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A particularly attractive feature of noncovalent bonds is their
adaptive and responsive properties towards external stimuli.[1]

Consequently self-assembled systems are able to respond to
very specific changes in their environment (optical,[2] mechan-
ical,[3] or biological[4] stimuli), thereby enabling self-healing
properties,[3b, 5] controlled release of cargo,[2b, 6] or emergent
behavior such as self-replication.[3a, 7] Thus, the use of external
stimuli to control the self-assembly of supramolecular poly-
mers has great potential for manipulating the morphology of
the materials and thereby their function. This is very
appealing due to their many applications in electronics,[1a]

sensors,[8] and biomedical technologies.[9] Surprisingly, unlike
biological structures, most artificial supramolecular polymers
rely either on single-component self-assembled systems or on
multicomponent systems that interact in an additive, non-
cooperative fashion.[9b, 10]

We report here the development of multicomponent
supramolecular copolymers in water which are formed in
a cooperative fashion as a result of a number of noncovalent
interactions involving each of the monomers. pH switching of
only one of the components will destabilize the material and
cause depolymerization to occur as a sharp response, thus
rendering the higher order aggregates multistimuli-respon-
sive, stable at close to physiological pH, and unstable at lower
and higher pH values. In a supramolecular engineering
approach, the intrinsic stability of the noncovalent copoly-
mers and the pH window for the self-assembly to remain

switched on can further be tuned by the affinity of the co-
monomers.

Peptide materials such as nanofibres,[11] nanotubes,[3a,12]

and artificial b-barrels[13] have attracted much interest for the
development of responsive supramolecular systems in water.
Inspired by the studies by the research groups of Stupp,[2-

c,9a,11b, 14] Percec,[15] and Matile,[16] we have designed two types
of complementary supramolecular co-monomers that are
based on small b-sheet-encoded synthons,[14b, 17] that is,
pentapeptides. The two co-monomers incorporate comple-
mentary sites of interaction (pairs of acid/base or cation/anion
functionalities) that are embedded in the pentapeptide
sequences through alternating hydrophobic/hydrophilic
amino acids (Figure 1).[13,18] The critical peptide length for
aggregation can be overcome by attaching each of the small
peptide strands to a C3-symmetric scaffold. In addition, the
dendritic peptide amphiphile codes for one-dimensional (1D)
noncovalent polymerization, which is known to occur for
amphiphilic C3-symmetric supramolecular monomers,[19] and
avoids the formation of 2D sheets or micellar aggregates. Our
strategy is thereby complementary to the self-assembly of
zwitterions developed by Schmuck and co-workers,[1b, 20] and
the self-assembly of coiled-coil peptide motifs, which are
stabilized by Coulombic interactions embedded in polar
residues within their hydrophobic interfaces, as reported by
Woolfson and co-workers.[21]

We investigated the aggregation behavior of the co-
monomers 1a and 1 b in aqueous solution by using circular
dichroism (CD) spectroscopy (Figure 2). CD spectroscopy is
a powerful tool to investigate the order and self-assembly of
peptide amphiphiles and chiral supramolecular poly-
mers.[14a, 22] The CD spectra of the individual co-monomers
1a and 1 b in 20 mm phosphate buffer (pH 6.1) both exhibited
a strong negative CD band at around 198 nm and a very weak
positive band at around 210 nm. These CD features are
characteristic of a lack of secondary structure, a state usually
referred to as a random coil (Figure 2A)[23] and provides
a good indication that both anionic and cationic monomers do
not spontaneously aggregate in buffered environments (Fig-
ure 2B). It should be noted that homopolymerization does
not take place since hydrogen bonding cannot overcome the
intermolecular repulsive electrostatic forces of the six formal
charges per co-monomer, even if the net charge of the co-
monomers is reduced by acidifying a solution of 1a or
increasing the pH value of a solution of 1b (see Figure S1 in
the Supporting Information). However, when mixing the two
co-monomers in a 1:1 ratio, the CD spectrum changed
dramatically and showed a strong positive band at around
195 nm and a strong negative CD band at around 210 nm. The
solutions were sonicated for one minute after mixing to avoid
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kinetic traps in the assembly process. The observed bands are
both highly characteristic of the secondary structure of
a hydrogen-bonded parallel b-sheet (Figure 2A).[24] Mixing
the oppositely charged co-monomers in a 1:1 ratio screens the
anionic and cationic charges and initiates the supramolecular
copolymerization. This is a cooperative process, where

attractive Coulomb interactions reinforce parallel b-sheet-
encoded hydrogen bonding to form copolymer architectures.

High-resolution transmission electron microscopy
(HRTEM) experiments were performed to further confirm
the supramolecular copolymerization of 1a and 1b into 1D
morphologies (Figure 3, see also Figure S2 in the Supporting

Information). After depositing solutions of 1:1 mixtures of the
co-monomers onto TEM grids, long anisotropic nanorods
could be observed. The 4 nm width of the nanorods correlates
well with the diameter of the co-monomers. They appear to
aggregate laterally, most likely through templating effects and
drying effects on the TEM grid. Remarkably, they could be
visualized without the addition of staining agent, which is
usually required to enhance contrast in organic soft matter.
This is a further indication that the b-sheet-encoded core of
the peptidic nanorods is densely packed as a result of the b-
sheet-encoded secondary structure.

Figure 1. A) Schematic representation of the supramolecular copolymer and B) the anionic/cationic b-sheet-encoded dendritic co-monomers
1a/1b and 1a’/1b’.

Figure 2. A) CD spectra of solutions of the dendritic co-monomers 1a
(green curve), 1b (blue curve), and a 1:1 mixture of 1a/1b (red curve).
All measurements are performed at dendritic peptide amphiphile
concentrations of 0.1 mm in 20 mm phosphate buffer (pH 6.1) at
293 K. B) Schematic representation showing the lack of supramolec-
ular homopolymerization in isolated solutions of 1a and 1b, and the
b-sheet-directed heteropolymerization of 1:1 mixtures of 1a and 1b
into supramolecular copolymers.

Figure 3. HRTEM images of the self-assembled dendritic peptide
amphiphiles 1a and 1b [the co-monomers were mixed in a ratio of 1:1
at a total concentration of 0.1 mm in 20 mm phosphate buffer (pH 6.1)
and then deposited onto the TEM grid].
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Cross-polarization magic-angle spinning (CPMAS)
13C NMR spectroscopy was used to identify the b-sheet
content in the supramolecular copolymers. It is known for
polypeptides in particular that the chemical shift of carbonyl
carbon atoms obtained by CPMAS 13C NMR spectroscopy
strongly depends on the secondary structure and is, therefore,
highly diagnostic.[25] A freeze-dried solution of 1:1 mixtures of
co-monomers 1a and 1b shows a chemical shift of d = 172�
1 ppm for the carbonyl carbon atom (see Figure S3 in the
Supporting Information), which is in excellent agreement
with reported values for b-sheet-ordered oligoalanines,
-lysines, and -glutamic acids.[26] Except for the aromatic
amide signal, no other carbonyl signal was observed in the
low field region; 13C carbonyl shifts would have been
expected in this region for random-coil arrangements.[26]

Overall, the solution-based CD experiments and CPMAS
13C NMR spectroscopic analysis in the solid state confirm that
all the peptide side arms in the supramolecular copolymers
are packed into ordered parallel b-sheet conformations.

In addition to experimental evidence, we performed
theoretical calculations to correlate the hierarchical copoly-
merization of 1a/1b. A solvated octameric model consisting
of the co-monomer pairs of 1a/1b was investigated by
performing a molecular dynamics (MD) simulation (see
Figure S4 in the Supporting Information). The supramolec-
ular copolymer maintained a stable 1D columnar conforma-
tion throughout the MD simulation, and geometric informa-
tion about specific intermolecular interactions in the assem-
bly was averaged over the trajectory. Intriguingly, the
aromatic core did not form a regular stack, as evident by
the erratic values for the stack height as well as the tilt and slip
parameters (see Figures S5 and S6 in the Supporting Infor-
mation).

Therefore, according to the MD simulations, p-p stacking
and hydrophobic effects of the small aromatic core do not act
as primary stabilizing interactions for the supramolecular
copolymerization of 1a/1b. The averaged stack heights (core–
core distance) from the MD simulations (ca. 4.5 �) are
significantly greater than the heights determined by gas-
phase semiempirical optimizations (ca. 3.5 �), or indeed the
hybrid DFT/MM gas-phase optimizations (ca. 3.8 �) in the
gas phase. Snapshots of the MD simulations show water
molecules intercalated between the aromatic cores which
elongate the aromatic core–core distances. In contrast to the
absence of interactions involving the cores, hydrogen-bonding
interactions as well as salt bridges could be observed in the
peptide side arms of the aggregates (see the Supporting
Information).

These results further support the above proposed mech-
anism: the self-assembly is induced in a cooperative fashion
through a combination of attractive Coulomb forces and
parallel b-sheet-directed hydrogen bonding, which are en-
coded in the supramolecular synthons. Note that we use the
term cooperative self-assembly in a broad sense to describe an
aggregation process that is favored because of a number of
noncovalent interactions originating from each of the co-
monomers. As a consequence of a lack of statistical thermo-
dynamic theory for supramolecular 1D copolymerizations, we
have not yet been able to quantify the degree of cooperativity

involved in the hierarchical multicomponent self-assembly
process.[10b,c]

A particularly attractive feature of weakly basic or weakly
acidic self-assembled peptide materials is the ability to
reversibly change their ionic character by adjusting the
pH value and thereby switching the material properties on
and off.[9b, 10a,d, 19c,20, 27] The supramolecular copolymers
reported here are unique because of their ampholytic
character: containing both basic and acidic side groups in
the same self-assembled macromolecule. We performed CD
experiments at different pH values to investigate the dual
responsiveness of the coaggregates based on 1 a and 1b
(Figure 4). The recorded spectra in a medium pH range of
pH 6.1–7.0 were characteristic of b-sheet-ordered supra-
molecular copolymers. Lowering the pH value to 3.7 or

Figure 4. CD spectra of a 1:1 mixture of the co-monomers 1a/1b at
variable pH values: A) Basic titration and B) acidic titration (the thick
black lines represent the start and end points of the titrations); C) the
corresponding normalized data and schematic representation of the
pH stability window of the supramolecular copolymers [blue data
points= 1a/1b (l = 207 nm), black data points= 1a’/1b’
(l = 215 nm)].
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increasing it to 8.6 results in both bands characteristic of
parallel b-sheets (at around 195 nm and 210 nm) becoming
weaker but they do not disappear. Only at pH 3.6 and pH 8.9
is the negative band at 198 nm that is observed for the isolated
solutions of 1a and 1b restored, which is characteristic of
polypeptides lacking any secondary structure. Unlike conven-
tional, single-component self-assembled weakly acid or
weakly basic amphiphilic peptides that aggregate when the
pH values are decreased or increased, respectively, the
reported ampholytic supramolecular copolymers reversibly
assemble at a close to neutral pH value and disassemble
under acidic and basic conditions.[28] While the acidic pH
switch seems to be defined by the pKa value of the glutamic
acid residues of around 4, the basic switch is about 1.5 pH
units lower than expected for isolated lysine side chains.
Boden and co-workers have reported similar findings for self-
assembling glutamic acid and ornithine-based peptides, where
the decrease in the apparent pKa value of the basic amino acid
most likely arises from repulsive Coulomb interactions
between neighboring positively charged side chains.[29] Our
system is a unique case of a supramolecular coassembly
process that is switched on at a physiologically relevant pH
range and can be switched off sharply when leaving this pH
window.

The triggered disassembly of surface-functionalized poly-
cationic scaffolds into low-molecular-weight building blocks is
an attractive strategy for the development of oligonucleotide
delivery vehicles,[2b, 30] where the pH-induced disassembly of
the polycationic architecture and the loss of multivalent
points of interaction would lead to the decomplexation and
release of the oligonucleotide. The triggered disaggregation
of the self-assembled polycations could furthermore reduce
their toxicity.

To further demonstrate that the pH window where self-
assembly is switched on, and therefore the stability of the
supramolecular copolymers, can be tuned and manipulated by
adjusting the hydrophobicity of the co-monomers, we inves-
tigated the aggregation behavior of the more hydrophobic
peptide sequences Gly-Leu-Glu-Leu-Glu and Gly-Leu-Lys-
Leu-Lys embedded in the co-monomers 1a’ and 1b’. Anal-
ogous to 1a and 1b, CD-spectroscopic investigations of the
isolated monomer solutions of 1a’ and 1b’ led to CD bands
characteristic of random coil structures. A 1:1 mixture of 1a’
and 1b’ in phosphate buffer (pH 6.1) gave rise to a significant
change in the CD signature, where the negative CD band at
198 nm shifted to 215 nm and the positive one at around
210 nm disappeared (see Figure S8 A in the Supporting
Information). In the case of these significantly more hydro-
phobic supramolecular aggregates, the addition of 37.5 vol%
acetonitrile led to a complete disappearance of the aggregate-
specific CD band at 215 nm (see Figure S8B,C in the
Supporting Information).[19a] Combined, these results confirm
that 1a’ and 1b’ copolymerize in a neutral buffer; the
observed CD signature is shifted relative to that of the 1a/
1b copolymers which is most probably due to the sterically
more demanding leucine amino acids which lead to a more
pronounced twist in the parallel b-sheet secondary struc-
ture.[14a] Interestingly, pH-dependent CD measurements show
that the distinct shift from the coaggregate to the monomer

bands can also be achieved by either increasing or decreasing
the pH value. In contrast to the co-assembly of 1a and 1b, the
pH window where self-assembly is switched on is now
increased, and full disassembly is observed at pH 2 and
pH 12 (Figure 4; see also Figure S8 D,E in the Supporting
Information). The supramolecular copolymers become ther-
modynamically more stable because of the more pronounced
hydrophobic effects of the b-sheet-encoded peptide sequen-
ces when six alanine residues in 1a/1 b were replaced by six
leucine residues in 1a’/1 b’. The increased aggregate stability
is responsible for the shift in the apparent pKa values of the
oligoglutamic acids in 1a’ and protonated oligolysines in 1b’.
This is in agreement with recent studies by Goldberger and
co-workers on linear peptide amphiphiles that show a pH shift
in the self-assembly transition depending on the b-sheet
propensity of the amino acid sequence in their b-sheet
domain.[27a]

In conclusion, we have synthesized b-sheet-encoded
anionic and cationic supramolecular co-monomers. These
dendritic peptide amphiphiles, when self-assembled from
a 1:1 monomer feed ratio, form supramolecular copolymers
through a combination of Coulomb attractive forces and
hydrogen-bonding interactions. The obtained ampholytic
supramolecular materials have been designed for on-off
polymerization in response to pH triggers. Unlike most
single-component self-assembled peptide materials, the
unique hierarchical copolymerization process of our aggre-
gates is operative in a physiologically relevant pH range.
Decreasing or increasing the pH value outside of this
pH window results in polymerization being switched off and
disassembly occurs through the loss of the salt bridges of the
peptide side arms. The use of a supramolecular engineering
approach enables the pH window to be increased by enhanc-
ing the affinity of the supramolecular co-monomers. We are
currently exploring applications where multivalency, bioac-
tivity, and release of cargo can be switched on and off in
a triggered fashion; responsiveness to physicochemical or
biological stimuli is of particular interest for applications in
molecular imaging as well as drug and oligonucleotide
delivery vehicles.

Experimental Section
The 13C CP-MAS NMR spectrum was collected at 125.8 MHz
(Bruker Avance 500 spectrometer) using a commercial Bruker
2.5 mm double resonance MAS probe spinning at 25 kHz, applying
a p/2 pulse length of 3.5 ms, a recycle delay of 10 s, a CP contact time of
3.5 ms, and 16 384 transients.[31] CD spectra were recorded on a J-815
(JASCO) spectrometer. The HRTEM measurements were carried
out on a Libra 200 FE TEM (Zeiss) equipped with a field emission
gun operating at 200 kV.
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