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Hydrogelators that undergo stimuli-responsive sol–gel tran-
sitions have attracted attention as biomaterials because of
their potential applications, for example as sophisticated cell
culture substrates, drug carriers, microvalves, and micro-
actuators.[1, 2] Among the various stimuli possible, light is
unique because it allows both spatial and temporal control of
a specific reaction without requiring physical contact. Many
photochemical sol–gel transitions have been reported, mostly
in polymers but also in low-molecular-weight peptides.[1, 3] The
importance of peptide systems is their potential biocompat-
ibility and the opportunity for researchers to molecularly
design bioactive functions.[4,5] The advent of two-dimensional
self-assembling systems and patterning technologies has
generated some examples of stimulus-driven bioactivity on
surfaces.[6] Using a peptide amphiphile (PA) containing the
fibronectin epitope Arg-Gly-Asp-Ser (RGDS) for cell adhe-
sion,[7] we demonstrate here light-triggered enhancement of
bioactivity in a three-dimensional system.

PAs are known as highly versatile molecules that self-
assemble into nanostructures such as spherical micelles,
fibers, and helices through hydrogen-bond formation and
hydrophobic collapse.[4, 5, 8–10] Our laboratory first reported on
PAs that form high-aspect-ratio nanofibers and therefore gels
at very low concentrations.[4] These specific PAs self-assemble
into nanofibers as a result of their b-sheet peptide domains,
and their self-assembly can be triggered by charge screening
through changes in pH or the addition of salts. Molecular
changes in the b-sheet domains can disrupt nanofiber
formation. For example, Hartgerink and co-workers reported
the formation of spherical micelles and not fibers as a result of
the N-methylation on the amide nitrogen closest to the alkyl
tail of a PA.[9] Our laboratory also reported recently the

formation of quadruple helices in PAs containing a photo-
labile 2-nitrobenzyl group in the b-sheet domain.[10] These
quadruple helices in turn dissociate into single nonhelical
fibrils in response to light.

In this work, we have synthesized PA molecule 1
containing both the photocleavable 2-nitrobenzyl group as
well as the bioactive epitope Arg-Gly-Asp-Ser (RGDS)
(Scheme 1). Based on the previous work, photoirradiation

at 350 nm cleaves the 2-nitrobenzyl group to afford 2.[10,11] The
synthesis and characterization of compound 1 followed the
procedures of our previous paper.[10] An authentic sample of
compound 2 was also prepared separately for comparative
purposes (2aut). To test the gelation ability of these two
molecules, we dissolved 1 or 2aut (4.0 � 10�3

m) in 0.10m
aqueous CaCl2 at 25 8C. Interestingly, in contrast to the
quadruple-helix-forming PA which also generates nanofibers
and gels, 1 remains as a clear solution under self-assembling
conditions (Figure 1a). We believe this is the combined effect
of nitrobenzyl substitution and use of a weaker b-sheet-
forming sequence in 1 relative to that used previously (Gly-
Ala-Ala-Glu-Glu (GA2E2) vs. Gly-Val-Val-Val-Ala-Ala-Ala-
Glu-Glu-Glu (GV3A3E3), respectively). However 2aut under
the same self-assembling condition generates a transparent
gel implying the formation of high-aspect-ratio nanofibers
(Figure S1a in the Supporting Information). In fact, trans-
mission electron microscope (TEM) images of these two
molecules under self-assembling conditions reveal the for-
mation of nanospheres in 1 and nanofibers in 2aut (Figure 2a
and Figure S1b in the Supporting Information). We therefore
expected, and verified experimentally, that 1 undergoes light-
triggered gelation in the presence of charge-screening salts
(Figure 1b). Furthermore, TEM reveals a change from
spheres (12� 2) nm in diameter to fibers with aspect ratios
exceeding 1000 as a result of irradiation (Figure 2). The
diameter of the fibers is equal to (11� 1) nm (twice the

Scheme 1. Upon irradiation of 1 the 2-nitrobenzyl group is cleaved to
afford 2.
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extended molecular length, 5.1 nm), indicating that they are
the well-known cylindrical nanostructures formed by PAs.

We characterized the photoreaction in the absence of
CaCl2 in order to maintain samples in the liquid state. UV/Vis
spectroscopy showed an intensity decrease of the absorption
band at 266 nm and an increase of the absorption band
around 325 nm with isosbestic points at 236 and 284 nm. This
indicates that the photocleavage of the 2-nitrobenzyl group
occurs after irradiation (Figure 3a).[10, 11] In ESI mass spectra,
the signals corresponding to 2 were clearly observed after the
photoirradiation (Figure S2 in the Supporting Information),
and analytical HPLC showed 98 % conversion from 1 to 2
(Figure S3 in the Supporting Information). The circular
dichroism (CD) spectrum of 1 revealed only a slight Cotton

effect at 220 nm indicating the presence of b-sheet struc-
ture.[12] However, upon irradiation, the CD signature for
b-sheet formation continuously increased. Based on our
previous work, this change in CD spectra is consistent with
the gelation after irradiation for 45 min that was observed in
the presence of CaCl2 (Figure 3 b). In the IR spectra, the
amide A bands for 2aut and photoirradiated 1 are observed at
3279 and 3280 cm�1, respectively (Figure S4 in the Supporting
Information). This indicates the formation in these two
samples of intermolecular b-sheet structures.[13]

Given the observed self-assembly behavior of 1, we
investigated its potential for light-triggered bioactivity in a
three-dimensional system. NIH/3T3 mouse embryonic fibro-
blasts were cultured in T-75 flasks and treated with trypsin.
The cells were then cultured in three dimensions by mixing
them with 1 at a concentration of 7.9 � 10�3

m and Dulbecco�s
Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 0.10m CaCl2 and seeded in a 24-
well tissue-culture-treated plate at a density of 4 � 105 cells per
well. One plate was irradiated for 90 min to convert 1 into 2
and allow gelation to occur, while the other was kept in the
dark to avoid gelation. Cell viability was visualized by
fluorescence microscopy using the acetoxymethyl ester of
calcein (calcein AM) to stain living cells in green and
ethidium homodimer 1 to stain dead cells in red. The cells
were also analyzed by flow cytometry on a Guava MiniCyte.
As shown in Figure 4a, most cells in the gels of 2 were stained
green, which indicates the PA and the by-products of the
photoreaction were not toxic to the cells and that cell
proliferation was normal after the irradiation (by flow
cytometry the cells were 92% viable in all cases). We studied
focal adhesions formed by the cells in 1 and 2 by monitoring
vinculin (a cytoskeletal protein found in focal adhesion
plaques).[14, 15] Real-time reverse-transcription polymerase
chain reaction (RT-PCR) revealed that the mRNA expression
levels of vinculin in a straight DMEM medium with and
without 90 min photoirradiation were comparable (Figure 4b,
bars 1 and 2). When PA 1 was included in the mixture and the
sample was kept in the dark, the expression level slightly
increased (1.2 times, Figure 4b, bar 3) compared to the case in
pure media (Figure 4 b, bar 1). In great contrast, the level
significantly increased (1.8 times) after light-triggered gela-
tion of 1 (Figure 4b, bar 4), which was comparable to
expression of cells cultured in gels of 2aut. Additionally, the
level of protein expression characterized by Western blotting
was found to be enhanced significantly (Figure 4c). Based on
the absorbance ratio of the bands, the expression of vinculin
in 2 was estimated to be 1.9 times larger than that in 1. These
results indicate that light-triggered gelation of 1 increases its
bioactivity.

In order to study the biological effect of gelation
separately from the epitope, we synthesized compound 3
containing Arg-Gly-Glu-Ser (RGES) instead of RGDS of 1.
PA 3 underwent a light-triggered gelation similar to that of 1.
The mRNA expression levels of vinculin in the mixture of
DMEM and 3 before and after photoirradiation were
comparable to media controls and 1 (Figure 4b, bars 1, 3, 6
and 7). In addition, cell experiments similar to those described
above were performed using three different non-bioactive

Figure 1. Photographs of 1 a) before and b) after photoirradiation
(350 nm, 250 W, 45 min, 25 8C) at a concentration of 4.0 � 10�3

m in
0.10m aq. CaCl2 at 25 8C.

Figure 2. TEM images of structures formed by deposition of
4.0 � 10�4

m solutions of a) 1 and b) 2 in water followed by air-drying
on the substrate.

Figure 3. Changes in the a) UV/Vis and b) CD spectra of 1
(4.0 � 10�3

m) in water upon 350 nm irradiation at 25 8C. Arrows
indicate the direction of the spectral changes.
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gels: gelatin, agarose, and a PA (palmitoyl-Val-Val-Val-Ala-
Ala-Ala-Glu-Glu-Glu). We found that the vinculin expres-
sion levels in these three systems were also comparable to
those found in media alone as well as 1 (Figure 4b, bars 1, 3,
5–7 and Figure S5 in the Supporting Information). These
results demonstrate that the origin of bioactivity is not the
encapsulation of cells by the gels.[16] Instead, our observations
suggest the bioactivity has its origin in the presence of
epitope-bearing nanofibers in the extracellular space. We also
learn from our results that at comparable epitope densities,
nanospheres are not nearly as effective as nanofibers at cell
signaling (Figure 4b, bars 3 and 4, Figure 4 c). Finally, the
model system described in this paper offers a pathway to
light-triggered patterning of bioactivity in three dimensions.

We conclude that an RGD-containing peptide amphiphile
bearing a photoresponsive 2-nitrobenzyl group undergoes a
sol-to-gel transition in response to light. This small structural
change can induce a significant change in the supramolecular
structure from nanospheres to nanofibers, affecting the
response of cells surrounded by the nanostructures. Our
results offer a model to develop biomaterials that exhibit
light-triggered bioactivity in three dimensions.
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