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’ INTRODUCTION

Bioinspired block copolymers comprising synthetic polymer
and polypeptide block segments, also referred to as polypeptide
hybrid copolymers, bioconjugates, or “macromolecular chimeras”,1

have been in the focus of polymer science for now more than
four decades.2 Polypeptide block polymers are readily available
through ring-opening polymerization of amino acid N-carboxy-
anhydrides (NCA, Leuchs’ anhydrides)3 using amino-function-
alized macroinitiators, as pioneered by Gallot and co-workers.4,5

More sophisticated and effective methods of NCA polymeriza-
tion have later been developed by Deming and others, enabling
the synthesis of well-defined polypeptides and polypeptide hybrid
copolymers in larger amounts.6,7 Besides, automated solid-phase
supported peptide synthesis (SPPS)8 has emerged as an estab-
lished and robust synthesis tool to make peptide�polymer
conjugates with monodisperse, monomer sequence-defined pep-
tide segments.9�12

So far, amino acid sequences of peptides in bioconjugates have
been intensively altered to study the impact of hydrophilic/
hydrophobic pattern as well as the order and type of functional
groups on interaction capabilities or propensities to fold into
secondary or quaternary structures.13 Although the importance
of secondary structure on self-assembly phenomena was often
highlighted, the separation of secondary structure effects from
other driving forces that determine self-assembly in such polar
block copolymer systems remains difficult. Only few attempts
have been made to directly evaluate these effects. This, however,
would be interesting for understanding soft matter assembly
processes, for instance organo- or hydrogelation. Altering the
stereoisomers of peptide segments within bioconjugates without
changing the amino acid sequence might enable the decoupling
of secondary structure effects from chemical composition and
hence provides insight into self-assembly processes.

Initial important contributions in this field were made by
Deming and co-workers.14�16 Block extension of a poly-
(L-lysine)180 (the subscript denoting the average number of
repeat units) by copolymerization a mixture of D- and L-leucine-
NCAs yielded a poly(L-lysine)180-block-poly(DL-leucine)40 with a
statistic stereosequence in the polyleucine block. Rheology revealed
a significantly increased critical gelation concentration and
strongly reduced gel strength if this polymer was compared to the
homo stereoisomeric compound poly(L-lysine)180-block-poly-
(L-leucine)40.

Jeong et al.17,18 studied aqueous solutions of L/DL-polyalanine-
based block copolymers according to reverse thermal gelation
behavior and ability to form fibrous nanostructures. The L-isomer

with a preassembled β-sheet secondary structure was found to
facilitate the sol�gel transition and nanofiber formation rather
than the DL-isomer with random coil structure.

Here, we address the phenomenon of secondary structure
effects on bioconjugate self-assembly in a systematic manner.
Three bioconjugate samples of poly(ethylene oxide)64-block-
[(Nε-benzyloxycarbonyl)lysine]18 (PEO64-ZLys18) comprising
monodisperse peptide segments of predefined stereosequences
and thus secondary structures (Figure 1) were synthesized by
SPPS and examined according to their ability to gelate tetra-
hydrofuran (THF) at room temperature.

’EXPERIMENTAL PART

Materials. The resin TentaGel Wang PAP (4-hydroxymethyl phe-
noxymethyl (Wang) polystyrene attached poly(ethylene oxide); loading
0.20 mmol/g) was synthesized in collaboration with Rapp Polymere
(T€ubingen, Germany) as previously reported.19 Fmoc-L-Lys(Z)OH and
Fmoc-D-Lys(Z)OH (Lys = lysine, Fmoc = fluorenylmethoxycarbonyl,
Z = benzyloxycarbonyl) and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HBTU) were purchased from
Iris Biotech and used as received. N,N-Diisopropylethylamine (DIPEA)
and trifluoroacetic acid (TFA, 99.5% for biochemistry) were received
from Acros Organics and distilled. Piperidine (99+% extra pure; Acros

Figure 1. Molecular structure of poly(ethylene oxide)-(Z-lysine)18 con-
jugates 1�3.
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Organics) was used as received. N-Methyl-2-pyrrolidone (NMP, pep-
tide grade; Iris Biotech GmbH, Germany) was freshly filtered through
aluminum oxide and silica gel. Dichloromethane (DCM, peptide grade;
Iris Biotech) was stirred over calcium hydride and distilled. THF, diethyl
ether, and benzene from Sigma-Aldrich were used as received.
General Procedure (Synthesis of PEO�Peptide Con-

jugates). The synthesis was performed in a 0.1 mmol scale, using a
fully automated ABI 433a peptide synthesizer (Applied Biosystems,
Darmstadt, Germany) and TentaGel Wang PAP resin as solid support
(0.20 mmol/g). Peptide synthesis was performed in NMP as the solvent
following modified ABI-Fastmoc protocols. Amino acid coupling was
facilitated using HBTU/DIPEA. L-Amino acid derivatives were coupled
with single coupling procedures and extended coupling times (75 min)
using 10-fold amino acid excess. The coupling of the D-amino acid
derivatives followed single coupling procedures with 5-fold amino acid
excess but extended 110 min coupling times. After final Fmoc-group
removal, the N-terminal amino group was acetylated. The Z-protected
bioconjugates were liberated by treatment of the resin with 30% TFA in
DCM for 30 min. The bioconjugates were isolated by diethyl ether
precipitation, reprecipitation, followed by lyophilization from benzene.
Analytical Instrumentation andMethods. 1HNMRmeasure-

ments were carried out at room temperature or +100 �C using a Bruker
DPX-400 spectrometer operating at 400.1 MHz. DMF-d7 was used as
solvent; signals were referenced to the signal of solvent at δ = 8.0 ppm.
Fourier-transform infrared (FT-IR) spectra were recorded on a BioRad
6000 FT-IR spectrometer. Samples were measured at room temperature
in the solid state using a single reflection diamond ATR. Circular
dichroism (CD) spectra were recorded on a Jasco J-715 spectrometer
at room temperature. Polymer solutions (0.1�1 mg/mL in THF) were
measured in quartz cuvettes of 1 mm path length. Liquid chromato-
graphy (LC) (size-exclusion chromatography, SEC) with simultaneous
UV and RI detection was performed (i) in THF at 25 �C using a column
set of two 300 � 8 mm2 MZ-SDplus (spherical polystyrene particles
with an average diameter of 5 μm) columns with porosities of 103 and
105 Å or (ii) in N-methyl-2-pyrrolidone (NMP + 0.5 wt % LiBr) at
+70 �C using a column set of two 300 � 8 mm2 PSS-GRAM (spherical
polyester particles with an average diameter of 7 μm) columns with
porosities of 102 and 103 Å, respectively. Solutions containing∼0.15 wt%
polymer were filtered through 0.45 μm filters; the injected volume was
100 μL. Calibration was done with poly(ethylene oxide) standards
(Polymer Standards Service PSS, Mainz, Germany). Viscosity measure-
ments were performed with an automated micro viscometer AMVn
(Anton Paar) applying the falling ball method. Depending on the sample
viscosity, a glass capillary with a diameter of 1.6 or 1.8 mm and a ball with
a diameter of 1.5 mm were used. Scanning force microscopy (SFM)
measurements were performed on a Nanoscope Multimode IIIa micro-
scope (Digital Instruments, Santa Barbara, CA) using silicon cantilevers
with k = 42 N/m (Nanoworld, Switzerland). Surfaces were scanned at
room temperature in tapping mode at a resonance frequency of
200�300 kHz. Samples were spin-coated at 2000 rpm onto UV/
ozone-cleaned silicon wafers.

’RESULTS AND DISCUSSION

Three poly(ethylene oxide)x-block-(Z-lysine)y (PEO�ZLys)
conjugates with predefined stereoisomeric 18-mer peptide seg-
ments (see Figure 1) were prepared by Fmoc solid-phase peptide
synthesis.20 Amino acids, Fmoc-L-Lys(Z)-OH and Fmoc-D-Lys-
(Z)-OH, were coupled on a Tentagel-Wang PAP resin, which
was preloaded with an amino-functional PEO (number-average
degree of polymerization, x = 64, polydispersity index, PDI =
1.08, as determined by SEC). The coupling of amino acids was
accomplished applying automated FastMoc protocols, using
Fmoc-Lys(Z)-OH at 10-fold (L enantiomer) or 5-fold excess

(D enantiomer). The terminal amino group of the peptide was
finally acetylated before the bioconjugate was cleaved off from
the resin by treatment with TFA. The PEO�peptide conjugates
were isolated by precipitation into DCM/diethyl ether and
freeze-drying from benzene.

Quantitative Fmocmonitoring via UV spectroscopy suggested
a clean assembly of the peptide segments. 1H NMR spectro-
scopic analyses (DMF-d7, 100 �C) (data not shown) confirmed
this by indicating that the products had the expected molecular
composition as depicted in Figure 1. The molar ratios of ZLys/
EO, as determined by 1H NMR spectroscopy considering the
integral intensities of the signals at δ∼ 5.1 ppm (ZLys, Bzl-CH2,
y� 2H) and 3.6 ppm (EO, OCH2, x� 4H), were found to be in
the range of 0.26�0.27 and thus meet the expected value of 0.28
(ZLys/EO 18/64) very well within the experimental error. The
weight fraction of ZLys iswZLys = 0.62. The estimated diameter of
a randomly coiled PEO64 chain is d = 2Rg ≈ 2.3 nm, and the
contour lengths of the ZLys segments are lc ≈ 18 � 0.36 nm =
6.5 nm (all-trans conformation or β-sheet) and 18 � 0.17 nm =
3.1 nm (R-helix).21

The stereosequences of ZLys segments of samples 1�3 were
designed in a way that the peptides should adopt random coil (1),
β-sheet (2), and R-helix (3) conformations or secondary struc-
tures (Figure 1). The first sequence is a random series of 8 D-
ZLys and 10 L-ZLys units, the second is a stereoblock sequence
comprising two blocks of 7 L-ZLys and one block of 4 D-ZLys,
and the third is a homochiral block of 18 L-ZLys.

The true secondary structure of samples 1�3 was character-
ized bymeans of 1HNMR (DMF-d7, rt) and FT-IR spectroscopy
(solid state, rt).22,23 The R-CH spectrum (δ∼ 3.9�4.4 ppm) of
1�3 (Figure 2A) is most sensitive to the secondary structure of
the peptide block. Based on the peak assignments reported in
literature for poly(γ-benzyl glutamate)s in DMF solution,22 the
ZLys segment of 1 should have a predominant random coil
structure (absorption centered at about 4.3 ppm) and that of 3 a
helical structure (4.0 ppm), as expected. The R-CH spectrum
of sample 2 is distinctively different from the other spectra,

Figure 2. (A) 1H NMR spectra (400.1 MHz, DMF-d7) of the R-CH
protons, (B) FT-IR spectra (ATR, solid state) of the amide I vibrations,
and (C) CD spectra (1 mg/mL, THF) of samples 1�3.
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exhibiting a very broad multiple signal at 4.0�4.4 ppm, which
could not be assigned yet. However, the amide I infrared
absorption bands (Figure 2B, ~v = 1624 cm�1) suggested that
the ZLys segment of sample 2 adopts a β-sheet conformation.23

FT-IR spectroscopy confirms the predominant R-helical struc-
ture of sample 3 (~v = 1655 cm�1) but also reveals some minor
amount of β-sheet. Sample 1 should, according to FT-IR, contain
β-sheet and random coil (~v = 1660 cm�1) fractions. NMR and
FT-IR results are, for whatever reason, not in perfect agreement
but essentially confirm the expected secondary structures of
samples 1�3 (Figure 1). Circular dichroism (CD) spectro-
scopic analyses of THF solutions of 1�3, however, provide
little additional or vague insights in the secondary structures
(Figure 2C). Very similar CD spectra were recorded for 0.1
and 1 mg/mL polymer solutions.

Samples 1�3were further analyzed by liquid chromatography
(LC), using either THF as mobile phase and polystyrene as stati-
onary phase (MZ-SDplus) (Figure 3A) or NMP (+ 0.5 wt % LiBr)
as mobile phase and polyester as stationary phase (PSS-GRAM)
(Figure 3B). Despite the identical chemical compositions and

molecular weights, all three samples display different chromato-
grams inTHFdepending on the secondary structure.Only sample1
with a random coil conformation elutes faster than the correspond-
ing PEO precursor and thus seems to elute in the size exclusion
mode. The chromatograms of samples 2 and 3, on the other hand,
display multimodal peaks shifted to larger elution volumes, indicat-
ing adsorption of the peptide sheets or helices onto the hydrophobic
polystyrene stationary phase. Adsorption is especially pronounced
for the β-sheet sample 2. Quantitative analysis of the peak integral
suggests that only about 20% of the injected mass of sample 2 could
be recovered.

The differences in elution behavior may vanish when more
polar mobile (NMP/LiBr) and stationary phases (PSS-GRAM)
are used at elevated temperature (+70 �C). Then, as shown in
Figure 3b, all samples 1�3 elute in the size exclusion mode and
display very similar, not yet identical, chromatograms.

Samples 1�3 were then examined according to gelation of
THF at room temperature using viscometry and scanning force
microscopy (SFM); the minimum gelation concentration was
determined by the inverted-tube method (ITM).

Sample 1 could be readily dissolved in THF at room tem-
perature at 5 mg/mL (about 3� higher concentration as used for
SEC analyses), whereas samples 2 and 3 had to be treated with
heat or ultrasound to accomplish complete dissolution. Figure 4A
shows the time-dependent evolution of the dynamic viscosity of
these solutions at room temperature. The dynamic viscosity of
sample 1 showing the random coil structure in THF remained
constant over time, η = 0.52 mPa 3 s (THF: η = 0.48 mPa 3 s),
indicating that the solutionwas stablewithout evidence of gelation.
The dynamic viscosities of 2 and 3, on the other hand, were increas-
ing with time due to the slow formation of fibrils (see below), finally
leading to gelation. Importantly, the increase of viscosity is much
more pronounced for sample 2 as compared to 3, suggesting that
the bioconjugate exhibiting β-sheet secondary structure has a
considerably higher tendency to form a gel than that with an

Figure 3. Liquid chromatograms of samples 1�3 using (A) THF as
mobile phase and polystyrene as stationary phase and (B) NMP + 0.5 wt %
LiBr as mobile phase and polyester as stationary phase (T = 70 �C).

Figure 4. (A) Time-dependent evolution of the dynamic viscosity of THF solutions of 1�3 (5mg/mL) at room temperature. (B) Photographs and (C)
SFM height images (z-scale: 3 nm) of samples of 1�3 at 20 mg/mL in THF. For SFM imaging, original solutions were rapidly diluted 1:100 with THF
and spin-coated onto silicon wafers.
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R-helical peptide conformation. The different gelation behaviors of
samples 1�3 were also expressed by the minimum gelation
concentrations as simply determinedby ITM(Figure 4B). Solutions
of 2 and 3 turned into self-supporting gels at minimum concentra-
tions of 15 and 40 mg/mL, respectively; gelation of THF with 1
could not be observed.

The structures of 1�3 formed at 20 mg/mL in THF (1 and 3
were liquids and 2 was a gel; Figure 4B) were visualized by
scanning force microscopy (SFM; Figure 4C). Sample 1 showed a
disordered filmwith features being 1 nm in height and 20�40 nm
in diameter, supposedly originating from collapsed spherical
micelles. (A compact sphere, having the same volume as a disk
being 30 nm in diameter and 1 nm in height, measures∼5.5 nm
in radius, which is a rough estimation of the original size of
micelles.) The images of 2 and 3 instead displayed nanofibrils (or
nanoribbons). Evidently, the fibrils of the gelled sample 2 were
considerably longer than those of the nongelled sample 3. The
fibrils of 2were about 1 nm in height and 10�14 nm in width and
thus meet the dimensions of β-sheet assemblies of congener
PEO�peptide conjugates.24 Considering the contour length of
the polymer chains (see above), fibrillization seems to occur via
antiparallel β-sheet formation which would theoretically lead to
fibrils with estimated width of (2.3 + 6.5 + 2.3) nm = 11.1 nm.
The fibrils formed by sample 3 were 6�10 nm in width. These
dimensions can be explained by a structure of interdigitated
R-helices, i.e., 2.3 nm + 3.1 nm + 2.3 nm = 7.7 nm, as has earlier
been reported in the literature.16,25�27 It is evident that the
PEO�peptide molecules are oriented orthogonal to the fibril axis,
which is distinctively a different case as for R-helical polypeptide
homopolymers (where the helices are oriented parallel to the fibril
axis and joined end to end).28,29 Steric repulsion of the second block
segment may be a good explanation for the observed packing and
orientation of R-helices, but not for the directed assembly into
fibrils.16,25 In fact, many examples of (neutral) polymer�peptide
conjugates are known to self-assemble into 2D sheetlike structures,
i.e., vesicles, rather than 1D fibrillar structures.30,31 The mechanism
discriminating between the 1D and 2D self-assembly of R-helices is
still not fully understood yet. One hypothesis relies on the direc-
tional 1D packing of dipolar R-helices in quadrupols—this, how-
ever, has to be proven by further studies.

’CONCLUSION

Three poly(ethylene oxide)x-block-(Z-lysine)y (PEO-ZLys)
conjugates with the same chemical composition comprising 18-
mer peptide segments of predefined stereosequences and thus
secondary structures (as analyzed by 1H NMR, FT-IR, and CD
spectroscopy) were studied according to their different solution
behaviors and abilities to gel THF. The tendency for organogela-
tion increases for the PEO�peptide conjugates in the order of
the peptide segment to form random coil < R-helix < β-sheet.
This was evidenced by time-dependent evolution of viscosity,
minimum gelation concentrations (ITM), and morphologies of
the solution/gel (SFM).
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