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We report on highly ordered oblique self-assemblies in ionic complexes of PEGylated triple-tail lipids and cationic
polypeptides, as directed by side-chain crystallization, demonstrating also reversible oblique-to-hexagonal
order-order transitions upon melting of the side chains. This is achieved in bulk by complexing cationic
homopolypeptides, poly-L-lysine (PLys), poly-L-arginine (PArg), and poly-L-histidine (PHis), in stoichiometric
amounts with anionic lipids incorporating two hydrophobic alkyl tails and one hydrophilic polyethylene glycol
(PEG) tail in a star-shaped A2B geometry. Based on Fourier transform infrared spectroscopy (FTIR), the PLys
and PArg complexes fold into R-helical conformation. Aiming to periodicities at different length scales, that is,
hierarchies, the PEG tails were selected to control the separation of the polypeptide helices in one direction while
the alkyl tails determine the distance between the hydrophilic polypeptide/PEG layers, resulting in an oblique
arrangement of the helices. We expect that the high overall order, where the self-assembled domains are in 2D
registry, is an outcome of a favorable interplay of plasticization due to the hydrophobic and hydrophilic lipid tails
combined with the shape persistency of the peptide helices and the crystallization of the lipid alkyl chains. Upon
heating the complexes over the melting temperature of the alkyl tails, an order-order transition from oblique to
hexagonal columnar morphology was observed. This transition is reversible, that is, the oblique structure with
2D correlation of the helices is fully returned upon cooling, implying that the alkyl tail crystallization guides the
structure formation. Also PHis complex forms an oblique self-assembly. However, instead of R-helices, FTIR
suggests formation of helical structures lacking intramolecular hydrogen bonds, stabilized by steric crowding of
the lipid. The current study exploits competition between the soft and harder domains, which teaches on concepts
toward well-deﬁned polypeptide-based materials.

Introduction
Self-assembling hierarchical and supramolecular materials
have attracted considerable interest among materials scientists
to achieve new combinations of properties and functions.1-6
Noncovalent tethering of side chains to polymers using, for
example, ionic or hydrogen bonds allows tuning of selfassemblies in bulk and, therefore, control over the functional
properties of the materials.7-9 In polymer-surfactant complexes,
the ionic interaction between low molecular weight surfactants
and a charged polymer leads to a spontaneous precipitation of
near-stoichiometric complexes when aqueous solutions of the
constituents are combined. Due to a polarity contrast, microphase-separation of the surfactant tails and polymers takes
place, leading to self-assembled phases. Classically, lamellar
and cylindrical morphologies are observed but, in some cases,
more subtle structures can be achieved.10,11 In polypeptidesurfactant or polypeptide-lipid complexes, an additional conformational control is possible as the polypeptides can fold into
secondary structures, opening new ways to alter the functionality.12-15
Furthermore, within the nanodomains of the self-assemblies,
a regular arrangement of the polymer or polypeptide chains is
generally not observed, even if the material is annealed and
aligned. In a few cases, though, this has been accomplished: In
DNA-charged lipid complexes with nonionic helper lipids, the
DNA double helices showed a controlled separation within the
* To whom correspondence should be addressed. Tel.: +358 9 470
23154. Fax: +358 9 470 23155. E-mail: olli.ikkala@tkk.ﬁ.

layered structure.16-18 A similar approach was used in genetically prepared (A3E)n peptide-lipid complexes, where the
distances between the monodisperse R-helices were controlled
with the aid of a helper lipid.19 However, for a related synthetic
homopolypeptide, poly-L-glutamic acid, such an approach
resulted in a pinched lamellar phase with no registry between
the R-helical peptides.20 Nevertheless, in materials science
applications in bulk, the typical amount of biologically produced
macromolecules becomes prohibitively small and novel approaches based on synthetic polypeptides could be preferred.
There has been considerable interest in hydrophilic modiﬁcation of lipids by PEG chains resulting in PEG-lipids, especially
due to their properties as drug carriers.21 Architecturally, they
can be considered as low molecular weight analogies for
miktoarm star copolymers which allow novel polymeric selfassemblies, such as quasicrystalline tiling patterns.22 Here, we
show a supramolecular approach to incorporate these A2B
miktoarm-like phospholipids with cationic polypeptides to create
three-phase ionic complexes with order at different length scales.
To compare the effect of different cationic amino acids on the
resulting secondary structures and self-assembled morphologies,
we chose poly-L-lysine (PLys), poly-L-arginine (PArg), and
poly-L-histidine (PHis) as the polypeptides. Also, four tripletail lipids with different double alkyl tails were used to study
how the size and saturation of the hydrophobic part inﬂuences
the structural arrangement of the complexes. The length of the
hydrophilic PEG tail was kept constant, being seven repeat units
in all the complexes.
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We report here, for the ﬁrst time, well-deﬁned oblique
structures in helical polypeptide-lipid complexes and order-order
transitions to hexagonal self-assemblies upon side chain melting.
The self-assembled structures were studied with small-angle
X-ray scattering (SAXS) and transmission electron microscopy
(TEM). The secondary structures of the polypeptides were
investigated with Fourier transform infrared spectroscopy
(FTIR). The crystallinity and thermal behavior were further
studied with differential scanning calorimetry (DSC).

Experimental Section
Materials. Poly(L-lysine hydrobromide) (PLysHBr, 32000 g/mol),
poly(L-arginine) (PArgHCl, 33900 g/mol), and poly(L-histidine)
(PHisHCl, 39200 g/mol) were purchased from Sigma Aldrich and used
as received. The phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-350] (ammonium salt),
1,2-dipalmitoyl-sn- glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-350] (ammonium salt), 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-[methoxy(polyethylene glycol)-350] (ammonium salt), and 1,2-dioleyl-sn-glycero-3-phosphoethanolamine-N[methoxy(polyethylene glycol)-350] (ammonium salt) (diC14-PEG,
diC16-PEG, diC18-PEG, and diC18*-PEG, respectively) were purchased from Avanti Polar Lipids as chloroform solutions. Silver nitrate
(AgNO3, Fluka, g99.0%) and 2-propanol (IPA, Sigma-Aldrich, g99.5%)
were used as received.
Complex Preparation. The chloroform of the lipid solutions was
evaporated before use and the lipids were dried under vacuum for at
least 24 h. The lipids were then dissolved in ultrapure Milli-Q water
(diC14-PEG) or in water-IPA mixture (diC16-PEG, diC18-PEG,
diC18*-PEG) as 1 wt % solutions (the amount of IPA was 3, 19, and
5 wt %, respectively). PLysHBr, PArgHCl, and PHisHCl were
separately dissolved in water to prepare 1 wt % solutions. When the
different lipid and polypeptide solutions were combined in a 1:1 molar
ratio, a white precipitate was formed immediately. The precipitated
solutions were further gently mixed for 15 min and separated by
centrifugation. The precipitates were washed with excess water for three
times and the supernatant was tested negative for bromide/chloride ions
with AgNO3. The residual water was ﬁrst evaporated on a hot plate at
30-50 °C and the precipitates were further dried under vacuum at room
temperature.
Small-Angle X-ray Scattering (SAXS). The solid samples for
SAXS measurements were sealed between two Mylar ﬁlms and
measurements were performed with a rotating anode Bruker Microstar
microfocus X-ray source (Cu KR radiation, λ ) 1.54 Å) with Montel
Optics. The beam was further collimated with four sets of slits, resulting
in a beam area of about 1 mm × 1 mm at the sample position. Scattering
intensities were measured using a 2D area detector (Bruker AXS).
Sample-to-detector distance was 45 cm. The magnitude of the scattering
vector is given by q ) (4π/λ) sin θ, where 2θ is the scattering angle.
The in situ heating measurements were performed with a home-built
heating unit.
Transmission Electron Microscopy (TEM). All the samples were
cryomicrotomed with Leica Ultracut UCT-ultramicrotome at -10 °C
to 70 nm thick sections. The imaging was carried out with a JEOL3200FSC Field emission cryo-electron microscope operating at 300
kV accelerating voltage. The micrographs were taken in the bright ﬁeld
mode using a zero loss Omega (Ω) ﬁlter with a slit width of 20 eV. A
Gatan Ultrascan 4000 CCD camera was used for recording the
micrographs. The specimen temperature was maintained at 86 K (liquid
nitrogen) or 18 K (liquid helium) during the imaging. No staining was
used.
Fourier Transform Infrared Spectroscopy (FTIR). For infrared
measurements, polypeptide-lipid complexes were mixed with KBr to
form pellets. Transmission spectra were recorded with Nicolet 380 FTIR
spectrometer by averaging 64 spectra with 2 cm-1 resolution.
Differential Scanning Calorimetry (DSC). DSC measurements
were performed with a Mettler Toledo Stare module with Stare 8.10

Figure 1. (a) Schematic illustration of the complex formation.
Structural formulas of the starting materials: (b) PLys, (c) PArg, (d)
PHis, (e) PEGylated phospholipid with three different saturated alkyl
tail lengths (diC14-PEG, diC16-PEG, and diC18-PEG), and (f)
PEGylated phospholipid with unsaturated alkyl tails (diC18*-PEG).

software. The samples were placed in aluminum crucibles and successively heated/cooled with a rate of 10 °C/min. A nitrogen purge gas
ﬂow of 80 mL/min was used.

Results and Discussion
The complexes were prepared by combining clear solutions
of starting materials. White precipitates formed immediately,
which were, based on elemental analysis, composed of essentially stoichiometric amounts of repeating units of the starting
materials, that is, complexation ratios were 1:1 (see Supporting
Information, Table S1 for details). The complexes are named
PLys(diC14-PEG), PLys(diC16-PEG), PLys(diC18-PEG), PLys(diC18*-PEG), PArg(diC16-PEG), and PHis(diC16-PEG), where
the number refers to the length of the individual alkyl tails and
the star refers to unsaturation (see Figure 1 for the molecular
structures). The dried precipitates were investigated without
further annealing or any other treatments. First, we shall discuss
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Figure 2. Structural analysis of PLys(diC14-PEG). (a) TEM micrograph showing highly ordered lamellar periodicity with an internal structure
within the lamellae. Inset: Fast Fourier transform (FFT) of the TEM image. (b) SAXS curve with Miller indices of the ﬁtted oblique structure. (c)
FTIR spectrum showing the amide I and II bands, which correspond to an R-helical secondary structure. (d) Schematic illustration on how the
hydrophilic cylindrical helices (blue) are correlated with each other in the three-phase layered structure. The PEG domains (brown) and hydrophobic
alkyl tail layers (yellow), as well as the lattice parameters a, b, and γ are also shown.

the structural analysis of PLys(diC14-PEG) in full detail and
then extend the concept to the other complexes.
The structure of PLys(diC14-PEG) was determined by smallangle X-ray scattering (SAXS), transmission electron microscopy (TEM), and Fourier transform infrared spectroscopy
(FTIR), see Figure 2. By FTIR, the secondary structure of PLys
was found R-helical (Figure 2c), as indicated by the amide I
and II bands at 1651 and 1547 cm-1, respectively. This is not
surprising because the lipid forming the side chains is bulky
and R-helical PLys can offer more space per lipid when
compared with a β-sheet secondary structure, for example.15
The layered appearance of the material in TEM, showing also
a smaller periodical structure (Figure 2a), as well as the multiple
reﬂections observed in SAXS (Figure 2b) witness a highly
ordered packing where the PLys helices in different layers are
in registry.
The structural analysis was based on the SAXS data, assuming
an oblique columnar structure deﬁned by the equation

q2
k2
h2
2hk cos γ
+
)
2
2
2
(2π)
(a sin γ)
ab sin γ
(b sin γ)2

(1)

where h and k are Miller indices of the scattering planes and a,
b, and γ (0° < γ < 180°) are the lattice parameters. For ﬁtting
we used a simple method described elsewhere.23,24 The method
compares the peak positions but does not take into account the
intensity values of the experimental curve, thus, neglecting the
effective structure factors. Therefore, details like crystallite sizes,
lattice distortions, or device factors, which make the peak widths
dependent on the scattering vector, are not included in the model.
During the computations, the indices h and k were limited in
the range [-5, 5] (wider range did not affect the results). The
ﬁtting resulted in parameters a ) 45 Å, b ) 28 Å, and γ )
107° for PLys(diC14-PEG). The q values and Miller plane

Table 1. Assignment of the Observed SAXS and TEM
Reﬂections for PLys(diC14-PEG)
hk
1
j
1
0
2
1
1
3

0
1
1
0
j
2
1
0

qSAXS (Å-1)

qTEM (Å-1)

qtheor (Å-1)

φTEM (°)

φtheor (°)

0.147
0.238
0.238
0.295
0.315
0.315
0.442

0.152
0.242
0.248
0.305
0.336
0.336
0.460

0.148
0.240
0.238
0.296
0.320
0.315
0.444

0
104
69
0
44
44
0

0
107
71
0
45
46
0

angles (φ) from the ﬁtting were compared with the ones
observed in SAXS and TEM (see Table 1). The Miller indices
are also marked in the FFT image (Figure 2a, inset) and in the
SAXS curve (Figure 2b) where all the denoted Miller planes
are not visible due to structure factors.
The correspondence of the experimental and calculated data
is convincing, and thus, we can report for the ﬁrst time an ionic
polypeptide-lipid complex with an oblique arrangement of
R-helices in a layered structure. A schematic illustration of the
structure is presented in Figure 2d. The hydrophilic cylindrical
helices (blue) form layers, with the PEG tails (brown) of the
triple-tail lipid ﬁlling in the voids between the helices. These
hydrophilic layers are separated by lamellae formed by the
hydrophobic lipid alkyl tails (yellow).
Next, the concept was generalized to other PEG-lipids and
cationic polypeptides. For this purpose, the lipid diC16-PEG
with 16 carbons in the alkyl tail and seven repeat units in the
PEG tail was complexed with the cationic polypeptides PLys,
PArg, and PHis. The SAXS curves of the resulting complexes
PLys(diC16-PEG), PArg(diC16-PEG), and PHis(diC16-PEG)
are compared in Figure 3a. A similar ﬁtting as described above
for the PLys(diC14-PEG) complex was used for all the
complexes, and the resulting Miller indices are depicted in the
ﬁgure. In addition to the PLys complex, also the other two
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Figure 3. (a) SAXS curves of PLys(diC16-PEG), PArg(diC16-PEG), and PHis(diC16-PEG) at room temperature. TEM micrographs of (b)
PArg(diC16-PEG) and (c) PHis(diC16-PEG) with FFT patterns as insets. The Miller indices for the oblique structure are shown for both the
SAXS and the FFT patterns.
Table 2. Lattice Parameters a, b, and γ for the Complexes and
the Orthogonal Interlayer Distance d for the Layered Structures
(see also Figure 8 for Deﬁnitions)

PLys(diC14-PEG)
PLys(diC16-PEG)
PLys(diC18-PEG)
PArg(diC16-PEG)
PHis(diC16-PEG)

a (Å)

b (Å)

γ (°)

d (Å)

45
47
50
45
38

28
29
26
32
15

107
108
105
105
96

43
45
48
43
38

cationic polypeptides form an oblique structure with the tripletail lipid. However, the scattering curves look very different
from each other, which is explained by the differences in the
lattice size. The lattice parameters for different complexes are
collected in Table 2. The correspondence of the ﬁtted Miller
indices with the SAXS data is very convincing for PLys(diC16PEG). For PArg(diC16-PEG) and PHis(diC16-PEG), TEM
micrographs (Figure 3b,c) are included to conﬁrm the oblique
structure. FFT patterns are shown as insets in the images, and
the Miller indices marked in the patterns correlate with the ones
calculated from the ﬁtted lattice parameters.
The differences in the lattice sizes are not only due to different
chemical structures of the polypeptides, but also due to different
helical structures, as revealed by FTIR. The FTIR amide band
region of PLys(diC16-PEG), PArg(diC16-PEG), and PHis(diC16-PEG) is shown in Figure 4. PLys(diC16-PEG) shows
distinct absorption bands at 1653 cm-1 and 1543 cm-1,
corresponding to an R-helical secondary structure.25 Also,
PArg(diC16-PEG) has dominant absorption bands at the same
wavenumbers. In addition, there are broad shoulders visible on
both sides of the amide I band that could implicate a fraction
of other secondary structures, discussed in more detail below.
PHis(diC16-PEG), on the other hand, has an absorption
maximum in the amide I band region at higher wavenumbers,

Figure 4. FTIR spectra of PLys(diC16-PEG), PArg(diC16-PEG), and
PHis(diC16-PEG) in the amide band region relevant to R-helical and
PPII-like helices.

that is, 1672 cm-1, which indicates a lack of intramolecular
hydrogen bonds. Previously, absorption at 1671 cm-1 was
related to a PPII-type helix.26 PPII-helix is a left-handed helix
with three residues per turn and no intramolecular hydrogen
bonds. It is most often found in polyproline, but recently it has
also been reported, for example, in short protein segments where
it can have a role in processing (in silk) or in bringing elasticity
(collagen and elastin).27-29 As CD spectroscopy could not be
made here from the precipitated samples, the assignment of the
secondary structure of PHis(diC16-PEG) remains so far tentative. However, based on the FTIR absorption at 1672 cm-1,
supported by the qualitatively similar oblique order as in the

3444 Biomacromolecules, Vol. 11, No. 12, 2010

Hanski et al.

Figure 5. SAXS curves of PLys(diC18-PEG) and PLys(diC18*-PEG),
where both have alkyl-tail lengths of 18 carbons, but the latter one
includes one double bond in both tails. The Miller indices for the
oblique structure are depicted for PLys(diC18-PEG). For PLys(diC18*PEG), reﬂections corresponding to a hexagonal columnar structure
are observed.

PLys and PArg complexes, we suggest the conformation of
PHis(diC16-PEG) to be helical but without internal hydrogen
bonds, thus, reminiscent of PPII-like helices. Note that there is
also a slight absorption at 1653 cm-1 that could implicate an
additional small fraction of R-helices. Based on the same
reasoning, the small shoulder in the spectrum of PArg(diC16PEG) near 1670 cm-1 indicates a fraction of secondary structures
without intramolecular hydrogen bonds such as PPII-like helices
or random coils. Altogether, the difference in the lattice
parameters between PHis(diC16-PEG), PArg(diC16-PEG), and
PLys(diC16-PEG) is clearly due to not only the chemical
structure but also the different helical structure, which is present
in all the complexes, enabling the formation of the oblique
morphology.
The concept of an ionic complex of polypeptide and tripletail lipid was still extended to compare lipids with different alkyl
tail saturation. For this purpose, the complexes PLys(diC18PEG) and PLys(diC18*-PEG) were prepared, differing from
each other only in that PLys(diC18*-PEG) contains one double
bond in both alkyl tails, whereas PLys(diC18-PEG) is completely saturated. As can be seen in the SAXS curves (Figure
5), the structures differ signiﬁcantly. PLys(diC18-PEG) forms
an oblique structure similar to the other four complexes
presented above (for lattice parameters, see Table 2). PLys(diC18*-PEG), however, shows a hexagonal columnar packing
of the helices with a helix-to-helix distance of 31 Å (q* ) 0.175
Å-1). This immediately raised a question about the role of the
double bonds in the completely different packing. To shed light
on this, the crystallinity of the side chains was studied with
differential scanning calorimetry (DSC).
Figure 6a shows the melting points of the crystalline side
chains in the complexes. The melting point increases almost
linearly as the length of the alkyl tail grows in the PLys(diCnPEG) series (n ) 14, 16, 18). The melting points of the side
chains in these complexes are very close to the melting points
of the corresponding pure lipids (see Supporting Information,
Figure S7), implicating the ability of the side chains to crystallize
in a close to optimal manner in the complexes. In the complexes
with other peptides, that is, PArg(diC16-PEG) and PHis(diC16PEG), the melting temperature of the side chains is notably

Figure 6. (a) DSC heating curves for all the polypeptide-lipid complexes
showing the melting of the side chain alkyl tails. (b) Dependence of the
melting enthalpy (ΔHf) on the alkyl chain length (n).

lower than in PLys(diC16-PEG) with the same lipid. This could
be due to the different secondary structure found in PHis(diC16PEG). Furthermore, in PArg(diC16-PEG) the secondary structure was not purely R-helical (Figure 4) but contained a small
fraction of other components which could affect the melting
temperature. In addition, the diameter of a PArg R-helix differs
from that of a PLys R-helix, which should change the packing
density of the lipid alkyl tails. This should also have an effect
on the crystallization capability since the complexation ratio
was 1:1 for both PArg and PLys complexes.
To have a better picture of the arrangement of the molecules
in the complex structure, the crystallinity of the side chain alkyl
tails in the PLys complexes was estimated. This was done based
on the melting enthalpy (ΔHf) versus number of methylene units
in the alkyl tail, n. It should be noted that the names of the
lipids and the complexes include one carbonyl carbon (see
Figure 1), which is not taken into account in the crystallization
calculation. Figure 6b shows that the needed enthalpy for
melting increases linearly with the side chain length (negative
sign for the required energy put into the system). The linear
dependence is presented by the equation30-32

ΔHf ) ΔHfe + nk

(2)

where ΔHfe is a constant for the contribution of the chain end
and k is the contribution of every added methylene unit to the
enthalpy. The number of crystalline methylene units, ncryst, in a
side chain is given by the equation31,32

ncryst )

ΔHf
k

(3)
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Table 3. Melting Enthalpies and Amount of Crystalline Methyl
Units in the Side Chains of the PLys Complexes

PLys(diC14-PEG)
PLys(diC16-PEG)
PLys(diC18-PEG)

ΔHf

ncryst

-8.0
-10.6
-12.9

6.4
8.5
10.4

The results are gathered in Table 3. As can be noticed, the
amount of crystallizing methylene units increases linearly, so
that the amount of amorphous methylene units is constant in
all of the complexes.
The only complex not showing any melting peak in the DSC
scan is PLys(diC18*-PEG) with double bonds in the side chains.
This would suggest that the difference between the oblique and
hexagonal structures originates from the side chain crystallization. To conﬁrm this assumption, the complexes were heated
above the melting temperatures of the side chains. Figure 7
shows the SAXS curves of PLys(diC16-PEG) during heating
and cooling. The oblique structure observed at room temperature
is slowly changed to a hexagonal columnar structure after
passing the melting temperature of the side chains. The ﬁrst
reﬂection of the oblique structure determining the layer distance
starts to shift to higher q values, indicating the shrinkage of the
lamellar periodicity. At the same time, the second reﬂection
moves to lower q values revealing the increasing distance
between the helices inside the hydrophilic layer. And ﬁnally, a
new reﬂection arises and the two above-mentioned reﬂections
merge with it to become the ﬁrst peak (q* ) 0.176 Å-1) of a
hexagonal columnar structure. The helix-to-helix distance (c)
in the hexagonal structure is 41 Å. The oblique structure is
returned upon cooling.
A similar behavior is observed for the other PLys and PArg
complexes with saturated alkyl tails (see Supporting Information,
Figure S3, for details). Also, PHis(diC16-PEG) shows a change
in the morphology upon heating, but unambiguous assignment
of the high-temperature structure cannot be done because of
missing higher order reﬂections. Comparable order-order
transitions from a layered arrangement of helices to hexagonal
or liquid crystalline packing have been observed previously only
for covalently modiﬁed comb-shaped polypeptides.33,34 However, to the best of our knowledge, correlation between the
helices in the layered structure has not been reported.
An exception to the series of thermally induced morphological
changes is demonstrated by the complex with unsaturated alkyl
tails, PLys(diC18*-PEG), where heating has no effect on the
hexagonal structure observed at room temperature, as could be
expected (see Supporting Information, Figure S5).
A schematic illustration of the hierarchical layered structure
observed at room temperature and the hexagonal columnar
structure is shown in Figure 8. At room temperature, the A2B
lipid forms a three-phase junction point with the polypeptide
chains. The helical polypeptide backbones (blue) are conﬁned
in the hydrophilic layers, where the PEG tails (brown) control
the intralayer distance between the helices. In addition, the
hydrophobic lipid alkyl tails (yellow) determine the distance
between the layers. The lipid alkyl tails are partly crystalline,
which arranges the complex to a layered structure instead of
the more symmetric hexagonal cylindrical morphology. Based
on the DSC results, all PLys complexes with saturated alkyl
tails have on average 6-7 amorphous carbons per tail while
rest of the methylene units participate in crystallization.
To account for the observed lattice size, the crystalline
methylene units must be interdigitated, tilted, or both. Knowing
the lattice parameters, the amount of crystalline carbons, the

Figure 7. SAXS curves for PLys(diC16-PEG) showing a reversible
order-order transition from oblique to hexagonal columnar structure
as a function of temperature.

complexation ratios, and the distance of the repeating units in
an R-helix, the density of the PLys complexes can be calculated.
For PLys(diC14-PEG), for example, bare tilting with no
interdigitation would create large density differences in the
material with the given lattice parameters, while interdigitation
leads to a uniform density of about 1.1 g/cm3 for both the
crystalline tails and other parts of the complex. Also, if we look
at the interlayer distance (d) for different PLys complexes (Table
2 and Figure 8), we notice that d increases more or less linearly
with 2-3 Å per two added methylene units in the side chain.
This is exactly the length of two crystallizing methylene units,
meaning that the crystallization takes place normal to the layer
direction between interdigitating alkyl tails with no tilting.
Plausibility of interdigitation is also supported by the positional
correlation between the helix layers, because interdigitating
double tails act as positional locks for the assembly.
The hydrophilic PEG tail is a crucial element in the welldeﬁned hierarchical self-assembly. The noncrystalline PEG acts
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Figure 8. Schematic presentation of the self-assembly of the polypeptide-A2B lipid complex with saturated alkyl tails at room temperature (on
the left). The alkyl tails control the separation of the PLys-containing hydrophilic layers and the PEG tails control the separation of the PLys
helices within the layers. The lattice parameters a, b, and γ deﬁne the oblique structure. Also, the orthogonal interlayer distance d is denoted
in the ﬁgure. Upon heating the structure turns to hexagonal columnar packing (on the right) because of the increased space requirement of the
melting side chains and symmetric interactions due to absence of crystallization. The helix-to-helix distance is denoted by c. The order-order
transition is reversible.

as a plasticizer and spacer within the hydrophilic nanodomains,
making the packing of the rigid R-helices easier and more
deﬁned. It also balances the density of the hydrophobic and
hydrophilic phases by ﬁlling in the voids between the R-helices.
Previously, stoichiometric complexes of helical peptides with
crystallizing surfactants or natural lipids have resulted in lamellar
structure with no correlation between the helices in different
layers.12,13,35,36 In other words, the excellent positional correlation of the R-helix layers reported here is believed to result from
the interdigitation of the crystalline alkyl tails as well as the
presence of the PEG tail in the lipid. The relatively small amount
of crystallizing methyl units in the alkyl tails allows the material
to be ﬂexible enough to ﬁnd the best possible space ﬁlling
despite the rapid preparation by precipitation.
Upon heating, the locking created by crystalline alkyl tails
opens and a transition to hexagonal columnar structure takes
place. First, as the crystallites melt, the distance between the
layers shrinks, but at the same time, the distance between the
helices inside the layer grows. The amorphous alkyl tails require
more lateral space, and because the crystallites are no longer
present, no direction of the tails is preferred over the other. This
leads to an order-order transition from a layered structure to
hexagonally arranged helices. However, as the temperature is
decreased again, the oblique arrangement of the helices is
returned, underlining the power of crystallizing alkyl tails in
the structure formation.

Conclusions
We have shown for the ﬁrst time a 2D correlated layered
structure for synthetic polypeptide-lipid complexes. The materials show a well-deﬁned oblique arrangement of the helices. The
uncommonly high orientational as well as positional overall
order was achieved by using an asymmetric A2B-type lipid with
hydrophobic and hydrophilic tails to control the self-assembly.
The crystallization of the lipid alkyl tails was found to guide
the formation of a correlated layered structure. As the positional
locking imposed by the crystallization of the alkyl tails in the
lipid was suppressed by heating the material above the melting
point of the side chains, an order-order transition to hexagonally
ordered cylinders was observed. This order-order transition was
fully reversible. In the complex with unsaturated amorphous
lipid alkyl tails, only hexagonal columnar structure was
observed, conﬁrming the importance of crystallization in the
hierarchical structure formation.

The method of using an A2B-type lipid in controlling the
arrangement of ionic complexes was found applicable to three
different polypeptides, the conformations of which were found
to range from R-helical to a secondary structure lacking internal
hydrogen bonds, tentatively assigned as PPII-like helix. The
interplay of rigid and soft elements lead to a highly deﬁned
structure that, combined with the rapid and robust preparation
method, is believed to open a facile way to polypeptide selfassemblies having unprecedentedly high order.
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Oblique Self-Assemblies and Order–Order Transitions in Polypeptide
Complexes with PEGylated Triple-Tail Lipids
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The FTIR spectra of the starting materials in the amide band range are shown in Figure S1. The pure
lipids do not show any significant absorptions in this region, thus, no interference with the analysis of
the polypeptide conformation is expected. The pure polypeptide spectra show broad absorptions in the
amide band region indicating that all the polypeptides in salt form contain a mixture of secondary
structures in the solid state. A clear change in the conformation is observed upon complexation with the
lipids (see the article).

Figure S1. FTIR spectra of the starting materials in the amide band range: a) lipids and b) polypeptides.
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The SAXS curves for the starting materials are shown in Figure S2. All the pure lipids with straight
alkyl tails show a lamellar structure with increasing periodicity. The structural size is 77 Å, 83 Å, and
85 Å for diC14-PEG, diC16-PEG and diC18-PEG, respectively, i.e., the lamellar periodicity grows
with increasing number of methylene units in the alkyl tail. PLys and PArg salts show a broad peak
corresponding to a structure size of about 15 Å and 12 Å, respectively. The sizes agree well with the
expected diameter of an -helix or the layer thickness in -sheet structure. PHis salt does not make any
periodic structure on its own.

.
Figure S2. SAXS curves of the starting materials: a) lipids and b) polypeptides.

The lamellar structure of the pure lipids is formed by alternating layers of hydrophobic alkyl tails and
hydrophilic PEG tails. In order to form such a periodicity, the double alkyl tails need to crystallize in
tail-to-tail manner while the PEG tails are not crystalline and fill the space of the hydrophilic phase.
S2

Comparing this to the space filling of the PLys complexes presented in the article, the packing of the
lipids changes considerably upon complexation. This is not surprising since in the complex the helical
polypeptides swell the hydrophilic phase in lateral direction, thus, enabling interdigitation of the alkyl
tails, which leads to a decrease in the layer periodicity. The only lipid not showing a lamellar structure
is diC18*-PEG with double bonds in the alkyl tails, which shows only a broad correlation peak of an
amorphous material.
Elemental Analysis. A PerkinElmer 2400 Series II CHNS Elemental Analyzer was used for
measuring the amount of lipids in comparison to the peptide repeating units. The complexation ratio
was calculated from the N/C ratio and found to be repeatable and stoichiometric in the limits of
experimental error. The measurement data is represented in Table S1. The only complex slightly
deviating from the others is PHis(diC16-PEG) where the complexation ratio can be considered to be
slightly less than 1:1.

Table S1. Elemental analysis results and the calculated degrees of complexation.
Ccalc. (%)

Cfound. (%)

Ncalc.(%)

Nfound.(%)

Degree of complexation

PLys(diC14-PEG)

58.4

58.1

3.7

3.7

1.02

PLys(diC16-PEG)

59.7

58.5

3.5

3.5

0.98

PLys(diC18-PEG)

60.6

59.6

3.4

3.4

0.98

PLys(diC18*-PEG)

60.8

60.1

3.4

3.3

1.07

PArg(diC16-PEG)

58.3

57.5

5.8

5.5

1.04

PHis(diC16-PEG)

59.3

57.8

4.7

4.8

0.92
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Figure S3. SAXS curves of the heating experiments. All the complexes show a reversible order-order
transition above the melting temperature of the side chains.
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The SAXS curves of the heating experiment are shown in Figure S3. PLys(diC14-PEG),
PLys(diC16-PEG) and PArg(diC16-PEG) demonstrate an order-order transition upon heating the
complex above the melting temperature of the alkyl tails in the side chains. A morphology change from
oblique to hexagonal columnar structure at 100 °C is indicated by the three reflections  כ ݍǡ ξ͵ כ ݍǡ ʹ כ ݍ.
Also PHis(diC16-PEG) complex shows a transition upon heating, but due to only one broad peak
observed at high temperatures, no assignment of the structure can be made. It can thus be stated, that
the structure of PHis(diC16-PEG) is not as well ordered at high temperature as in the other complexes.
Nevertheless, the oblique structure is returned as the temperature is cooled down again.
TEM micrographs of PLys(diC16-PEG) and

PLys(diC18-PEG) are shown in Figure S4 (FFT

patterns are shown as insets). The oblique structure is not observed as clearly as with the other
complexes. This is due to the fact that the helices have to be oriented normal to the imaging plane in
order to see the arrangement. This has not been achieved in PLys(diC16-PEG) and PLys(diC18-PEG).
However, as SAXS shows multiple reflections for both of the complexes and the lamellar periodicity
observed in the micrographs corresponds to the value calculated from the lattice parameters and as the
other complexes clearly show in TEM images the oblique structure, we can safely be convinced of the
oblique structure also in these PLys complexes.
We were not able to image PLys(diC18*-PEG), since due to the amorphous alkyl tails, the material
does not contain enough electron density contrast. The temperature behavior of PLys(diC18*-PEG)
was, however, studied with SAXS and the scattering curves are presented in Figure S5. No change in
the hexagonal columnar morphology is observed as the temperature is raised.
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Figure S4. TEM micrographs of PLys(diC16-PEG) and PLys(diC18-PEG) with FFT patterns including
Miller indices.

Figure S5. SAXS curves of the heating experiment made on PLys(diC18*-PEG). No change in the
morphology can be observed as a function of temperature.
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FTIR was used for monitoring the influence of increasing temperature on the secondary structures of
the peptides in the complexes. The FTIR spectra of the heating experiments for PLys(diC16-PEG,)
PArg(diC16-PEG) and PHis(diC16-PEG) are shown in Figure S6. None of the complexes show any
change in the absorptions in amide I or II band, indicating stability of the secondary structures upon
heating. Thus, the impact of changes in secondary structures on the changes in morphology observed in
SAXS can be ruled out.

Figure S6. The effect of heating on the secondary structures of PLys(diC16-PEG), PArg(diC16-PEG)
and PHis(diC16-PEG) measured with FTIR. No change in the amide band absorptions can be observed
for any of the complexes indicating, stability of the conformations.
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The melting temperatures of the pure lipids were measured with DSC, the results of which are shown
in Figure S7.

Figure S7. DSC heating scans for the pure lipids, showing the melting temperatures.
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