (4 orders of
magnitude in deuterium ion concentration, since pD¼
�log[D+] by definition). The increased broadening of the
range of pD over which self-assembly occurs with the
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Figure 6. TEM of P11-9 (c¼7.0 mM): (a) nematic gel at pD 2 in D2O, (b) viscous fluid at pD 7 in D2O, (c) weak gel of P11-9 at pDw3 in 130 mM NaCl in D2O,
(d) nematic gel at pDw8 in 130 mM NaCl in D2O. Scale bars 100 nm.
addition of salt is related to the smaller short range electro-
static forces that cause the break up of fibrils in the fully
charged state. These weaker interactions allow a wider range
of fibrillar morphologies to coexist at a given value of the pD
in high salt conditions, due to the smaller energies that are
needed to interconvert between the competing self-assem-
bled structures.

A different class of self-assembling peptides each adopting
a hairpin structure has also been designed. The gelation
and kinetics of self-assembling hydrogels of the 20 amino
acid residue long positively charged MAX1 peptide has
been investigated as a function of pH, ionic strength and
temperature, using rheology, microrheology and circular di-
chroism spectroscopy.5,35 At neutral pH in the absence of
salt, the peptide remains monomeric random coil at a concen-
tration of <2 wt %. By raising the ionic strength of the solu-
tion the peptide starts forming self-assembling b-sheets and
hydrogels, whose mechanical properties increase with in-
creasing salt concentration. These studies demonstrated the
importance of ionic strength of the solution for peptide
self-assembly and for tuning the mechanical properties of
the resulting gels. Self-assembling fibres based on coiled-
coil helical peptides have also recently been reported to be
stable in physiological-like salt concentrations.6

3. Conclusions

Aqueous solutions (10 mg ml�1, equivalent to w6.3 mM or
w0.7% v/v) of 11 amino acid residue amphiphilic b-sheet
tape-forming peptides (P11-4 and P11-9) containing 3
glutamic acid side chains per molecule are found to undergo
significant changes as a function of pD (2–14), depending on
the deprotonation state of the side chains. Insoluble floccu-
lates of self-assembling fibrils are observed when the net
peptide charge is close to zero, nematic gels when there is
a small amount of net charge and monomeric fluid when
there is a high net charge per peptide (�2 for solutions
with no added salt, and�3 for solutions with 130 mM added
NaCl).

In the absence of added salt, a sharp transition at 6.5<pD<8
is observed for P11-4 and P11-9 from the antiparallel b-sheet
at pD<6.5 to the monomeric random coil at pD>8 as mon-
itored using FTIR and solution 1H NMR. This is accompa-
nied by a change of the solution properties from a nematic
solution at pD<8 to isotropic Newtonian fluid at pD>8.
The transition is reversible several times by cycling the pD
up and down.

In the presence of 130 mM NaCl, the transition becomes
broader and shifts to higher pD, by 4 pD units. In addition,
at physiological-like conditions (pDw7–8), self-supporting
nematic gels are now obtained. The shift of the transition
to higher pD is attributed to screening of electrostatic repul-
sion between negative charges, rather than to a change in the
pKa of glutamic acid residues in the presence of the added
salt.

Aqueous solutions (10 mg ml�1, equivalent to w7 mM or
w0.7% v/v) of 11 amino acid residue amphiphilic tape-form-
ing peptide variants (P11-8 and P11-12) containing 3 posi-
tively charged side chains (one arginine and two
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ornithines) per molecule are also found to undergo major
changes as a function of pD (2–14), depending on the depro-
tonation state of the side chains. In the absence of added salt,
a transition at 8<pD<10 is observed from gels with antipar-
allel b-sheet structure at pD>10 to fluid solutions with mo-
nomeric random coil peptides at pD<8. In the presence of
130 mM NaCl, the transition shifts to lower pD by 2–3 pD
units. In this way, at physiological-like conditions (pDw7–
8), viscous nematic fluids are now obtained, which convert
to self-supporting gels at higher peptide concentration.

Careful studies of the morphology of the self-assembling fi-
brils by TEM revealed a surprising observation, namely that
the most frequently observed fibrillar structures for a given
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Figure 7. Self-assembly of P11-12 at c¼7.1 mM. (a) Percentage b-sheet of
P11-12 as determined by FTIR (C) and NMR (:) as a function of pD in
D2O. (b) Percentage b-sheet of P11-12 as determined by FTIR (B) and
NMR (6) as a function of pD in 130 mM NaCl in D2O: I: isotropic fluid,
II: weakly nematic viscous fluid, III: weakly nematic gel. (c) FTIR absorp-
tion spectra of P11-12 in D2O showing (i) monomeric peptide at pD 7, (ii)
a viscous fluid at pD 9, (iii) a self-supporting gel at pD 10.
peptide appear to be largely independent of ionic strength,
phase (i.e., gel, flocculate or nematic solution) and pD. In
contrast, the characteristics of the fibrils seem to change sig-
nificantly by modifications of the peptide primary structure
and to a lesser extent by the presence of positively or nega-
tively charged side chains. For example, the most striking
difference between P11-4 (� charged) and P11-8 (+ charged
variant) fibrils is the tendency for the P11-8 fibrils to be
loosely associated allowing the composition of the fibres
to be ascertained. P11-4 fibres are more tightly packed, and
may in fact be comprised of fewer more highly twisted
fibrils.

The insight gained in this study on the self-assembling prop-
erties of charged peptides in physiological-like pH and ionic
strength, has led to the development of new injectable self-
assembling peptide lubricants as potential therapeutics for
treatment of early stage knee joint osteoarthritis.36 A wide
range of systematically designed charged peptides have
been screened and solutions of P11-9 peptide in physiologi-
cal buffer have been found to be the most effective in reduc-
ing the friction between cartilage plates with small degree of
roughness on their surface, mimicking early stage osteo-
arthritic knee joints.

4. Experimental methods

4.1. Peptide synthesis

Peptides P11-4 and P11-8 were purchased from Neosystem
Groupe SNPE (Strasbourg, France) and P11-4, P11-8, P11-
11 and P11-12 were also purchased from SynPep (Dublin,
USA). All peptides were prepared using standard solid phase
Fmoc chemistry.15 P11-4 and P11-9 were purified by re-
versed-phase HPLC using 0.1% NH3 in water as buffer A
and 10% buffer A in acetonitrile as buffer B. Peptides
P11-8 and P11-12 were purified using a 20–40% water–aceto-
nitrile gradient in the presence of 0.1% TFA. Peptide quality
control was carried out using mass spectroscopy, HPLC,
amino acid and elemental analysis (carbon, hydrogen, nitro-
gen and fluorine). Peptide purities were shown to be >93%
by HPLC. All peptides were stored at �4 �C as white fluffy
powders, produced after freeze-drying. P11-4 (theoretical
mass: 1595.7, mass found: 1596, HPLC purity: 96.1%, ap-
pearance: white powder); P11-8 (theoretical mass: 1567.2,
mass found: 1567.1, HPLC purity: 95.6%, appearance:
white powder); P11-9 (theoretical mass: 1431.5, mass found:
1431.5, HPLC purity: 93.1%, appearance: white powder);
P11-12 (theoretical mass: 1401.6, mass found: 1401.5,
HPLC purity: 95.4%, appearance: white powder).

4.2. TEM

TEM images were collected using a Philips CM 10 TEM at
80 kV accelerating voltage as described previously.15 The
peptide solutions were diluted to a peptide concentration
of 20 mM using D2O adjusted to the appropriate pD, and
a drop applied to an ionised, carbon coated copper grid for
60 s. Excess material was removed using filter paper, and
a droplet of 4% uranyl acetate was applied to the grid for
20 s. Excess stain was removed, and the grid left to dry on
filter paper.
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Figure 8. TEM of P11-12 (c¼7.1 mM): (a) nematic fluid at pD 8.5 in D2O, (b) nematic gel at pD 12 in D2O, (c) isotropic fluid at pD 6 in 130 mM NaCl in D2O,
(d) nematic gel at pD 10 in 130 mM NaCl in D2O. Scale bars 100 nm.
4.3. FTIR

Spectra were recorded on a Nicolet Avatar 360 FTIR spec-
trometer. An appropriate volume of D2O or 130 mM NaCl
in D2O, was added to weighed lyophilised peptide. The pD
was then adjusted by the addition of small volumes of DCl
or NaOD to produce samples with a range of pD values (pD
1–14) to give a final peptide concentration of 10 mg ml�1

(corresponding for P11-4, P11-8, P11-9 and P11-12, to
6.27 mM, 6.38 mM 7.0 mM and 7.1 mM, respectively).

The solutions were left to equilibrate for five days at
20 �C, until no further change was observed in the consis-
tency of the samples. Samples were placed between CaF2

crystals separated by a 50 mm Teflon spacer. Spectra were
averages of 64 scans recorded at room temperature purging
with dry air. Blank solvent spectra were subtracted from
the sample trace, the baseline corrected and the spectra
smoothed. The proportion of peptide in b-sheet aggregates
was calculated by the deconvolution of the amide I0 region
of the experimental spectra and the determination of the
ratio of peptide in b-sheet aggregates to the total (discount-
ing bands not associated with peptide backbone conforma-
tion). These values were normalised to the NMR data (see
below).

4.4. NMR

1H NMR were carried out using a Bruker DPX 300 MHz in-
strument. Solutions for NMR were prepared as described
previously for IR. For peptide solutions of P11-4 and P11-9,
(2,2,3,3-d4) trimethyl-3 propionic acid, sodium salt (d4-
TMSP) was added to each solution at a concentration of
1 mM as an internal reference. The integral of the area of
the aromatic peaks between a set range of parts per million
values was calculated. The ratio of the area of the integral
of the aromatic peaks to the integral of the control TMSP
peak at 0 ppm was determined and normalised between
100% monomer (for the maximum intensity obtained) and
0% monomer (where 0% monomer would correspond to
no measurable intensity). However, in P11-8 solutions the
TMSP peak at 0 ppm was not observed indicating that the
negatively charged molecule was interacting with the (net)
positively charged peptide. Therefore, for P11-8 and P11-12
the height of the integral of the aromatic peaks was normal-
ised against the baseline noise.
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