
DOI: 10.1002/chem.200800817

Nematic and Columnar Ordering of a PEG–Peptide Conjugate in Aqueous
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Introduction

The preparation of block copolymers containing peptide se-
quences conjugated to synthetic polymers offers the scope
to develop novel materials with hierarchical nanoscale or-
dering and the potential to interface with biological systems.
There is now an extensive literature concerning the self-as-
sembly of block copolymers containing synthetic polypep-

tides (linked either to distinct synthetic polypeptides or to
other synthetic polymers),[1–6] although there have been
fewer studies on conjugates of biomimetic peptides and syn-
thetic polymers.[7–15] Another class of peptide conjugates are
peptide amphiphiles containing a hydrophobic chain (or
peptide sequence) linked to a hydrophilic peptide sequence,
these also exhibit amphiphilicity.[16–21] The formation of fi-
brils or vesicles by polymer-peptide hybrid macromolecules
is well known.[4,13,15–18,22, 23] To the best of our knowledge, lyo-
tropic liquid crystal phase formation has, however, not been
reported. Nematic phases have been observed[24] for short
de novo designed peptides that form fibrils which self-as-
semble into a nematic phase at sufficiently high concentra-
tion, and also for natural (hen lysozyme) amyloid fibrils.[25]

Recently, nematic ordering has been reported for a PEG-
peptide amphiphile containing a two-tailed peptide motif at-
tached to a rigid aromatic branch point.[26] This forms tape-
like aggregates that show nematic ordering at higher con-
centration. Chiral nematic (cholesteric) and columnar
phases are also known for the synthetic polypeptide, poly(g-
benzyl-l-glutamate), PBLG.[27]

The present paper describes our results on the self-assem-
bly in solution of a PEG-peptide conjugate in which the
peptide is a modified fragment of the amyloid b (Ab) pep-
tide, specifically KLVFF (Ab16–20) extended by two phe-
nylalanine residues at the N terminus to FFKLVFF. This
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peptide is highly hydrophobic but self assembles into fibrils
at low concentration in organic solvents.[28] Conjugation to
polyethylene glycol (PEG, Mw =3300, Mw/Mn = 1.04) confers
water solubility. This conjugate is designed to have en-
hanced fibrillisation capacity of the peptide domain com-
pared to the KLVFF pentapeptide resulting from an in-
creased hydrophobicity due to the additional F residues, but
this is balanced by conjugation to PEG of sufficient molar
mass. The resultant conjugate shows very interesting amphi-
philic behaviour, forming core–shell fibrils which order into
nematic and hexagonal columnar phases successively on in-
creasing concentration. Flow alignment of both structures is
observed upon application of low frequency steady shear
and studied in detail via small-angle neutron scattering,
rheology and polarized optical microscopy experiments.

Experimental Section

Synthesis : The PEGylated conjugate was synthesized by solid phase pep-
tide synthesis using standard FastMoc (Fmoc =9-fluorenylmethyloxycar-
bonyl protecting group/HBTU activation) chemistry. FFKLVFF-PEG
was synthesized on a 0.25 mmol scale using a fully automated peptide
synthesizer (433A Applied Biosystems, United Kingdom) which allowed
for direct conductivity monitoring of Fmoc deprotection. A PEGylated
TentaGel PAP resin was used, with 0.21 mmol g�1 substitution of
PEG3000 (nominal molar mass) to provide C-terminal PEGylation upon
cleavage from the resin. The crude peptide was purified by reverse phase
high performance liquid chromatography (RP-HPLC; Perkin Elmer 200)
using a C18 preparative column (Macherey Nagel), for 30 min with flow
rates 4 mL min�1. A mobile phase of water with 0.1% TFA and acetoni-
trile with 0.1 % TFA was used. Sample elution was monitored by using a
UV/Vis detector operating at 220 nm. Molecular weight was determined
by MALDI-TOF (a-cyano-4-hydroxy-cinnamic acid matrix), yielding m/z
= 4250 g mol�1, consistent with the PEG Mw =3300 gmol�1 and an ex-
pected peptide mass =947.2 gmol�1. Fitting the MALDI-TOF data to a
Schulz-Zimm distribuition suggests Mw/Mn <1.05. Analytical RP-HPLC
on a Vydac 218TP5414 C18 column yielded a single well-defined peak.[29]

Spectroscopic methods : FTIR spectra in the amide band regions were re-
corded on a Nicolet FTIR Nexus spectrometer equipped with a DTGS
detector. Sample solutions in D2O (2.5 wt %) were sandwiched between
two CaF2 plate windows (spacer 0.006 mm). Spectra were scanned 64
times over the range of 4000–400 cm�1. Spectral Manager for Windows
was used for data acquisition and handling.

Circular dichroism (CD) spectra were recorded on a Chirascan spectro-
polarimeter (Applied Photophysics, UK). The samples were dissolved in
water (0.5 wt %), methanol (0.006 and 0.5 wt %) or 2,2,2-trifluoroethanol,
TFE (0.036 and 0.5 wt %) and loaded into a 0.1 mm quartz cover slip cuv-
ette. Spectra were obtained from 200 to 260 nm with a 0.5 nm step, 1 nm
bandwidth and 1 s collection time per step at 20 8C, taking five averages.

Polarized optical microscopy : POM was performed using an Olympus
CX-41 polarized microscope. A 10 wt % sample was placed in a Linkam
shear cell and subjected to steady shear. Images were recorded through
crossed polarizers (458 to flow direction). The sample thickness was
110 mm.

Small-angle scattering : Small-angle neutron scattering (SANS and rheo-
SANS) was performed on the 2D multidetector PAXY of the Laboratoire
L�on Brillouin. Samples were placed in a quartz Couette cell (0.1 mm
gap) which was used to apply steady shear.[30] Shear rates are defined as
ġ = WR̄/ ACHTUNGTRENNUNG(R0�R1), where W is the angular velocity, R̄ is the average
radius and R0 =19.0 mm and R1 =19.1 mm are the inner and outer radii.
Shear rates applied were 0.1–4.0 s�1. Measurements were performed at
room temperature. Data were obtained with neutrons incident along the
shear gradient direction (radial configuration) and along the shear direc-

tion (tangential configuration) (see also Figure 9). Two wavelengths of 6
and 12 � were used. The sample-detector was fixed at 2.5 m. The corre-
sponding q range extends from 0.1 to 2.5 nm�1. The SANS data was cor-
rected for the cell efficiency using an incoherent scatterer. Small-angle
X-ray scattering (SAXS) was performed on beamline ID02 at the Euro-
pean Synchrotron Radiation Facility, Grenoble France. Samples were
placed in sealed cells (1 mm thickness) between mica windows. The
wavelength was l=1 �, and the sample-detector distance was 2 m.
SAXS patterns were collected on a CCD detector.

Cryo transmission electron microscopy : Cryo-TEM, performed at the
University of Delaware, is a powerful technique to elucidate the self-as-
sembled structure of amphiphilic molecules in solution.[31] A thin film
(�100 nm) of a 1 wt % sample in water was transferred to a lacey carbon
grid, blotted with filter paper and plunged into liquid ethane. All samples
were prepared using the environmentally controlled, automated Vitrobot
from the FEI Company, Hillsboro, OR. In a typical sample preparation,
the sample chamber was maintained at 25 8C and 40–50 % relative hu-
midity. Prior to plunging in liquid ethane, the sample was blotted with a
filter paper 2–3 times for 1 s. Following vitrification, the samples were
transferred to a Gatan cryo-holder pre-cooled to �175 8C, before insert-
ing into the electron microscope. Imaging was carried out in bright field
mode at 120 kV in a Technai T12 electron microscope (FEI Company,
Hillsboro, OR). During imaging, the temperature of the sample holder
was maintained at �175 8C to inhibit sublimation of vitreous water.

Rheology : Rheological properties were determined using a controlled
stress TA Instruments AR-2000 rheometer (TA Instruments). For a fluid
5 wt % solution of FFKLVFF-PEG, a Mooney geometry was used. For a
gel-like 10 wt % sample, a cone-and-plate geometry (cone diameter
20 mm, angle 18) was used. Frequency sweeps were performed at 25 8C.
Preliminary strain sweeps were performed for each sample in order to
define the linear viscoelastic region, thus ensuring that moduli were inde-
pendent of strain.

Results and Discussion

Secondary structure : FTIR spectra for FFKLVFF-PEG in
solution show prominent features in the amide I region con-
sistent with b-sheet structure in the peptide, in particular
peaks at 1617 and 1675 cm�1 (Figure 1).[32,33] The feature at
1617 cm�1 can be assigned to parallel b-sheets, the peak at
1675 cm�1 is often assigned to antiparallel b-sheets,[34] al-
though it may also arise from bends or turns.[34,35] or even
parallel b-sheets.[32] The peak at 1617 cm�1 is slightly red-
shifted compared to the canonical value 1625 cm�1 for paral-
lel b-sheets,[32, 33] however, there is a range of values in the
literature[35–37] and our result is within this range. In fact, the
model for the fibril structure obtained from SAXS (to be
discussed, see Figure 4) indicates that the constraint im-
posed by terminal PEG chains forming the fibril corona
causes the peptide strands to adopt a parallel configuration
in FFKLVFF-PEG, with a radial arrangement of the b-
sheets. For comparison, Figure 1 also includes and FTIR
spectrum for FFKLVFF which has peaks in the same posi-
tions as FFKLVFF-PEG, although the relative intensities
are different (the 1675 cm�1 peak is broader and with a
lower peak intensity). There is a shift in peak intensities
comparing the data for 2.5 and 5 wt % FFKLVFF-PEG, the
1617 cm�1 peak being more intense for the more concentrat-
ed solution. This may reflect an increase in b-sheet content,
or may result from the formation of a nematic phase at
5 wt % (the 2.5 wt % solution was isotropic).
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Circular dichroism (CD) spectra for FFKLVFF-PEG in
aqueous (Figure 2) or organic solvents (not shown) in dilute
solution do not exhibit characteristics of typical secondary
structures, that is, a-helix, b-sheet or random coil. In fact
there is a prominent maximum at 220 nm, which is observed
consistently, also for lower concentrations. We believe the
CD spectrum contains a significant contribution arising
from phenylalanine chromophores, since the same maximum
is also present in the spectra for FFKLVFF in methanol, as
shown in our previous work.[28] A positive CD maximum at
220 nm has also been observed for phenylalanine oligopepti-
des.[38] It is possible that at the very low concentration used
for the CD experiments (attempts to perform CD measure-
ments higher concentration solutions were prohibited by ab-
sorption effects), aggregation of FFKLVFF-PEG takes place
due to hydrophobic interactions between phenylalanine resi-
dues but fully formed b-sheet containing fibrils (as con-
firmed by FTIR and SAXS, see below, for 2.5 wt % solu-
tions) have not yet developed.

Fibril structure : Cryo-TEM provides direct in situ evidence
for fibril formation. The images in Figure 3 were obtained
for a 1 wt % aqueous solution and show well-defined fibrils.
In some areas, local orientation of fibrils was observed (Fig-
ure 3b), possibly a precursor of nematic ordering (see
below). The average fibril diameter (from more than 100 fi-
brils) was (8.4�0.8) nm.

Small-angle X-ray scattering also provided direct evidence
for fibril formation in solution. Figure 4 presents SAXS data
obtained for a 2.5 wt % aqueous solution, along with a
model form factor fit that is based on a core–shell fibril
structure as also illustrated in Figure 4. Cryo-TEM indicates
that the fibrils have an extremely long persistence length (>
1 mm) and the model SAXS data is therefore based on infin-
ite core–shell cylinders. The SAXS model was constructed
as follows: The intensity for a diluted solution of fibrillar ob-
jects can be expressed as

IðqÞ ¼ PðqÞ þ BG ð1Þ

where P(q) is the form factor and BG denotes background.
The form factor used in our model was that for randomly
oriented infinite core–shell cylinders with polydispersity in
the external radius of the shell:

PðqÞa 1
q 3

Z1

0

½ðhcore�hcoronaÞR 2J1ðqRÞ

þðhsolv�hcoronaÞc2J1ðqxÞ�2exp½� ðc�R0Þ2
2s2 �dx

ð2Þ

Here R corresponds to the radius of the internal cross sec-
tion, while (R’�R) is the thickness of the external shell. The
parameters hcore, hcorona and hsolv correspond to the electron
density of the core, shell and solvent respectively. The term
BG in Equation (1) is the background, given by

BG ¼ Aþ B=q C ð3Þ

Figure 1. FTIR data for a 2.5 wt % solution of FFKLVFF-PEG in D2O. Figure 2. Circular dichroism data for FFKLVFF-PEG in 0.5% aqueous
solution.

Figure 3. Cryo-TEM images showing well defined fibrils with a persis-
tence length of several microns. a) Isolated fibrils. b) Region with local
alignment of fibrils on right-hand side.
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We can only determine relative values for (hcore�hcorona),
(hsolv�hcorona), A and B. Therefore, only the parameters R,
R’, s and C are relevant to our fitting. Our results provided
R=2.5 nm, R’= 2.5 nm, s=1 nm (polydispersity in R’=
20 %) and C=�1.3 (very close to C=�1, expected for cyl-
inders). The corresponding dimensions are sketched in
Figure 4. The radii of the core–shell fibril structure of our

conjugate are consistent with an extended peptide confor-
mation (7� 0.35 nm=2.5 nm for a b-strand) and a slightly
extended coil for the PEG chain (Rg = 1.98 nm for a PEG
Gaussian chain with Mn =3300 g mol�1). The total fibril di-
ameter obtained from the SAXS model is (10�2) nm, in ex-
cellent agreement with the value from cryo-TEM (which
indeed was performed subsequent to our SAXS modelling,
providing confidence in the fibril dimensions we had deter-
mined). AFM images for dried films of the same sample
have been reported elsewhere,[39] the average height of the
fibrils is (4.6�0.9) nm, in reasonable agreement with the di-
mensions from SAXS and cryo-TEM, considering possible
artifacts from drying in the AFM film preparation.

As shown in Figure 4, the model of core–shell fibrils with
a circular cross-section fits the SAXS data extremely well. It
is possible that the aggregates may not have a circular cross-
section but may be more tape-like due to preferential stak-
ing of hydrophobic faces on the b-sheets. This cannot be re-
solved from the SAXS data analysis. Bçrner and co-workers
have reported tape-like fibril structures for a PEG-peptide
amphiphile comprising a two-tailed peptide motif attached
to a rigid branch point.[26] However, in that case the con-
strained conformation of the molecule favours a planar con-
formation and hence self-assembly into flattened tapes. In
our case, there is no such driving force. Cryo-TEM images
show no evidence for tape-like structures (e.g. coexistence
of edge-on and side-on morphologies) and nor was this seen
by AFM.[39]

Liquid crystal phase behaviour and flow alignment : Increas-
ing the concentration of FFKLVFF-PEG in water to 5 wt%,
a nematic phase was observed. Imaging the fluid sample
through crossed polarizers (Figure 5) indicates birefringence
consistent with a nematic phase. A Schlieren texture is ob-
served in the polarized optical microscope (image not
shown), again consistent with a nematic phase. The forma-
tion of a nematic phase results from increased packing of fi-
brils at higher concentration, and increased inter-fibrillar in-
teractions. Since the fibrils are extremely elongated (as evi-
dent from cryo-TEM), we believe they can be described as
highly anisotropic and interacting semiflexible chains.
Models that describe nematic and hexagonal phase forma-
tion by such chains have been developed,[40,41] based on re-
pulsive excluded volume interactions and these can account
for nematic phase formation at relatively low concentra-
tions. The PEG coronas around the peptide fibrils will medi-
ate the purely repulsive interactions since attractive interac-
tions can result from interpenetration of coronal chains.

SANS and SAXS confirmed the formation of a nematic
phase, and its alignment under flow. A 5 wt % sample of
FFKLVFF-PEG in D2O was subjected to steady shear in a
Couette cell. Figure 6 shows SANS data obtained in the
radial configuration obtained in situ before, during and after
shear. Before shear, the SANS pattern is isotropic indicating
no sample orientation, however, when the sample is under
flow, the SANS pattern becomes anisotropic (elliptical), in-
dicating orientation of the fibrils. The extent of orientation
increased with shear rate (varied from ġ=0.1–4 s�1), howev-
er loss of sample was observed at higher shear rates as it
was expelled from the Couette cell. Following shear, reten-
tion of an aligned SANS pattern was observed. In the tan-
gential direction (data not shown) weak anisotropic scatter-
ing was observed, as expected given the uniaxial symmetry
of a shear-aligning nematic phase.

Flow-induced birefringence was observed for a sample
containing 10 wt % FFKLVFF-PEG (Figure 7). The texture
is quite distinct from that observed for the nematic phase at
5 wt %. In fact, a columnar phase is formed at this concen-
tration (and also 15 wt % FFKLVFF-PEG) as confirmed by
SAXS and SANS. Figure 7 shows polarized optical micro-

Figure 4. Small-angle X-ray scattering profile for FFKLVFF-PEG
(2.5 wt % in D2O). The solid line is a fit to the form factor of a core–shell
cylinder, model shown.

Figure 5. FFKLVFF-PEG (5 wt % in D2O) in a vial imaged between
crossed polarizers exhibits birefringence in the fluid sample.
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scope images of the texture of 10 wt % FFKLVFF-PEG at
rest and under flow at ġ=5 s�1. Streaming birefringence was
observed under flow, consistent with a shear-aligning colum-
nar phase.[42]

Small-angle X-ray scattering on a spontaneously aligned
sample confirms that 10 wt % FFKLVFF-PEG forms a hex-
agonal columnar phase (Figure 8). The hexagonal symmetry
is confirmed by the presence of Bragg peaks in the position-
al ratio 1:

ffiffiffi
3
p

:
ffiffiffi
4
p

:
ffiffiffi
7
p

. The formation of a hexagonal colum-
nar phase at a higher concentration than that of the nematic
phase is consistent with the phase diagrams calculated for
extended semiflexible chains, based on repulsive inter-parti-
cle interactions.[40,41] The primary peak position q*=

0.37 nm�1 indicates a hexagonal lattice parameter d=17 nm.
Small-angle neutron scattering provided further clear evi-

dence for the formation of a columnar structure via a study

of shear-induced alignment in a
15 wt % sample of FFKLVFF-
PEG in D2O. The sample was
subjected to steady shear in a
Couette cell at several shear
rates. Figure 9 presents the
SANS profiles for a sample
under shear at ġ=1 s�1 in radial
and tangential directions with
respect to the Couette cell, as
illustrated. The two-fold sym-
metry in the SANS pattern ob-
tained with the neutron beam
along the radial direction com-
bined with isotropic symmetry
in the SANS pattern with the
beam along the tangential di-
rection indicate flow-alignment
of a cylindrical structure along
the velocity direction, as shown.
The presence of weak higher
order reflections along the
meridian in the radial SANS
pattern (peak positions in the
ratio 1:

ffiffiffi
3
p

) is consistent with
local hexagonal ordering of the
cylinders.

Controlled stress rheometry experiments provide confir-
mation of the change in order of the sample from nematic
phase at 5 wt % FFKLVFF-PEG to columnar phase at
10 wt % FFKLVFF-PEG. Figure 10 shows frequency sweeps
of dynamic shear moduli G’ and G’’ for the two samples.
The low frequency response for (both moduli) for the
5 wt % sample is fluid-like. In contrast, for the 10 wt %
sample G’ is significantly greater than G’’ and both moduli
are almost frequency independent. This is consistent with
pseudo solid-like behaviour. Shear thinning is observed for
both samples following steady shear at a controlled stress
for one minute. There is subsequent recovery of the moduli,

Figure 6. SANS under flow at different shear rates for 5 wt % FFKLVFF-PEG. a) At rest prior to shearing. b)
ġ=0.2 s�1. c) ġ =0.5 s�1. d) At rest, following shear. The horizontal axis is the flow velocity direction, the verti-
cal axis is the neutral direction.

Figure 7. Polarized optical microscopy images of texture of flowing col-
umnar phase (10 wt % sample) a) at rest and b) under flow at 5 s�1. The
scale bars indicate 100 mm.

Figure 8. SAXS data for a 10 wt % aqueous solution of FFKLVFF-PEG
a) Two-dimensional SAXS pattern showing spontaneous orientation in a
liquid cell (perpendicular to X-ray beam direction). b) One-dimensional
SAXS profile showing multiple Bragg reflections. The arrows indicate
peak positions expected for a hexagonal structure.
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although not to their initial values. The shear thinning be-
haviour followed by partial recovery of moduli is the result
of flow-induced alignment of the samples, as confirmed by
SANS (Figures 6 and 9).

Summary

The peptide/polymer conjugate FFKLVFF-PEG forms core–
shell fibrils in aqueous solution with a core comprising the
hydrophobic peptide in an extended b-strand configuration
and a shell of hydrophilic PEG. These anisotropic nano-ob-
jects self-assemble into lyotropic liquid crystal phases: first
nematic, and then hexagonal columnar phases on increasing
concentration. The formation of such structures has been ra-
tionalized theoretically on the basis of excluded volume
packing interactions, however, the presence of PEG in our
fibrils presumably modifies the inter-particle interaction
such that there is an attractive contribution from the inter-
penetration and hydration of PEG chains. The flow align-
ment properties of these phases have been investigated,
both nematic and columnar phases were observed to align
spontaneously under flow upon loading into cuvettes. A sys-
tematic study of shear-induced orientation is presented in
this paper, using in situ SANS with a Couette cell geometry.
The nematic and columnar phases align progressively better
with increasing shear rate up to ġ=1 s�1, above which flow-
induced instabilities were noted. Retention of orientation
was observed after cessation of shear. This was consistent
with rheology data which indicate shear thinning behaviour
for both viscous nematic and gel-like columnar phases.
However, complete recovery of moduli after shearing was
not observed, an effect ascribed to flow-induced orientation.
A complete mapping of the phase diagram of the hybrid
amphiphilic molecule FFKLVFF-PEG may help to elucidate
the nature of the inter-particle interactions, and to facilitate
comparison with the related phase behaviour of biomole-
cules such as DNA (which exhibits chiral nematic and col-
umnar phases[43]) and PBLG. Our observation of nematic

Figure 9. SANS patterns for a 15 wt % solution of FFKLVFF-PEG under steady shear in a Couette cell at ġ=1 s�1. The two configurations of the scatter-
ing experiment are illustrated in the central part.

Figure 10. Frequency dependence of dynamic shear moduli for solutions
of FFKLVFF-PEG a) 5 wt % sample. Subjected to preconditioning
steady shear at s=50 Pa for 1 min; b) 10 wt % sample. Subjected to pre-
conditioning steady shear at s=400 Pa for 1 min. The solid symbols
denote G’, the open ones G’’.
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and hexagonal columnar phase formation is fascinating and
points to the unique self-assembly properties of these poly-
mer/peptide hybrids.
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