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Abstract: Self-assembly of the naturally occurring sweetening
agent, glycyrrhizic acid (GA) in water is studied by small-angle
X-ray scattering and microscopic techniques. Statistical anal-
ysis on atomic force microscopy images reveals the formation
of ultralong GA fibrils with uniform thickness of 2.5 nm and
right-handed twist with a pitch of 9 nm, independently of GA
concentration. Transparent nematic GA hydrogels are
exploited to create functional hybrid materials. Two-fold and
three-fold hybrids are developed by introducing graphene
oxide (GO) and in situ-synthesized gold nanoparticles (Au
NPs) in the hydrogel matrix for catalysis applications. In the
presence of GO, the catalytic efficiency of Au NPs in the
reduction of p-nitrophenol to p-aminophenol is enhanced by
2.5 times. Gold microplate single crystals are further synthe-
sized in the GA hydrogel, expanding the scope of these hybrids
and demonstrating their versatility in materials design.

Exploiting self-assembly of small molecules,[1–4] especially
naturally occurring molecules or their derivatives[5] as build-
ing blocks for functional materials, is beneficial in terms of
bioavailability, biocompatibility, and biodegradability. The
anisotropic assembly of small molecules leads to the forma-
tion of one-dimensional (1D) nanostructures such as fibrils,
ribbons, tapes, and nanotubes in water, which, upon increas-
ing concentrations can further form network structures, and—
provided the network is strong enough—also form hydro-
gels.[6] A hydrogel is a versatile matrix for the encapsulation of
various drugs as well as inorganic, organic, and carbon
nanostructures, to form functional hybrid systems.[7] Among
all the carbon materials, graphene and GO nanosheets have
become a very exciting subject of research in the last few
years because of their large specific surface area, high
conductivity, and extraordinary mechanical strength.[8, 9] Gra-
phene/GO-based functional nanohybrids/composites have
been developed recently in combination with other nanoscale
building blocks such as fibrils and NPs, with particular focus
on catalysis and sensing.[10] Yet, three-fold hybrids comprising
graphene/GO, nanofibrils, and metallic NPs remain scarce[11]

despite the possible wider functionalities. This paper reports
the design of a three-fold nanosystem composed of GO,
metallic NPs, and self-assembled nanofibrils of GA for
tunable catalysis.

GA is a natural saponin, a major ingredient of licorice and
is widely used in candies and sweets. It has 50 times the
sweetening power of sucrose and is also used as drug for the
treatment of liver cell injury, chronic viral hepatitis, and skin
diseases.[12] GA has a hydrophobic triterpenoid aglycon
moiety (18b-glycyrrhetinic acid) attached to a hydrophilic
diglucuronic unit. Owing to both of its hydrophobic and
hydrophilic moieties, it has an amphiphilic nature and an
expected complex self-assembly behavior in water. Self-
assembly of GA is investigated as a function of concentration,
and on increase of it, an isotropic fluid, a nematic phase and
a hydrogel are found, progressively. The hydrogel of GA
nanofibrils is further combined with other building blocks
(GO and Au NPs) to design functional hybrid nanomaterials.
In the presence of GO, the catalytic efficiency of Au NPs is
found to be improved in the reduction of p-nitrophenol (PNP)
to p-aminophenol (PAP).[13] The shape of Au NPs, which
enable catalysis, can be adjusted from spherical nanoparticles
to microplate single crystals.[14] Thus the hybrids possess
tunable catalytic function and structural features.

Samples of various concentrations of GA were scanned by
atomic force microscopy (AFM; Figure S1a–d) to understand
the mechanism of self-assembly. The sample with 0.025 wt%
of GA showed a few very thin fibrils (Figure S1a). Gradual
increase in concentration of GA molecules resulted in
a denser coverage of the mica substrate by the self-assembled
fibrils. A larger population of fibrils with a length of tens of
micrometers was found at a concentration of 0.05 wt% in
equilibrium with a lower amount of monomers in solution
(Figure S1b). Interestingly, at a concentration of 0.1 wt %,
almost all of the monomers aggregated to form fibrils with
minimum detectable monomers remaining in equilibrium in
solution (Figure S1c) and at a concentration of 0.25 wt% the
GA fibrils covered the whole surface of the mica substrate
(Figure S1d). Figure 1a displays three-dimensional (3D)
AFM images with an enlarged part of 0.1 wt % GA fibrils
(Figure 1b) showing right-handedness of fibrils (Figure 1c)
with a height of 2.5 nm and periodicity of 9 nm according to
longitudinal and transversal height profiles, respectively
(Figure 1d). The sample with 0.25 wt % of GA was highly
viscous. With gradual increase of the concentration of GA, it
formed a transparent gel at the very low concentration of
0.3 wt % (Figure S2a). A frequency sweep measurement of
2 wt % hydrogel of GA (Figure S2a and b) revealed the
formation of a viscoelastic network of GA (Figure S2c). The
AFM images of a thin layer of 2 wt % hydrogel (Figures 1 h–j
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and S1e and f) showed the formation of thin layers of
highly aligned fibrils with random spatial orientation in
the hydrogel (see the arrows in Figure 1h) whereas the
AFM phase image (Figure 1 i) showed that fibrils
possess an internal structure with a periodicity
around 9 nm according to fast Fourier transform
analysis (FFT) of image (inset in Figure 1 i). The
individual GA fibrils observed at the edge of the
hydrogel (Figures 1k and S1g–l) have morphology
(right-handedness) similar to the fibrils assembled at
lower GA concentrations, suggesting the formation of
uniform fibrils independently of the concentration of
GA. For detailed analysis of the morphology of GA
fibrils assembled at different concentrations, parame-
ters of GA fibrils obtained at various concentrations of
GA in water, such as average height and pitch size of
the periodicity, were evaluated from a systematic
statistical analysis performed on the extracted coor-
dinates.

These processing and tracking routines have
recently been applied to perform statistical analysis
of amyloid fibrils,[15a,b] supramolecular fibrils,[15c] and
also charged linear polysaccharides.[15d] An advantage
of using this procedure is a large number of accessible
coordinates for significant statistical analysis. Fig-
ure 1e represents the height distribution of
0.05 wt %, 0.1 wt %, 0.25 wt %, and 2 wt% GA fibrils
showing that the fibrils possess uniform height of
2.5 nm. Figure 1 f and g display the results for the pitch
size estimation of 0.05 wt%, 0.1 wt %, and 2 wt % of
GA fibrils by FFT analysis of the height profiles and
averaged autocorrelation functions of the twisted-
angle profiles along the fibril middle lines, respectively.
In both cases the pitch size is 9 nm for all GA
concentrations.

Thin layers of 2 wt% GA hydrogel exhibited
a strong birefringence under the polarized optical
microscope (POM; Figure 2a). This is indicative of
anisotropic aggregation of the GA monomers into an
ordered nematic mesophase (Figure S2b) as also
evidenced from AFM imaging. To investigate the
structure of the nematic mesophase of the 2 wt%
hydrogel, the sample was further studied by SAXS
measurements. The two-dimensional scattering profile
(Figure 2 b) shows an anisotropic scattering intensity
pattern in the low scattering vector region (q�
0.027 è¢1) which confirms the alignment of structures
in the solution. The radially averaged SAXS scattering
intensity (Figure 2c) in the q region between 0.027 è¢1

and 0.08 è¢1 follows a slope of ¢1.64. This scattering
slope further confirms the form factor of semiflexible
fibrils in analogy with the expected 5/3 fractal expo-
nent for self-avoiding random walks in a good solvent.
In the high q region, the scattering pattern follows the
Porod decay (slope ¢4) due to the sharp interface of
the fibril surfaces. To quantify the order of the fibrils,
the scattering pattern was azimuthally plotted in
Figure 2 d. The two polar maxima in the azimuthal
pattern indicate the horizontal alignment of the fibrils.

Figure 1. a) 3D AFM image of 0.1 wt% sample of GA fibrils; b) magnified
image of selected area in panel (a); c) AFM amplitude image of panel (b) with
labeled direction of the chirality of GA fibrils; d) the longitudinal (black curve)
and transversal (red curve) height profile of GA fibrils from panel (b); e) the
maximum height histogram of GA fibrils assembled in water at different
concentrations; the pitch size estimation by f) FFT analysis of the height
profiles, g) averaged autocorrelation functions of the twisted-angle profiles
along the fibril middle lines for 0.05 wt %, 0.1 wt %, and 2 wt% GA fibrils;
h) AFM height image of a thin layer of the 2 wt% GA hydrogel and i) corre-
sponding AFM phase image with the inset representing the FFT analysis of
AFM phase image. j) AFM phase image of the layer of 2 wt % GA hydrogel and
k) AFM phase image of individual GA fibrils of the 2 wt% GA hydrogel.
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This indicates that the excluded volume among fibrils is
directed by the geometry of the capillary, inferring a very
long-range order (of the length scale of the SAXS beam, that
is, 700 mm). The 3D order parameter was calculated by using
Equation (3) (Supporting Information, SI) in the q region of
0.005 è¢1 to 0.027 è¢1, yielding a value of 0.37, in further
support of a high degree of spatial alignment of the fibrils.

To further elucidate the fibrillar structure of GA in water,
wide-angle X-ray scatterings (WAXS) was performed on the
lyophilized 2 wt % hydrogel of GA (Figure S3). Peaks at
0.223, 0.55, 1.029, and 1.43 è¢1 were observed corresponding
to 28.2, 11.4, 6.1, and 4.4 è, respectively. 2.8 nm is larger than
the energy minimized molecular length of GA (18.6 è) but
less than 2x the GA length, thereby suggesting that the
hydrophobic triterpenoid moieties of GA molecules can
interact laterally, tilting in a head-to-head way and leaving the
hydrophilic diglucuronic groups exposed to water (Scheme 1).
The diameter of fibril obtained from WAXS study (2.8 nm) is
also in good agreement with the height profile of fibrils from

AFM measurements (2.5 nm). The length of 11.4 è may
correspond to the length of the hydrophilic diglucuronic part
of GA, whereas the shortest length scale of 4.4 è captures the
close packing of the moieties along the fibrils. The right-
handed twist arises from an amplified supramolecular chir-
ality of the chiral triterpenoid moieties of GA.

We then explored the possibility of creating hybrid
systems from the GA hydrogels. The amphiphilic nature of
GA allows for further functionalization. We considered GO,
capable of p–p and hydrophobic interactions,[16a] as a suitable
component to functionalize the hydrogel matrix. The hydro-
phobic triterpenoid is likely to interact in water with the
hydrophobic aromatic surface of GO yielding a deep-brown
colored two-fold GA–GO hybrid hydrogel (Figure S4). The
diglucuronic moiety of GA can reduce the chloroauric acid to
Au NPs in the hydrogel and hence the use of any external
reducing agent (e.g., NaBH4) is not required. The develop-
ment of reddish hydrogels (Figure S4) with a surface plasmon
resonance absorption peak at 524 nm (Figure S5) is indicative
of the in situ reduction of gold salt by the diglucuronic moiety
of GA to metallic Au NPs.[14a] Finally, a complex black-
colored three-fold system was produced in the GA hydrogel
by simultaneously incorporating both GO and chloroauric
acid into the solution of GA (Figure S4). The hybrid systems
were scanned by AFM to reveal the morphology (Figure S6a–
i). AFM (Figure S6g–i) and TEM (Figure S7) images of the
three-fold hydrogel hybrid show coexistence of GA nano-
fibrils, GO nanosheets, and Au NPs in the hydrogel matrix. In
the GA–Au NP hybrid the diameter of Au NPs varies from 2
to 35 nm (Figure S8a and c). Similarly, in the three-fold hybrid
system, the diameter of Au NPs ranges from 2 to 26 nm
(Figure S8b and d). High-resolution TEM of the GA–Au NP
hybrid revealed nanocrystalline particles with atomic planes
spacing clearly visible (Figure S9a and b). Furthermore,
energy-dispersive X-ray analysis (EDX) also confirmed the
composition of Au (Figure S9c). Raman spectroscopic anal-
ysis (Figure S10) for the two GO-containing hybrids (GA–
GO and GA–GO–Au NP) indicates that GA molecules in
both the hybrid hydrogels do not reduce the GO[10d, 16b] but do
reduce gold salt (Au3+) to Au NPs at room temperature.

Au NPs can act as catalyst in various electron-transfer
processes such as in the heterogeneous catalytic reduction of
PNP to PAP (Figure 3a, inset) in the presence of reducing
agents such as NaBH4.

[11b,13] Here PNP was chosen as a model
substrate for the reduction reaction in aqueous medium, and
to assess the influence of GO in the catalytic activity of Au
NPs in the three-fold hybrid. In alkaline medium, due to the
formation of the p-nitrophenolate ion, PNP shows a strong
absorption peak at 400 nm which disappears with time and
a new peak at ca. 300 nm appears (Figure 3a,b) as conversion
of PNP to PAP proceeds. The kinetics of the reduction is
followed by plotting the absorption at 400 nm (A) versus time
(Figure 3c). For the two-fold catalyst, it takes 10 min to
complete the reaction (Figure 3c, red line). Interestingly, at
the same concentrations, the PNP is reduced within 6 min by
the three-fold catalyst (Figure 3c, black line). Control experi-
ments were run to demonstrate that there is no reduction of
PNP in the absence of Au NPs under similar conditions (with
either GA or GA–GO hydrogels). The rate of catalysis (Kcat)

Figure 2. a) POM image, b) 2D SAXS diffractogram, c) radial intensity
evolution of the scattered intensity, and d) azimuthal SAXS intensity
from the 2 wt% GA hydrogel.

Scheme 1. Sketch of fibril formation by self-assembly of GA in water.
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can be determined from the slope of the plot of ¢lnA (A =

A400nm) versus time (SI). The Kcat by the two-fold system is
calculated to be 14.6 × 10¢2 min¢1; the same for the three-fold
catalyst is 36.0 × 10¢2 min¢1 (Figure 3d). With 2.5 times faster
reaction rate, the three-fold catalyst is more efficient than the
two-fold catalyst[12b] although both hybrids contain an iden-
tical amount of Au NPs. It is also to be noted that the plot of
¢lnA versus time is linear for the two-fold catalyst but in the
case of the three-fold catalyst, the plot deviates into
a sigmoidal profile, suggesting a slightly different catalysis
mechanism in the presence of GO. Because of the p–p

interactions between the large surface of GO and PNP, the
effective concentration of PNP is increased in the vicinity of
Au NPs immobilized on the GO surface, which may have
a synergistic effect on the catalytic reaction. To verify this, we
performed a very conservative control experiment. We
monitored the reduction of PNP to PAP in GA–GO hydro-
gels mixed with commercially synthesized Au NPs having
a diameter (5 nm) well below the average diameter of the
two- and three-fold hybrids, keeping the weight concentration
of gold equal to that of the Au-containing two- and three-fold
hybrids. Yet, we observed that neither the reduction was as
fast as in the case of the three-fold system nor did it follow the
same kinetic pathway (Figure S11). This observation clearly
indicates that immobilization of reduced Au NPs onto the GO
surface is central for the improved catalytic activity of the
corresponding hybrid system, offering the appealing property
to modulate catalytic properties.

We finally show also the size and shape of Au NPs in the
GA hydrogel matrix can be efficiently tuned by increasing the
concentration (10x) to 4.1 mm of the precursor, chloroauric
acid, while maintaining the concentration of GA constant

(2 wt %). AFM and TEM imaging
on the sample showed formation of
giant plate-like structures of micro-
meters lateral size with hexagonal,
triangular, and polygonal shapes
(Figures S12 and S13).[14] Careful
observation of AFM images reveals
that the plates are densely coated by
GA fibrils. The first step in the
reduction of precursor salt to NPs
by the fibrils diglucuronic groups
occurs through the nucleation and
growth of the Au NPs.[14a] As the
size of the growing Au NPs becomes
larger than the dimension of the
GA fibrils, more fibrils are required
to cooperatively assist the growth of
the Au NPs. It is the nematic liquid
crystalline hydrogel matrix, which
directs the subsequent growing and
formation of giant Au microplates.
Thus the nematic mesophase of self-
assembled fibrils of GA plays
a major role in directing the mor-
phology of NPs.

In summary we have shown that
the naturally occurring chiral sapo-

nin GA self-assembles in water into long fibrils with right-
handed twist, 9 nm periodicity, and 2.5 nm thickness, inde-
pendently of GA concentration. Increase in the concentration
of GA resulted in the formation of nematic phases first and
hydrogels afterwards. These nanofibrils were further inves-
tigated as scaffolds for functional hybrids of use in heteroge-
neous catalysis. The hydrophobic triterpenoid groups of GA
fibrils interact with the aromatic surface of GO, while the
diglucuronic moiety allows reduction of gold salt (Au3+) to Au
NPs and microcrystals. A complex three-fold catalyst system
was developed inclusive of GA nanofibrils, Au NPs, and GO.
Due to the interactions between the GO and the catalysis
substrate, a synergistic effect of GO and Au NPs was observed
leading to an improved catalytic efficiency. These results may
open new scenarios on the design of advanced hybrid
materials for catalysis using natural precursors and affordable
building blocks.

Keywords: glycyrrhizic acid · nanohydbrid hydrogels ·
self-assembly · statistical analysis · tuneable catalysis
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