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order–order transition is full and reversible.
In Publications IV and V, miktoarm star copolymers with ABC, A2 B and A2 B2 architectures have been studied. The rod-like packing of α-helical polypeptide arms leads
to lamellar block copolymer morphologies in all of the architectures and, in addition, to a hierarchical smectic packing in the ABC miktoarm architecture. The number of arms influences the degree of organization and packing of the rigid α-helices.
Polypeptide side chain modification, on the other hand, influences the polypeptide
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1. Introduction

Organization of matter in the nanometer length scale has become a multidisciplinary interest.1–10 In this context, block copolymers have gained
much attention due to their ability to form periodic structures with 10–
100 nm dimensions.2, 11–13

The self-assembled structures are sponta-

neously formed by the competing interactions between the constituents,
and they are thermodynamically stable.14, 15 Self-organization, a term
which is often used interchangeably with self-assembly, is in this work
reserved for dissipative systems which are not in thermodynamic equilibrium, e.g. living organisms which require a constant input of energy to
maintain their structure.16
The structures formed by block copolymers depend on the molecular
characteristics, including molecular weight, relative sizes of the blocks
and their mutual incompatibility, as well as temperature.2 Recent advances in block copolymer synthesis have led to more complex, yet welldefined copolymer architectures,13, 17 making it evident that also molecular architecture18–20 and flexibility of the blocks21 play a significant role
in the structure formation. The ultimate structural control can of course
be found in nature, where materials are built from relatively simple constituents but have ordered structures on many length scales and perform
highly specific tasks.22 This has inspired the use of biological polymers,
predominantly polypeptides23–27 but also DNA28 and polysaccharides,29
as structural units in block copolymers for developing new materials.
The supramolecular approach, on the other hand, avoids complex synthetic procedures and utilizes noncovalent interactions to create molecular assemblies.3, 4, 14

Comb-shaped supramolecules are examples of

polymer-based, noncovalently bonded assemblies, constructed by attaching small molecular weight side chains to polymer backbones.30–33 They
form periodic structures with smaller dimensions than block copolymers,
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typically in the range of a few nanometers. By combining noncovalently
bonded side chains with block copolymer self-assembly, structural hierarchies, where both self-assembly length scales are demonstrated, can be
achieved.34–39 In general, the choice of polymer side chains is an interesting subject, as the polymer backbone conformation can be adjusted by
side chain crowding.40 On the other hand, the use of biopolymers as the
polymer backbone offers an additional level of structural control due to
the multiple possible conformations they can adopt.41, 42
Supramolecular concepts, biopolymer conformations, different side
chain architectures and nonlinear block copolymers are employed in this
work to learn how to control structure formation in the nanoscale.

1.1

Outline of the Thesis

In this thesis, we demonstrate how molecular architecture and polypeptide conformation can be used for controlling self-assembly of polypeptidebased materials in the bulk solid state. For this purpose, homopolypeptides and nonlinear block copolymers with polypeptide blocks are combined with different supramolecular side chains. These approaches are
presented schematically in Fig. 1.1.
In Chapter 2, we show how surfactant architecture, namely the branching and chain length of supramolecularly attached side chains can be
used to control homopolypeptide conformation and self-assembly. These
ionic complexes are further subjected to external stimuli — elevated temperatures and organic solvent treatment — to study how the polypeptide conformation and self-assembly of the supramolecular systems can

Homopolypeptides

Side chain
complexity
increases

Triple-tail
lipids

Publication III

Branched
surfactants

Publication II

Nonlinear block copolymers
with polypeptide blocks

Single-tailed
surfactants

Publication I

Polymer
complexity
increases

No supramolecular
side chains

Publication V

Publication IV

Figure 1.1. Schematic illustration of the polymer (green) and supramolecular side chain
(yellow) systems studied in this thesis. Polymer complexity increases from
left to right in the top row, while side chain complexity increases from right
to left in the middle row.
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be tuned. We also report plasticization of the brittle ionic complexes to
shear-deformable materials by addition of excess amounts of surfactants.
The homopolypeptide–surfactant approach is extended in Chapter 3,
where different lipid architectures are employed. The lipids complexed
with homopolypeptides comprise of two alkyl tails and one polyethylene
glycol (PEG) tail. The chain length of the lipid alkyl tails and their saturation is varied, while the length of the PEG tail is kept constant. We
demonstrate the first oblique packing found in homopolypeptide–lipid systems, and show a temperature-dependent, fully reversible order–order
transition between the oblique and hexagonal cylindrical morphology.
In Chapter 4, the effect of block copolymer architecture is investigated.
For this purpose, miktoarm star copolymers with polypeptide blocks are
studied with and without supramolecularly attached side chains. The conformation of the polypeptide, the number of polymer arms and their chemical nature are shown to lead to various packing modes of the molecules in
the solid state. We show the first well-ordered hierarchical self-assembly
in an ABC miktoarm star terpolymer with two amorphous coil-like polymer arms and one polypeptide arm, as well as the first systematic study
of miktoarm star copolymers with polypeptide blocks whose conformation
is controlled.
Throughout this thesis, the use of the pronoun "we" acknowledges that
the original research efforts have been carried out in collaboration with
several research groups and individuals.
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2. Homopolypeptide–Surfactant
Complexes

2.1

Background

Comb-like polymers consist of a polymer backbone and covalently or
supramolecularly attached side chains.32, 33, 43, 44 Flexible side chains are
used for plasticizing, for example, rod-like polymers which do not generally melt before decomposition and are otherwise hard to dissolve.45, 46
Polypeptides suffer from similar processability problems due to their
hydrogen-bonding nature and shape-persistent conformations.

In the

solid state, in particular, conformational transitions are greatly hindered
by steric factors.
When ionic interaction is employed to attach the side chains, i.e., the
polymer and the surfactant are oppositely charged, complexes can be easily prepared by mixing equimolar amounts of aqueous solutions of the constituents. The cooperative binding process leads to spontaneous precipitation of stoichiometric polyelectrolyte–surfactant complexes where practically every polymer repeat unit is attached to a surfactant side chain. The
interplay of attractive ionic interaction and repulsion between the polar
polymer backbone and nonpolar surfactant tails leads to self-assembled
morphologies in the solid state.47–49
Additional structural control of the complexes is possible when conventional polymers are replaced by charged homopolypeptides such as polylysine,41, 42, 50, 51 polyglutamate52 or polyhistidine.51, 53 Specific conformations of the polypeptide play an important role in the self-assembly of the
whole system. For example, the β-sheet conformation leads to lamellar
self-assemblies where a single β-sheet is sandwiched between two layers
of ionically bound surfactants whose alkyl tails can be crystalline or amorphous, depending on their length.41, 50 A single polypeptide–surfactant
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complex may present different conformations, depending on the conditions.41 However, no well-defined conformations are observed with hyperbranched polypeptide chains.54

2.2

Self-Assembly of Ionic Complexes

As previous studies on polypeptide–surfactant complexes have mainly
concentrated on single-tailed surfactants, we wanted to study in detail how the surfactant architecture is related to polypeptide conformation and self-assembled structures in the solid state. For this purpose, stoichiometric PLL–surfactant (PLL, poly(L-lysine)) complexes were
prepared with a branched single-tailed surfactant dodecylbenzenesulfonic acid (DBSA), with linear double-tailed phosphodiester surfactants
didodecyl phosphate (diC12) and dioctyl phosphate (diC8) and with
branched double-tailed phosphodiester surfactant bis(2-ethylhexyl) phosphate (diC2/6) in Publications I and II.
As illustrated in Fig. 2.1, the molecular architectures of the surfactants vary in the branching and alkyl tail length. The branched surfactants DBSA and diC2/6 have previously been used for improving the
O

H

O

H

N

N H3

N H3

O

O

O S

O

PLL(DBSA)

O

H

O

P

N H3
O

O

O

O

PLL(diC12)

O

H

N

N

P

N

N H3
O

O

O

O

PLL(diC8)

P

O
O

PLL(diC2/6)

Figure 2.1. Structural formulas of the ionic polypeptide–surfactant complexes.
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processability of rod-like conducting polymers and oligomers,55, 56 as the
branched tails do not crystallize and work as efficient plasticizers. The
neat surfactant diC12 with linear alkyl tails, on the other hand, shows
a very delicate crystallization behavior: the two tails crystallize in a
V-shaped configuration when the surfactant head group is in the acid
form,57 but parallel to each other in the potassium salt form.58
By elemental analysis, the precipitated complexes were shown to have
a stoichiometric complexation ratio within the limits of experimental error. Therefore, the complexes are denoted by their nominal compositions
PLL(DBSA), PLL(diC12), PLL(diC8) and PLL(diC2/6).∗
Fourier transform infrared spectroscopy (FTIR) was used for investigating the conformation of the PLL backbone (Fig. 2.2). PLL(DBSA),
PLL(diC12) and PLL(diC8) all show absorption bands at 1695–1693 cm−1
(amide I), 1629–1628 cm−1 (amide I) and 1534–1530 cm−1 (amide II),
which are characteristic of antiparallel β-sheet conformation.59 In addition, PLL(DBSA) and PLL(diC8) show small shoulders at about 1658
cm−1 indicating that small amounts of other conformations are present,
as well. The most branched surfactant in the study, diC2/6, differs clearly
from this series: The absorptions at 1657 cm−1 (amide I) and 1547 cm−1
(amide II) correspond to α-helical conformation.
∗ In Publications I and II, these stoichiometric complexes are denoted as

PLL(DBSA)1.0 , PLL(diC12)1.0 etc. Here, this notation is reserved for the organic
solvent treated complexes.

Absorbance (a.u.)

PLL(diC2/6)

PLL(diC8)
PLL(diC12)
PLL(DBSA)
1700

1600
ν (cm-1)

1500

Figure 2.2. FTIR spectra of the stoichiometric ionic complexes prepared from aqueous
solution. Adapted with permission from Publications I and II. c 2008 &
2009 American Chemical Society.
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The differences between the two groups of complexes are also evident
in SAXS and WAXS (Fig. 2.3). PLL(DBSA), PLL(diC12) and PLL(diC8)
all show multiple, evenly spaced narrow reflections due to well-ordered
lamellar self-assemblies.

Lamellar self-assemblies of PLL(diC8) and

PLL(diC12) are also observed in TEM (Fig. 2.4). The periodicity of the
lamellar structure, as estimated from the positions of the SAXS reflections, is 3.6 nm in both PLL(DBSA) and PLL(diC8), and 4.8 nm in
PLL(diC12). These figures correspond well to the thickness of β-sheet
(1.5 nm) surrounded on each side by a layer of surfactants. PLL(diC2/6),
on the other hand, shows distinct reflections q1? and 3q1? accompanied by
pronounced scattering starting at ∼0.29 Å−1 . The broad reflection near
√
0.42 Å−1 is close to the expected 3q1? reflection of hexagonal cylindrical
packing. As the width of this reflection suggests that it may be a combination peak, and that two different structures are responsible for the
observed scattering curve, we performed fitting of Lorentzian peaks to
the data (fitting shown in Publication II, Supporting Information). Based
on the fitting, we suggest that hexagonal cylindrical self-assembly (re√
flections q1? , 3q1? , 3q1? ) coexists with tetragonal cylindrical self-assembly
√
(reflections q2? , 2q2? ). Therefore, the packing of the complexed α-helical

SAXS

q*1

q*2

WAXS
PLL(diC2/6)

3q*1 + 2q*2

3q*1

5q*

Intensity (a.u.)

2q*
q*

2q*
q*

PLL(diC8)

4q*

(3q*)

7q*
4q* 5q*
6q*
PLL(diC12)

2q*
q*
0.0

0.2

PLL(DBSA)
0.4

1.0

1.5

2.0

2.5

q (Å )
-1

Figure 2.3. SAXS and WAXS curves of the stoichiometric ionic complexes prepared from
aqueous solution. Adapted with permission from Publications I and II.
c 2008 & 2009 American Chemical Society.
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a)

b)

30 nm

30 nm

Figure 2.4. TEM micrographs of the lamellar self-assembly of a) PLL(diC8) and b)
PLL(diC12). Reprinted with permission from Publication II. c 2009 American Chemical Society.

chains is not ideal in the solid state.
In addition to controlling conformation and self-assembly, we wanted
to learn how the architecture of the surfactant influences crystallization
of the alkyl tails.

Crystallization was studied with WAXS (Fig. 2.3).

PLL(diC12) has a sharp reflection at 1.53 Å−1 , originating from crystalline dodecyl tails of the surfactants. On the contrary, the reflection of
PLL(diC2/6) is broad and located at 1.44 Å−1 , showing that the branched
alkyl tails are amorphous. PLL(diC8) has a WAXS curve with elements
of both amorphous and crystalline regions with the maximum value at
1.48 Å−1 . Previously, n-alkyl tails of surfactants have been observed to
crystallize in polyelectrolyte–surfactant complexes only when the alkyl
chain is sufficiently long.49 Our observations support this, showing a
higher degree of crystallinity in PLL(diC12) than in PLL(diC8).
The self-assembled structures of the ionic complexes as prepared from
aqueous solutions are summarized in Fig. 2.5.

As PLL(diC2/6) and

PLL(diC8) are structural isomers, the difference in their polypeptide conformation must depend on the architecture of the surfactant, i.e., if it is
branched or linear. We expect that the shape of diC2/6 surfactant, which
takes up more lateral space than diC8, forces the PLL backbone to the
α-helical conformation that can accommodate the surfactant molecules
better than the β-sheet conformation. This is understandable from the
viewpoint of the surfactant packing parameter, which describes geometric
packing conditions based on surfactant chain length, hydrocarbon volume
and optimal head group area.60 Outside this work, complexes prepared
from PLL and single-tailed surfactants in aqueous solution have resulted
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Cylindrical self-assembly with
α-helical conformation

Lamellar self-assemblies with β-sheet conformation
PLL(DBSA)

PLL(diC12)

PLL(diC8)

PLL(diC2/6)

+

2.9 nm

3.6 nm

4.8 nm

3.6 nm

2.2 nm

Figure 2.5. Schematic illustration of the self-assembled structures of the stoichiometric
ionic complexes prepared from aqueous solution. Adapted with permission
from Publication II. c 2009 American Chemical Society.

in PLL β-sheets41, 50 while PLL α-helices have been observed only after
evaporation of the complexes from organic solvent.41, 42
In conclusion, we can essentially control (i) the conformation of the
polypeptide (β-sheet or α-helix), (ii) the morphology of the self-assembled
structure (lamellar or cylindrical), (iii) periodicity of the self-assembled
structure and (iv) crystallization of the alkyl tails by adjusting the number of surfactant tails, their length and branching.

2.3

Thermal Treatment

Thermal treatment of the stoichiometric ionic complexes discussed above
was performed in order to find out how an external stimulus — in this case
temperature — affects polypeptide conformation and self-assembly of the
supramolecular systems. The solid-state samples were measured in situ
in FTIR and SAXS to reveal possible thermally triggered transformations.
A maximum temperature of 160 ◦ C was used in the experiments to avoid
thermal decomposition of the sensitive complexes.
PLL(DBSA) with β-sheet conformation and lamellar structure showed
no changes in FTIR and SAXS during thermal treatment (data not
shown). As β-sheet conformation is known to promote mechanical stability in silk, for example, our first interpretation was that β-sheets are
structurally so stable that they cannot be disrupted in the solid state by
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temperature alone.
However, complexes PLL(diC12) and PLL(diC8) proved that this is
not the case. During thermal treatment of PLL(diC12), FTIR reveals
the growth of a new amide I band at 1660 cm−1 , starting from 120 ◦ C
(Fig. 2.6a). Simultaneously, the amide II band shifts from 1531 to 1543
cm−1 . These changes indicate that a part of the β-sheet chains are transformed to the α-helical conformation. As there are now multiple overlapping amide I bands, the existence of some amount of random coil conformation cannot be excluded. In SAXS, the thermal treatment results in
disappearance of the multiple narrow lamellar reflections from 80 ◦ C onward (Fig. 2.6b). In other words, the well-defined lamellar self-assembly is
lost and replaced by irregular packing of the complex chains in the solid
state. All transformations observed are irreversible. PLL(diC8) shows
similar behavior during thermal treatment, with the exception that the
transformation does not proceed as far as in PLL(diC12).
We believe that the thermally triggered disruption of β-sheets is possible
in these complexes due to the added alkyl tail volume. In PLL(DBSA), on
the other hand, the single — albeit branched — tail cannot gain enough
a)

b)
30 oC
(cooling)

30 oC

160 oC

(cooling)

140 oC
120 oC

140 oC

Intensity (a.u.)

Absorbance (a.u.)

160 oC

120 oC
100 oC

100 oC
80 oC
60 oC

80 oC
40 oC
60 oC

2q*

40 oC

(3q*)

q*

25 oC

1700

1600
ν (cm-1)

1500

0.0

25 oC

0.2

0.4
q (Å-1)

4q*

0.6

Figure 2.6. a) FTIR spectra and b) SAXS curves of PLL(diC12) during thermal treatment. Adapted with permission from Publication II. c 2009 American Chemical Society.
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thermal energy to destabilize the multiple hydrogen bonds characteristic
to β-sheet conformation.
PLL(diC2/6) with α-helical conformation and cylindrical structure does
not show any changes in FTIR during thermal treatment. The permanence of the α-helical conformation is suggested to be due to the wide
lateral dimensions of the diC2/6 surfactant which cannot easily fit in, for
example, β-sheet conformation. In addition, the fact that both PLL(diC8)
and PLL(diC12) move away from the β-sheet conformation during thermal treatment may indicate that surfactants with multiple tails favor
conformations which maximize the available area per surfactant.

2.4

Organic Solvent Treatment and Plasticization

The ionic complexes discussed above are solid, brittle materials that do
not flow readily even at elevated temperatures. If polymer-like applications are pursued for polypeptide-based materials, it is important that
their processing is possible in a facile manner. Therefore, we wanted to
find ways to plasticize the complexes to be soft, shear-deformable materials. We were also interested in using organic solvent treatment to further
learn how to control the conformation and self-assembly of the complexes.
Previously, a PLL–alkyl sulfate complex prepared from aqueous solution was shown to be soluble only in low polarity organic solvents with
small amounts of added trifluoroacetic acid (TFA) to break the β-sheets.41
The complex was not soluble in neat solvents (including TFA), or in solvents of high polarity even when TFA was added. Likewise, we found that
the aqueous precipitated and dried PLL(DBSA) does not dissolve in low
polarity organic solvents without the addition of TFA.
PLL(DBSA) was dissolved in chloroform (CHCl3 ) with 3 vol% of TFA
and combined with excess DBSA to provide the complexes PLL(DBSA)x
where x = 1.0 (no excess), 1.5, 2.0 and 3.0 depict the nominal compositions
(Fig. 2.7a). From the complexes with phosphate surfactants, PLL(diC8)
was chosen for the organic solvent treatment and plasticization studies
for two reasons. First, diC8 and diC2/6 are liquid at room temperature,
whereas diC12 is crystalline, so only diC8 and diC2/6 should be efficient
plasticizers. Second, the complex PLL(diC8) has been shown to be able
to adopt both β-sheet and α-helical conformations, so it should be interesting to study in which direction the solvent treatment changes the conformation of PLL in this complex. PLL(diC8) was soluble in neat CHCl3
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Figure 2.7. Structural formulas of the organic solvent treated and plasticized complexes
a) PLL(DBSA)x and b) PLL(diC8)x with x = 1.0, 1.5, 2.0 and 3.0. Tentative
hydrogen bonding of the excess surfactant molecules to the ionically complexed surfactant is shown (see text for detailed discussion).

when gently heated to 45 ◦ C. The solution was cooled back to room temperature and combined with excess diC8 in CHCl3 to give the complexes
PLL(diC8)x where x = 1.0, 1.5, 2.0 and 3.0 (Fig. 2.7b).
After drying from organic solution, the first evidence of plasticization is
immediately observed by naked eye: The brittle complexes PLL(DBSA)1.0
and PLL(diC8)1.0 are gradually transformed into more fluid-like as excess
surfactant is added (increasing x). The tentative hydrogen bonding of excess surfactant molecules shown in Fig. 2.7 cannot be directly verified by
FTIR due to overlapping bands, but is indirectly supported by a number
of properties, including absence of macrophase separation in optical microscopy and lack of pronounced scattering at low q values in SAXS, indicating that the components are mixed on the molecular level. In addition,
the chemical similarity of the ionically bonded and excess surfactants promotes mixing.
Importantly, hydrogen bonding of the excess surfactants does not take
place with the polypeptide backbone, as well-defined conformations are
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observed in FTIR (Fig. 2.8). PLL(DBSA)1.0 and PLL(diC8)1.0 have an
amide I band at 1658–1654 cm−1 and an amide II band at 1545 cm−1 ,
corresponding to α-helical conformation. Small amounts of other conformations are also present, but increasing x results in purely α-helical
conformations for both PLL(DBSA)x and PLL(diC8)x series. The only exception is PLL(DBSA)3.0 that has a broad amide I band shifted to 1665
cm−1 . This broad band indicates that a significant amount of PLL chains
is in the random coil conformation, lacking any regular hydrogen-bonded
structure.
The conformational changes are reflected in the structure of the complexes, as observed by SAXS (Fig. 2.9). All complexes show reflections
√
√
typical for hexagonal cylindrical packing (i.e., q ? , 3q ? , 2q ? , 7q ? etc.).
Addition of excess surfactants results in more narrow reflections, and in
the PLL(diC8)x series, also the number of observed reflections is significantly increased.
The complexed and plasticized PLL chains are essentially bottle-brushshaped supramolecules where the α-helix forms the core of the brush and
the surfactants protrude outwards from it. These brushes are then arranged in the hexagonal cylindrical lattice. Interestingly, SAXS reveals
that the lattice parameter c — the cylinder-to-cylinder distance — does
a)

b)

Absorbance (a.u.)

Absorbance (a.u.)

x =3.0

x =2.0

x =1.5

x =3.0

x =2.0

x =1.5

x =1.0
x =1.0

1700

1600
ν (cm-1)

1500

1700

1600
ν (cm-1)

1500

Figure 2.8. FTIR spectra of a) PLL(DBSA)x and b) PLL(diC8)x complexes. Adapted with
permission from Publications I and II. c 2008 & 2009 American Chemical
Society.
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Figure 2.9. SAXS curves of a) PLL(DBSA)x and b) PLL(diC8)x complexes. Inset in a):
PLL(DBSA)1.0 measured with a larger q range to reveal more reflections.
Adapted with permission from Publications I and II. c 2008 & 2009 American Chemical Society.

not change significantly as a function of x (Table 2.1). Therefore, the excess surfactants must be placed within the existing structure, penetrating between the ionically bonded surfactants. This is possible because the
α-helical conformation offers enough lateral space for the surfactants to
exist close to it, even when excess surfactant is added.
Table 2.1. Effect of plasticization (increasing x) on the cylinder-to-cylinder distance, c, in
the hexagonal cylindrical morphology.

Complex series

x

c (nm)

PLL(DBSA)x

1.0

3.2

1.5

3.2

2.0

3.3

3.0

3.4

1.0

3.4

1.5

3.2

2.0

3.1

3.0

3.2

PLL(diC8)x
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2.5 Thermal Treatment of Organic Solvent Treated Complexes
We have above demonstrated that certain polypeptide–surfactant complexes having β-sheet conformation can be converted to α-helical conformation by heating in the solid state (partial transformation) or by solvent
treatment (full transformation). We wanted to see if the reverse transformation from α-helical to β-sheet conformation is also possible with our
systems. This process of course mimics the formation of spider silk, which
has exceptional mechanical properties due to the controlled formation of
β-sheets during the spinning process.22
For the experiments, we chose the organic solvent treated PLL(DBSA)1.0
as the representative system. This complex has been shown to exist in
both β-sheet and α-helical conformations before and after organic solvent
treatment, respectively, and unlike PLL(diC8) it does not convert to the
α-helical form by thermal treatment.
FTIR and SAXS were measured in situ to reveal possible changes in the
conformation and self-assembly of PLL(DBSA)1.0 during thermal treatment. In FTIR (Fig. 2.10a), the amide I band at 1654 cm−1 is clearly
reduced in intensity when temperature is raised, and two new bands appear at 1625 and 1692 cm−1 . Simultaneously, the amide II band is shifted
from 1546 to 1530 cm−1 . These observations indicate that during thermal treatment, the α-helical conformation obtained by solvent treatment
is again replaced mainly by the antiparallel β-sheet conformation.
In SAXS (Fig. 2.10b), the reflections q ? and 2q ? of the hexagonal cylindrical self-assembly are accompanied by two new reflections q ?? and 2q ?? .
This indicates that the hexagonal cylindrical self-assembly coexists with
a lamellar self-assembly that emerges at high temperatures. The mixed
state of α-helical and β-sheet conformations fits well with these observations.
Previously, a thermally induced α-helix to β-sheet transition has been
reported in Bombyx mori silk, regenerated from hexafluoroisopropanol.61
This can be considered an analogous material to PLL(DBSA)1.0 in that
both are solvent treated to give the α-helical conformation, although they
naturally form β-sheets in the solid state.
In the solution state, it has been reported that the α-helix to β-sheet
transition of uncharged PLL involves the formation of intermediate random coils.62 It is plausible that also the solid-state transformation includes random coil formation as the hydrogen bonds are rearranged, and
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Figure 2.10. a) FTIR spectra and b) SAXS curves of organic solvent treated
PLL(DBSA)1.0 during thermal treatment (temperatures shown in ◦ C).
Adapted with permission from Publication I. c 2008 American Chemical
Society.

that especially in the case of mixed conformations in the solid state also
random coil conformation is preserved to some degree. Solution studies of PLL also show that the α-helix to β-sheet transition depends on
chain length: the longer the polypeptide, the lower the transition temperature.63 In our studies, we have used PLL with molecular weight
18800–21500 g/mol (by viscosity, values reported by Sigma–Aldrich) for
the solid-state measurements. Therefore, it could be possible to further
tune the transition temperatures by using polypeptides of different molecular weights.
Fig. 2.11 summarizes the several pathways we have found to control
the conformation and self-assembly of polypeptide–surfactant complexes
in the solid state.
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Figure 2.11. Schematic illustration of the pathways studied in Publications I and II
to control conformation and self-assembly in polypeptide–surfactant complexes.
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3. Homopolypeptide–Lipid Complexes

3.1

Background

The comb-shaped supramolecular complexes described in Chapter 2 can
be further modified in many ways. Comb-shaped blocks have been employed extensively with, for example, block copolymers∗ to create hierarchical self-assemblies with multiple length scales.34–39
On the other hand, the supramolecularly attached side chain can be
more complex. One group of interesting, biologically relevant supramolecular side chains is phospholipids, as they possess various head groups (including charges), alkyl tail lengths and saturation. Natural phospholipids
and lipid mixtures have been studied with polypeptides mainly from the
perspective of the lipid bilayer, i.e., how a charged polypeptide affects the
organization of the lipid bilayer.64, 65
Interestingly, complexes of lipids and DNA can form regular 2D arrangements of the DNA double helices.66 DNA–lipid complexes are typically
prepared by using a mixture of cationic and neutral lipids, so-called helper
lipids, to adjust the charge density. Helper lipids have also been employed
to control the separation between genetically engineered, monodisperse
α-helices, leading to 2D order of the polypeptide chains.67 However, the
same approach used with a synthetic homopolypeptide did not result in
positional order of polypeptide α-helices.68 Complexed with conventional
polyelectrolytes, natural lipid mixtures have been shown to lead to undulated lamellar morphologies.69
Modification of natural lipids by covalently attached polyethylene glycol
(PEG) chains, a process known as PEGylation, leads to triple-tail lipids.
PEGylated lipids are extremely interesting supramolecular side chains,
∗ Block copolymers will be discussed in more detail in Chapter 4.
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as they possess both hydrophilic (PEG) and hydrophobic (alkyl) tails, combined with the anionic head group that can be complexed with a cationic
polyelectrolyte.

3.2 Self-Assembly of Ionic Complexes
In Publication III, we have studied how the use of PEGylated phospholipids as side chains affects the self-assembly of PLL–lipid complexes.

The four PEGylated triple-tail phospholipids consist of two

alkyl tails and one PEG tail (Fig. 3.1). The lipids 1,2-dimyristoyl-snglycero-3-phosphoethanolamine-N-[methoxy(polyethylene
(diC14-PEG),

glycol)-350]

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene

glycol)-350]

(diC16-PEG),

1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
(diC18-PEG)

and

1,2-dioleyl-sn-glycero-3-phosphoethanolamine-N-
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Figure 3.1. Structural formulas of the ionic polypeptide–lipid complexes. Note that * is
used for denoting unsaturation of the alkyl tails in PLL(diC18*-PEG).
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[methoxy(polyethylene glycol)-350] (diC18*-PEG) vary in the length and
saturation of the alkyl tails, while the length of the PEG tail is seven
repeat units in all of the lipids. By elemental analysis, the precipitated
complexes were shown to have stoichiometric complexation ratios, and
the complexes are denoted by their nominal compositions as PLL(diC14PEG), PLL(diC16-PEG), PLL(diC18-PEG) and PLL(diC18*-PEG). The
precipitated and dried complexes were studied without further annealing.
FTIR spectra of the complexes show an amide I band at 1653–1651 cm−1
and amide II band at 1547–1543 cm−1 (Fig. 3.2), indicating that a righthanded α-helical conformation is adopted by PLL in all of the complexes.
This is not surprising, as the lipids are extremely bulky side chains, and
the α-helical conformation can offer more space per side chain, as observed with the branched surfactant diC2/6 in the previously discussed
Publication II.
SAXS curves of the complexes, however, are not identical but can be
divided into two groups based on the saturation of the lipid alkyl tails
(Fig. 3.3). PLL(diC14-PEG), PLL(diC16-PEG) and PLL(diC18-PEG) show
multiple narrow reflections, which do not correspond to any of the commonly observed self-assembled morphologies such as lamellar (q ? , 2q ? ,
√
√
3q ? , 4q ? . . . ), hexagonal cylindrical (q ? , 3q ? , 2q ? , 7q ? . . . ), gyroid (q ? ,
4/3q ? ,

7/3q ? , 8/3q ? . . . ), FCC (q ? , 4/3q ? , 8/3q ? , 11/3q ? . . . ) or
√
√
BCC (q ? , 2q ? , 3q ? , 2q ? . . . ) structure.70 PLL(diC18*-PEG) with unsatup

p

p

p

p
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1700

1600
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Figure 3.2. FTIR spectra of the ionic polypeptide–lipid complexes. Adapted with permission from Publication III. c 2010 American Chemical Society.
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Figure 3.3. SAXS curves of the ionic polypeptide–lipid complexes. The Miller indices of
the oblique structure are shown for the lipids with saturated tails. Adapted
with permission from Publication III. c 2010 American Chemical Society.
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rated alkyl tails, on the other hand, shows reflections q ? = 0.175 Å−1 ,

√

3q ?

and 2q ? (with weak 3q ? ) of a hexagonal cylindrical morphology where the
helix-to-helix distance is 4.1 nm.
TEM was used to shed more light on the structure of the complexes with
saturated lipids. The micrograph of PLL(diC14-PEG) (Fig. 3.4) shows an
extremely well-organized layered structure. Within the layers, a smaller
periodical structure is observed, as well. These two levels of hierarchy
are also observed in the fast Fourier transform (FFT) of the TEM image
(shown as inset in Fig. 3.4). Layered structures are observed in TEM also
for PLL(diC16-PEG) and PLL(diC18-PEG) (data not shown).
Based on the SAXS and TEM results, the complexes self-assemble in
an oblique columnar structure. The 2D projection of this structure is a
parallelogram which can be described by the lattice constants a, b and
γ (Fig. 3.5a). Scattering from the oblique structure is described by the
equation
qhk

2π
=
sin γ

s

h2 2hk cos γ k 2
−
+ 2
a2
ab
b

where h and k are the Miller indices of the scattering planes and qhk
the corresponding magnitude of the scattering vector. The lattice parameters were fitted to the SAXS data using a simple method described elsewhere,71, 72 taking into account only the locations of the SAXS reflections
but not their intensity. The resulting lattice parameters are shown in
30
20
10

{1121-

01

11

10 nm

Figure 3.4. TEM micrograph of the self-assembly of PLL(diC14-PEG). Inset: Fast
Fourier transform of the image, including Miller indices of the oblique structure. Adapted with permission from Publication III. c 2010 American Chemical Society.
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a)

b)
b
a

c

γ
d

Figure 3.5. Schematic illustration of the structures of ionic polypeptide–lipid complexes
at room temperature. a) Oblique structure, observed for PLL(diC14-PEG),
PLL(diC16-PEG) and PLL(diC18-PEG). b) Hexagonal cylindrical structure,
observed for PLL(diC18*-PEG). Adapted with permission from Publication
III. c 2010 American Chemical Society.

Table 3.1 and the corresponding Miller indices are marked in the SAXS
curves (Fig. 3.3) and in the FFT image (Fig. 3.4).
The experimental and fitted values of PLL(diC14-PEG) are compared in
Table 3.2. The q values obtained from SAXS and TEM (FFT) are in good
agreement with the fitted values. In addition, the angles between the
Miller planes ϕ from TEM (FFT) are close to the ones of the fitted oblique
lattice. The consistency of the values, as well as the previously presented experimental observations prove that PLL–lipid complexes with
saturated alkyl tails arrange in an oblique structure. This structure is
schematically illustrated in Fig. 3.5. The saturated alkyl tails of the lipids
form hydrophobic layers, while the PLL α-helices and the PEG tails of the
lipids separate in a hydrophilic layer. Furthermore, the PEG tails control
the lateral packing of the PLL α-helices within the layers.
Table 3.1. Lattice parameters of the oblique structures found in PLL–lipid complexes.
Parameters a, b and γ define the oblique lattice and d is the interlayer distance, orthogonal to b. The oblique structure is schematically shown in Fig. 3.5.
Adapted with permission from Publication III. c 2010 American Chemical Society.
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Complex

a (nm)

b (nm)

γ (◦ )

d (nm)

PLL(diC14-PEG)

4.5

2.8

107

4.3

PLL(diC16-PEG)

4.7

2.9

108

4.5

PLL(diC18-PEG)

5.0

2.6

105

4.8

Homopolypeptide–Lipid Complexes

Table 3.2. Comparison of experimental and fitted values of q and ϕ for PLL(diC14-PEG).
Adapted with permission from Publication III. c 2010 American Chemical
Society.

3.3

hk

qSAXS (Å−1 )

qFFT (Å−1 )

qfit (Å−1 )

ϕFFT (◦ )

ϕfit (◦ )

10

0.147

0.152

0.148

0

0

1̄1

0.238

0.242

0.240

104

107

01

0.238

0.248

0.238

69

71

20

0.295

0.305

0.296

0

0

12̄

0.315

0.336

0.320

44

45

11

0.315

0.336

0.315

44

46

30

0.442

0.460

0.444

0

0

Thermal Transitions of the Complexes

Above, saturation of the alkyl tails was observed to influence the structures formed at room temperature. As saturation is known to have an
effect on the melting temperature of crystalline alkyl tails,73 we wanted
to study the crystallization and thermal properties of the complexes to
elucidate the differences between the packing of the saturated and unsaturated lipids. Differential scanning calorimetry (DSC) was used for
this purpose (Fig. 3.6). All complexes with saturated alkyl tails show an
endothermic peak in DSC, indicating melting of the side chains. The heat-

endo

Heat flow (a.u.)

PLL(diC18*-PEG)

-40

57 °C

PLL(diC18-PEG)

44 °C

PLL(diC16-PEG)

Tm= 29 °C

PLL(diC14-PEG)

-20

0

20

40

60

80

100 120 140

T (°C)

Figure 3.6. DSC heating curves of the complexes. The melting temperatures Tm are
shown. Adapted with permission from Publication III. c 2010 American
Chemical Society.
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ing curve of PLL(diC18*-PEG), on the other hand, shows no features. The
DSC results imply that the saturated alkyl tails are able to crystallize in
the complexes, while the unsaturated tails remain amorphous.
This raises the question whether the oblique packing is the result of side
chain crystallization. To test this hypothesis, in situ SAXS measurements
were performed at elevated temperatures (80–100 ◦ C, Fig. 3.7). Now, the
√
reflections q ? , 3q ? and 2q ? are observed for all of the complexes. This indicates that when the side chains are melted, the structure is transformed
to the hexagonal cylindrical morphology. The structure of PLL(diC18*PEG) is not changed by thermal treatment.
No reflections of the oblique lattice are observed in the SAXS curves at
elevated temperatures, showing that the order–order transition between
the oblique and hexagonal lattices is complete. This transition is also
reversible, i.e., the oblique structure is fully returned upon cooling.
Our observations show that crystallization of the alkyl side chains plays
a significant role in determining the packing symmetry of α-helical complexes. The findings complement earlier research on covalently modified poly(L-glutamates) where short chains, unable to crystallize, led to
hexagonal packing of the α-helical polypeptide backbones, while longer,

q*

2q*

Intensity (a.u.)

3q*

PLL(diC18*-PEG)

PLL(diC18-PEG)

PLL(diC16-PEG)

PLL(diC14-PEG)
0.0

0.1

0.2

0.3

0.4

0.5

0.6

q (Å-1)
Figure 3.7. SAXS curves of the complexes at 80 ◦ C (100 ◦ C for PLL(diC18-PEG) with
higher Tm of the side chains). Adapted with permission from Publication III.
c 2010 American Chemical Society.
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crystallizable chains induced a layer-like packing.74 Also complexes of
polypeptides with crystallizing surfactants or natural lipids have previously demonstrated packing of α-helices in lamellar morphologies.42, 49, 75
However, none of these studies show correlation between the helices in
different layers. Therefore, we believe that the hydrophilic PEG tails play
an essential role in the formation of a well-defined oblique structure, acting as a plasticizer and spacer between the rigid α-helices. PEG tails may
also serve as fillers, matching the density of the polypeptide layer to the
one of the hydrophobic layer. The combination of rigid α-helices, crystallizable alkyl tails and plasticizing PEG tails demonstrates how interplay
of rigid and soft elements can lead to highly defined structures.
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4. Miktoarm Star Copolymers with
Polypeptide Blocks

4.1

Background

Conventional block copolymers are composed of coil-like polymers that are
attached to each other in a linear fashion by covalent bonds. The simplest
examples of such are AB diblock copolymers composed of two chemically
different polymers (Fig. 4.1a). By adjusting the chemical incompatibility
of the blocks (effectively the Flory–Huggins interaction parameter χAB ),
the total degree of polymerization N and the relative sizes of the blocks
fA and fB (fB = 1 − fA ), it is possible to move in a predictable way in the
well-known phase diagram of diblock copolymers.12
To explore new microphase-separated morphologies, in addition to the
lamellar, gyroid, cylindrical and spherical morphologies observed with diblock copolymers, more complex architectures of block copolymers have
been pursued in many ways.

Addition of a third block in the linear

chain leads to ABC-type triblock copolymers (Fig. 4.1b) where there are
more parameters to control: three interaction parameters χij , two independently controlled relative block sizes fA and fB , and three possible arrangements of the blocks (ABC, ACB or BAC).55 This expansion of
the parameter space allows many new morphologies compared to diblock
copolymers.2, 76 Addition of even more blocks leads to so-called multiblock

a)

b)

c)

Figure 4.1. Examples of linear block copolymer architectures: a) AB diblock copolymer,
b) ABC triblock copolymer, c) A(BC)n multiblock copolymer. Solid, dashed
and dotted lines represent chemically different polymer blocks.
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copolymers (Fig. 4.1c) which are able to form hierarchical structures as a
consequence of the intricate balance between block connectivity and tendency toward microphase separation.77, 78
An alternative way to combine polymer blocks is to synthesize nonlinear
architectures (Fig. 4.2).17, 79–81 These include, for example, the graft, cyclic
and star-shaped block copolymers. Star-shaped block copolymers can be
divided in two subclasses: (i) star block copolymers which are symmetric with respect to the center of the molecule and have arms composed of
block copolymers (see for example Fig. 4.2c) and (ii) miktoarm star copolymers in which multiple blocks are connected at a single branching point
to create non-centrosymmetric architectures (Fig. 4.2e–g). We will focus
on the properties of the latter, as their self-assembly has been studied in
Publications IV and V.
Binary miktoarm systems are composed of only two kinds of blocks,
A and B. When m blocks of polymer A and n blocks of polymer B are
joined together, the miktoarm architecture is known as Am Bn . These
miktoarms can self-assemble in different morphologies than corresponding AB diblock copolymers with same volume fractions f of the components.18, 19, 82 In other words, the architecture of the molecule plays a
significant role in self-assembly and can shift the phase boundaries observed for other types of architectures. Moreover, An Bn systems that have
an equal amount of both chains, have been observed to self-assemble in
lamellar morphologies which have larger periodicities than correspond-

a)

b)

e)

c)

f)

d)

g)

Figure 4.2. Examples of nonlinear block copolymer architectures: a) graft copolymer, b)
cyclic block copolymer, c) (AB)4 star block copolymer, d) H-shaped or A2 BA2
block copolymer, e) A2 B miktoarm star copolymer, f) A2 B2 miktoarm star
copolymer and g) ABC miktoarm star copolymer. Solid, dashed and dotted
lines represent chemically different polymer blocks. The miktoarm architectures e)–g) are studied in Publications IV and V.
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ing diblock copolymers.83, 84 This is due to increased chain stretching
which is caused by the additional crowding at the branching point. The
effect is most notable with short chains and the lamellar periodicity
approaches the diblock periodicity asymptotically with increasing chain
length.85 For A2 B and A2 B2 miktoarm star copolymers, classical diblock
copolymer morphologies18, 82, 85, 86 as well as disordered wormlike micelles
and spheres86, 87 have been observed. The A2 B miktoarms are also known
as Y-shaped block copolymers, and can be considered the simplest graft
copolymers.88, 89
More variety is introduced in the ABC miktoarm architecture where
all three arms are chemically distinct.90, 91 Whereas linear ABC block
copolymers typically self-assemble in morphologies that somewhat resemble those of diblock copolymers, ABC miktoarms demonstrate many completely new morphologies. Tiling patterns composed of cylinders with
polygonal cross sections are typical when the three blocks have approximately equal volume fractions fi .92–94 In these pseudo-2D morphologies,
the junction points of miktoarms are confined in lines, contrary to linear
ABC block copolymers which have two junction points placed anywhere on
the domain interfaces.76 In addition, quasicrystalline,95 concentric columnar96 and hierarchical lamellar97 self-assemblies have been found in ABC
miktoarm systems.
New morphologies can also be designed by using rigid, rod-like blocks
in block copolymer systems.98 They increase the conformational asymmetry between the blocks, effectively leading to microphase separation
already with smaller N . On the other hand, new interactions are possible
between the anisotropic rods, increasing the packing frustration between
the different blocks.21, 99, 100 The α-helical conformation of polypeptides
has been used extensively as a rigid rod in linear block copolymers101–108
as well as more recently in the A2 B,109 AB2 110 and ABC111 miktoarm architectures. In these studies, the packing of the α-helical rods typically
leads to lamellar structures for a wide range of the volume fractions fi of
the components. It is however important to note that α-helices are not
always ideal, single rods, but their possible folding depends on a number
of parameters including block lengths, chemical nature of the blocks and
hydrogen-bonding capability of the casting solvent.101, 106, 112, 113
Only a limited number of miktoarm star copolymer studies have concentrated on supramolecular interactions: complexes of miktoarms with
homopolymers or surfactants,114, 115 and intramolecular association of dif-
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ferent arms116, 117 have so far been reported. In addition, previous reports on miktoarm star copolymers with polypeptide blocks have included
well-defined solid-state hierarchies only in the A2 B- and AB2 -type miktoarms where A is a coil-like block and B is an α-helical polypeptide.109, 110
Therefore we wanted to study how polypeptide-based miktoarms with (i)
more incompatible blocks, i.e., ABC miktoarms, (ii) more arms (at least
four), and (iii) different polypeptide conformations self-assemble in the
solid state.

4.2 Self-Assembly of Miktoarm Star Copolymers with Helical
Polypeptide Arms
We have studied the self-assembly of an ABC-type miktoarm
with polystyrene, polyisoprene and poly(-tert-butyloxycarbonyl-L-lysine)
arms, (PS)(PI)(PBLL), in Publication IV. Related miktoarm systems
PS2 PBLL and PS2 PBLL2 were studied in Publication V. The architectures
of the miktoarms and the molecular structures of the polymer blocks are
shown in Fig. 4.3 and the characteristic values of the polymers in Table 4.1.
As the only previous study on ABC-type miktoarms with polypeptide
blocks had shown microphase separation of the blocks but no well-defined
self-assemblies,111 we wanted to make sure we are properly annealing
a)

b)

O

H
N

PI
polypeptide

PS2PBLL

PS
HN

PS

O

O

(PS)(PI)(PBLL)
PI

PBLL

PS2PBLL2
Figure 4.3. a) Schematic illustration of the miktoarm star copolymers. Polyisoprene (PI)
is shown in blue, polystyrene (PS) in red and poly(-tert-butyloxycarbonyl-Llysine) (PBLL) in yellow. b) Molecular structures of the polymers. For PI, the
structure of cis-1,4-PI is shown. Adapted with permission from Publications
IV and V. c 2010 & 2012 American Chemical Society.
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Table 4.1. Molecular characteristics of the miktoarm star copolymers.27 Adapted with
permission from Publication V. c 2012 American Chemical Society.

Mn × 10−3

PS–PI–peptide

(g/mol)

composition (wt %)

(PS)(PI)(PBLL)

34.2

30.1 – 38.6 – 31.3

1.07

PS2 PBLL

31.5

60.5 – 0 – 39.5

1.02

PS2 PBLL2

41.2

48.9 – 0 – 51.1

1.21

miktoarm

Mw /Mn

our system to reach the true self-assembly at thermodynamic equilibrium.

(PS)(PI)(PBLL) was therefore slowly evaporated from a dilute

CHCl3 solution and the resulting bulk samples were thereafter thermally
annealed. Thermal annealing proved to be challenging, however, due
to the thermolytic removal of the N-tert-butyloxycarbonyl (Boc) group of
PBLL.118, 119 On the other hand, the glass transition of the PS block observed at 107 ◦ C by differential scanning calorimetry (data not shown) set
the lower possible limit for the annealing temperature. After several trials, we observed that a sufficient temperature to bring about a relatively
good order while trying to minimize Boc cleavage was 130 ◦ C. According to
1H

NMR measurements, 35% of the Boc groups of PBLL are cleaved after

this treatment. In the PS2 PBLL and PS2 PBLL2 miktoarms, slow evaporation from CHCl3 was sufficient to produce well-ordered morphologies
and the samples were not thermally annealed.
The conformation of the PBLL arms was studied by FTIR (Fig. 4.4). All
miktoarms show a clear amide I band at 1651–1650 cm−1 , indicating αhelical conformation of the PBLL arms. Due to overlapping bands, the
amide II region cannot be used. Additionally, the Boc protecting groups
give rise to bands at higher wavenumbers. According to FTIR, the systems
(PS)(PI)(PBLL), PS2 PBLL and PS2 PBLL2 are composed of two coil-like
arms (PS and PI) and one or two rigid-rod-like α-helical arms (PBLL)
which may also include kinks.
Next, the block copolymer scale self-assemblies of the miktoarms and
the possible stacking of the α-helical PBLL arms was studied by SAXS
and WAXS (Fig. 4.5).

In SAXS, both (PS)(PI)(PBLL) and PS2 PBLL2

show a single, shoulder-like reflection. The location of q4? at 0.024 Å−1 in
(PS)(PI)(PBLL) corresponds to a periodicity of 26 nm while the location of
q1? at 0.028 Å−1 in PS2 PBLL2 corresponds to a periodicity of 22 nm. These
values represent self-assembly of the materials on the block copolymer
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Absorbance (a.u.)

PS2PBLL2

PS2PBLL

(PS)(PI)(PBLL)

1700

1600
ν (cm-1)

1500

Figure 4.4. FTIR spectra of the miktoarm star copolymers. Adapted with permission
from Publications IV and V. c 2010 & 2012 American Chemical Society.
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Figure 4.5. a) SAXS and b) WAXS curves of the miktoarm star copolymers. Adapted with
permission from Publications IV and V. c 2010 & 2012 American Chemical
Society.

length scale. The scattering curve of PS2 PBLL is different, showing two
distinct reflections at q2? = 0.020 Å−1 and q3? = 0.032 Å−1 . These reflections
are the first evidence of two different structures with 31 nm and 20 nm
periodicities, respectively, and they will be discussed in more detail with
the TEM results below.
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In WAXS (Fig. 4.5b), two reflections are observed for all of the miktoarms at qi? = 0.40–0.44 Å−1 (i = 5...7) and at 2qi? . These reflections
originate from the packing of the PBLL α-helices. For PS2 PBLL, the scat√
√
tering curve implies that also reflections 2q6? and 3q6? are present, indicating coexistence of hexagonal and tetragonal packing of the helices. In
√
√
(PS)(PI)(PBLL) and PS2 PBLL2 , the absence of 2qi? and 3qi? reflections
prevents determination of the packing symmetry of the α-helices. Previously, hexagonal packing has been reported for many polymer/polypeptide
systems,101, 103, 105, 111 but arguments can be made for the tetragonal packing as it would allow better compensation of the dipole moments of the
possibly interdigitating helices.
The block copolymer scale structures were further studied by TEM
(Fig. 4.6). As both the cutting of the samples and the staining can influence the periodicities observed in TEM, the main purpose of the electron microscopy experiments was to identify the symmetries of the block
copolymer structures.∗

For this purpose, thin microtomed sections of

(PS)(PI)(PBLL) were stained with RuO4 , which stains the PS and PI arms,
or with OsO4 , which goes selectively to the PI domains. From the micrographs, it is clear that the overall structure is lamellar, with a periodicity
of 21–26 nm, and that PBLL separates to a different layer than PS and PI
(Fig. 4.6a). On the other hand, PS and PI are not homogeneously mixed
but also these blocks microphase separate to form a layer with alternating
PS and PI domains (Fig. 4.6b). For the PS2 PBLL and PS2 PBLL2 , which
are composed of only two kinds of polymers, staining with RuO4 was sufficient to identify the morphologies. Both miktoarms show simple lamellar
structures (Fig. 4.6c–d). However, they differ from each other in that (i)
the long-range order of PS2 PBLL2 is superior and (ii) the lamellar periodicities are different. Whereas a periodicity of 13–17 nm is observed in
PS2 PBLL2 , the three-arm system PS2 PBLL shows two different packing
modes: predominantly 21–26 nm lamellae (shown in Fig. 4.6c) but also
some amount of smaller, 12–16 nm lamellae.
The findings suggest that the four-arm system PS2 PBLL2 has the
least steric packing frustration, as it forms well-ordered lamellar domains already upon slow solvent evaporation. The three-arm system
(PS)(PI)(PBLL) acquires good organization only after thermal annealing,
and the PS2 PBLL evaporated slowly from solvent (the slow process could
∗ The absolute values of the periodicities obtained by SAXS are more reliable

also because they represent the global value averaged over the whole sample, as
opposed to TEM where a small local region is observed at a time.
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a) (PS)(PI)(PBLL)

c) PS2PBLL

100 nm
b) (PS)(PI)(PBLL)

100 nm
d) PS2PBLL2

100 nm

100 nm

Figure 4.6. TEM micrographs of the bulk samples of a) (PS)(PI)(PBLL) stained with
RuO4 (PS and PI showing in dark), b) (PS)(PI)(PBLL) stained with OsO4 (PI
dark), c) PS2 PBLL stained with RuO4 (PS dark) and d) PS2 PBLL2 stained
with RuO4 (PS dark). Adapted with permission from Publications IV and V.
c 2010 & 2012 American Chemical Society.

also be regarded as solvent annealing) shows limited lamellar stacks with
unordered areas between them.
The combination of FTIR, SAXS, WAXS and TEM indicates that the
miktoarms self-assemble in lamellar morphologies where the α-helical
PBLL blocks are separated from the coil-like blocks and furthermore stack
in a regular arrangement within their respective layer. Importantly, the
α-helices can be arranged in a number of ways also in the direction perpendicular to the lamellae: they can (i) stack to bilayers, (ii) interdigitate or (iii) fold back and forth as unideal, kinked rods (see Fig. 4.7 for
a schematic illustration). The length of a single α-helical PBLL arm,
Lhelix , can easily be calculated based on the molecular weights of the miktoarms and the known geometry of α-helical conformation. Combining
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Lhelix
dpeptide

bilayer stacking
dpeptide/Lhelix ~ 2

interdigitation
dpeptide/Lhelix ~ 1

folding
dpeptide/Lhelix < 1

Figure 4.7. Schematic illustration of the possible arrangements of α-helical blocks in the
direction perpendicular to the lamellar organization. The relation between
the thickness of the polypeptide layer, dpeptide , and the length of an ideal
α-helix, Lhelix , is shown.

this information with the total periodicity as observed in SAXS, dSAXS ,
the weight fractions of the blocks, wi , and the specific volumes of PS, PI
and PBLL, vi , we can calculate the expected thickness of the polypeptide
layer, dpeptide . Then, the ratio dpeptide /Lhelix can be used for determining
the helix packing geometry (Table 4.2). Based on these values, it seems
plausible that the α-helices of (PS)(PI)(PBLL) are interdigitated and the
ones of PS2 PBLL2 are stacked as a bilayer, while PS2 PBLL shows both
types of packing in a coexisting manner.
Table 4.2. Helix packing geometry as determined by SAXS measurements and molecular characteristics. Key: dSAXS , lamellar long period as observed in SAXS;
thickness of polypeptide layer dpeptide = dSAXS (wPBLL vPBLL /(wPBLL vPBLL +
wPS vPS + wPI vPI )), where wi are the mass fractions and vi the specific volumes
of the components (vPBLL = 1.11, vPS = 0.95 and vPI = 1.09 cm3 /g); length of an
ideal α-helix, Lhelix = NPBLL ×0.15 nm/n, where NPBLL = degree of polymerization of PBLL and n = number of PBLL arms (1 or 2). Adapted with permission
from Publication V. c 2012 American Chemical Society.

miktoarm

dSAXS

dpeptide

Lhelix

(nm)

(nm)

(nm)

(PS)(PI)(PBLL)

26

8.6

7.0

1.22

PS2 PBLL

31

13.4

8.2

1.64

20

8.7

8.2

1.06

22

12.1

6.9

1.75

PS2 PBLL2

dpeptide /Lhelix
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(PS)(PI)(PBLL)

PS2PBLL

PS2PBLL2

Hierarchical smectic packing:
alternating PS/PI domains
between α-helix lamellae

Non-uniform
packing of α-helices:
two lamellar long periods

Uniform
packing of α-helices:
single lamellar long period

Figure 4.8. Schematic illustration of the self-assembled structures of the miktoarm star
copolymers. Adapted with permission from Publications IV and V. c 2010 &
2012 American Chemical Society.

The structures formed by the miktoarms are schematically illustrated
in Fig. 4.8. The lamellar morphologies formed by the binary systems
PS2 PBLL and PS2 PBLL2 are closely related to previously reported linear polymer/polypeptide systems.101, 102, 105, 107 In miktoarms with one
coil-like and two helical arms, stacked bilayer packing of α-helical arms
has been observed regardless of the volume fraction of the polypeptide
block.110 Therefore, it seems that two α-helical arms always lead to the
stacked bilayer packing, as observed also here with PS2 PBLL2 .
The ABC-type miktoarm (PS)(PI)(PBLL), on the other hand, shows a
hierarchical organization not previously observed in polymer/polypeptide
systems. In ABC miktoarms composed of coil-like blocks only, similar
hierarchical lamellar self-assembly of A/B and C lamellae is observed experimentally97 and in simulations120–123 when the volume fractions fi of
the blocks are highly asymmetric, or the interaction parameters χij are
asymmetric.124 In other block copolymer systems, blending of two diblock
copolymers with mutual interactions125 as well as multiblock copolymers78 have shown a similar morphology. However, in our system the
added packing of the α-helical rods within the polypeptide layer brings
about an additional level of structure. Therefore, we use the name hierarchical smectic self-assembly to underline the added smectic-type packing
of the α-helical chains, not found in all-coil systems.
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4.3

Effect of Polypeptide Conformation

The lamellar morphologies described above were promoted by the αhelical conformation of the PBLL arms. In Publication V, we studied
how modification of the polypeptide side chain could be used for tuning
the conformation of the polypeptide, and therefore, the packing of the
molecules in the bulk solid state. For this purpose, the above studied
miktoarms PS2 PBLL and PS2 PBLL2 were deprotected to give miktoarms
with poly(L-lysine hydrochloride) (PLLHCl) side chains: PS2 PLLHCl
and PS2 PLLHCl2 . These salt form polypeptide arms were furthermore
complexed ionically with sodium 1-dodecanesulfonate (DS) to give the
supramolecular complexes PS2 PLL(DS) and PS2 (PLL(DS))2 . The architectures of the miktoarms and the molecular structures of the modified
polypeptide arms are shown in Fig. 4.9 and the characteristic values of
the polymers in Table 4.3.
PS2 PLLHCl and PS2 PLLHCl2 were found to be soluble in solvent mixtures of water and tetrahydrofuran (THF). The first is a good solvent for
the charged PLLHCl arms whereas the latter dissolves PS. Bulk samples were prepared by slow solvent evaporation. The supramolecular
complexes PS2 PLL(DS) and PS2 (PLL(DS))2 were prepared by dissolving
both components separately in H2 O/THF mixtures and combining them
in a stoichiometric ratio. This immediately resulted in a white precipitate, which was collected and dried. Elemental analysis showed that
a)

b)
polypeptide

O

PS

PS2PLLHCl

H
N

H
N

PS2PLL(DS)
NH3
Cl

PS2PLLHCl2

O

PS2(PLL(DS))2

PLLHCl

NH3
O
O S O
C 12 H 25

PLL(DS)

Figure 4.9. a) Schematic illustration of the miktoarm star copolymers with modified side
chains. Polystyrene (PS) is shown in red, polypeptide blocks in yellow and
the surfactant sodium 1-dodecanesulfonate (DS) in blue. b) Molecular structures of the modified side chains PLLHCl, poly(L-lysine hydrochloride) and
PLL(DS), ionic complex of PLL and DS. Adapted with permission from Publication V. c 2012 American Chemical Society.
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Table 4.3. Molecular characteristics of the miktoarm star copolymers with modified side
chains.27 Adapted with permission from Publication V. c 2012 American
Chemical Society.

Mn × 10−3

PS–peptide

(g/mol)

composition (wt %)

PS2 PLLHCl

28.0

68.0–32.0

PS2 PLLHCl2

35.3

57.0–43.0

PS2 PLL(DS)

39.7

48.0–52.0

PS2 (PLL(DS))2

55.1

36.6–63.4

miktoarm

95–101% of the PLL repeating units were complexed in the final products. The supramolecular complexes were not solvent annealed, since we
had learned in Publications I and II that organic solvent treatment typically favors α-helical conformation, while we aimed for the β-sheet conformation to be able to compare the effect of different conformations. This
should be noted when comparing the long-range order of the materials.
The conformation of the polypeptide arms was studied by FTIR
(Fig. 4.10). Significant differences are observed, compared to the miktoarms discussed previously.
at 1652 and 1618
cm−1

cm−1

Multiple amide I bands of PS2 PLLHCl

and of PS2 PLLHCl2 at 1682, 1653 and 1626

evidence a mixture of conformations. These include α-helices and

Absorbance (a.u.)

PS2PLLHCl
PS2PLLHCl2

PS2PLL(DS)
PS2(PLL(DS))2

1700

1600
ν (cm-1)

1500

Figure 4.10. FTIR spectra of the miktoarm star copolymers with modified side chains.
Adapted with permission from Publication V. c 2012 American Chemical
Society.
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antiparallel β-sheets for both miktoarms and, in addition, turns (1682
cm−1 ) for PS2 PLLHCl2 .59, 126 After complexation with DS, amide I bands
are observed at 1693–1692 cm−1 and 1628 cm−1 for both PS2 PLL(DS)
and PS2 (PLL(DS))2 , indicating antiparallel β-sheets. The broad band at
∼1660 cm−1 indicates a small amount of α-helical or random coil conformation. The amide II band is located at 1535 cm−1 which fits well with
antiparallel β-sheet conformation. In other words, we can tune the conformation of the polypeptide arms from α-helical to a mixture of conformations to predominantly antiparallel β-sheets by tuning the side chain
chemistry.
The structures formed by the miktoarms were studied by SAXS and
WAXS (Fig. 4.11). In SAXS, PS2 PLLHCl has three broad reflections at
q1? = 0.019 Å−1 , 2q1? and 3q1? corresponding to a periodicity of 33 nm.
PS2 PLLHCl2 , on the other hand, shows only a single broad reflection at
low q, but its exact location is hard to determine even by curve fitting
due to the scattering intensity which remains high toward large q values.
For the supramolecular complex PS2 PLL(DS), no well-defined reflections
are observed, while PS2 (PLL(DS))2 has a single broad reflection at 0.021
Å−1 , corresponding possibly to a structural size of 30 nm. From the SAXS
measurements, it is apparent that the block copolymer scale organization
a)

b)
q*
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2q*
1

3q*
1
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PS2PLLHCl2
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Figure 4.11. a) SAXS and b) WAXS curves of the miktoarm star copolymers with modified side chains. Adapted with permission from Publication V. c 2012 American Chemical Society.
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is not as well-defined in these miktoarms as in the previously discussed
PBLL-containing systems.
The WAXS curves (Fig. 4.11b) of PS2 PLLHCl and PS2 PLLHCl2 show
no well-defined packing of the polypeptide blocks. This is not surprising,
taking into account that they possess a mixture of conformations. On the
other hand, multiple narrow reflections are observed at q2? = 0.16 Å−1 ,
2q2? and 5q2? for PS2 PLL(DS) and at q3? = 0.16 Å−1 , 2q3? , 5q3? and 6q3? for
PS2 (PLL(DS))2 . These witness organization of the polypeptide–surfactant
complex arms into lamellar morphologies with a periodicity of 3.9 nm. The
periodicity reveals that PLL β-sheets are sandwiched between two layers of DS surfactants, similar to homopolypeptide–surfactant complexes
with β-sheet conformation discussed in Chapter 2. The reflections of the
PS2 (PLL(DS))2 system are slightly more intense and narrow, which implies that the polypeptide–surfactant domains are better organized than
the ones of PS2 PLL(DS).
Finally, the morphologies were imaged with TEM (Fig. 4.12).

In

PS2 PLLHCl and PS2 PLLHCl2 , PLLHCl micelles are observed, surrounded by PS chains. According to TEM, the diameter of the solid-state
micelles is 17–25 nm. Although PS2 PLLHCl and PS2 PLLHCl2 have very
different SAXS curves, their organization appears to be rather similar
in the TEM micrographs. Previously, similar morphologies have been
observed in block copolymer ionomers, which contain both neutral and
charged groups.127 Like in our case, the charges are typically clustered to
form the core of the micelles. In PS2 PLL(DS) and PS2 (PLL(DS))2 , small
randomly oriented lamellar domains are observed. These domains are
composed of the alternating polypeptide and surfactant layers of PLL(DS)
arms. The periodicity observed in TEM, ca. 4 nm, fits well with the WAXS
results, also in that the ordering of PS2 (PLL(DS))2 is better than that
of PS2 PLL(DS). No block copolymer scale organization is evident in TEM.
The rapid precipitation method used for preparing the complexes probably
prohibits the formation of well-defined block copolymer structures. On the
other hand, also the PS arms should effectively bring frustration into the
polypeptide–surfactant packing and limit the size of the domains. Therefore, the PS2 (PLL(DS))2 system that has two polypeptide and two PS arms
can form more well-defined small-scale structures than the PS2 PLL(DS)
system which has only one polypeptide arm but two PS arms.
The structures of the miktoarm star copolymers with modified side
chains are schematically illustrated in Fig. 4.13.
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a) PS2PLLHCl

c) PS2PLL(DS)

100 nm

50 nm
d) PS2(PLL(DS))2

b) PS2PLLHCl2

100 nm

50 nm

Figure 4.12. TEM micrographs of the bulk samples of a) PS2 PLLHCl, b) PS2 PLLHCl2 ,
c) PS2 PLL(DS) and d) PS2 (PLL(DS))2 . PS blocks have been stained dark
with RuO4 . Adapted with permission from Publication V. c 2012 American
Chemical Society.

PS2PLLHCl and PS2PLLHCl2

PS2PLL(DS) and PS2(PLL(DS))2

Polypeptide micelles in nonordered lattice in PS matrix

Lamellar polypeptide–
surfactant self-assembly

PLLHCl conformation: mixed

PLL conformation: β-sheet

Figure 4.13. Schematic illustration of the packing of the miktoarm star copolymers with
modified side chains. Adapted with permission from Publication V. c 2012
American Chemical Society.
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5. Conclusions and Outlook

In this thesis, we have presented how molecular architecture of surfactants, lipids and block copolymers can be used for controlling selfassembly of polypeptide-based materials in the bulk solid state.
The effect of surfactant architecture on the conformation and selfassembly of homopolypeptide–surfactant complexes was studied in Publications I and II. The branching of the surfactant was found to have a
large effect on poly(L-lysine) (PLL) conformation and self-assembly after
precipitation from aqueous solution. When the surfactant is only moderately branched, well-defined lamellar self-assemblies are formed where
the polypeptide backbone is in antiparallel β-sheet conformation. The
lamellar long period and crystallization of the surfactant alkyl tails is determined by the length of the surfactant alkyl chains. When the side chain
is more branched, the polypeptide adopts the α-helical conformation due
to steric effects. The short, branched side chains do not crystallize and
the helical rods self-assemble in cylindrical morphologies.
These self-assemblies are functional, i.e., externally triggered conformational and structural transformations are accessible in the solid state.
The β-sheet conformation can be thermally stable or partially disrupted
by thermal treatment. Organic solvent treatment, on the other hand,
swells the surfactant alkyl tails and tends to move all systems toward the
α-helical conformation.
We also demonstrated how surfactants can be used as plasticizing
agents for the otherwise typically brittle polypeptide materials. Plasticization by adding excess surfactants in organic solvent leads to sheardeformable materials, which have an α-helical conformation and hexagonal cylindrical morphology. In Publications I and II, the antiparallel βsheet conformation was always observed to lead to lamellar morphologies, while the α-helical conformation resulted in cylindrical morpholo-
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gies, most typically the hexagonal cylindrical morphology.
These results are complemented by Publication III, where the effect of lipid architecture on the conformation and self-assembly of
homopolypeptide–lipid complexes was studied. For this purpose, PEGylated lipids including two alkyl tails and one PEG tail were used. After
precipitation from aqueous solution, PLL adopts an α-helical conformation. The lipid alkyl tails are able to crystallize when they are saturated,
but remain amorphous when they are unsaturated. In the former case,
this leads to the formation of a correlated layered structure where the αhelices are arranged in an oblique lattice. In the latter case, a hexagonal
cylindrical morphology is observed. Melting of the crystalline alkyl tails of
the oblique structure also leads to the hexagonal cylindrical morphology.
This order–order transition is full and reversible.
We conclude that crystallization of the alkyl side chains plays a significant role in determining the packing symmetry of α-helical complexes.
In Publications IV and V, the effect of block copolymer architecture and
polypeptide conformation on the packing of nonlinear block copolymers
was studied. Miktoarm star copolymers with ABC, A2 B and A2 B2 architectures containing different homopolypeptide arms were used for this
purpose. The α-helical conformation adopted by Boc-protected poly(Llysine) (PBLL) arms leads to rod-like packing of the helices, and therefore, to lamellar block copolymer morphologies in all of the architectures.
In addition, the two different coil-like blocks in the ABC miktoarm lead to
a hierarchical smectic packing, where the lamellae formed by the coil-like
blocks are also patterned.
The effect of polypeptide side chain modification was studied in the A2 B
and A2 B2 architectures. Deprotection of the PBLL arms to poly(L-lysine
hydrochloride) (PLLHCl) salt form leads to the loss of the rigid α-helical
conformation, replaced by a mixture of polypeptide conformations. The
charged polypeptide arms are clustered together to form micelles which
are surrounded by coil-like polystyrene arms. Further modification was
achieved by complexation of the PLLHCl arms with a straight, singletailed surfactant sodium 1-dodecanesulfonate (DS). The supramolecular
miktoarm complexes precipitated from aqueous solution show a welldefined small-scale packing of the polypeptide–surfactant complex arms
that dominate over the formation of block copolymer scale structures.
The number of arms — three in A2 B vs. four in A2 B2 architecture —
does not radically alter any of the observed morphologies. However, the
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degree of organization is influenced, especially in the α-helical lamellar
systems where the four-arm system possesses larger well-defined areas
observed by electron microscopy. Also the packing of the rigid α-helices,
i.e., bilayer stacking vs. interdigitation, depends on the number of arms.
The concepts presented in this thesis combine supramolecular chemistry, biopolymer conformations and block copolymer self-assembly to control structure formation in the nanoscale. We expect that these concepts
will be useful in mimicking the functionalities and hierarchical structures
found in biological materials. It would be desirable to tune the material
properties before and after processing separately, similar to spider silk
which is transformed from a concentrated liquid crystalline solution to
a material with exceptional mechanical properties during spinning. In
addition to the nanoscale organization, larger-scale structural levels are
often observed in natural materials. Design of new polypeptide-based materials is an appealing pathway to fulfill this need in the future.
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