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Abstract

The coupling of electronic and biological functionality through self-assembly is an interesting target
in supramolecular chemistry. We report here on a set of diacetylene-derivatized peptide amphiphiles
(PAs) that react to form conjugated polydiacetylene backbones following self-assembly into
cylindrical nanofibers. The polymerization reaction yields highly conjugated backbones when the
peptidic segment of the PAs has a linear, as opposed to a branched, architecture. Given the topotactic
nature of the polymerization, these results suggest that a high degree of internal order exists in the
supramolecular nanofibers formed by the linear PA. On the basis of microscopy, the formation of a
polydiacetylene backbone to covalently connect the β-sheets that help form the fibers does not disrupt
the fiber shape. Interestingly, we observe the appearance of a polydiacetylene (PDA) circular
dichroism band at 547 nm in linear PA nanofibers suggesting the conjugated backbone in the core
of the nanostructures is twisted. We believe this CD signal is due to chiral induction by the β-sheets,
which are normally twisted in helical fashion. Heating and cooling shows simultaneous changes in
β-sheet and conjugated backbone structure, indicating they are both correlated. At the same time,
poor polymerization in nanofibers formed by branched PAs indicates that less internal order exists
in these nanostructures and, as expected, then a circular dichroism signal is not observed for the
conjugated backbone. The general variety of materials investigated here has the obvious potential to
couple electronic properties and in vitro bioactivity. Furthermore, the polymerization of monomers
in peptide amphiphile assemblies by a rigid conjugated backbone also leads to mechanical robustness
and insolubility, two properties that may be important for the patterning of these materials at the
cellular scale.

Introduction

Over the past two decades, there has been a great interest in self-assembly of peptide-containing
amphiphilic molecules into various supramolecular architectures. Depending on molecular
design, different architectures have been constructed including spheres,1–3 tubes,3–5

cylinders,6–10 and twisted cylinders,11 among others.12–14 In principle, peptide-based
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amphiphiles can be designed to be biodegradable and biocompatible, and therefore, they have
great potential as self-assembling materials for in vivo imaging,15 drug delivery,12,16 and as
bioactive scaffolds for cell signaling.17–20

Peptide amphiphiles, by definition, have components that contain hydrophobic and hydrophilic
segments, which can lead to ordered aggregation of these molecules to minimize interfacial
energies with solvent or incompatible molecular segments. Interest in self-assembling peptide-
based amphiphiles has extended from peptides to derivatized peptides and peptidic block
copolymers.21 A few examples of peptide-only amphiphiles include cyclic peptides,4,16,22

short cationic and anionic surfactant-like peptides,7,23 and β-sheet forming peptides.24

Another family of peptide amphiphiles includes those with lipid alkyl tails. Yamada et al.
designed a system using a tripeptide unit with double alkyl tails to form cylindrical micelles
in organic solvent.8,25 These molecules were recently redesigned by our laboratory to form
helical nanofibers with controllable pitch by varying the size of substituents.11 Single- and
double-tailed alkyl units have also been synthesized to form protein-like architectures further
modified to contain epitope-binding peptide sequences for bioactivity and sensing studies.17,
26 Amphiphilic peptide polymers include the work of Deming27 and Conticello,9 whose use
of polypeptides and copolymers have led to interesting materials for drug delivery.

Our group was the first to demonstrate that peptide amphiphiles containing fatty acid
hydrophobic segments could be designed to form high-aspect-ratio cylindrical nanofibers that
could also incorporate a large diversity of bioactive epitopes. This is now well understood to
be the result of β-sheet formation between amino acids situated next to the hydrophobic
segments. At appropriate concentrations (0.1–2 wt %), these one-dimensional nanofibers also
form self-supporting gels in aqueous solution through changes in pH which reduce or eliminate
net charge in the molecules, temperature, or addition of screening salts.6a,28 Work by Jiang
et al.29 and Paramonov et al.30 have shown that the β-sheets tend to align parallel to the z-axis
of the fiber. Thus, the general design of our PA molecules is highly tolerant to changes in the
peptide sequence without compromising the formation of cylindrical nanofibers and self-
supporting gels. This tolerance has enabled the synthesis of many PAs containing different
epitopes and chromophores, as well as changes in molecular architecture of the peptide from
linear to branched31 structures. Thus, even PA molecules with highly tapered or non-tapered
shapes that in ordinary surfactants would yield spheres and lamellar aggregates, respectively,
end up assembling as nanofibers. This is the result of β-sheet formation, and we therefore refer
to these PAs as “βPAs”. The structural characterization of these supramolecular fibers
consisting of β-sheets and hydrophobic collapse is not trivial since they are not crystals but do
contain internal order.29 The mechanical integrity of the PA gels that are formed is also limited
due to the absence of any internal covalent bonds connecting the PA monomers. In our original
work, we showed that cysteine residues could be used to internally crosslink the nanofibers.
In the present work, we have used a different approach to create internal covalent bonds among
PA monomers that transforms the components of nanofibers to polymers with a conjugated
backbone. This has the additional advantage that the backbone could be used to design
functions based on its electronically conjugated nature.

An efficient polymerization of diacetylenes yielding highly conjugated backbones requires
positioning of atoms in a crystalline lattice with little displacement before and after the reaction
also known as a topochemical reaction.32–34 The reaction proceeds via covalent bonding
between the C1 and C4 carbons of the diacetylenes, resulting in an alternating ene-yne
conjugated backbone (Scheme 1). In aqueous environments, these materials often appear red
or blue colored, with the blue color indicating greater order in the conjugated π-system.35 As
the conjugated π-system becomes less ordered, the observed color shifts from blue to red.
Charych36 and Jelinek37 utilized polydiacetylenes as chromatic sensors in lipid-like vesicles,
and Tirrell and co-workers incorporated diacetylenes into the alkyl tails of peptide amphiphiles
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to create polymerized vesicles38 and Langmuir—Blodgett films39 as sensitive biosensors in
solution. In those studies, cell/protein attachment disrupts the diacetylene film or vesicle,
inducing an observable color change from blue to red. Peptide amphiphiles containing
diacetylenes that self-assemble into nanoribbons have also been used in magnetic alignment
studies to demonstrate macroscopic ordering of peptidic structures.40 Diacetylene-derivatized
alkyl tails with variable hydrophilic head groups41 or oligopeptidic polymers42 also form
interesting twisted nanostructures.

We report here on the polymerization of diacetylenes in the alkyl tails of our PA structures
known to form cylindrical nanofibers driven by hydrophobic collapse of β-sheets. The PAs
utilized in the study have either linear or branched architecture in their peptide segments.
Previous work in our laboratory involved probing the internal structure of PA nanofibers using
fluorescence techniques.43 These studies revealed that the interior of nanofibers is well
solvated by water, but more densely packed and geometrically constrained near the core
compared to the periphery. This would be consistent with an internal structure consisting of
β-sheets that aggregate as a result of hydrophobic interactions. Hartgerink et al. has also
supported this finding, reporting that bulky amino acids reduce hydrogen-bonding and hinder
self-assembly of PAs as they are placed further into the nanofiber interior.30 More recently,
our group has also determined that there is order in the inner hydrophobic core of the nanofibers
containing alkyl chains.29 In the present work, we have placed the diacetylene groups in the
hydrophobic alkyl segments and studied the polymerization both as a probe for the nanofiber’s
internal structure as well as a strategy to obtain novel properties.

Results and Discussion

We synthesized the two PAs shown in Scheme 2 containing a diacetylene moiety in the alkyl
tail. The peptide sequence of linear PA 1 has the sequence Lys-Lys-Leu-Leu-Ala-Lys-
(OC25H40) whereas PA 2 contains an additional lysine residue to create its branched
architecture Lys-Lys(Lys)-Leu-Leu-Ala-Lys(OC25H40).

Both linear 1 and branched 2 PAs were found to form gels at concentrations of 2.0 wt % in
water when exposed to ammonium hydroxide vapor in a sealed chamber for five to 10 min.
The presence of base reduces and screens the net charges on PA molecules thus driving self-
assembly into nanofibers through hydrogen bonding and hydrophobic collapse. Samples were
irradiated at 256 nm either before or after gelation, both resulting in the well-known
colorimetric change associated with diacetylene polymerization, from colorless to an intense
blue color (see Figure 1). Irradiated samples that had not been exposed to ammonium hydroxide
vapor also polymerize after exposure to UV light, indicating that the PA aggregates exist in
solution even without the base-induced gelation procedure. The irradiation of PA solutions
changes color to dark purple (3 in Figure 1), whereas irradiation of the gel results in an intense
blue color (4 in Figure 1). The purple color suggests the presence of both conformationally
disordered (red) and ordered (blue) states in the PDA backbones formed. Irradiation of the
branched PAs under the same conditions resulted in similar color changes. After
polymerization, the PA gels also appeared more mechanically robust relative to nonirradiated
gels. This change in mechanical properties is clearly due to the formation of polydiacetylene
backbones within the nanofibers. We are currently investigating the complex mechanical
behavior of these materials and hope to report the results in a follow-up paper. We concluded
from these initial observations that PA nanofibers consisting of either linear or branched
molecules have sufficient internal order to support the topotactic polymerization of
diacetylenes in their hydrophobic core.

A blue color following diacetylene polymerization in peptide amphiphiles was observed in the
low curvature planar assemblies of large vesicles (70–150 nm) by Tirrell et al.38 Since
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diacetylene polymerization is a topotactic reaction, the color change due to backbone
conjugation can be correlated to the degree of molecular ordering in the reactive assemblies.
This ordering should be compromised by high curvature in the assemblies and in fact the blue
color indicative of long, effective conjugation length was not observed in spherical micelles
by Huo et al.35 and Okada et al.36d It is therefore interesting that in our nanoscale cylindrical
assemblies with high curvature (5–8 nm) we do observe an intense blue color. This suggests a
high degree of internal order in the cylindrical nanostructures formed by the βPAs studied here.

Spectroscopic Analysis of Nanofibers

As mentioned previously, polydiacetylenes show colorimetric changes switching between blue
to red when their conjugated backbone is perturbed from ordered to disordered states,
respectively. We utilized UV—vis spectroscopy and circular dichroism (CD) to monitor
diacetylene absorption bands after irradiation.

Using PA solutions diluted to concentrations of 50, 100, and 200 μM, UV—vis absorption was
monitored for 45 s as shown in Figure 2. For the spectra of both linear and branched PA samples,
two major absorption peaks are observed near 530 nm (red state) and 630 nm (blue state),
which we attribute to two different backbone conformational states. The band observed at 550
nm for PA 1 spectra appears to be a superposition of the 530 nm band and the band at 585 nm
of the blue state.30 The presence of ordered (blue) and disordered (red) states in both the linear
and branched PAs spectra is clearly revealed in the spectra obtained. After several seconds of
continued irradiation, the intensity of the blue state band decreases and that of the red state
band increases. Ultimately, even as samples continued to be irradiated for a total of 2 min, the
rapid decrease of the band at 630 tends to be coupled with the growing band at 550 nm. The
increase of the red state at 550 nm suggests that continued polymerization of the
polydiacetylenes results in an increased level of disorder in the polymer backbones formed.
This has been also observed in monolayers by Evans et al.44 demonstrating that extended UV
exposure time decreases the effective conjugation length of polydiacetylene backbones. It
should be noted that similar absorption changes with irradiation were observed for PA gels
that were diluted to the concentrations stated above. This UV—vis observation also indicates
the PA molecules studied here under nongelating conditions exist in assembled states.
Compared to the linear PA, the UV spectra of the branched PAs show significantly lower
absorption. Because both are known to self-assemble into fibers, this suggests that diacetylene
alkyl tails in the branched PA nanofibers are less efficiently ordered to support diacetylene
polymerization. At lower absorption intensities, a band at 320 nm can be observed in the
branched PA, which we assign as an exciton absorption peak as characterized by Weiser and
co-workers.45 We infer that the reduced efficiency of diacetylene reaction for polymerization
is the result of less efficient packing of the branched peptide segments within the nanostructure.

CD experiments were initially performed to ensure that the β-sheet structures, which help drive
PA nanofiber formation, were still present after UV irradiation. The β-sheet band at 220 nm
was observed both before and after irradiation, implying that polymerization does not
completely disrupt the hydrogen-bonded structures (Figures 3 and 5). Even at 80 °C, the 220
nm band is still present, although markedly reduced in intensity. Random-coil bands can also
be observed at 200 nm possibly due to limited PA aggregation at the low concentration of the
experiment (100 μM).

Interestingly, we also observed a polydiacetylene CD band at 547 nm in irradiated samples of
linear PA 1 (Figure 3b), which was not expected since this portion of the molecule is not
intrinsically chiral. Hanks and co-workers have also shown that hydrogen-bonded, achiral
assemblies containing the diacetylene polymer do not display CD signal, but substitution of
chiral side groups result in an induced polydiacetylene CD signal.46 Figure 3 shows
temperature-dependent CD spectra of non-irradiated and irradiated PA solutions at 100 μM
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concentrations. The signal at 547 nm was not detected in the nonirradiated sample, so it is
definitely connected with formation of the conjugated backbone in the core of the nanofibers.
Further analysis of the CD spectrum (Figure 3b) shows the PDA band changes sign at 80 °C
from its maximum negative intensity to a maximum positive intensity at 50 °C, then decreasing
to negative intensity at 10 °C. While the interpretation of the unusual CD signals in the
polydiacetylene region is still unclear, we suggest they may be attributed to the spectral
combination of exciton coupling of the diacetylene polymer47 and the induced CD signal from
adjacent β-sheets. β-Sheets are known to twist naturally in helical fashion48 and this can result
in an induced chiral environment to the polydiacetylene backbone. We expect the chirality of
the polydiacetylene region to be dependent on the chemical sequence of the β-sheet more so
than the overall peptide length, assuming a longer sequence does not disrupt the self-assembled
β-sheets within the nanofiber. Coincidentally, the preferred distance between diacetylene
monomers is similar to the distance between hydrogen bonds between parallel β-sheets (∼5
Å). Mori et al. have studied polymerization of diacetylene monomers using a β-sheet template
and showed that the polymerization occurs parallel to the hydrogen bonds.49 The strong CD
band at 547 nm from the irradiated linear PA not only shows that the PDA is in a chiral
environment but suggests that β-sheets are twisted within the nanofibers. Also, the induced
chiral structure of conjugated backbone is not in immediate proximity to the β-sheets, which
also supports the importance of the internal order in the nanofibers.

At the same time, there is no observable CD signal for the PDA backbone in the branched PA
2. This observation, together with the low UV—vis signal intensity from the branched PA,
shows a clear structural difference between the interior core of the branched and linear PA
assemblies. The packing geometry of the branched PA inhibits the polymerization reaction.
Figure 4 shows an idealized model of a polydiacetylene (red) backbone following the twisting
of the β-sheet (blue).

The CD signal changes observed at 547 nm for the polymerized PA nanofibers suggests a
structural relationship between the PA β-sheets and the polydiacetylene backbone. At 80 °C,
when the β-sheet is destabilized and partly melted, the PDA conformation appears to change
(Figure 3b) as evidenced by a change from a positive CD signal at room temperature to a
negative CD signal, implying structural reorganization within the PA assemblies, possibly even
involving the disappearance of nanofibers. Unlike the spectrum of the nonirradiated PA
spectum, which shows a diminished random-coil signal, the irradiated PA spectrum shows the
random-coil signature from peptidic segments to be dominant at high temperatures. The
continued presence of the random coil at high temperatures for the irradiated samples is
possibly due to the diacetylene polymer preventing the reorganized PA structures from
completely disassembling. As the temperature decreases, the hydrogen bonds of β-sheets re-
form and the PDA conformation adjusts in order to accommodate the β-sheet structure. As
samples are cooled the sign of the CD signal at 547 nm also changes. The reason for this sign
reversal is not clear, but one may speculate that the details of β-sheet structure (e.g., the nature
of twisting) after heating the PDA-containing assemblies to 80 °C and then cooling to room
temperature may be different. The annealed nanofibers containing conjugated backbones may
be equilibrating to a new internal structure in which β-sheets and PDA backbones establish a
different chiral environment. The dominance of β-sheet structure in the nanofiber assemblies
at room temperature is clear as their negative CD signal signature becomes more prominent at
lower temperatures. Interestingly, temperature-dependent CD experiments of the branched
PAs showed no significant difference before and after irradiation (Figure 5) and, as mentioned
previously, a PDA signal was not observed at 547 nm. Both β-sheet and random-coil bands at
220 and 200 nm, respectively, were present at high temperatures for both irradiated and
nonirradiated branched PA spectra.

Hsu et al. Page 5

J Am Chem Soc. Author manuscript; available in PMC 2009 March 26.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Microscopic Imaging

Transmission electron microscopy (TEM) was performed on both branched and linear PAs
before and after irradiation to observe morphological changes. The micrographs are shown in
Figures 6 and 7. Both samples are clearly composed of long nanofibers with diameters in the
range of 5 to 8 nm. There was no detectable change in their diameters before and after
irradiation, indicating that the topochemical reaction does not alter fiber morphology. Although
both formed fibers, the branched PA fibers seemed more bundled and aggregated which could
be explained by enhanced inter-fiber interactions as a result of less efficient packing among
PA molecules within individual nanofibers. Additional micrographs were taken on
polymerized linear PAs at pH 2, 4, 7, 10, and 12. Polymerization of 1 wt % samples at all these
pH values resulted in blue colored materials, regardless of pH. TEM images did not show clear
morphological differences among the samples, with diameters in the range of 5 to 8 nm (see
Supporting Information).

Atomic force microscopy (AFM) was also used to investigate the structure of samples. The
AFM of linear PA samples, both irradiated and non-irradiated, revealed nanofibers with heights
of approximately 5 nm and microns in length (Figure 8). Slight undulations along the fiber
were sometimes observed in the irradiated samples, possibly due to structural defects that
became trapped during the polymerization reaction giving the fiber a “bumpy” morphology.
In the samples of the branched PA samples (Figure 9), AFM images also revealed nanofibers
before and after irradiation. The fibers in this case appeared shorter with more morphology
defects compared to the linear PA nanofibers.

Experimental Section

Peptide Amphiphile Synthesis

All amino acids and Rink MBHA resin were purchased from Novabiochem Corporation (San
Diego, CA). 10,12-Pentacosadiynoic acid was purchased from Fluka and Alfa Aesar. n-
Pentacosanoic acid was supplied by TCI America, Inc. All other reagents and solvents for
peptide synthesis were purchased from Aldrich or Mallinckrodt and used as provided. Peptide
amphiphiles were manually synthesized by Fmoc solid-phase peptide synthesis using
orthogonal protecting strategies. Coupling of the first amino acid (Fmoc-Lys(Mtt)-OH) on to
the resin was followed by deprotection of the Mtt group (5% TFA cleaving cocktail which
consisted of TFA, TIPS, and water (95:2.5:2.5) in DCM) to couple the 10,12-pentacosadiynoic
acid (4 equiv acid: 4 equiv HBTU: 6 equiv DIEA). All subsequent couplings were done using
HBTU (4 equiv), DIEA (6 equiv), and the appropriate Fmoc-protected amino acid (4 equiv).
Fmoc deprotection occurred using 20% piperidine solution in DMF. The PAs were cleaved
from the resin using the TFA cleaving cocktail. Compound purity was analyzed by an analytical
reverse-phase high-performance liquid chromatography (RP—HPLC) on an Agilent HP 1050
system equipped with a Waters Atlantis C18 column (5 μm particle size, 150 × 4.6 mm or 250
× 4.6 mm). Purification by RP—HPLC was done using a preparative Varian HPLC system
equipped with a Waters Atlantis C18 preparative column (5 μm particle size, 250 × 30.0 mm).
Confirmation of mass and purity included ESI (LCQ Advantage) and MALDI-TOF—MS
(Voyager DE Pro).

Polymerization

Polymerizations of self-assembled diacetylene PAs were performed by irradiating at 254 nm
using a compact handheld 4-W UV lamp (UVP Model UVGL-25). Samples were prepared in
aqueous solution and irradiated at approximately 3 cm from the source for 2 min in a cuvette,
unless otherwise noted.
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Spectroscopic Characterization

UV—vis spectroscopy was performed using a Cary 500 Spectrometer for concentration and
time-dependent irradiation experiments at room temperature. A model J-715 Jasco Circular
Dichroism Spectrometer was used for concentration and temperature-dependent CD
experiments. Before data acquisition, all samples were allowed to equilibrate at the set
temperature for 5 min and averaged over of four runs.

Microscopy

AFM was performed on a DI SPM instrument using tapping mode on silicon substrates that
were pre-washed using piranha cleaning solution, water, and isopropyl alcohol. Standard
silicon AFM tips were purchased from Asylum Research (Santa Barbara, CA). Samples were
prepared by drop casting 1 μL of a 0.1 wt % solution onto the substrate and allowing the solvent
to evaporate in air. Samples were initially prepared as 2 wt % solutions and gelled, then
irradiated and diluted as necessary.

TEM was performed on a Hitachi H-8100 TEM using 200 keV accelerating voltage. Samples
were prepared similarly to those described in the AFM procedure by drop casting 1 μL of 0.1
wt % PA solution in aqueous solution on to a carbon-coated copper grid (SPI Supplies; West
Chester, PA). The samples on the grid were stained for 1–3 min in phosphotungstic acid, gently
rinsed in water and blotted dry.

Conclusions

We successfully polymerized supramolecular PA nanofibers with the polydiacetylene
backbone while retaining the shape of the nanostructure. The efficiency of polymerization is
decreased in branched architectures due by poor molecular packing within the fiber. The β-
sheet structure that is characteristic of these nanofibers is able to induce a chiral structure in
the conjugated backbone, reflecting a high degree of internal order in these structures.
Polymerization of these systems with conjugated backbones may offer new possibilities for
mechanical and optical properties, particularly in the context of biological applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.

Polymerization Reaction of Diacetylenes When UV Irradiated
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Scheme 2.

Diacetylene PAs: Linear PA (1); Branched PA (2)
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Figure 1.

Linear PA samples from left to right: (1) PA solution without irradiation, (2) gelled PA without
irradiation, (3) PA solution with irradiation, and (4) gelled PA with irradiation. Samples were
irradiated for 2 min in this image. Nonirradiated samples occasionally appeared tinted blue due
to polymerization either from stray UV light exposure or thermal excitation.
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Figure 2.

Time-dependent UV spectroscopy of linear (left) and branched (right) PAs at varying
concentrations. Samples were monitored in 5 s time-intervals for 45 s. The spectra also show
data of 1 s after irradiation.
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Figure 3.

Temperature-dependent CD spectroscopy of linear PAs before (A) and after (B) irradiation.
Samples were monitored from 80 °C – 10 °C and irradiated for 2 min.
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Figure 4.

Proposed three-dimensional model of the PA nanofiber. Polymerization of the diacetylene (red)
occurs along the z-axis of the fiber following the directionality of the beta-sheet (blue).
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Figure 5.

Temperature-dependent CD spectroscopy of branched PAs before (A) and after (B) irradiation.
Samples were monitored from 80–10 °C and irradiated for 2 min.

Hsu et al. Page 16

J Am Chem Soc. Author manuscript; available in PMC 2009 March 26.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6.

TEM images of linear PA: nonirradiated (A) and irradiated (B). Samples were stained with
phosphotungstic acid for approximately 1–3 min. Irradiated samples were exposed (256 nm)
for 2 min.
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Figure 7.

TEM images of branched PA: nonirradiated (A) and irradiated (B). Samples were stained with
phosphotungstic acid for approximately 1 – 3 min. Irradiated samples were exposed (256 nm)
for 2 min.
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Figure 8.

AFM height profiles of linear PA nonirradiated (A) and irradiated (B). Samples were drop-
casted and imaged on silicon substrates after 2 min of irradiation.
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Figure 9.

AFM height profiles of branched PA nonirradiated (A) and irradiated (B). Samples were drop-
casted and imaged on silicon substrates after 2 min of irradiation.
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