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Materials based on low-molecular-weight gels[1] (LMWGs)
are an emerging field of research because of their applications
in different fields including photovoltaic cells,[2a] organic light-
emitting diodes,[2b] sensing,[2c] oil spill recovery,[2d] removal of
toxic dyes,[2e–f] and delivery of drugs and biomolecules[2g] and
others.[2h] These supramolecular gels generally form a nano-
fibrillar network structure, in which a variety of nanomate-
rials can be encapsulated to form hybrid systems.[3, 4] Recently,
the formation of hybrid-gel-based functional soft materials
has attracted significant interest by incorporating different
metal/semiconducting inorganic nanomaterials[3] as well as
carbon-based nanomaterials[4] into the gel matrix. Most of
these hybrid materials are endowed with interesting proper-
ties and applications, such as the modulation of conductivity,
sensing, and improved mechanical strength among others.[3,4]

However, recent advancement in nanomaterials research
includes graphene/graphene-oxide-based nanomaterials
because of their exceptional physical, chemical, and materials
properties.[5] Construction and analysis of graphene- and
graphene-oxide-based nanomaterials have gained significant
attention now a days.[6] Zhang and co-workers have made
a significant contribution regarding graphene-based hybrid
nanomaterials.[5c,6g] Graphene oxide is a fascinating building
block to construct different supramolecular entities including
gels.[7] There are a few examples of graphene-oxide-based
gels.[7] Shi and co-workers have recently developed graphene
oxide/DNA composite hydrogels, graphene oxide/hemoglo-
bin composite hydrogels, and graphene oxide/poly(vinyl
alcohol) composite hydrogels.[7a–d] Creation of gel-based
homogeneous functional hybrid system is needed in current
advanced nanomaterials research. There is a real need for
making graphene/graphene oxide and metal-nanoparticle-
containing functional hybrid system that can exhibit incre-
mental improvement of physical, chemical, mechanical, and
material properties of hybrid-gel materials by stepwise

incorporation of different nanomaterials into the native gel
matrix.

A pyrene-appended aromatic amino-acid- (tryptophan-)
based supramolecular hydrogel has been discovered in
phosphate buffer solution. This hydrogel material can be
exploited to make a trihybrid system by stepwise inclusion of
graphene oxide (GO)/graphene and metal nanoparticles. Our
gelator molecule has the unique property to interact with the
p-molecular surface of graphene oxide (GO) sheets using p–p

interactions[8] as it has an aromatic side-chain residue (Trp)
and an N-terminally blocked pyrene residue. Moreover, this
gelator has a redox-active moiety (Trp) and it has been used
for the reduction of gold salt (Au3+) to gold nanoparticles
(AuNPs) at room temperature within the GO-containing
hybrid hydrogel matrix to prepare a more complex trihybrid
hydrogel. A trihybrid hydrogel has been prepared by stepwise
incorporation of graphene oxide first and then, synthesizing
gold nanoparticles in situ within the GO-containing hydrogel
matrix. The choice for making a native gelator molecule is
perfect so that not only graphene/graphene oxide can be
incorporated into the system but also a gold salt (Au3+) can be
in situ reduced to gold nanoparticles within the gel matrix to
form a novel trihybrid system.

The morphology of the trihybrid hydrogel reveals the
coexistence of three distinctly different nanostructures
including amino-acid-based nanofibers, graphene oxide
(GO) nanosheets, and gold nanoparticles. Rheological studies
of the native gel and the hybrid gels reveal a stepwise increase
of the storage modulus (G’) and the yield stress (sy) by
a stepwise incorporation of graphene oxide and gold nano-
particles into the native hydrogel matrix. The catalytic activity
(reduction of nitroarene to aminoarene) of the gold nano-
particles in the native gel matrix is also increased in the
presence of graphene oxide in the trihybrid system.

A pyrene-conjugated tryptophan-based (Py-W) supra-
molecular hydrogelator (Figure 1a) has been developed in
phosphate buffer solution at pH 7.3 to 8.7. Gelation of Py-W
was induced by sonication (Figure 1b,c). The minimum
gelation concentration (MGC) of the gelator has been
found to be 0.83% (w/v). The morphology of the hydrogel
has been studied by using various microscopic techniques
including fluorescence microscopy (Figure S7), field emission
scanning electron microscopy (FE-SEM), and transmission
electron microscopy (TEM). Figure 1d and e shows the FE-
SEM and TEM images of the hydrogel indicating a nano-
fibrillar network structure upon self-association. Widths of
these gel nanofibers obtained from the FE-SEM and TEM
studies (Figure 1d and e) are in the range of 35–60 and 40–
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55 nm, respectively. Fourier-transformed infrared spectra
(FT-IR) have been used to characterize the structure of the
gelator (Py-W) within the hydrogel matrix at molecular scale.
A FT-IR study of the gelators in the xerogel state has been
performed (Figure S8). A peak at 1633 cm�1 has been
observed for the amide carbonyl stretching frequency. It is
a characteristic signature of a b-sheet-like conformation.[3e]

In this study, graphene oxide (GO) has been incorporated
into the native hydrogel matrix. GO has a two-dimensional
carbon nanostructure (sheet) with plenty of hydrophilic
oxygenated groups (hydroxyl, epoxide, and carboxylic
group). At first, the hydrogel (Py-W) has been prepared
and then graphene oxide has been incorporated into this
hydrogel matrix to prepare a dihybrid gel (Py-W/GO) system
(Figure S9). Interestingly, sonication is not required to make
a GO-containing hybrid hydrogel preparation. The presence
of GO in the hybrid hydrogel has lowered the gelation
concentration of the native hydrogel.

The gelator molecule has one Trp residue which has been
used to incorporate gold nanoparticles in the GO-containing
hybrid hydrogel matrix by a heating–cooling cycle using an
auric chloride solution. This gives rise to another self-
supported reddish colored hydrogel (Figure S9). It is known
in literature that Trp is an excellent redox-active amino acid
residue which can reduce silver/gold ions into their metallic
state.[9] The color change is due to the reduction of the gold
salt into the corresponding metallic nanoparticles. The
nascently formed AuNPs have been stabilized within the
network structure of the hydrogel matrix and this prevents the
aggregation of gold nanoparticles. Formation of the gold
nanoparticles has been supported by the X-ray diffraction
(XRD) study of a trihybrid gel. The XRD pattern for the
trihybrid gel has shown diffraction peaks at 2q = 38.2 and
44.38. All these XRD peaks are corresponding to in situ
synthesized AuNPs within the gel matrix (Figure S10). These
diffraction peaks correspond to (111) and (200) Miller indices
of metallic Au, respectively. Moreover, the presence of
AuNPs has also been confirmed by XPS analysis (Figure S11).

The Trp residue can only reduce the Au3+ ions to metallic
nanoparticles and is unable to reduce GO to form reduced
graphene oxide (RGO).[7f] This observation is also well-
supported by Raman spectral analysis (Figure S12). Two
fundamental vibrations are present in both of these materials
at 1350 and 1588 cm�1 corresponding to the D and G band of
GO, respectively. The G band corresponds to the first-order
scattering of the E2g mode of sp2 C atoms and the D band
corresponds to the A1g symmetry mode. The intensity ratios of
the D and G bands are almost similar in two hybrid gels and
this implies that GO is not reduced within the hydrogel
matrix.

The morphology of the hybrid hydrogel has been studied
by using FE-SEM and TEM after formation of a hybrid
hydrogel with more than one type of nanomaterial. FE-SEM
and TEM images of GO containing hybrid hydrogel are
shown in Figure 2a and Figures S13 and S14b. In these
electronic microscopic studies, two distinct morphologies

have been simultaneously observed: a) gel nanofibers
(coming from the amino-acid-based native hydrogel) and
b) the flat morphology of graphene oxide nanosheets.

This indicates that the morphology of the amino-acid-
based fibrillar network structure is maintained here and it is
a true hybrid system. Incorporation of graphene oxide in the
hydrogel matrix does not affect fibril formation. Sometimes,
these nanofibers are on the surface of a GO sheet (Figure 2a).
This is probably due to the aromatic interaction of the gelator
molecules and the large planner aromatic surface of the
graphene oxide sheets.[4b] Moreover, in the trihybrid system,
three distinctly different morphologies have been observed
with a combination of nanofibers, nanosheets, and nano-
particles (Figure 2 b).

Figure 1. a) Chemical structure of the gelator (Py-W), inverted gel vial
b) under daylight and c) under UV light. d) SEM (scale bare = 1 mm)
and e) TEM images of the hydrogel.

Figure 2. TEM images of a) a dihybrid gel showing the presence of
both the nanofibers and nanosheets and b) a trihybrid gel with three
distinct morphologies: nanoparticles, nanosheets, and nanofibers as
indicated in the picture.
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Figure S15a shows the magnified image of in situ synthe-
sized gold nanoparticles. The size distribution profile diagram
of gold nanoparticles has also been obtained from the TEM
image of gold nanoparticles (Figure S15b). The presence of
gold nanoparticles has been confirmed by energy-dispersive
X-ray (EDX) analysis (Figure S15c). Preparation of a trihy-
brid from such a unique system containing three types of
nanomaterials including amino-acid-based nanofibers,
carbon-based graphene oxide sheets, and gold nanoparticles
has a promising future in materials science. To the best of our
knowledge, this is the first report of coexistence of three such
nanomaterials (nanofibers, nanosheets, and nanoparticles) in
a hybrid system.

Rheological studies of native hydrogel and hybrid hydro-
gels have been performed to address whether rheological
properties of hybrid hydrogels are different from that of the
native gel. Oscillatory stress sweep experiments have been
performed at 25 8C. From Figure 3, it has been observed that

in the linear viscoelastic region (LVR), the storage modulus
(G’) is higher than the loss modulus (G’’). This is an indication
of the formation of a typical soft solid-like gel-phase
material.[4a,10] Similarly, oscillatory stress sweep experiments
have also been performed on the hybrid hydrogels. For
hydrogel and hybrid hydrogels, the initially storage modulus
(G’) is higher than the loss modulus (G’’) suggesting the
formation of the gel-phase material. After the LVR region,
the loss modulus (G’’) has crossed the storage modulus and
has transformed into solution state. This particular stress
value is called yield stress (sy). Storage modulus values at
oscillatory stress 0.126 Pa and yield stress values are sum-
marized in the Table S1. From Table S1, it is evident that the
storage modulus (G’) and the yield stress (sy) values gradually
increase when graphene oxide and gold nanoparticles are
stepwise incorporated into the native gel. It is also evident
from Table S1 that the storage modulus (G’) and the yield

stress (s) values follow the order: trihybrid gel (Py-W/GO/
AuNPs)> dihybrid gel (Py-W/GO)> native gel (Py-W).
There are several examples for the increment of the stiffness
of the hybrid gel upon incorporation of carbon-based nano-
materials or metal nanoparticles into the native gel.[4,10d–e]

However, our result is a unique example of a stepwise
increment of the mechanical strength of the gel in a trihybrid
system indicating the tailor-made modulation of rheological
properties of the gel-phase material in a hybrid system.

The mechanical strength of the dihybrid hydrogel prob-
ably increases because of the p–p stacking and hydrogen-
bonding interactions between the gelator molecules and GO
sheets in the hybrid gel system. Each gelator molecule
contains a large aromatic pyrene group and an aromatic
indole residue (Trp) and they support the interactions
between the gelator molecules and GO sheets containing
a large p surface. Interaction of the pyrene group with GO has
been evidenced by fluorescence spectroscopy. The pyrene-
conjugated amino-acid-based hydrogel shows a broad emis-
sion peak centered at 498 nm and this peak is due to the
formation of the pyrene excimer in the gel state (Figure S16).
However, the fluorescence intensity of the hydrogels has been
quenched significantly in the presence of GO in both the
dihybrid and trihybrid gels (Figure S16);[4a, 6g] this quenching
might be due to the presence of sufficient p–p interactions
between aromatic groups of the gelator and GO in the
dihybrid and trihybrid systems.[11]

The Trp residue within the gelator molecule has been
nicely used for in situ synthesis and stabilization of gold
nanoparticles within the GO-containing hybrid hydrogel
matrix. As a consequence the nascently formed AuNPs are
bringing the gelator (Py-W) molecules closer to one another
and this actually favors the interactions between the gel
nanofiber strands. Most probably, this results in an increase in
the mechanical strength of the trihybrid system more than
that of the dihybrid gel (Py-W/GO) system. This observation
is supported by a recent result, where in situ reduction of
AuNPs within the hydrogel matrices has enhanced the
mechanical stiffness of the hybrid hydrogels.[10e] There are
also several reports about an increase in the stiffness of the
hybrid gel upon incorporation of metal nanoparticles from
the outside into the native gel matrix.[7e,10e] This study has
vividly demonstrated the stepwise increment of gel stiffness
upon incorporation of first carbon nanomaterials (GO) and
then, metal nanoparticles (AuNPs) into the hydrogel system.
The stiffness of the hydrogel can be manipulated by the
incremental incorporation of carbon-based nanomaterials
and gold nanoparticles into the hydrogel system. Modulation
of the rheological behavior has been remarkably noticed in
this report as the storage modulus and yield stress of the
hybrid gel can be gradually increased by incorporation of
graphene oxide and gold nanoparticles. This example of
gradual increase of mechanical strength in the gel phase of
a hybrid gel system relative to that of a native gel may lead to
new advanced materials with interesting properties.

Graphene-supported metal-nanoparticle-embedded
materials have become highly important in catalysis because
of their large surface area, high electronic transport capacity,
and extraordinary mechanical strength.[7g,12] To probe the

Figure 3. Oscillatory stress sweep experiments for a native hydrogel,
GO-based hydrogel, and trihybrid hydrogel as indicated in the picture
suggesting the breakage of these gels under a particular stress.
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catalytic activity of our newly synthesized trihybrid system
(Py-W/GO/AuNPs), the functional group transformation of
4-nitrophenol in the presence of sodium borohydride
(NaBH4) has been chosen as an exemplary reaction
(Figure 4). For this purpose, the trihybrid hydrogel has been
freeze-dried in a lyophilizer. The 4-nitrophenol shows an
absorbance peak at about 317 nm and it has been red-shifted
to 400 nm in the presence of NaBH4 because of the formation
of the 4-nitrophenolate ion in alkali medium. However, no
transformation (reduction) has been observed under this
condition in the absence of any catalyst. In the presence of
trihybrid material (xerogel), the depletion of the 4-nitro-
phenol peak at 400 nm and the concomitant increase of
a peak at 297 nm has been monitored over time (Figure 4B).
This is indicative of the formation of 4-aminophenol. Another
catalytic system dihybrid-1 (Py-W/AuNPs) has been prepared
by synthesizing AuNPs within the Py-W hydrogel to compare
the catalytic activity with the trihybrid system having the
same amount of gold nanoparticles in different environments.
The rate of the catalytic reaction of dihybrid-1 is 3.021 �
10�2 min�1, whereas that of the trihybrid system is 10.578 �
10�2 min�1 (Figure S18). This indicates the better efficiency of
the trihybrid catalyst compared to that of dihybrid-1 catalyst.
The trihybrid catalyst can be reused for this functional group
transformation reaction (Figure S19). Similarly, in presence of
the trihybrid system reduction of 4-nitroaniline to 1,4-
phenelenediamine is faster than that of dihybrid-1 gel (Py-

W/AuNPs; Figure S20). The mechanism of heterogeneous
catalysis reaction depends on several factors, mainly the
adsorption behavior and the concentration of the reacting
molecule. It is necessary for reactants (aromatic nitro com-
pounds) to come in contact with gold nanoparticles. In this
case, the large p-surface of graphene oxide (GO) can promote
the adsorption of the reactants through p–p interactions.[8]

Such adsorption provides a high effective concentration of 4-
nitrophenol near the AuNPs on the GO surface. This
facilitates the electron transfer process between metal and
GO. All above observations indicate that the presence of the
GO support leads to a better catalytic efficiency for the
reduction of the aromatic nitro group in 4-nitrophenol and 4-
nitroaniline than that in Py-W/AuNPs because of a synergistic
effect of the Py-W/GO/AuNPs composite. The modulation of
the catalytic property of AuNPs in the presence of carbon-
based nanomaterials (GO sheets) in a trihybrid system shines
light on the design of noble-metal-based catalysts with a GO
support in a hybrid system.

A novel hydrogel-based trihybrid system has been con-
structed from a pyrene-conjugated single amino acid deriv-
ative (Py-W), graphene oxide (GO), and gold nanoparticles
(AuNPs). Three distinct morphologies: nanofibers, nano-
sheet, and nanoparticles, are observed in the corresponding
TEM study. At first, Py-W has been found to form a supra-
molecular hydrogel and this gelator molecule contains planar
aromatic pyrene groups and the aromatic, redox-active Trp
residue. These aromatic moieties interact with the large p-
surface area of graphene oxide (GO) to form a GO-contain-
ing hybrid hydrogel. Addition of gold salts (Au3+) within the
hybrid hydrogel gives rise to the in situ reduction of Au3+ to
Au0, but not to the reduction of GO to reduced GO.
Rheological studies reveal that the stiffness of the gel
increases with the inclusion of GO into the native gel and
the stiffness of this hybrid gel increases further because of the
incorporation of gold nanoparticles into the GO-containing
hybrid hydrogel in a trihybrid system. Moreover, catalytic
property of AuNPs can be tuned from AuNPs containing
hybrid gel to trihybrid gel containing Py-W, GO, and gold
nanoparticles. Manipulation of the rheological and catalytic
behavior will lead to novel, fascinating, and advanced nano-
materials with tunable properties.
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