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ABSTRACT: The synthesis and self-assembly behavior of a set of peptide-polymer conjugates is described. It
is demonstrated that an oligopeptide segment, composing 3.5 wt % of a conjugate, can effectively direct the
microstructure formation of a poly(n-butyl acrylate)-block (pnBA) with Mn ≈ 38 000. RAFT polymerization is
used to synthesize conjugates possessing pnBA blocks with different block lengths (Mn ) 8000-38 000) but
having the same peptide-aggregator domain. The high tendency of this peptide to adopt aâ-sheet is temporarily
suppressed by switch and pseudoproline defects, allowing the ease of introduction of a RAFT chain-transfer
moiety (CTA). The resulting peptide-CTA can effectively mediate the polymerization ofn-butyl acrylate, leading
to a conjugate with suppressed aggregation tendency. However, the undisturbed peptide segment is reestablished
via a pH-controlled rearrangement in the defects, triggering peptide-directed microstructure formation. Atomic
force microscopy (AFM) allows the visualization of fibrillar microstructures and frequently provides evidence
for a left-handed superhelical fine structure. The peptide segments organize intoâ-sheets as proven by infrared
spectroscopy (FT-IR) and electron diffraction coupled to transmission electron microscopy (SAED-TEM). Thus,
peptide organization controls microstructure formation and both the dimensions of the fibrils and the approximated
rates of self-assembly are correlated to the molecular weight of the pnBA blocks in the conjugates.

Introduction

Biomacromolecules such as nucleic acids, proteins, and
increasingly polysaccharides are recognized to fulfill broad
spectra of tasks within biological systems.1-4 To realize
frequently very complex functions, the ability to self-organize
into functional structures with a remarkable chemical diversity
is mandatory.5 Therefore, these classes of bioorganic polymers
inspired the design of synthetic polymer materials having, on
one hand, the potential to expand the structural and functional
space available for “common” polymers, like, for instance, that
of AB-block copolymers.6-14 On the other hand, material
interfaces might be realizable, enabling one to actively interact
with biological systems and potentially control biosystems.15-18

Nature offers many biomaterials that possess excellent
properties, including strength, toughness, elasticity, and light-
weight construction (e.g., silks,19 protein glues,20 seashells,21

bones,22 connective proteins in muscles23). Frequently the
mechanical properties are beyond those of synthetic polymers.24

As a consequence academic and applied industrial interests for
polymer materials, designed to mimic advanced properties of
biomaterials, have increased enormously within the last years.25

Recently peptide-guided organization of synthetic polymers
proved to be a versatile tool to obtain bioinspired materials with
advanced structural control.26 Synthetic polymers were conju-
gated to sequence-controlled peptide segments. The latter
exhibited high propensities to self-assemble either spontaneously
or in a triggered manner into strongly anisometric micro- or
nanostructures.27-30 In these approaches formation of theâ-sheet
secondary structure motif is essential for self-assembly into
tapes, filaments, or fibers.31 However, despite all advances in
structural control, industrial applicability is clearly limited by
both the high production costs of well-defined peptides and the
efforts necessary to integrate these into synthetic polymers. As

a direct consequence it is essential to minimize the fraction of
the required ‘biosegments’ in the polymer-peptide block
copolymers (polymer-peptide conjugates), while maintaining
the functions of these bioinspired polymers.

As this is an important requirement for large-scale industrial
applicability of peptide-polymer conjugates, possible synthesis
routes have to be considered carefully.32 There are two main
approaches to integrate sequence-controlled peptides into syn-
thetic polymers: (i) direct coupling of peptides to synthetic
polymers and (ii) grafting of polymers from a peptidic macro-
initiator. The direct coupling approach relies on the coupling
of a selectively addressable functionality that is present in an
oligopeptide with a complementary end group of a synthetic
polymer.33-35 The strategy, however, is strongly limited to
polymers with fairly low molecular weights due to a decrease
in chain end group reactivity with increasing molecular weight.36,37

This obstacle can be avoided by following a polymerization
strategy that allows access to well-defined polymer-bioconju-
gates with high molecular weight polymer blocks. Controlled
radical polymerization techniques (CRP38) have shown to be
most suitable. It was demonstrated that sequence-defined
polypeptides can be selectively functionalized and applied as
macroinitiators for nitroxide-mediated radical polymerization
(NMP)39 and atom transfer radical polymerization (ATRP).40-42

Moreover, introduction of a chain-transfer moiety to an oli-
gopeptide allows the effective mediation of a reversible
addition-fragmentation chain-transfer radical polymerization
(RAFT).43 In particular, the tolerance against many functional
groups, absence of metal catalysts, and close relation of the
RAFT process to conventional free-radical polymerizations are
advantages for the synthesis of bioconjugates. Peptide-based
chain-transfer agents (peptide-CTAs) were obtained by the clean
transformation of an ATRP initiator group of a solid-phase-
supported oligopeptide ATRP macroinitiator into a chain-transfer
moiety. After liberating the peptide-CTA from the support,
polymerization of n-butyl acrylate (nBA) was effectively
mediated in solution, resulting in conjugates with controllable
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molecular weights and low polydispersities ofMw/Mn ≈ 1.1.43

In both the direct coupling strategy and the polymerization
approach difficulties can occur due to aggregation of the peptide
segments during synthesis, analysis, and polymer conjugation.
Synthesis ofâ-sheet-forming peptides, for instance, is often
highly ineffective because microaggregation of the peptide
segments can take place on the solid support.

Recently, synthesis of peptides, exhibiting highly difficult
sequences such as the amyloid Aâ1-42 or the (threonine-valine)-
multimer aggregator domain, e.g., (Thr-Val)5, was facilitated
by introduction of temporary structure breaking defects. These
defect segments are referred to as “switch” segments,44-46 and
previously incorporation of multiple “switch” segments in a
(Thr-Val)5 oligopeptide was reported.30,47 The defects exhibit
a â-ester connectivity between Valn and Thrn+1 instead of the
nativeR-amide linkage (cf. Scheme 1). This disturbs the peptide
function and suppresses the aggregation tendency. However,
after successful synthesis of the peptide-polymer conjugate a
pH-controlled rearrangement could be triggered in the switch
segments, restoring the native peptide backbone and thus
allowing for a controlled activation of the aggregation tendency.
It was demonstrated that the switch segments are potent tools
for the peptide-guided microstructure formation of synthetic
polymers because aggregation kinetics can be controlled (cf.
Figure 1).30,48However, the concept was only demonstrated with
low molecular weight polymers (Mn) 2000-3000).

Here we present the synthesis and self-assembly behavior of
peptide-polymer conjugates, exhibiting high molecular weight
polymer blocks and a switchableâ-sheet-forming oligopeptide
as an aggregator domain. The RAFT polymerization approach
was applied, utilizing a peptide-CTA with temporarily disturbed
aggregation tendency (switch peptide as macrotransfer agent).
The peptide-directed microstructure formation of the result-
ing conjugates was studied intensively and correlated to the
molecular weight of the synthetic polymer blocks.

Experimental Section

The materials and instrumentation as well as the synthetic
procedure for the switch-peptide precursor (I ) and switch-peptide
chain-transfer agent (II, III ) are provided in the Supporting
Information.

The idealized models of the superhelical aggregates (Figure 4)
are not the result of computer simulation. However, the position
of the peptide segments as graphical objects was calculated,
resulting in object translation and rotation that takes theâ-sheet
distortion anglesγθ (twist) andγν (bend) into account.

Synthesis of Conjugates (Ph-C(S)-S-(pnBA)n-CH(CH3)-C(O)-
Thr(tBu)-(Val-Thr) pro-Val-Thr(tBu)-(Val-Thr) switch-(Val-Thr) pro-
Val-Gly-NHCH 2CH2OH) (IV). General Procedure.The switch-
peptide transfer agentIII (20 mg, 12.3µmol) was dissolved in DMF
(4.0 mL) and stirred overnight under an argon atmosphere. A 0.5
mL of a stock solution of AIBN in DMF (0.40 mg‚mL-1, 1.2µmol)
was added followed bynBA (0.5 mL, 3.49 mmol). The reaction

mixture was carefully degassed with argon and heated to 60°C.
Samples were taken for kinetic analysis (GPC, NMR). Depending
on the desired molecular mass the polymerization was stopped by
rapid cooling to room temperature and exposure of the reaction
mixture to air. The sample was concentrated in vacuo; then it was
precipitated multiple times from MeOH in ice-water and freeze-
dried from acetonitrile/benzene (1:1) to extract eventually remaining
peptide or peptide transfer agent. Three different pnBA conjugates
(IV-8k , IV-14k , IV-38) were synthesized, utilizing this polymer-
ization procedure. The resulting conjugates were characterized using
GPC and NMR spectroscopy.

IV-8k. 1H NMR (DMSO-d6 (2.49 and 3.31 ppm)):δ ) 0.78-
1.76 (m, 669 H, 30 H C(CH3)2 Val + 195 H CH2-CH3 + 12 H
C(CH3)OH Thr + 3 H C(CH3)O-CO Thr+ 3 H S-C(CH3)-CO
+ 18 H C(CH3)3

tBu + 12 H C(CH3)2 PP+ 9 H C(CH3)3 Boc +
130 H CH2-CH3 pnBA + 130 H CH2-CH2-CH2 + 130 H CH-
CH2 pnBA), 1.98-2.31 (m, 70 H, 5 H CH(CH3)2 Val + 65 H,
CH-CH2 pnBA), 3.64-4.34 (m, 151 H, 12 HR-CH + 4 H CH-
OH Thr + 4 H HO-CH2-CH2 + 1 H S-CH(CH3)-CO + 130 H
O-CH2 pnBA), 5.26 (t, 1 H, CH-O-CO Thr), 7.29-8.51 (m, 15
H, 5 H ArH + 10 H NH) ppm. Mn,conj. ) 9900, DPn ) 65. GPC
(THF, pnBA-standards):Mn,app ) 11 000, DPn ) 69, Mw/Mn )
1.29.

IV-14k. 1H NMR (DMSO-d6): Mn,conj. ) 15 800, DPn ) 111,
determined by comparison of the characteristic1H NMR resonances
resulting from pnBA at 4.05-4.10 ppm (OCH2) with these of the
oligopeptide segment (δ ) 5.26 ppm (CH-O-CO Threster)) and
the CTA group (δ ) 7.40-7.47 ppm (ArHmeta)). GPC (THF, pnBA
standards):Mn,app ) 16 000, DPn ) 110,Mw/Mn ) 1.25.

IV-38k. 1H NMR (CDCl3): Mn,conj. ) 39 000, DPn ) 292,
determined by comparison of the characteristic1H NMR resonances
resulting from pnBA at 4.05-4.10 ppm (OCH2) with those of the
CTA group (δ ) 7.34-7.96 ppm (ArH)). GPC (THF, pS
standards):Mn,app ) 37 000, DPn ) 274,Mw/Mn ) 1.33.

Deprotection of the Conjugates.To cleave the protecting
groups, the conjugates were dissolved in a mixture of 30% TFA in
DCM and the solution was gently shaken for 30 min. Afterward
dioxane was added, and the organic solvents were removed in vacuo
at room temperature. The resulting product was lyophilized from
acetonitrile/benzene (1:1).

IV-8k. 1H NMR (MeOH-d4 (3.30 and 4.84 ppm)):δ 0.80-1.10
(m, 225 H, 30Η C(CH3)2 Val + 195 H CH2-CH3), 1.16-1.95
(m, 408 H, 12 H C(CH3)OH Thr + 3 H C(CH3)O-CO Thr+ 3 H
S-C(CH3)-CO + 130 H CH2-CH3 pnBA + 130 H CH2-CH2-
CH2 + 130 H CH-CH2 pnBA), 2.10-2.42 (m, 70 H, 5 H
CH(CH3)2 Val + 65 H CH-CH2 pnBA), 3.64-4.34 (m, 151 H,
12 H R-CH + 4 H CH-OH Thr + 4 H HO-CH2-CH2 + 1 H
S-CH(CH3)-CO + 130 H O-CH2 pnBA), 5.28 (t, 1 H, CH-
O-CO Thr), 7.45-7.97 (m, 5 H ArH) ppm.Mn,conj. ) 9700, DPn

) 66.
IV-14k. 1H NMR (DMSO-d6): Mn,conj. ) 16 700, DPn ) 120,

determined by comparison of the characteristic1H NMR resonances
resulting from pnBA at 4.05-4.10 ppm (OCH2) with these of the
CTA group (δ ) 7.49-7.51 ppm (ArHmeta)).

IV-38k. 1H NMR (CDCl3): Mn,conj. ) 38 000, DPn ) 285
determined by comparison of the characteristic1H NMR resonances

Figure 1. pH-controlled switch of a polymer-peptide conjugate with two switch defects in the peptide segment (two-step process from the fully
disturbed peptide segment (left) via two intermediate structures (middle) to the undisturbed aggregator (right).
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resulting from pnBA at 4.00-4.06 ppm (OCH2) with these of the
CTA group (δ ) 7.35-7.96 ppm (ArH)).

Switch and Self-Assembly Procedure.For a typical sample 1
mg of the conjugate (IV ) was dissolved in 1 mL of a mixture of
diethyl ether and MeOH (70:30). To prevent early, uncontrolled
switching the solution was immediately stabilized with 20 mg of
TFA. To ensure reproducibility of the conditions during the switch
the “amount of acid” present in the Et2O/MeOH solution (apparent
pH value) was estimated by diluting 10µL of the solution with 3
µL of deionized water and measuring the pH with a standard
indicator paper (range of pH indicator 2-5 and 5-8). Prior to the
aggregation process the switch in the peptide segment was induced
by titration of the TFA 0.1 M methanolic NaOH (70:30)). The
apparent pH of the solution ofIV was adjusted to pHapp. ) 6.0,
allowing the slow transition toV. During the switch and subsequent
aggregation the solution was gently shaken at room temperature.

Results and Discussion

To extend the strategy of peptide-guided microstructure
formation of organo-soluble, peptide-polymer conjugates from
conjugates with low molecular weight synthetic polymers (Mn

≈ 2000-3000) toward high molecular weight systems a peptide-
CTA was synthesized and utilized for the RAFT polymerization
of n-butyl acrylate (nBA). Poly(n-butyl acrylate) (pnBA) was
chosen because of interesting adhesion properties, a lowTg, and
the absence of crystallinity. Thus, interference of the peptide
organization process with, e.g., polymer crystallization or glass
formation is not expected. Combination of the RAFT “grafting
from” strategy with peptide organizer segments, however, might
allow for incorporation of diverse polymer blocks. Self-assembly
of the conjugates is dominated by the directed interactions
between the peptide segments and takes place in dilute solution,
where the polymer block is well solvated. Therefore, a variety
of polymers could potentially be organized in complex struc-
tures, providing microstructures with different functionalities
and functions.

To effectively direct and control the microstructure formation
in peptide-polymer conjugates, a peptide segment with the
amino acid sequence (Thr-Val)5-Gly (Scheme 1,I ), where Val
) valine, Thr) threonine, and Gly) glycine, was utilized.
Such domains, consisting of repeats of alternating threonines

and valines ((TV)5), are known to exhibit a high propensity to
adopt a stableâ-sheet in water30,49,50as well as in some organic
solvents.48 The (TV)5 aggregator domain was capped on the
C-terminal side with a Gly, increasing the solubility and
reducing entropic penalties duringâ-sheet formation. As
mentioned before, strongly aggregating peptides are difficult
to synthesize via solid-phase-supported peptide synthesis (SPPS).51

In the continuing efforts to extend the SPPS to a generic
platform that allows the synthesis of peptides, independent of
their monomer sequence, multiple strategies were developed to
overcome the problem of “difficult sequences”. Beside others,
incorporation of temporary structure breaking defects, like, for
instance, the switch segment44-46 and the pseudoproline unit,52

is a powerful tool to facilitate peptide synthesis. Recently
incorporation of two or four switch segments into a (TV)5

domain was reported, and the excellent potential of these defects
to suppress the aggregation tendency was demonstrated.30,48

Even if the introduction of multiple switch segments in a peptide
aggregator domain effectively ensures suppression of the
aggregation tendency, a high number of possible intermediates
make the switch process complex. As schematically illustrated
in Figure 1 incorporation of two switch segments into a (TV)5

domain results in two different intermediates, and in the case
of four switch defects 14 intermediates could be formed.
Because the aggregation tendency of a peptide segment in a
conjugate is gradually increasing with the length of the
continuous, nondisturbed (TV)x domain, a highly predictable
switching process requires minimization of the possible inter-
mediates. Therefore, the number of switch defect segments was
reduced to one, allowing for establishment of a binary OFF and
ON stage.

However, use of only one defect in a (TV)5 domain between
Val6 and Thr7 increases the difficulties during synthesis because
two native (Val-Thr)2 segments already exhibit a weak
aggregation tendency. Hence, two pseudoproline units were
incorporated between Val2-Thr3 and Val8-Thr9, inhibiting
aggregation of the peptide segment during SPPS. Scheme 1
illustrates the synthesis of the peptide-CTA (III ), exhibiting
temporarily disturbed aggregation tendency by both switch and
pseudoproline segments.

Scheme 1. Synthesis of the Oligopeptide CTA (III)a

a Reagents and conditions: 2-aminoethanol-2-chloro-trityl-polystyrene resin; (i) Fmoc-Aa, HBTU/DIPEA/NMP, 20 min.; (ii) 20 vol % piperidine/
NMP; (iii) Fmoc-Val-Thr(ΨMe,Mepro) OH, PyBOP/HOBt/DIPEA/DMF, 2× 1 h; (iv) Boc-Thr OH, HBTU/DIPEA/NMP, 20 min; (v) Fmoc-Val
OH, DIC/NMI/DCM, 2 × 2 h; (vi) DCC/DIPEA/DMF; (vii) pyridine, THF, 60°C, 2 × 20 h; (viii) 2 vol % TFA in DCM (3 × 1 min).
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The peptide segmentI was obtained in a semi-automated
SPPS procedure by the sequential assembly of standard Fmoc
amino acid derivatives and the pseudoproline units. The latter
are Fmoc-protected dipeptides (Fmoc-Val-Thr(ΨMe,Mepro)
OH), which were coupled via bench top techniques. Incorpora-
tion of the switch ester segment, positioned in the middle of
the peptide sequence between Val6 and Thr7, proceeded in a
smooth manner using bench top coupling.48 After completion
of I the chemical structure was verified by electrospray mass
spectrometry (ESI-MS) and1H NMR techniques. A small
fraction was cleaved from the support, while removing all
protecting groups from the peptide segment. ESI-MS measure-
ments confirmed the successful synthesis ofI by showing the
appropriate mass signal atm/z1119.2, assignable to [MI + H]+

(cf. Supporting Information Figure S1). This was verified by
1H NMR, showing the presence of one switch threonine ester
(δ ) 1.33-1.35 ppm; C(CH3)O-CO) and four native threonine
amides (δ ) 1.13-1.29 ppm; C(CH3)OH) with respect to the
resonances of five valine residues (δ ) 2.07-2.21 ppm;
CH(CH3)2).

The RAFT initiator moiety was introduced at the N-terminal
side of the supported peptideI utilizing a two-step synthesis
procedure (Scheme 1).43 In the first step 2-bromopropionic acid
was coupled to the amine group of the resin-bound peptideI to
give an oligopeptide ATRP initiator (II ). Quantitative coupling
was confirmed by mass spectrometry using a small sample of
the fully deprotectedII , which was cleaved from the support
for analysis purposes. ESI-MS shows the corresponding ion
adducts [MII + H]+ and [MII + Na]+ and provides no evidence
of the nonfunctionalized precursorI . The subsequent reaction
of the R-bromine group ofII with dithiobenzoate yields the
peptide-CTA (III ). III was isolated as a fully protected peptide
after cleavage from the support.1H NMR verified the chemical
identity of III . Quantitative conversion was confirmed by
comparing the integral intensities of both the five valine residues
(δ ) 2.07-2.18 ppm; CH(CH3)2) and the one switch ester defect
(δ ) 5.26 ppm; CH-O-CO switch Thr) to that of the aromatic
dithioester group (δ ) 7.42-7.96 ppm; ArH). The clean
synthesis ofIII demonstrates that the method of solid-phase
supported synthesis of peptide-CTAs can be expanded from

model peptides to complex peptide sequences, including systems
with temporary switch ester defects.

As outlined in Figure 2 (left) a series of peptide-polymer
conjugates was synthesized using RAFT polymerization ofnBA
mediated byIII . Polymerization was accomplished in DMF at
60 °C in the presence ofIII as a chain-transfer agent, and AIBN
was used to generate the primary radicals. The reaction was
followed by GPC and1H NMR spectroscopy. Figure 2 (right)
shows the linear correlation of the monomer conversion with
respect to the polymerization time and indicates first-order
kinetics after a short retardation period of 1-2 h. Moreover,
the molecular weight increases linearly with monomer con-
version andMw/Mn remained nearly constant around 1.2-1.3
(cf. Figure S2). This suggests that RAFT polymerization was
effectively mediated byIII and highlights the tolerance of the
RAFT process against rather complex, multifunctional peptide
structures.

To correlate the block length of the pnBA block with the
self-organization behavior of the peptide-polymer conjugates,
a set of three different conjugates was synthesized, which exhibit
the same aggregator domain but differ in the lengths of the pnBA
blocks. The resulting peptide-polymer conjugates were isolated
after careful precipitation and lyophilization from acetonitrile/
benzene. Analysis was performed prior to removal of the
protecting groups from the peptide segment to avoid difficulties
that might result, e.g., from peptide aggregation. GPC revealed
the apparent number-average molecular weights (Mn,app) and
apparent polydispersity indices (Mw/Mn). However, the absolute
values forMn were calculated based on1H NMR by comparing
the integral intensities of the characteristic resonances of the

Figure 2. (left) Synthesis of the pnBA-peptide conjugates (IV ) via RAFT polymerization and switching into the native, all-amide species (V)
(reagents and conditions: (i)nBu, AIBN, DMF, 60 °C; (ii) 30 vol % TFA/DCM; (iii) adjustment of the apparent pH of a dilute solution ofIV in
Et2O/MeOH to ∼6.0), and (right) semilogarithmic plot of the RAFT radical polymerization ofnBA, mediated byIII ( monomer conversion vs
reaction time; [nBA]0/[III ]0/[AIBN] 0 ) 285/1/0.1, DMF) 90 vol %).

Table 1. Characterization of the Fully Protected Conjugates

conjugate
Mn,pnBA

(NMR) Mn,conj
a

wt % of
pnBAb

Mn,app

(GPC)c
Mw/Mn

(GPC)c

IV d-2ke 2000 3300 60.5 2300 1.13
IV d-8k 8300 9900 86.5 11 000 1.29
IV d-14k 14 200 15 800 91.5 16 000 1.25
IV d-38k 38 000 39 600 96.5 37 000 1.33

a Mn,conjugate≈ (Mn,pnBA + MIII ). b Amount of synthetic polymer in the
fully deprotected conjugate.c Calibrated against pS standards.d Protected
peptide segment.e Synthesized via coupling approach.48
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pnBA block (δ ) 4.05-4.10 ppm (O-CH2)) with these of the
oligopeptide segment (δ ) 5.26 ppm (CH-O-CO Threster)) and
CTA group (δ ) 7.34-7.96 ppm (ArH)). As summarized in
Table 1 the conjugates possessMn,conj.between 9900 and 39 000
as well as rather low polydispersity indices. It should be noted
that both methods, GPC and NMR, exhibit opposing reliabilities
with increasing molecular weight of the conjugate. While the
error of Mn,NMR progressively increases on molecular weight
of the pnBA block, the results based on GPC get gradually more
accurate due to the decreasing influence of the multifunctional
peptide segment on the properties of the conjugate.

After isolation and characterization of the conjugates, all side-
chain protecting groups, including the pseudoproline defects,
were removed from the peptide segments in order to transform
the peptides into switchable aggregator domains (Figure 2,IV ).
This was accomplished by treatment with dilute TFA in DCM
followed by lyophilization from acetonitrile/benzene. The cleav-
age conditions were not affecting the pnBA block. This was
confirmed by 1H NMR spectroscopy and is consistent with
previous observations.41

Microstructure Formation of the Polymer -Peptide Con-
jugates. In analogy to the conjugate pnBA15-block-(TV)5 (IV-
2k) that was investigated previously48 all conjugates prepared
via the RAFT route were readily soluble in a mixture of diethyl
ether and methanol. However, due to the longer pnBA chains
the percentage of methanol had to be increased from 10 to 30
vol % to be able to dissolve the conjugates homogeneously.
The early OfN acyl transfer rearrangement could be prevented
effectively by addition of a small amount of TFA as a stabilizer.
This was demonstrated withIV-8k . Atomic force microscopy
(AFM) provides under these conditions no evidence of micro-
structure formation in solution after 15 days (cf. Figure S3).
Moreover, the presence of ill-defined amide structures was
confirmed by infrared spectroscopy (FT-IR), showing a broad
Amid I vibration (cf. Figure S4). This indicates that one switch
defect effectively disturbs the neighboring (TV)2 domains in
the peptide segment ofIV-8k and suppresses formation of
extendedâ-sheet secondary structures.

Peptide-guided microstructure formation could however be
induced if the TFA stabilizer was titrated with a mixture of
diethyl ether and methanolic NaOH (70:30 vol %; 0.1 M NaOH
in MeOH). Depending on the adjusted apparent pH the switch-
defect segments can rearrange and the resulting OfN acyl
transfer converts the conjugate with a disturbed peptide segment
into a conjugate with a native peptide segment (cf. Figure 2,

IV f V). The latter can express the peptide function, which
has in the case of the (TV)5 domain a high tendency to adopt
a stableâ-sheet.

The process of peptide-guided microstructure formation of
polymers was demonstrated with the peptide-polymer conjugate
IV-8k that possesses a pnBA block of Mn ≈ 8000. It was
previously shown that the OfN acyl transfer rearrangement
can be performed in Et2O/MeOH and occurs in a highly
controlled manner at apparent pH values from∼6.0 to∼7.5.30,48

By adjusting the pHapp. of a dilute solution ofIV-8k to 6.0 a
very slow generation ofV-8k and thus a rather controlled self-
assembly process is expected. Within 2 days formation of
anisotropic, fiber-like structures with lengths up to a micrometer
were observed by AFM (data not shown). These structures
organize further into bundles and fibrillar networks as visualized
by AFM after 12 days (Figures 3a and S5). It is important to
note that besides the microstructures also unstructured material
could be observed. This might be so for nonswitched conjugates,
which probably even enrich on the anionic mica substrate due
to their cationic character. Detailed kinetic investigations are
currently in progress, using analytical ultracentrifugation to
quantify the evolution of the structure formation process.

The dominating primary structure elements were investigated
more precisely by AFM. As shown in Figure 3b, a distinct fine
structure is apparent, consisting of left-handed helical super-
structures. Similar motifs were obtained recently by the
controlled self-assembly of the conjugateV-2k.48 The analogy
between the microstructures and the self-assembled building
blocks allows for the straightforward suggestion of a common
assembly model. As outlined in Figure 4, at first a flat core-
shell nanotape is formed by self-assembly of the peptide
aggregators of the conjugates into an antiparallelâ-sheet. This
assembly step controls the microstructure formation process,
leading to flat core shell tapes with aâ-sheet core and a pnBA
shell (Figure 4a and a′). In agreement with theory, describing
extendedâ-sheet structures, e.g., assembled from 11mer oli-
gopeptides,31 the â-sheet core is distorted by twist (Figure 4
b,b′) and bend distortions of theâ-strands, resulting in a helical
superstructure (Figure 4 c-e). The distortions are driven by (i)
dipole moment effects, (ii) the anisotropic chemical faces of
the antiparallelâ-sheet, and (iii) probably the steric repulsion
of neighboring pnBA coils. Moreover, the process is directed
by the chirality of the amino acid building blocks, resulting in
left-handed helical structures.31,48 The proposed model is
consistent with FT-IR spectroscopy, verifying the presence of

Figure 3. AFM micrograph of the fibrils and fibrillar network formed by the peptide-guided organization ofIV-8k in solution 12 days after
titration (1 mg/mL in Et2O/MeOH (70%) at pHapp ) 6.0, height imagez ) 12 nm) (a); AFM image of individual fibers with left-handed helical
superstructure as well as the corresponding height profile of a single fiber (height image,z ) 12 nm, low damping) (b); and AFM micrograph
showing the packing of individual fibers in the fiber bundles (phase,z ) 70°, high damping) (c).
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a â-sheet (υamide I ) 1628 cm-1 (cf. Figure S4)). Additionally,
the peptide organization motif could be directly correlated to
the microscopic structures using selected area electron diffraction
(SAED) (cf. Figure S6). The typicald spacing of 4.8 Å was
observed, which is characteristic for the repeat distance of
peptides that adoptâ-strands in an extendedâ-sheet.1

Formation of a fiber network appears to proceed in a
hierarchical manner by the directed organization of primary fiber
elements (superhelices) into bundles (Figure 3a and c). This
indicates the presence of soft, lateral interactions between the
fibers. As evident in Figure 3c, the superhelices are not
entangled; in fact, they run parallel over several micrometers
and pack densely into bundles. The occurrence of interference
pattern in the AFM image of the bundles (cf. Figure 3a) was
observed previously already48 and suggests a clear axial
correlation of the superhelices in the bundles. Such in-register
packing of helices requires well-defined axial repeats of
periodically modulated properties along the helix axis. Probably
this could be periodic stickiness caused by the pnBA regions
and/or periodic dipole moments, resulting from the peptide
â-sheets. It is interesting to note that generation of periodic
properties along fibers is a fundamental principle abundant in
biology, e.g., in collagen filaments, and that this can be
mimicked via self-organization of artificial superhelices with
periodically modulated axial properties.

Statistical analysis of the AFM images (Figure 3) and TEM
micrograph (Figure S5c) allows for determining the structural
parameters of the superhelices. These parameters are sum-
marized in Table 2 and should be compared, on one hand, to
superhelices formed by the conjugateV-2k48 and, on the other
hand, to helical assemblies of a 11mer oligopeptide without
polymer.31

A strong structural analogy is evident if the helical structures
obtained by the self-assembly ofV-8k with 86 wt % pnBA
were compared to those ofV-2k with 61 wt % pnBA. Both
superstructures appear to be rather soft as indicated by the cross-
sectional aspect ratios ofAR ) 3.4 and 4.3, respectively (AR )
widthTEM/heightAFM). Probably deformation is induced by
substrate contacts and takes place due to strong interactions of
the pnBA blocks with the high-energy surface of mica, as
observed for other nano-objects previously.53 Intuitively it
appears reasonable thatV-8k assembles to fibers with increased
width and height if compared to theV-2k structures (Table 2).
The increase, however, is not dramatic. This can be explained
by the constraints of the peptideâ-sheet tape, which seems to
have a dominating effect on determining the structural param-
eters of the superhelices. However, a helix is most easily
deformed in a longitudinal manner, resulting in noticeable
differences of the pitch height and pitch angle (cf. Table 2). As
expected, the pitch height increases from∼30 nm of a 11mer
oligopeptide without polymer31 to ∼37 nm of theV-2k to ∼59
nm of the V-8k structures (cf. Figure 4c-e). This is ac-

companied by an increase in pitch angle from∼48° to ∼61° of
the V-2k and theV-8k structures, respectively. If the increase
of the helix cross-sections is taken into account, the observations
appear to be consistent with a simple packing model of a tape
because the spatial demands of the tapes that are formed first
and subsequently wind into the superhelices are increasing from
the oligopeptide to theV-2k and to theV-8k system.

The theoretical tape width could be calculated assuming that
the peptide adopts aâ-strand conformation in an antiparallel
â-sheet and the pnBA forms a statistical coil. While the 11mer
oligopeptide results in a tape with∼4 nm,V-2k forms a tape
with ∼7 nm andV-8k requires about 10 nm. If these values
are compared to the maximum tape widths (Table 2) calculated
from the pitch heights and pitch angles of the observed
superhelices (cf. Supporting Information eq 3), it becomes
evident that steric repulsion between the tapes cannot be
considered to regulate the structural dimensions of the helices.
This highlights the dominating nature of theâ-sheet assembly
to control the resulting microstructures.

However, the steric repulsion of densely packed neighboring
polymer coils in aâ-sheet clearly influences the twist and bend
distortions of the tape. Given the structure model that suggests
a densely wound, twisted, and bentâ-sheet tape, the average
bending and twisting angles per peptideâ-strand can be
calculated as described recently (cf. Figure S10, Supporting
Information).31,48 Table 2 summarizes the distortion anglesγθ
(twist) and γν (bend) estimated from theV-2k and V-8k
superhelices. These values can be compared to symmetrical
distortion angles ofγθ ) γν ≈ 3° published for aâ-sheet
assembly of a 11mer oligopeptide in water (for idealized
structures see Figure 4c-e).31 It appears that in organic solvents
stiffer â-sheet tapes are formed. This is due to the differences
in binding energy contributions of H bonds in organic solvents
as compared to water, resulting in stronger binding between
theâ-strands in theâ-sheet. While the increase of the molecular
weight of the pnBA block from 2k to 8k seems to have a minor
effect on the twist distortion (Table 2), the bend angle, however,
decreases from approximately 2.3° to 1.2°. As a result of the
reduced distortions a superhelix with less curvature and larger
diameter is generated. This meets the simple model of a distorted
spring, and distortion energy results from an increase in steric
pressure between densely packed pnBA coils in theâ-sheet.

It is an important part of the approach of “peptide-guided
organization of synthetic polymers”26 that the peptide segment
of a peptide-polymer conjugate directs and drives the micro-
structure formation process. However, it is very likely that the
statistical coil of the synthetic polymer block influences the
assembly step progressively on increasing molecular weight.
Addressing this issue it is interesting to investigate the differ-
ences in the self-assembly behavior of polymer-peptide con-
jugates depending on the molecular weight of the pnBA block.
To self-assemble the conjugatesV-14k andV-38k with pnBA

Table 2. Structural Parameters of Helical Fibers of Oligopeptides and Peptide-Polymer Conjugates

11mer peptide31 V-2k V-8k V-14k V-38k

height (AFM), nm 2.9( 0.5 3.0( 0.8 3.8( 0.8 5.2( 1.4
width (AFM), nm 13( 1 15( 3 17.2( 2.5 28( 5
width (TEM), nm ∼10 10( 1 13( 2 15( 3 30( 5
pitch height (AFM), nm 30( 15a 37 ( 2 59( 5
pitch angle (AFM), deg 48( 3 61( 5
max tape width,b nm 13.7( 2 25.8( 3
γν bend, deg ∼3 ∼2.3 ∼1.2
γθ twist, deg ∼3 ∼1.9 ∼2.2

a Determined from TEM micrographs.b wmax ) hpitch × sin Rpitch (with wmax as the maximum tape width in the helical superstructure, whereRpitch is the
pitch angle andhpitch the pitch height).
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blocks of Mn ≈ 14 000 and 38 000, respectively, similar
protocols were followed as described above. The switching
process was induced by adjusting the apparent pH of dilute
solutions ofIV-14k and IV-38k to about 6.0. Therefore, the
OfN acyl switch and generation of the active aggregators
V-14k andV-38k should probably proceed with rates compa-
rable to theV-8k system. While the microstructure formation
of V-14k appears to evolve similarly toV-8k, the high molecular
weight analogueV-38k was found to self-organize considerably
slower.

The V-14k system allows the visualization of fiber-like
structures with AFM after 2 days (data not shown). Even if
microstructures are apparent, a high amount of nonstructured
material indicates incomplete assembly at this stage. After 16
days, however, distinct fibrillar structures could be observed
as shown in Figure 5a. In contrast to this rapid self-assembly,
theV-38k system organizes significantly slower. After∼50 days
at room temperature some indications of fiber formation are
evident, and 80 days are required to clearly observe fibers (cf.
Figure 5b).

Although precise kinetic investigations were not performed,
the appearance of anisotropic microstructures is noticeable
depending on the molecular weight of the pnBA block. While
V-2k assembles within 1-3 h, V-8k andV-14k require 2-16
days andV-38k needs 2-3 months for structure formation under
comparable conditions (1 mg conjugate per mL). This is

expected because kinetics of assembly processes are strongly
dependent on the volume faction of the peptide (φ2). Hence,
the apparent rates of the self-assembly of the conjugates decrease
with increasing molecular weight of the pnBA block because
molar concentration is reduced from 3.3× 10-7 mol/mL (V-
2k) to 2.5× 10-8 mol/mL (V-38k). Moreover, secondary effects
like the decrease of polymer end-group reactivity and acces-
sibility should also be considered.

Despite the different rates of the self-assembly processes, all
pnBA-block-(TV)5 conjugates aggregate into fibrillar micro-
structures with dimensions in a rather comparable range. As it

Figure 4. Idealized model of the peptide-guided microstructure formation, where the peptide segments of the peptide-pnBA conjugates adopt an
antiparallelâ-sheet tape that winds into a left-handed helical superstructure (undistorted tape, exhibiting a planarâ-sheet and a pnBA shell ((a) top
view; (a′) front view (polymer coils removed)); core-shell tape with twistedâ-sheet core ((b) top view; (b′) front view (polymer coils removed));
â-sheet tape of the 11mer oligopeptide,31 exhibiting uniform twist and bend distortions ((c) side view, (c′) front view); core-shell tape corresponding
to aggregates ofV-2k with twist and bend distortions ((d) side view, (d′) front view) and distorted core-shell tape ofV-8k ((e) side view, (e′) front
view) ((a-e) positions of theâ-sheets were calculated according to specified distortion anglesγθ andγν; (a, b and d, e) the polymer block and the
peptide segment were drawn out of scale due to clarity reasons; (d, e) from the first 20 conjugates the polymer coils were removed).

Figure 5. AFM micrographs of structures formed by the self-assembly
of IV-14k (a) andIV-38k (b) in solution 16 and 80 days after inducing
the switch process, respectively (Et2O:MeOH ) 70:30 vol %,c ) 1
mg/mL; phasez ) 50° (a) andz ) 35° (b)).
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could be anticipated the cross-sectional dimensions of the fiber
aggregates increase consistently with the molecular weight of
pnBA block fromV-8k to V-14k to V-38k (Table 2). The strong
analogy of the resulting structures to fibrils ofâ-sheet-forming
peptides highlights that the organization of the peptide segment
directs microstructure formation. For both high molecular weight
analogs (V-14k and V-38k) this assumption could also be
verified by spectroscopic and scattering techniques. FT-IR
spectroscopy confirmed the presence of extendedâ-sheets, and
SAED correlates the TEM images of the fibers with theâ-sheet
organization motif by showing a typicald spacing of 4.8 Å
(Figure S6).

In analogy to the superhelices ofV-2k and V-8k some
evidence could be found suggesting the presence of a helical
fine structure, even in the aggregates ofV-38k. As shown in
Figure 5b (inset) phase AFM imaging allows the visualization
of periodic modulations along the fiber axis. Taking into account
that the fibrillar structures ofV-14k and V-38k exhibit (i)
consistent dimensions to, e.g., theV-8k fibrils, (ii) extended
â-sheet tapes, and (iii) evidence for a helical superstructure, it
appears to be straightforward that an analogous aggregation
model can be assumed. However, considering the amount of
soft pnBA in V-14k (91.5 wt %) andV-38k (96.5 wt %) it is
not surprising that a precise visualization of the distorted core-
shell tapes in the assemblies is difficult.

It remains remarkable that with 8.5 and 3.5 wt % peptide
content ofV-14k andV-38k, respectively, the peptide segment
still dominates and directs the structure formation process in
the system. In these conjugates the peptide can be clearly
considered as a functional polymer end group, which highlights
the enormous potential of the class of monomer sequence-
defined oligopeptides.

Conclusions
The synthesis and self-assembly behavior of a set of peptide-

polymer conjugates was described. Conjugates were synthesized
possessing poly(n-butyl acrylate) blocks (pnBA) with different
block lengths but the same (threonine-valine)5 peptide segment
as aâ-sheet-forming aggregator domain. The high aggregation
tendency of the peptide segment was temporarily suppressed
by both switch and pseudoproline defects, allowing an ease of
synthesis and handling. To access conjugates with well-defined
pnBA blocks (Mn ) 8000-38 000 andMw/Mn ) 1.2-1.3) the
RAFT polymerization approach was applied. The temporarily
disturbed peptide segment was functionalized with a RAFT
chain-transfer moiety, and the resulting peptide-CTA could
effectively mediate the polymerization ofn-butyl acrylate in
solution. However, the native, undisturbed peptide segment was
reestablished via a pH-controlled rearrangement in the defects,
leading to conjugates with induced aggregation tendency and
thus triggering the self-assembly process of the peptide-polymer
conjugates. The peptide-directed microstructure formation was
studied in organic solvents by slowly inducing the aggregation
tendency. Atomic force microscopy (AFM) allowed visualiza-
tion of fibrillar microstructures and provides evidence for a left-
handed superhelical fine structure. The organization of the
peptides in extendedâ-sheets is proven by infrared spectroscopy
(FT-IR) and electron diffraction coupled to transmission electron
microscopy (SAED-TEM). The dimensions of the fibrillar
structures and approximated rates of microstructure formation
are correlated to the molecular weights of the pnBA block in
the conjugates. Thus, peptide organization was recognized to
control the microstructure formation of a pnBA block (Mn ≈
38 000) even at an oligopeptide organizer content of only 3.5
wt %.
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