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ABSTRACT: In this study, we examined the self-assembly of
four dipeptides conjugated with the electroactive dye
naphthalenediimide (NDI). The presence of the NDI group
at the N-terminus of Phe-Phe and Phe-Gly promoted the
formation of one-dimensional (1-D) nanostructures and three-
dimensional (3-D) colored hydrogels under both acidic and
physiological conditions. The 1-D nanostructures of these gels
were stabilized through intermolecular 7— interactions of the
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conjugated systems and extended hydrogen bonding of the dipeptide units.

B INTRODUCTION

Supramolecular hydrogels, which feature a solid-like gel state
arising from the self-assembly of small molecules in water, are
potentially useful candidate materials in the rapidly expanding
field of soft biomaterials.' Because the morphology of a
supramolecular hydrogel is similar to that of the extracellular
matrix in a biological tissue, supramolecular hydrogels form a
particularly interesting class of biomaterials. Three major
building blocks of supramolecular peptide hydrogels have
been established previously: ionic complementary peptides,™”
peptide amphiphiles,** and low-molecular-weight hydrogels.é’7
The latter have been explored for a Variet;r of applications,
including scaffolds for tissue engineering,g_1 carriers for drug
delivery,”*"® matrices for enzyme assays,”>**' fluorophores
for biosensing,zz_24 and as topical agents for wound
healing.>>*® Recently, functional naphthalenediimide (NDI)
dyes have been studied as key components in several systems,
including polymeric solar cells,””*® polymer li%ht-emitting
diodes,*” organic field effect transistors,>®™>’ and ion
sensors,”* as well as in photodynamic therapy® and cell
imaging.***"** In addition, NDI motifs have been employed as
components in various (supra)molecular nanostructures,
including catenanes, rotaxanes, barrels, and vesicles,¥*™* as
well as one-dimensional (1-D) nanostructures (e.g,, nanorib-
bons, nanoﬁbers),46’47 which can be used to construct more
complex three-dimensional (3-D) materials (e.g., organogels,48
hydrogels*”**~°").

In a microscopic sense, a 3-D supramolecular hydrogel is
constructed through physical cross-linking and entanglement of
self-assembled nanofibers, which themselves comprise units of
molecular hydrogelators. An efficient strategy toward realizing a
low-molecular-weight hydrogelator is to covalently bind a 7-
conjugated hydrophobic group to a short peptide.’>*> In
contrast to the symmetric NDI-peptide hydrogelators that have
been investigated previously,* in this paper we report
asymmetric NDI-capped hydrogelators formed from a hydro-
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phobic octyl-capped NDI dye linked to dipeptides at the N-
terminus. With this design, we constructed hydrogelators that
could gel water under physiological conditions; indeed, our
peptide/dye conjugates featuring the peptide sequences Phe-
Phe and Phe-Gly underwent efficient self-assembly to form
nanofibers and hydrogels in aqueous media at pH 7.4. In
addition, we could use these water-soluble molecules for cell
imaging at concentrations below their minimum gel concen-
tration (mgc).

B RESULTS AND DISCUSSION

Synthesis and Optical Properties. We prepared the
peptide/dye conjugates NDI-Phe-Phe (1), NDI-Phe-Gly (2),
NDI-Gly-Phe (3), and NDI-Gly-Gly (4) through solid-phase
peptide synthesis (SPPS) using 2-chlorotrityl chloride resin
(Figure 1). Figure 2 presents the UV—vis absorption and
fluorescence emission spectra of 1—4 in water (pH 7.4). The
UV—vis spectra of 1—4 feature two bands centered at 236 nm
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Figure 1. Synthesis of 1—4.
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Figure 2. Normalized UV—vis absorption (dashed line) and
fluorescence emission (solid line) spectra of (a) 1, (b) 2, (c) 3, and
(d) 4 (0.05 wt % in water).

(220—260 nm, band I) and 378 nm (320—410 nm, band II),
consistent with 7—z* transitions polarized alonﬁ the short and
long axes, respectively, of the NDI dye unit.>* The emission
spectra of aqueous solutions of 1—4, recorded with excitation at
a wavelength of 378 nm, each featured a clear emission band
near 410 nm (i.e, in the visible region). Accordingly, we were
interested in studying the cell imaging properties of 1—4, using
cultured MCEF-7 cells as our test system.

After treating MCF-7 cells with the hydrogelators 1—4 (50
uM, 0.004 wt %) for 90 min, we observed blue-colored NDI
fluorescence for the cells in the presence of 1 and 2, but only
weak fluorescence for those in the presence of 3 and 4 (Figure
3 and Supporting Information Figure S13). This result may be
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Figure 3. (a,b) Fluoresence images of MCF-7 cells incubated in the
presence of (a) 1 and (b) 2 (50 uM) after 1.5 h. (c) Fluorescence
emission spectra of 1 (red line) and 2 (black line) at S0 M. (d) MCF-
7 cell viability in the presence of 1 and 2 (0.1-50 uM).

attributed to the different hydrophobicity and amphiphilic
properties of the hydrogelators.>® These observations suggest
that probes 1 and 2 were taken up by the MCEF-7 cells, with 2
being a relatively better probe for cell imaging. This feature may
be explained by the stronger fluorescent properties of 2 relative
to that of 1 (Figure 3c). Furthermore, we tested 1 and 2 for
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their long-term biocompatibility with MCF-7 cells, using a
colorimetric assay with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT). The concentrations of 1 and 2
required for 50% inhibition (ICs,) after 24 h were greater than
50 uM, suggesting acceptable biocompatibility for cell imaging.
To study the cell uptake properties, we incubated MCEF-7 cells
with 1 and 2 at two concentrations (25 and 50 uM) and
recorded fluorescence images over a period of 180 min
(Supporting Information Figures S14—17). We observed that
the fluorescent hydrogelators 1 and 2 entered the MCE-7 cells
within 5 min, making them potentially efficient agents for cell
imaging.

Hydrogel Formation and Nanofiber Morphology. We
examined the self-assembly of the hydrogels through optical
images recorded under acidic (insets to Figure 4) and

Figure 4. Optical microscopy and negatively stained TEM images of
the hydrogels of (a) 1 (pH 4.8), (b) 2 (pH 4.7), (c) 3 (pH 4.3), and
(d) 4 (pH 3.8), each at a concentration of 2 wt %. Scale bar: 50 nm.

physiological (insets to Figure S) conditions. We used
transmission electron microscopy (TEM) to observe the
microscopic nanostructures of the peptide hydrogels (Figure
4). Under acidic conditions, 1—4 formed self-supporting
hydrogels at a concentration of 2 wt % (Supporting
Information Table S1). A decrease in the number of benzyl
side chains in the dipeptide moiety resulted in hydrogelation at
lower values of pH. TEM analysis revealed that the hydrogels of
1—4 featured uniform fibrous networks under acidic conditions,
with these entangled nanofibers resulting in the trapping of
water molecules.

Based on our success at forming NDI hydrogels under acidic
conditions, we further examined the hydrogelation abilities of
1—4 under physiological conditions. We found that dissolving 1
or 2 at a concentration of 2 wt % in water at pH 7.4 led to the
formation of a hydrogel (Figure S, Table 1). The hydrogels of 1
and 2 appeared semitranslucent and transparent brownish,
respectively, under physiological conditions. TEM images
revealed that the hydrogels of 1 and 2 formed at pH 7.4
featured uniform fibrous networks. Thus, self-assembly and
hydrogelation occurred for 1 and 2 under both acidic and
physiological conditions. In contrast, 3 did not gel water at pH
7.4; the associated TEM image reveals the presence of bundle-
like microscopic nanostructures (Figure Sc). Because 2 formed
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Figure S. Optical microscopy and negatively stained TEM images of
hydrogels of (a) 1, (b) 2, (c) 3, and (d) 4 (concentration: 2 wt %; pH
7.4). Scale bar: 50 nm.

Table 1. Physical Properties of NDI-Capped Dipeptides at 2
wt % and pH 7.4

mgcb T yel—sol fiber diameter

entry appr.®  (wt %) (g"C) G', G" (Pa) (nm)

1 SG 0.47 60 1.6 X 10, 8+ 1
8.7 X 10"

2 TG 1.90 >90° 1.1 x 103, 8+ 1
24 X 10

3 TS n.d. n.d. n.d. 9+2

4 SS n.d. n.d. n.d. 10 +2

“appr.: appearance; SG: semitranslucent gel; TG: transparent gel; TS:
transparent solution; SS: semitranslucent solution. *MGC: minimum
gel concentration. “Gel was stable under this temperature.

a hydrogel, but 3 did not, even though they have the same
molecular weight, we suspect that the presence of an NDI-Phe
unit was necessary to trigger effective hydrogelation at
physiological pH.>® Similar to 3, the dipeptide 4 did not form
a supramolecular hydrogel at pH 7.4 (Figure Sd). The
formation of hydrogels from 1 and 2 under physiological
conditions suggests that the direct attachment of a unit of the
dye NDI to the N-terminus of a Phe residue is a valid means of
designing new supramolecular hydrogelators for application as
nanostructured biomaterials. Under physiological conditions,
the MGCs were lowest for 1 and 2 (ca. 047 and 1.9 wt %,
respectively), implying that the presence of hydrophobic side
chains on the amino acid residues resulted in lower values of
MGC. In addition to undergoing hydrogelation under
physiological conditions, the gel-to-sol transition temperatures
(Tgel_sol) of 1 and 2 at 2 wt % were both above 37 °C (Table
1), su$§esting potentially useful applications in tissue engineer-
ing.®~"7 Statistical analysis of the TEM images of the hydrogels
of 1 and 2 revealed that their nanofibers had uniform diameters
of 8 £ 1 nm; these self-assembled nanofibers functioned as
matrices to sustain the hydrogels.

Rheometry. Dynamic oscillatory techniques can be used to
assess the viscoelastic properties of hydrogels."> Accordingly,
we determined the rheological properties of the hydrogels of
1—4 that formed at a concentration of 2 wt % under various
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acidic conditions (Figure 6a, Supporting Information Table
S1). All of these hydrogelators exhibited viscoelastic properties,
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Figure 6. (a) Frequency sweeps of the hydrogels of 1 (pH 4.8), 2 (pH
4.7), 3 (pH 4.3), and 4 (pH 3.8). (b) Frequency sweeps of the
hydrogels of 1 and 2 at pH 7.4. The hydrogels were prepared at 2 wt
%; closed (G') and open (G”) black squares for 1, red squares for 2,
blue squares for 3, and green squares for 4.

as revealed by their storage moduli (G’) being higher than their
loss moduli (G”). The storage moduli of 1—3 were all greater
than 10 kPa, with that of the hydrogel of 1 being relatively
higher than those of 2 and 3. In comparison, the storage
modulus of the hydrogel of 4 was significantly lower. These
results suggest that the presence of a Phe residue imparted the
fibrous networks of the hydrogels of 1—3 with resilience; in
contrast, the lack of a benzyl side chain in 4 resulted in its
hydrogel displaying relatively poor elastic properties. Thus, a
correlation exists between the molecular structure and the
viscoelasticity of these hydrogels.

Figure 6b and Table 1 present the viscoelastic properties of
the hydrogels of 1 and 2 formed at pH 7.4. The storage moduli
of the hydrogels of 1 and 2 were higher than their loss moduli,
suggesting that these hydrogels were stable elastic materials.
Comparing these two systems, we attribute the lower storage
modulus for the hydrogel of 2 to its relative lack of aromatic
moieties, thereby decreasing the number and strength of the
noncovalent interactions required for stabilization of the self-
assembled nanostructure and, thus, resulting in relatively weak
viscoelastic properties for the hydrogel. Indeed, rheological
tests suggested the importance of the aromatic moieties in the
molecular aggregation and mechanical strength of the hydrogels
under both acidic and physiological conditions. From our
results, we suspect that the self-assembled nanostructures
formed from NDI-capped dipeptides may function as 3-D
scaffolds for cell growth. If a hydrogel is to provide a 3-D
environment for cell growth, its mechanical properties should
allow it to support the mass of a cell. Although the ideal storage
modulus will vary depending on the type of cell, a storage
modulus of approximately 100 Pa is the minimum required to
support the mass of a cell>*™*” The storage moduli of the
hydrogels formed from 1 and 2 were greater than 1000 Pa;
therefore, these materials can be viewed as potential 3-D
materials for cell culturing. Modification of the peptide
sequences will be required to ensure low cytotoxicity for such
3-D materials.

Supramolecular Arrangement. Spectroscopic character-
ization of hydrogelators in solution and in their gel states can
provide valuable and relevant information regarding the
intermolecular interactions present in their assemblies.'>*®
Figure 7 displays the spectroscopic features of 1 and 2 under
physiological conditions. We recorded UV—vis absorption and
circular dichroism (CD) spectra to study the intermolecular
interactions and orientation of the 7-conjugated chromophore
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Figure 7. (a, b) CD (red line) and UV—vis absorption (black line)
spectra of (a) 1 and (b) 2 (0.1 wt % in water). (c, d) Fluorescence
emission spectra of (c) 1 and (d) 2 in the gel state (2 wt % in water,
red line) and in solution (0.0S wt % in water, black line).

units in water. The CD spectrum of 1 reveals two excitonic
Cotton effects for bands I and II. Interestingly, band I exhibited
a bisignated Cotton effect centered at 238 nm, corresponding
to a right-handed, P-type helical orientation in the assemblies.
Notably, without changing the absolute configuration at the
chiral centers, bands I and II in the CD spectrum of 1 are
totally opposite sign to those for the M-type helical
arrangement of NDI dyes in the system of Fmoc-KK(NDI).*’
Thus, the nanostructures formed by the NDI capping group at
the N-terminus of the dipeptides had a P-type helical
orientation; in contrast, the M-type helical structure was
formed from Fmoc-KK(NDI), in which the NDI dye unit was
capped in the side chain of the dipeptide.*’ In addition, the
UV—vis and CD spectra of 2 revealed characteristics similar to
those of 1. In Figure 7¢,d, we used the fluorescence emission to
study the intermolecular 7—7 interactions both in solution and
in the gel state.> We recorded the emission spectra of 1 and 2
with excitation of the NDI chromophores at a wavelength 378
nm (determined from Figure 7a,b). Figure 7c reveals a clear
emission band at 410 nm for 1 in solution; there appears to be
a lower and red-shifted profile in the emission (ca. 421 nm) for
the gel state of 1, suggesting the occurrence of H-type
aggregation. The hydrogel of 2 displayed (Figure 7d) more
efficient emission quenching and a red-shifted peak (ca. 43S
nm) relative to those of 1, implying that the absence of the
additional bulky benzyl side chain in 2 leads to compact
packing of s-conjugated unit in the aggregates, which is
consistent with the value of Ty, for the hydrogel of 2 being
higher than that of 1 (Table 1).

The FTIR spectra of 1 and 2 reveal (Figure 8a) signals at
1630 and 1682 cm™, indicating the presence of f-sheet-like
structures within their self-assembled nanofibers. In addition,
two signals are present at 1667 and 1707 cm ™, which we assign
to symmetric and asymmetric stretching, respectively, of the
imide C=0 groups in the NDI moieties of 1 and 2.* We
employed wide-angle X-ray scattering (WAXS) to examine the
structures of the hydrogels of 1 and 2 (Figure 8b). The
scattering pattern of 1 (2) exhibited reflections near 3.54 (3.46)
and 4.13 (4.33) A, corresponding to the interplanar distance of
stacked NDI chromophores and the interstrand distance
between f-sheet superstructures, respectively. These spectro-
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Figure 8. (a) FTIR spectra and (b) WAXS patterns of 1 (black) and 2
(red) in their gel states (2 wt %).

scopic features suggest the cooperative effect of 7—x
interactions and hydrogen bonding as the major driving force
behind the self-assembly of nanostructures from 1 and 2. The
spectroscopic data of 1—4 under acidic conditions (Supporting
Information) were similar to those of 1 and 2 at pH 7.4.

B CONCLUSION

We have developed a new system of low-molecular-weight
hydrogelators prepared through the covalent linkage of the
electroactive dye NDI to dipeptides. The appending of an NDI
group at the N-terminus of Phe-Phe and Phe-Gly enhanced the
formation of 1-D nanostructures and 3-D colored hydrogels
under both acidic and physiological conditions. The 1-D
nanostructures in the gels were stabilized through intermo-
lecular 7—7 interactions of the conjugated systems as well as
extended hydrogen bonding of the dipeptide units. The storage
moduli of the hydrogels formed from 1 and 2 were greater than
1000 Pa, suggesting that these materials can be viewed as
potential 3-D materials for cell culturing. Alternatively, the
electroactivity of the NDI component should be useful for
investigations of conducting nanomaterials. In addition, the
water-soluble compounds NDI-Phe-Phe and NDI-Phe-Gly
functioned as contrast agents for cell imaging.

B EXPERIMENTAL PROCEDURES

Synthesis of NDI-Phe-Phe (1). The peptide/dye conjugate
derivative of 1 was prepared through SPPS using 2-chlorotrityl
chloride resin, Fmoc-L-phenylalanine, and NDIA (Figure 1). 7
The resin (0.6 g) was swelled in anhydrous CH,Cl, for 30 min
and then Fmoc-L-phenylalanine (0.3875 g, 1.000 mmol) was
loaded onto the resin in anhydrous N,N-dimethylformamide
and N,N-diisopropylethylamine (DIEA; 0.4150 mL, 2.500
mmol) for 1 h. For deprotection of the Fmoc group, piperidine
(20% in DMF) was added and the sample left for 20 min; this
procedure was repeated twice (each time for 2 min). Fmoc-1-
phenylalanine (0.3875 g, 1.000 mmol) was coupled to the free
amino group using O-(benzotriazol-1-yl)-N,N,N’,N’-tetrame-
thyluraniumhexafluorophosphate (HBTU) (0.3793 g, 1.000
mmol) and N,N-diisopropylethylamine (DIEA) (0.4150 mlL,
2.500 mmol) as coupling agents for 30 min. Again, the sample
was treated with piperidine (20% in DMF) for 20 min; this
procedure was repeated twice (each time for 2 min). Finally,
NDIA (0.4365 g, 1.000 mmol) was coupled to the free amino
group using HBTU (0.3793 g, 1.000 mmol) and DIEA (0.4150
mL, 2.500 mmol) as coupling agents. After the reaction mixture
had been stirred overnight, the peptide derivative was cleaved
through treatment with CF;CO,H (90% in DI water) for 3 h.
The resulting solution was dried by air and then Et,O was
added to precipitate the target product. The solid was dried
under vacuum to remove residual solvent (light-brown solid:
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0.244 g). 'H NMR (300 MHz, [D4]DMSO, 25 °C): & 0.85—
095 (m, 3H; CH,), 1.20—1.45 (m, 10H; CH,), 1.60—1.80 (m,
2H; CH,), 2.70—3.15 (m, 4H; CH,), 4.05—4.15 (m, 2H; CH,),
4.40—4.55 (m, 1H; CH), 4.55—4.65 (m, 1H; CH), 4.70 (s, 2H;
CH,), 7.20—7.35 (m, 10H; CH), 8.40 (d, J = 8.4 Hz, 1H; NH),
8.54 (d, ] = 7.5 Hz, 1H; NH), 8.65—8.80 (m, 4H; CH); *C
NMR (75 MHz, [Dg]DMSO, 25 °C): § 14.0, 22.1, 26.5, 27.4,
28.6,28.7, 31.3, 36.7, 37.6, 42.5, 53.6, 53.7, 125.9, 126.1, 126.3,
126.5, 126.6, 128.0, 1282, 129.1, 129.3, 130.4, 130.7, 1374,
137.6, 162.3, 162.6, 166.0, 170.9, 172.7; MS [FAB~]: caled. m/z
730.30, obsvd. 729.8 [M — H]".

Inverted Tube Method. Gelation tests were performed by
weighing a compound (2.0 mg) in a screw-capped 2 mL vial
(diameter: 10 mm), adding a solvent (0.20 mL), sealing the vial
tightly, heating it until the compound had dissolved, and then
cooling the vial to room temperature. Gelation was considered
to have occurred when a solid-like material was obtained that
did not exhibit gravitational flow (inverted test tube method)
during a period of 5§ min. The MGC was determined after
dilution of the sample with subsequent volumes of solvent
(020 mL) until the gel material remained dissolved after
heating.>®

Rheological Tests. Rheological tests were conducted using
an Anton Paar rheometer and a 25 mm parallel plate. The
hydrogel sample (200 pL, 1 wt %) was placed on the parallel
plate for the angular frequency sweep test (test range: 0.1 to
100 rad s~'; strain, 0.8%; 13 points per decade; sweep mode,
“log”; temperature, 25 °C).

Cell Imaging. MCE-7 cells were seeded in a 35 mm Petri
dish equipped with a glass cover slide. After 12 h, the cells were
stained with the peptides (50 #M) for 1.5 h. Prior to collecting
imaging data, the cells were washed three times with
phosphate-buffered saline (PBS, pH 7.4). Images were acquired
using inverted fluorescence microscopy (Zeiss laser scanning
microscope; DAPI filter; excitation: 350 nm; emission
collected: 410—510 nm).

MTT Assay. The biocompatibilities of the peptides were
measured by the MTT cell proliferation assay. MCF-7 cells
were seeded in 24-well plates at a density of 50000 cells per
well with 0.5 mL DMEM contained 10% FBS and 1% penicillin
and incubated for overnight. Compounds at different
concentrations (0.01, 0.1, 1, 10, SO uM) were added when
cells were plated. Twenty-four hours later, the medium was
replaced with 0.5 mL per well of fresh medium contained 10%
MTT reagent (S mg mL™"). After 4 h of incubation at 37 °C in
a 5% CO, incubator, the medium containing MTT was
removed and DMSO was added to dissolve the formazan
crystals and aliquots were pipetted into a 96-well plate. The
optical density of the resulting solution was measured at 595
nm, using an absorbance microplate reader (Infinite FSO0,
TECAN). Cells without the treatment of the compounds were
used as the control. The cell viability percentage was calculated
by the following formula:

Cell viability percentage (%) = OD X 100%

sample

/OD

control

B ASSOCIATED CONTENT

© Supporting Information

Synthetic details and characterization data for 2—4; NMR
spectra of the hydrogelators 1—4; spectroscopic character-
ization data recorded under acidic conditions; fluorescence

images of MCF-7 cells in the presence of 3 and 4. This material
is available free of charge via the Internet at http://pubs.acs.org.
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