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Abstract The synthesis of a foldable viologen-functionalized peptide–
polymer conjugate is presented. The ABA-type triblock conjugate with a
PEG polymer was capped with a FHFHF pentapeptide sequence and
further modified with a viologen building block at both chain ends. The
pH-responsive peptide domains fold into an intermediate structure
inducing close proximity of the viologen units, which upon a reduction
step form π-dimers of the radical cation. Overall the intramolecular
folding and intermolecular self-assembly process leads to the formation
of supramolecular nanorods. Mixing of viologen-peptide–polymer
conjugates with unfunctionalized conjugates leads to crosslinking of
the nanorods and hydrogels with a tunable content of viologen end
groups. π-Dimerization in the gels induces a deep purple color, which is
used as an optical probe to monitor the diffusion of molecular oxygen
through the hydrogel matrix.

Key words supramolecular materials, stimuli-responsive polymers,
electrochromism, peptide conjugation, hydrogel

Introduction

The unique properties of viologens (di-quaternized 4,4′-
bipyridyl salts), first mentioned by Michaelis in 1932,1,2

have receivedmuch attention in the last few decades.3,4 One
of the most interesting properties is their stability in three
different redox states. Viologens are prepared as dicationic
species which show reversible redox behavior. The salts can
be reduced by a one-electron reduction process and the
resulting blue–violet colored radical cation is remarkably
stable in the absence of oxygen, making it one of the most

stable organic radicals. Upon further reduction, a neutral
species is formed. The reversible one-electron reduction can
be achieved chemically by reducing agents such as sodium
dithionite,5,6 electrochemically7,8 or photochemically.9–11

Some applications for viologen derivatives include the use
in batteries12–14 and in catalysis.15–17 Based on the
prominent reversible color change upon reduction, electro-
chromic devices18,19 and dyes in solar cells have also been
developed.20 The above-mentioned properties have made
viologens a popular building block in the field of supramo-
lecular chemistry. Next to applications in the design of
molecular machines, supramolecular host–guest type com-
plexes with cucurbit[n]urils have been reported.21–26 In
some of these examples, the driving force of the radical
cation to form dimeric species in solution is exploited. This
so-called π-dimerization of the reduced viologen species
represents an exciting noncovalent bonding motive and is
therefore capable of triggering redox-responsive self-
assembly and folding events.27–32

Our aim was to integrate the versatile viologen folding
motive into peptide–polymer conjugates capable of second-
ary-structure-driven supramolecular self-assembly. Peptide–
polymer conjugates combine the easy synthetic accessibility
and scalability of hydrophilic polymers with the high
structural definition and diversity of oligopeptides.33–37 We
have recently disclosed the synthesis of homo- and hetero-
telechelic peptide–polymer–peptide conjugates.38,39 Ahydro-
philic polymer block of polyethylene glycol (PEG) or
polysarcosine (PSar) was functionalized with an FHFHF
pentapeptide sequence of alternating phenylalanine (F) and
histidine (H) aminoacids at both chains. In aqueousmedia the
homotelechelic PEG and PSar conjugates exhibited the pH-
responsive formation of anisotropic 1D nanorods due to a
parallel β-sheet-encoded intramolecular folding and inter-
molecular self-assembly process. Concentrated solutions led
to interstrand crosslinking and supramolecular hydrogel
formation. Intriguingly, the heterotelechelic PSar conjugates
with oligopeptide-directed antiparallel β-sheet domains also
showed the formation of stable supramolecular nanorods.
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However, no hydrogel formation could be observed, thus
highlighting the susceptibility of these materials to small
changes in the molecular structure. Here, we present the
synthesis of a viologen-functionalized peptide–polymer
conjugate in order to probe its β-sheet-encoded intramolecu-
lar peptide folding using the π-dimerization of redox-active
viologen-labeled chain ends. The foldable multistimuli-
responsive building blocks were further investigated in
the formation of hydrogels, and the distinct purple color of
the embedded radical dimers used as an optical probe for the
diffusion of molecular oxygen. Our results pave the way for
further developments and applications of the π-dimerization
as synthetic bonding motive to induce sequential folding
events in functional multidomain peptide materials.

Results and Discussion

In order to incorporate a viologen molecule into a
peptide–polymer conjugate, 4,4′-dipyridine was function-
alized with ethylbromide and 3-bromopropionic acid. The
carboxylic-acid-functionalized viologen building block 2
could then be utilized in peptide coupling reactions. Similar
strategies to modify peptides including the use of an active
ester on a solid support have been described previously.40,41

The β-sheet-encoded pentapeptide sequence FHFHF was
flanked by two hydrophobic hexyl spacers to reduce steric
congestion and shield the β-sheet domains in the resulting
aqueous assembly process. Furthermore, the hexyl spacers
should provide enough flexibility for both supramolecular
motifs, the hydrogen-bonding peptide block and π-dimer-
ization of the viologen radical cations, to function indepen-
dently and thus in a sequential fashion. The trityl-protected
peptide 4 was synthesized by conventional solid-phase
peptide synthesis and cleaved from the resin under weakly
acidic conditions using trifluoroethanol to leave the trityl-
protecting groups on the histidine side chains intact. The N-
terminal Fmoc-protected peptide was then used in a
PyBOP/HOBt-mediated amidation to functionalize the
diamine-modified PEG-3000 polymer 3 (Xn ¼ 68). The N-
terminus of the resulting homotelechelic peptide–PEG–
peptide conjugate was straight away deprotected under
basic conditions leading to the conjugate 5. The viologen
building block 2was utilized tomodify both chain ends of 5,
and after TFA-mediated deprotection of the imidazole side
chains the viologen-functionalized amphiphilic peptide–
polymer conjugate C1 was obtained (Scheme 1).42 The
conjugate C1 was purified by size exclusion chromatogra-
phy (SEC) in methanol to remove excess of 2 and waste
products from the coupling reagents. In addition, an
acetamide-functionalized peptide–polymer conjugate C2,
which lacks the viologen end groups, was prepared
according to literature procedures (see the Supporting
Information).39 SEC characterization of C1 in hexafluoroi-

sopropanol (HFIP) revealed a significant reduction in the
elution time compared to PEG diamine 3 (Figure S1). The
SEC curves have a symmetrical shape, therefore indicating a
unimodalmolecular weight distribution, and the increase in
molecular weight after conjugationwas estimated using SEC
calibrationwith PMMA standards38,39,43 (31,000 gmol�1 for
C1 and 23,000 g mol�1 for 3, Table S1).

UV/vis spectroscopy was first used to study the
properties of the viologen moieties upon reduction to the
radical cation. The spectra were measured in 10 mM
degassed phosphate buffer at neutral pH values with
sodium dithionite (1 mM) under an argon atmosphere.
Sodium dithionite was added as a reducing agent. The
process could be followed visually as the colorless solutions
of the viologen dication (absence of absorption bands
λ > 300 nm; Figures S2 and S3) turned blue in the case of a
solution of 2 or purple in the case of C1 upon reduction to
the radical cation (Figure 1). The solutions were stable
for hours in the absence of oxygen, but upon exposure to air,
the oxidation led to the regeneration of the colorless
dication species. The spectrum of a solution of 2 (100 µM)
reveals a maximum absorption band at λmax ¼ 600 nm, as
well as a weaker band at λ ¼ 860 nm. In contrast, the
spectrum of a neutral buffered solution of C1 (100 µM)
reveals a maximum absorption band at λmax ¼ 550 nm, but
the band at λ ¼ 860 nm is much more intense compared to
that of the solution of reduced 2 (Figure 1). These
observations are indicative of the π-dimerization of the
radical cation in the case of C1. It has been shown previously

Scheme 1 Synthetic route to the viologen-functionalized peptide–
polymer conjugate C1 linked via C6-spacers, utilizing a convergent
approach: (i) PEG-3000 diamine 3 (Xn ¼ 68, 1.0 eq.), 4 (2.3 eq.), PyBOP
(2.3 eq.), HOBt (2.3 eq.), DIPEA (4.0 eq.), DCM, rt, overnight; (ii)
DMF/piperidine (4:1), rt, 45 min (73% over 2 steps); (iii) 4,4′-dipyridyl
(1.0 eq.), ethylbromide (10.0 eq.), benzene, 90 °C, overnight (59%); (iv)
1 (1.0 eq.), 3-bromopropionic acid (10.0 eq.), ACN, reflux, overnight
(72%); (v) 5 (1.0 eq.), 2 ( 8.0 eq.), PyBOP (6.0 eq.), HOBt (6.0 eq.), DIPEA
(6.0 eq.), DMF, rt, 24 hours; (vi) DMF/TFA/TIS/H2O (20:20:1:1), rt,
45 min (96% over 2 steps).
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that the absorption band at λ ¼ 860 nm is characteristic for
the dimerization of the reduced radical cation.27,44–46 The
hypsochromic shift of the absorption band at λ ¼ 600 nm
provides further evidence for interactions between the
radical cations in C1. We therefore suggest that at
neutral pH, close proximity of the viologen end groups is
provided due to the folding of hydrophobic β-sheet domains
and supports π-dimerization of the reduced radical cation.

In order to confirm these first observations, we
investigated the pH-responsive self-assembly behavior of
the viologen-peptide–polymer conjugate C1 and the impact
of π-dimerization on the short-range order of the multi-
segmented folding units. To this end, we conducted circular
dichroism (CD) spectroscopy measurements of a 50 µM
solution of C1 in degassed 10 mM phosphate buffer
(Figure 2). In acidic pH values a positive band at λ ¼ 220 nm
could be identified. After adjusting the pH value to pH ¼ 8.5
and concomitant deprotonation of the imidazolium side

chains,47 a decrease of the CD signal at λ ¼ 220 nm was
observed (Figure 2). This observation is in agreement with
our previous investigations using FHFHF- and FMHMHF-
encoded oligopeptide–polymer conjugates that exhibit
pH-responsive intramolecular folding and intermolecular
self-assembly behavior.38,39,43 The change in the CD signal
intensity therefore indicates a change in the short-range
order of the hydrophobic peptide domains of the viologen-
peptide–polymer conjugate. In order to investigate the
impact of the π-dimerization process upon reduction of the
viologen units, we measured a solution of C1 (50 µM) in
degassed phosphate buffer (10 mM)with sodium dithionite
(200 µM) at pH ¼ 8.5. The CD band of the reduced species at
around λ ¼ 220 nm does not shift in intensity or energy,
compared to the oxidized species. Based on the evidence
from CD and UV/vis spectroscopic data, we conclude that
the π-dimerization motive does not interfere with the β-
sheet ordered segments of the multidomain conjugate C1.

Themorphology of the self-assembled conjugate C1 in the
different states in aqueous solution was examined using
transmission electronmicroscopy (TEM). For this purpose, C1
(100 µM)wasfirst dissolved in 20 mMTris buffer at pH ¼ 2.3.
Formeasurements at neutral pH the solutionwas neutralized
usingaNaOHsolution.Thesamplepreparationfor thereduced
species was carried out under an argon atmosphere using a
degassed solution toprevent fast oxidationbyoxygen. All TEM
images were negatively stained using a 2% uranyl acetate
solution. Figure 3A showsa representative TEMmicrographof
C1 (100 µM) at pH ¼ 2.3 displaying only small spherical
objects.Thesemicellarstructuresaremost likelymonomersor
oligomeric assemblies. Due to the repulsive Coulomb inter-
actions of the protonated histidine side chains at acidic pH,
hydrogen-bond-driven directional self-assembly does not
occur. In contrast, anisotropic supramolecular nanorods could
be observed in TEM images prepared from aqueous solutions
ofC1 at pH ¼ 8.2 (Figure 3B). These structures are formed as a
result of the intramolecular folding and intermolecular self-
assemblyprocess, supportedbyhydrophobicβ-sheetdomains
at neutral pH values. TEM measurements of the sodium
dithionite-reduced solution of conjugate amphiphile C1 also
reveal 1D supramolecular nanorods with similar contour
lengths compared to the oxidized species (Figure 3C). This
finding supports CD-spectroscopy experiments and radical
dimer formationdoesnotcompetewiththehydrogenbonding
in the hydrophobic domains of the amphiphilic conjugate C1.

One exciting property of the viologen unit is its character-
isticcolorchanges, forexample inducedby theoxidationof the
colored radical cation to the colorless dication species.4

Although the radical cation is normally stable over long
periods of time, the exposure to oxygen induces the oxidation
via anone-electron transfer that results in the formationof the
viologendication and superoxide (O2

�).48,49 This property can
beusedasanopticaldevicetodetect thepresenceofmolecular
oxygen.50–52 Due to our interest in developing adaptive

Figure 2 pH-dependent CD measurements of C1 (50 µM) in 10 mM
phosphate buffer (red and black lines) and CD measurement of C1
(50 µM) after reduction with sodium dithionite (200 µM) in degassed
10 mM phosphate buffer (purple line).

Figure 1 UV/vis absorption spectra of C1 (100 µM) and 2 (100 µM) in
10 mM phosphate buffer at neutral pH after one-electron reduction
using sodium dithionite (1 mM) and pictures of the colored solutions of
2 (left) and C1 (right).
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materials that respondtothepresenceofoxidativespecies and
changes in redox microenvironments, we aimed to integrate
the π-dimers as optical probes tomonitor oxygen diffusion in
supramolecular hydrogels. First, we performed hydrogelation
experimentswithC1, butneutral solutionsof up to3% (w/v) in
degassed10 mMphosphatebufferwithsodiumdithionitedid
not lead to stablehydrogel formation. Thepreviously reported
acetamide-functionalized peptide–polymer conjugate C2,
which lacks the viologen end groups, is known to form gels
atweight fractions as lowas1% (w/v)under thesamebuffered
conditions.39 We assume that in the case of C1, the
hydrophobic peptide domains of the polymer conjugates are
less likely to insert into neighboring nanorods due to the
flanking π-dimerized radical cations. The reason is likely a
combination of stabilization of the folded domains, steric
hindrance, as well as Coulomb repulsion, which therefore
reduces interstrand crosslinking and hydrogel formation. We
thereforeopted tomixboth foldablesynthonsandaddedC1as
a functional component to the structural gelator C2. C1
(0.2 mM) and C2 (2% w/v) were mixed and dissolved in
degassed phosphate buffer (10 mM) at acidic pH under an
argonatmosphere.Afteradjusting thebuffer toneutralpHand
the addition of sodium dithionite (0.8 mM), a dark purple
supramolecular hydrogel was formed within minutes (Fig-

ure 4, first photograph). Note that the viologen building block
is complementary to other electrochromic probes used in the
literature, for example perylenediimidederivatives that show
astrongdriving force for self-assembly in theneutral state, but
less so in the oxygen-sensitive reduced radical anionic states
due to charge repulsion.53–57 Using the described bicompo-
nent hydrogels, it was possible to monitor the diffusion of
molecularoxygenthroughthehydrogelmatrix.Tothisend,the
vial was opened after the gel was prepared and the argon
atmosphere was replaced by blowing air into the vial. The
transition fromthepurple radical cationdimer to the colorless
dicationic viologen species becomes clearly visible as the
oxidation reaction front propagates through the gel
(Figure 4, second to fifth photographs). Over the time course
of 3 h, all the viologen radical cations were oxidized and the
hydrogel became completely colorless. Finally, this experi-
ment was repeated using different weight fractions of
structural hydrogelator C2 (1.5% w/v and 2.5% w/v) to
modulate the strength and mechanical properties of the
hydrogels, while keeping the total amount of C1 constant. In
this concentration window, the oxygen diffusion and oxida-
tion reaction seemed to occur on a similar time scale, and
complete decolorization of the supramolecular hydrogelswas
observed after 3 h (Figures S4 and S5).

Figure 4 Hydrogel of C2 (2% w/v) with C1 (0.2 mM or 0.5% w/v) in 400 µL phosphate buffer (10 mM) and sodium dithionite (0.8 mM) under an argon
atmosphere (left picture) and after exposure to air over time.

Figure 3 Negatively stained TEM Images: (A) C1 (100 µM) in Tris buffer (20 mM, pH ¼ 2.3). (B) C1 (100 µM) in Tris buffer (20 mM, pH ¼ 8.2). (C) C1
(100 µM) reduced in Tris buffer (20 mM, pH ¼ 7.4) with sodium dithionite (400 µM). Scale bars: 200 nm.
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Conclusions

We present the facile synthesis of a homotelechelic ABA-
type peptide–PEG conjugate functionalized with a viologen
unit at both chain ends. The FHFHF pentapeptide sequence
supports secondary-structure-driven self-assembly into
supramolecular nanorods with a hydrophilic shell consisting
of the water-soluble PEG polymer. The pH-switchable
intramolecular folding and intermolecular self-assembly
was characterized by CD spectroscopy and TEM experiments.
The incorporationof theviologenunitshasno influenceonthe
solution assembly properties, but prevents hydrogel forma-
tion of the amphiphilic peptide–polymer conjugate. UV/vis
measurements revealed the formation of the purple-colored
radical dimer, after a one-electron reduction of the viologen
motives. This π-dimerization is favored due to the close
proximity of viologen units in the folded state of
the hydrophobic peptide domains. Finally, the redox-active
conjugatewas co-assembledwith a similar but nonfunctional
amphiphile to prepare bicomponent supramolecular hydro-
gels as optical probes for molecular oxygen. The diffusion of
oxygen through the hydrogel matrix oxidizes the purple
radical dimers and decolorization of the gel occurs with
spatiotemporal resolution as the dicationic viologen is
reformed. These findings and design features will inspire
further developments for multidomain and multifunctional
building blocks and their applications in noncovalent synthe-
sis of supramolecular functional materials.
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Ahx /CH2
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Ahx ), 1.60 (t,

J ¼ 7.3 Hz, 6H,N þCH2CH3), 1.47–1.42 (m, 4H, CH2
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