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Just add sugar for carbohydrate induced
self-assembly of curcumin
Sandy Wong 1, Jiacheng Zhao1, Cheng Cao1, Chin Ken Wong 1, Rhiannon P. Kuchel2, Sergio De Luca3,

James M. Hook1,2, Christopher J. Garvey4, Sean Smith3,5, Junming Ho 1 & Martina H. Stenzel 1

In nature, self-assembly processes based on amphiphilic molecules play an integral part in

the design of structures of higher order such as cells. Among them, amphiphilic glycoproteins

or glycolipids take on a pivotal role due to their bioactivity. Here we show that sugars, in

particular, fructose, are capable of directing the self-assembly of highly insoluble curcumin

resulting in the formation of well-defined capsules based on non-covalent forces. Simply

by mixing an aqueous solution of fructose and curcumin in an open vessel leads to the

generation of capsules with sizes ranging between 100 and 150 nm independent of the

initial concentrations used. Our results demonstrate that hydrogen bonding displayed

by fructose can induce the self-assembly of hydrophobic molecules such as curcumin into

well-ordered structures, and serving as a simple and virtually instantaneous way of making

nanoparticles from curcumin in water with the potential for template polymerization and

nanocarriers.
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Carbohydrates are an integral building block in nature as
they are involved in numerous biological processes, which
may be either structural, for example, cellulose and chitin,

or functional such as cell–cell signalling1. Carbohydrates are
commonly conjugated to proteins or lipids that play a role in
stabilizing cell membranes and facilitating cellular recognition2.
The amphiphilic character of glycolipids enables the interaction
with the cell membrane resulting in structured membranes sur-
faces where the carbohydrates can display their multivalent
character3. Inspired by the pivotal role these carbohydrates play
in cell membranes, researchers have developed self-assembled
amphiphilic glycoconjugates that can mimic the multivalency of
natural carbohydrate–lectin interactions4. Glycoamphiphiles are
usually based on covalent bonds between hydrophobic and
hydrophilic segments, but non-covalent forces are also known to
drive the arrangement to higher order. However, in nature as well
as in the lab, amphiphiles are obtained using strong forces
between the building blocks, which include ionic and covalent
forces and hydrogen bonding between donor–acceptor-contain-
ing molecules.

Beyond traditional self-assembled spherical structures such as
micelles, amphiphilic glycoconjugates are observed to arrange
themselves into supramolecular constructs of higher order. Sugar-
derived molecular gels can take on hierarchical organizations with
a high aspect ratio such as fibres and ribbons, in particular when
the tendency to self-assemble is superimposed with other forces
such as π–π stacking5. It has been noted that it is the ability of
sugars to participate in strong hydrogen bonding, especially when
the sugar is in its cyclic form. This is among one of the key
features in obtaining structures of higher order as this imparts
rigidity5 seen in the fascinating hierarchical structures obtained
based on sugar amphiphiles6–10.

To date, the formation of self-assembled structures has so far
been based on a sugar surfactant where the carbohydrate is
covalently bound to a hydrophobic tail6–10. In this communica-
tion, we report the spontaneous formation of capsules simply
by adding curcumin to solutions of fructose. Curcumin, is under
investigation as a potential drug against a range of diseases
spanning from cancer to Alzheimer’s disease11, and displays very
low water solubility (<0.1 mg/mL at pH 7)12. Currently, four
different crystalline polymorphs are known that differ in planarity
of the curcumin molecule and the position of its most prominent
hydrogen bonds is present in the enol form13. This situation is
mirrored in solution in which the enol is the dominant form. The
following investigations were designed to gain insight into the
nature of the nanoparticles, as well as the events that take place
on a molecular level that can explain this unprecedented beha-
viour. Transmission electron microscope (TEM) analysis and
small-angle X-ray scattering (SAXS) confirm the presence of
capsules. Fundamental understanding of the molecular interac-
tions at play was provided by theoretical studies, which reveal the
thermodynamic driving force for curcumin dissolution must
originate from capsule formation and fructose molecules may
play a stabilizing role for structural integrity of the capsule.

Results
Insight to fructose–curcumin interaction with spectroscopy. In
spite of the poor solubility of curcumin in water, addition of
fructose leads to a clear yellow solution that contains nano-
particulate matter (Fig. 1a). Curcumin in water at a concentration
of 10 µg/mL exhibits an absorption maximum (λmax) of 425 nm
and a fluorescence maximum of 521 nm (Fig. 1c, d). Upon the
addition of fructose solution, unequivocal changes to both the
ultraviolet–visible (UV–Vis) absorbance and the fluorescence
intensity can be clearly observed. In the visible band,

the absorption at 425 nm decreases with increasing fructose
concentration. The spectra displaying three maxima at 280
(fructose), 355 and 425 nm are similar to curcumin that has been
‘clicked’ covalently to sugar (Fig. 1c)14. According to the theo-
retical studies, the absorption at 425 nm can be assigned to the
enol structure while the diketo isomers have an absorption
maximum below 400 nm15,16. The enol structure of curcumin
alone was confirmed using 1H-NMR (proton nuclear magnetic
resonance) studies in dimethylsulfoxide (DMSO) solvent, with
the enol peak appearing at 16.51 ppm (Supplementary Figure 1).
Addition of water does not lead to any isomerization, eliminating
the possibility that spectral changes are the result of changes in
the molecule itself. The UV–Vis spectra in Fig. 1c are devoid of an
isobestic point (the intersect at 310 nm is not an isobestic point,
but the result of an increasing fructose concentration). This is
similar to the behaviour observed when sodium dodecylbenze-
nesulfonate was added to a solution of curcumin17, the interac-
tion of the surfactant with curcumin initially led to a decrease in
the absorption at 425 nm, which is reversed when the surfactant
surpasses its critical micelle concentration indicative of curcumin
packed into the micelles. Although only the initial drop is
observed in our case and not the subsequent band increase upon
aggregation, the strong dependency of the absorption on the
fructose concentration indicates the interaction of curcumin with
fructose. It should be noted here that this behaviour is unlikely to
be the result of altered solvent quality only, as for example, the
addition of ethanol to curcumin led to an increase in the
absorption at 420 nm, which was explained by the preferred
arrangement of ethanol onto the enol isomers15.

Complementing the UV–Vis results are fluorescence studies,
which revealed an intense fluorescence maximum at 521 nm
upon excitation at λex= 429 nm, a wavelength that predomi-
nantly excites the enol isomer15. The addition of fructose led to a
bathochromic shift to 560 nm, usually a sign of increased
hydrophilicity and hydrogen bonding, accompanied by a decline
in fluorescence intensity (Fig. 1d)17. Further increases in fructose
translated to a slight hypsochromic shift from 555 to 551 nm
and an increase in intensity indicative of potential aggregation
and/or changes to microenvironment18.

Window of capsule formation. It is evident that the presence of
sugar affects the spectroscopic properties of curcumin, indicative
of a change in its environment as is observed during its aggre-
gation17. The changes in the solution can also be observed by
visual inspection of the samples using higher curcumin con-
centrations (Supplementary Figure 2). While the mixture with
low fructose content is cloudy, the presence of high concentra-
tions of fructose results in the formation of a clear solution. To
monitor the changes in particle size, dynamic light scattering
(DLS) analysis was employed with fructose solutions at various
concentrations, mixed with increasing amounts of curcumin
(Supplementary Table 1). While no visible aggregation was
observed at low curcumin concentration, the formation of
nanoparticles was detected once a critical threshold of curcumin
was reached (Fig. 2a). Independent of the amount of curcumin,
the measured nanoparticles all had a hydrodynamic diameter of
approximately 100 to 150 nm (Fig. 2a) with a slight increase in
size with increasing amount of curcumin. However, further
increase in the concentration of curcumin above 100 μg/mL led to
larger particles and precipitation. Interestingly, independent of
the fructose concentration, a critical aggregation concentration of
curcumin of around 3 μg/mL, at which nanoparticles start to
form, was observed. To further investigate the formation window
of fructose–curcumin nanoparticles, a phase diagram was con-
structed. As shown in Fig. 2b, curcumin at a concentration below
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3 μg/mL can fully dissolve in the fructose aqueous solution
without the formation of any obvious aggregates. Once the cur-
cumin concentration reached the critical threshold of 3 μg/mL,
fructose and curcumin start to aggregate to form nanoparticles.
The formation window spans from a critical curcumin con-
centration of around 3 to 80 μg/mL. Within the window of
nanoparticle formation, the observed hydrodynamic diameters
were constant and not significantly dependent on the fructose or
curcumin concentrations. However, high fructose concentration
tends to limit assembly of curcumin by inhibiting its dispersion
and results in its precipitation (Supplementary Figure 2).
Although minute amounts of DMSO were used in the process,
the outcomes are independent from the type of solvent as other
solvents such as ethanol, tetrahydrofuran or acetone result in
similar outcomes (Supplementary Tables 2 and 3).

Morphology of nanocapsules. The morphology of the capsules
was further confirmed by TEM. Spherical nanoparticles remi-
niscent of hollow capsules were observed with sizes similar19 to
those measured using DLS (Fig. 1 and Supplementary Figure 3).
Within the window of nanoparticle formation as highlighted in
Fig. 2b, capsules can be observed, while higher fructose or cur-
cumin concentrations favour the formation of ill-defined aggre-
gates based on solid nanoparticles (Supplementary Figure 4). To
confirm the true size of these capsules and eliminate the drying
effect in conventional TEM, cryo-TEM was performed to observe
the particles in their frozen-hydrated state. No aggregation was
observed, and the capsules were found to have around a 100 nm
hydrodynamic diameter (Fig. 2c); in excellent agreement with size
determination by DLS (Fig. 2a). The capsules are characterized by
a transparent fructose layer on the surface of an electron-rich
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Fig. 1 Formation of curcumin-based capsules induced by the presence of sugar and their stabilization using dopamine. The transmission electron
microscope (TEM) micrographs show a the particles obtained using [Fructose, Fru]= 10 mg/mL, [Curcumin, CCM]= 60 μg/mL (stained with uranyl
acetate, scale bar is 200 nm) and b the particles after the formation of a stabilizing polydopamine layer (scale bar is 200 nm), c UV–Vis and d fluorescence
spectra of curcumin, fructose and curcumin/fructose mixture in water
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curcumin packed layer, that encompass the hollow structure.
Interestingly, the absence of a clear ring-like outline in cryo-TEM
(Fig. 2c) suggest a fuzzy interface constructed by small molecules,
rather than a well-defined boundary typically seen with self-
assembled lipid and polymer-based vesicles. This phenomena has
been observed before, where loose membrane structures led to the
disappearance of an outside ring20.

To gain more insights into the surface, size properties and
shape of the nanoparticle, SAXS analysis was carried out (Fig. 2d).
All SAXS data were fitted to a core-shell model21 and
summarized in Table 1. The scattering length density of the
solvent (SLDsolvent) was fitted with a similar value to the SLD of
the core, which is consistent with a solvent-filled hollow core
(Supplementary Tables 4 and 5). Increasing amounts of curcumin
at a fixed fructose concentration led to a change in SLDsolvent

from 1.02 × 10−5 to 9.59 × 10−6. This may be caused by an
increase in the number of nanoparticles and a decrease in
unbound fructose in solution. The 10C fitting is rough as the
exact fructose concentration in the vesicle cannot be confirmed
due to low concentrations. However, the fitting shows changes
when increasing the amount of curcumin contributes to the
nanoparticle. Interestingly, when all measured samples were left

standing for more than 24 h, objects with a slope of n=−4 for
log(Intensity) vs. log(q) (Supplementary Figure 5 to 7) appeared.
This is indicative of larger objects with zero curvature on the
length scales considered by the scattering vector according to the
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Fig. 2 Analysis of size and structure of the nanocapsules. a Curcumin concentration dependence of the nanoparticle size, b phase diagram of
fructose–curcumin nanoparticles; grey bar denotes area of aggregates and/or capsules, c cryo-transmission electron microscopy (TEM) of the
nanoparticles prepared with [Fructose, Fru]= 10mg/mL and [Curcumin, CCM]= 60μg/mL (scale bar is 500 nm, scale bar in inset is 200 nm)
and d small-angle X-ray scattering (SAXS) measurements with a fixed fructose concentration (10mg/mL) and varying curcumin concentration (where
A= 20 μg/mL, B= 60 μg/mL and C= 80 μg/mL) and their fitting

Table 1 SAXS data for samples at fixed [Fru]= 10mg/mL
(10) and varying [CCM], where A= 20 µg/mL, B= 60 µg/
mL and C= 80 µg/mL, and their fitting parameters

Sample 10A 10B 10C

Fructose (mg/mL) 10 10 10
Curcumin (μg/mL) 20 60 80
Core radius (nm) 18.3 ± 1.6 36.6 ± 1.0 59.8 ± 2.0
SLDcore (×10−5 Å−2) 1.02 ± 0.074 1.12 ± 0.002 1.03 ± 0.002
Shell thickness (nm) 29.9 ± 0.4 8.9 ± 0.8 8.0 ± 1.0
Diameter (nm) 96.4 90.2 135.6
SLDshell (×10−5 Å−2) 1.11 ± 0.002 1.16 ± 0.0014 1.16 ± 0.004
SLDsolvent (×10−5 Å−2) 1.02 ± 0.0074 0.979 ±

0.0024
0.959 ±
0.003

SAXS small-angle X-ray scattering, SLD scattering length density, Fru fructose, CCM curcumin
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Porod Law. The results were found to be independent of the
fructose and curcumin concentrations, as all measured particles
followed the same relationship. The intercept of the intensity
plot at q- > 0 for I qð Þ � q4 vs. q4 was found to decrease with
increasing amount of curcumin (Supplementary Figure 7) reflect-
ing an increasing number of particles in solution, which is
consistent with the observed decrease of the SLDsolvent. Impor-
tantly, the SAXS measurements demonstrate that the objects
are similar in size to the ones measured by DLS (Fig. 2a).
However, the increase in shell thickness at lower curcumin
concentration suggests a shell of lower density and corresponds
to lower SLDshell value.

SAXS and DLS were used to gather information on the nature
of self-assembled capsules with similar size independent of
curcumin and fructose. It seems that increasing the amount of
curcumin predominantly changes the number of particles,
instead of their physical properties (Supplementary Figure 8).
The size of the capsules is governed by the membrane thickness
and the surface curvature, which in turn is affected by the
nature of amphiphiles. The formation of capsules is due to
the bending of the bilayered membranes, with the diameter of the
resulting capsules being influenced by membrane elasticity of
the amphiphilic molecule and membrane thickness22. This
suggests that independent of their concentrations, a unique
amphiphilic construct is present in a particular phase window,
and is not influenced by the concentration of either compounds,
but by the intermolecular forces specific to curcumin and
fructose.

Structural stability based on intermolecular forces. It is evident
that the interaction of the sugar and curcumin causes the
formation of molecular self-assembled structure without any
apparent amphiphilic molecules being present. Supramolecular
assemblies based on forces such as ionic bonds, π–π interactions
and hydrogen bonding are well known. The concept of forming
vesicles based on non-traditional amphiphiles has already been
discussed in an early review by Antonietti and Förster23, who
highlighted the use of ionic and complementarity interactions
in polymers as a means of generating vesicles24,25. Beyond
polymeric systems, low-molecular-weight compounds based on
guanosine are known to arrange themselves into higher-order
structures simply through the strong donor–acceptor interactions
between carbonyl groups and protonated amines18. Vesicles
based on the self-assembly of guanosine26,27, but also other strong
hydrogen-bonding motifs, have been mentioned previously28,29.
Complementing this exploitation of hydrogen bonding are
amphiphiles that are generated in situ by ionic interactions with
small molecules bearing opposite charges30–34.

However, sugars used here, such as fructose and curcumin, are
devoid of any electrostatic charge interactions. Also, strongly
matching hydrogen bonding between carbonyl groups and
protonated amines, typical for DNA inspired structures and
the driving force for directed self-assembly18,35 are also absent
in this study. It should be noted that in nature a variety of
biomacromolecules, including enzymes, proteins and DNA are
constructed via well-controlled intermolecular and/or intramole-
cular interactions in water. For this reason, it seems that the
weaker hydrogen bonding between the fructose and curcumin
hydroxyl groups are sufficient to drive the self-assembly in water.
Furthermore, factors that affect the hydrogen bonding such
as temperature (Supplementary Figure 9) as well as pH
(Supplementary Figure 10) play a role. Increasing the temperature
resulted in a slight shift in fluorescence maximum toward free
curcumin, which suggests reasonably good stability at higher
temperatures before signs of disassembly at 45 °C well above

room temperature. In contrast, lowering the pH resulted in
disassembly and precipitation, suggesting the perturbation of the
delicate intramolecular and intermolecular hydrogen bonding
through protonation of the hydroxyl groups. Osmotic pressure
along with gradual removal of fructose caused preassembled
nanoparticle aggregation within 3 h, slight disruption of capsule
morphology and steady decline in derived count rate (kcps) can
be observed over time (Supplementary Figure 11). Thus, stressing
the importance of carbohydrate interaction.

Theoretical studies. To better understand the origin of the
enhanced solubility of curcumin molecules in fructose–water
solution, molecular dynamics (MD) simulations were carried
out to compare the free energy of solvation of curcumin in
water vs. fructose solution. In the former, the simulation consists
of a single curcumin molecule immersed in a 5 nm × 5 nm × 5 nm
periodic box of TIP3P water molecules. MD simulations in
conjunction with the weighted histogram analysis method
(see Supplementary Figure 12 and Table 6 for details) were
employed to determine the potential of mean force (PMF) along
the reaction coordinate defined to be the distance between
centres of mass of the solute and the solvent box. This is
shown in Supplementary Figure 12b along with the correspond-
ing PMF for curcumin immersed in the same periodic
box containing water and 200 fructose molecules to mimic the
fructose solution. Interestingly, the solvation free energies
(obtained as the difference in PMF at the end points of the
reaction coordinate) are very similar, ca. 15.7 and 16.8 kcal/mol
in water and fructose solution, respectively. According to the
thermodynamic cycle presented (Supplementary Figure 12),
the modest enhancement in solvation of curcumin in fructose
solution implies that the thermodynamic driving force for
curcumin dissolution must originate from capsule formation, the
ΔG(capsule).

The self-assembly process is estimated to occur on seconds
timescale, which is difficult to probe using conventional MD
simulations. As such, a planar model of the capsule (8 nm × 8
nm × 12 nm) composed of 200 curcumin molecules, 700
fructose and 12,000 water molecules was constructed using
PACKMOL36 to examine the structural integrity of the
fructose–curcumin–fructose membrane using MD simulations.
Figure 3a shows the starting structure of the model, and a
snapshot after equilibration (Fig. 3b). In the initial configuration,
the curcumin molecules were packed in random orientations.
Comparison of the two snapshots revealed that fructose
molecules readily diffuse into bulk water; however, the MD
simulations indicate that there is a fructose concentration profile
that decreases as the distance from the curcumin layer increases
(Fig. 3c). This is in line with SAXS findings described herein.

To probe the effect of fructose on the stability of the curcumin
layer, we have also performed a set of simulations using an
identical periodic cell, but with fructose molecules replaced by
water molecules. Within a 100 ns trajectory, the curcumin layer
remains stable under zero lateral tension; however, the projected
area per curcumin appears to be smaller compared to the
simulations where fructose is present (21.9 Å2/curcumin com-
pared to 24.0Å2/curcumin after 100 ns). This suggests that there
is greater tension between curcumin and water, and that fructose
helps to mediate the interactions between these molecules. From
Fig. 3d, it is evident that these simulations have not equilibrated
after 100 ns—the area per curcumin is still shrinking. Presumably,
over a longer time scale, the curcumin layer in the simulations
without fructose would eventually collapse; however, it is
impractical to probe this using conventional MD simulations.
We have also performed MD simulations where fructose
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molecules are replaced with mannose, which did not result in
hollow particles (vide infra). As shown in Fig. 3d, the area per
curcumin (24.2 Å2) is comparable to the simulations with
fructose. This suggests that the conventional fixed charge force
fields may not be accurate enough to resolve the level of subtlety
between fructose and mannose.

While the timescale of these simulations (100 ns) are short
compared to experiment, they suggest that fructose molecules
may play a stabilizing role in mediating the interaction between
curcumin molecules and water that may be important for
structural integrity of the capsule.

Importance of maximum hydrogen bonding and other sugars.
The formation of hollow nanostructures instead of solid spheres
may be ascribed to the specific association of curcumin and
the sugar. The hydrogen bonding between the phenolic hydroxyl
groups and the α,β-unsaturated carbonyl groups of curcumin are
dominant13. To test this hypothesis, divanillin, which has a
similar structure to curcumin but devoid of the α,β-unsaturated
carbonyl groups, was used for self-assembly. Interestingly, only
solid spheres were observed (Supplementary Figure 14), sug-
gesting the important role of functional groups between two
aromatic rings in the structure of curcumin. Stripping curcumin
down even further, vanillin (precursor of the symmetrical dimer

divanillin) led to no self-assembled nanoparticles in the presence
of fructose. The count rate of scattered light detected by DLS
is less than 20 kcps for the measurement, which further
indicated the pivotal role of the α,β-unsaturated carbonyl and
phenolic alcohol interactions between curcumin molecules.

The ability to form hollow particles in aqueous solution with or
without carbohydrates can be tested to highlight the integral role
of hydrogen bonding in self-assembly. Without sugar, a similar
nanoparticle system would not exist merely in water (Supple-
mentary Figure 15) and render curcumin insoluble as large
precipitates. Other sugars like glucose and mannose were also
tested in the formation of capsules with curcumin (Supplemen-
tary Figure 16). Glucose, as an isomer of fructose, formed
identical hollow nanoparticles with curcumin under the same
preparative conditions. In contrast, hollow nanostructures were
not observed with mannose and galactose, and instead significant
precipitation and uncontrolled aggregation was evident in
TEM. This difference in behaviour can be attributed to the
orientation of individual hydroxyl groups on the sugars that were
investigated. The two axial -OH groups in both galactose and
mannose can participate in intramolecular hydrogen bonding
networks depending on the relative configuration of other -OH
groups (Supplementary Figure 17). A more nonpolar-like
hydration shell could be expected to surround its hydroxyl
groups, which can limit other intermolecular hydrogen bonding
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Fig. 3 Snapshot from the molecular dynamics (MD) trajectory of a fructose–curcumin–fructose membrane model a prior to equilibration and b after
equilibration. c The MD simulations indicate that there is a concentration gradient of fructose molecules that decreases with increasing distance from the
curcumin layer. d The average area per curcumin at various time intervals along a 100 ns trajectory for simulations with and without fructose, and with
mannose
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interactions37. The ordering of hydrogen bonding strength
of carbohydrate hydroxyl groups is generally axial–axial >
axial–equatorial > equatorial–equatorial38. This complements the
fact that fructose in the current study can be predominantly
found as β-D-fructopyranose, which has predominantly equatorial
hydroxyl groups (Supplementary Figure 18). The hydroxyl groups
of glucose exist in equatorial positions as the lowest energy
conformation and the three hydroxyls of the fructose ring form
stronger hydrogen bonding with a solvent than its hydroxyls
explained by MD simulations39. It should be noted that the
structural orientation of the carbohydrate used should not be
ignored in maximizing hydrogen bonding capacity with -OH
functionality of curcumin.

Template polymerization. As the self-assembled structure of
these small molecules is fragile, the capsules were captured and
preserved by coating with polydopamine. The fructose–curcumin
hollow nanoparticles were prepared by dropping a solution of
curcumin in DMSO into a solution of aqueous fructose,
followed by the addition of dopamine hydrochloride and tris
(tris(hydroxymethyl)aminomethane) base solution to trigger the
oxidative polymerization of the dopamine as the capsules formed
in situ (Fig. 1). To further confirm that the hollow nanostructure
was unaffected during the self-polymerization of dopamine,
TEM was employed to investigate the morphologies of the
polydopamine-coated nanoparticles. As shown in Fig. 1 and
Supplementary Figure 19, hollow nanoparticles with a membrane
structure were observed after surface coating. As anticipated, after
coating, the thickness of the membrane structure increased to 25
nm, suggesting the successful polymerization of dopamine on the
surface of fructose–curcumin nanoparticles bearing a rough
topography and revealed a central cavity upon drying (Supple-
mentary Figure 20). The resulting polydopamine hollow spheres
could be collected by filtration or centrifugation. Isolation of the
nanoparticles enabled analysis of the remaining clear solution,
which was devoid of curcumin. Fluorescence analysis, which
typically displays maximum emission between 488 to 527 nm,
confirmed that all curcumin was involved in the hollow particle
formation process.

Deformations from collapsed polydopamine fructose–curcumin
capsules show folds and creases that are typical of capsules that
would be unlikely possible if it were solid spheres to collapse
(Supplementary Figure 20). Location of the fructose–curcumin
membrane was determined by removal upon organic solvent
dissolution (i.e., methanol) and dialysis back to aqueous solution
(Fig. 4). The remainder are polydopamine shells that likely occupy

both inside and outside the fructose–curcumin membrane layer.
Due to the concentration gradient, small molecules such as
dopamine can diffuse through the porous structure and subse-
quently adhere and polymerise on the inner side of the membrane.
A similar case can be observed with dye (Fig. 1a and Supplementary
Figure 3), diffusion into the hollow cavity indicates a relatively
porous membrane that complements SAXS finding of an ill-defined
boundary between hydrophilic and hydrophobic moieties when
prepared fresh. In contrast to polymer vesicles that are promising
candidates for drug/gene delivery, our study does not require
traditional self-assembly of block copolymers that involve tedious
synthetic steps. These supramolecular constructs can be adopted
in template polymerization, in which the formation of the
template is quick and easily removed after polymerization while
maintaining the structural integrity of polymer formed. This system
is biocompatible, easy to prepare, require little organic solvents
and present possible routes to be adopted as nanocarriers and/or
nanoreactors.

Discussion
We have shown here that in aqueous solutions, sugars can display
sufficiently powerful hydrogen bonding with curcumin, to pro-
mote their co-self-assembly into capsules. Although non-covalent
amphiphiles are known, we believe that this is the first report that
describes the formation of self-assembled structures that are not
based on ionic or the stronger nitrogen-based hydrogen bonding.
It highlights the probably underappreciated strength of molecular
interactions based on sugars. The only prerequisite is an appro-
priate arrangement between sugar and substrate, here curcumin
allows the close proximity between the hydrogen donor and
acceptor groups. Hydrogen bonding is an integral part of water
and its unusual chemical and physical properties are often
explained using water clusters40. This report demonstrates that it
is feasible to consider sugar not only as a sweet and bioactive
group, but additionally a molecule whose strong hydrogen
bonding can play an integral role in self-assembly.

Methods
Preparation of fructose–curcumin hollow particles. Taking [Fructose]= 31.25
mg/mL as an example: fructose (31.25 mg) was dissolved in milliQ water (1 mL).
To this solution, curcumin in DMSO (20 μL, 2.5 mg/mL) was added dropwise with
gentle stirring (120 rpm) resulting in a solution with a final curcumin concentra-
tion of 50 μg/mL. The procedure was repeated with different fructose concentra-
tions (62.5 and 125 mg/mL) and with different volumes of curcumin–DMSO
solution.

a b c

Fig. 4 Microscopy of PDA-coated nanocapsules. a Transmission electron microscopy (TEM) and b cryo-TEM micrographs of polydopamine–fructose-
curcumin (PDA–Fru–CCM) capsules before dissolution in organic solvent (methanol) and c TEM micrograph after dissolution in organic solvent and
subsequent removal of curcumin membrane from polydopamine shells. Scale bars in a–c are 200 nm, scale bar inset in c is 50 nm
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Preparation of polydopamine–fructose–curcumin hollow nanoparticles. A
typical procedure to prepare polydopamine–fructose-curcumin nanoparticles is
described as follows: to a solution of fructose (62.5 mg) in milliQ water (2 mL)
at room temperature, with stirring (120 rpm), curcumin/DMSO solution (40 μL,
2.5 mg/mL) was added dropwise. The fructose solution turned from colourless to
yellow. After stirring for an additional 5 min, dopamine hydrochloride aqueous
solution (10 μL, 10 mg/mL) and 10 μL Tris base aqueous solution (6 mg/mL) were
added to the curcumin/fructose solution sequentially. Then, the vial was covered
with foil and left for polymerization. After 48 h, the reaction solution was dialyzed
against milliQ water before characterization.

Data availability
The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.

Received: 17 November 2017 Accepted: 4 January 2019

References
1. Davis, A. P. Supramolecular chemistry: sticking to sugars. Nature 464,

169–170 (2010).
2. Feizi, T. Demonstration by monoclonal antibodies that carbohydrate

structures of glycoproteins and glycolipids are onco-developmental antigens.
Nature 314, 53–57 (1985).

3. Mammen, M., Choi, S.-K. & Whitesides, G. M. Polyvalent interactions in
biological systems: Implications for design and use of multivalent ligands and
inhibitors. Angew. Chem. Int. Ed. 37, 2754–2794 (1998).

4. Muller, C., Despras, G. & Lindhorst, T. K. Organizing multivalency in
carbohydrate recognition. Chem. Soc. Rev. 45, 3275–3302 (2016).

5. Datta, S. & Bhattacharya, S. Multifarious facets of sugar-derived molecular
gels: molecular features, mechanisms of self-assembly and emerging
applications. Chem. Soc. Rev. 44, 5596–5637 (2015).

6. Vibhute, A. M., Muvvala, V. & Sureshan, K. M. A sugar-based gelator
for marine oil-spill recovery. Angew. Chem. Int. Ed. 55, 7782–7785
(2016).

7. Kameta, N., Ishikawa, K., Masuda, M., Asakawa, M. & Shimizu, T. Soft
nanotubes acting as a light-harvesting antenna system. Chem. Mater. 24,
209–214 (2012).

8. Jadhav, S. R., Vemula, P. K., Kumar, R., Raghavan, S. R. & John, G. Sugar-
derived phase-selective molecular gelators as model solidifiers for oil spills.
Angew. Chem. Int. Ed. 49, 7695–7698 (2010).

9. Dave, H. et al. Self-assembly in sugar-oil complex glasses. Nat. Mater. 6,
287–290 (2007).

10. Co, C. C. Arresting amphiphilic self-assembly. Soft Matter 4, 658–662 (2008).
11. Wanninger, S., Lorenz, V., Subhan, A. & Edelmann, F. T. Metal complexes

of curcumin—synthetic strategies, structures and medicinal applications.
Chem. Soc. Rev. 44, 4986–5002 (2015).

12. Kurien, B. T., Singh, A., Matsumoto, H. & Scofield, R. H. Improving the
solubility and pharmacological efficacy of curcumin by heat treatment. Assay.
Drug Dev. Technol. 5, 567–576 (2007).

13. Sanphui, P., Goud, N. R., Khandavilli, U. B. R., Bhanoth, S. & Nangia,
A. New polymorphs of curcumin. Chem. Commun. 47, 5013–5015
(2011).

14. Dolai, S. et al. “Clicked” sugar-curcumin conjugate: modulator of amyloid-
beta and tau peptide aggregation at ultralow concentrations. ACS Chem.
Neurosci. 2, 694–699 (2011).

15. Bhatia, N. K. et al. Effect of pH and temperature on conformational equilibria
and aggregation behaviour of curcumin in aqueous binary mixtures of
ethanol. RSC Adv. 6, 103275–103288 (2016).

16. Benassi, R., Ferrari, E., Lazzari, S., Spagnolo, F. & Saladini, M. Theoretical
study on curcumin: a comparison of calculated spectroscopic properties with
NMR, UV–vis and IR experimental data. J. Mol. Struct. 892, 168–176
(2008).

17. Dutta, A. et al. Stabilization of diketo tautomer of curcumin by
premicellar anionic surfactants: UV–Visible, fluorescence, tensiometric and
TD-DFT evidences. Spectrochim. Acta Mol. Biomol. Spectrosc. 104, 150–157
(2013).

18. Abet, V. & Rodriguez, R. Guanosine and isoguanosine derivatives for
supramolecular devices. N. J. Chem. 38, 5122–5128 (2014).

19. Harada, A., Ichimura, S.-i, Yuba, E. & Kono, K. Hollow nanocapsules prepared
through stabilization of polymer vesicles formed from head–tail type
polycations by introducing cross-linkages. Soft Matter 7, 4629–4635
(2011).

20. Sun, H. et al. Template-free fabrication of nitrogen-doped hollow carbon
spheres for high-performance supercapacitors based on a scalable
homopolymer vesicle. J. Mater. Chem. A 4, 12088–12097 (2016).

21. DANSE. SasView for Small Angle Scattering Analysis (2012). https://www.
sasview.org/.

22. Huang, C., Quinn, D., Sadovsky, Y., Suresh, S. & Hsia, K. J. Formation and
size distribution of self-assembled vesicles. Proc. Natl. Acad. Sci. USA 114,
2910–2915 (2017).

23. Antonietti, M. & Förster, S. Vesicles and liposomes: a self-assembly principle
beyond lipids. Adv. Mater. 15, 1323–1333 (2003).

24. Quemener, D., Davis, T. P., Barner-Kowollik, C. & Stenzel, M. H. RAFT
and click chemistry: a versatile approach to well-defined block copolymers.
Chem. Commun. 48, 5051–5053 (2006).

25. Schrage, S., Sigel, R. & Schlaad, H. Formation of amphiphilic polyion complex
vesicles from mixtures of oppositely charged block ionomers. Macromolecules
36, 1417–1420 (2003).

26. Sawayama, J., Sakaino, H., Kabashima, S.-i, Yoshikawa, I. & Araki, K.
Hydrogen-bond-directed giant unilamellar vesicles of guanosine derivative:
reparation, properties and fusion. Langmuir 27, 8653–8658 (2011).

27. Yoshikawa, I., Sawayama, J. & Araki, K. Highly stable giant supramolecular
vesicles composed of 2D hydrogen-bonded sheet structures of guanosine
derivatives. Angew. Chem. Int. Ed. 47, 1038–1041 (2008).

28. Zhang, D.-W., Zhao, X., Hou, J.-L. & Li, Z.-T. Aromatic amide
foldamers: structures, properties, and functions. Chem. Rev. 112, 5271–5316
(2012).

29. Yoosaf, K., Belbakra, A., Armaroli, N., Llanes-Pallas, A. & Bonifazi, D.
Engineering spherical nanostructures through hydrogen bonds. Chem.
Commun. 20, 2830–2832 (2009).

30. Kharlamov, S. V. et al. A supramolecular amphiphile based on calix[4]
resorcinarene and cationic surfactant for controlled self-assembly. J. Phys.
Chem. C 117, 20280–20288 (2013).

31. Schmuck, C., Rehm, T., Klein, K. & Gröhn, F. Formation of vesicular
structures through the self-assembly of a flexible bis-zwitterion in dimethyl
sulfoxide. Angew. Chem. Int. Ed. 46, 1693–1697 (2007).

32. Gröhn, F., Klein, K. & Koynov, K. A novel type of vesicles based on ionic and
π–π interactions. Macromol. Rapid Commun. 31, 75–80 (2010).

33. Rehm, T. H. & Schmuck, C. Ion-pair induced self-assembly in aqueous
solvents. Chem. Soc. Rev. 39, 3597–3611 (2010).

34. Mariani, G., Moldenhauer, D., Schweins, R. & Gröhn, F. Elucidating
electrostatic self-assembly: molecular parameters as key to thermodynamics
and nanoparticle shape. J. Am. Chem. Soc. 138, 1280–1293 (2016).

35. Archer, E. A., Gong, H. & Krische, M. J. Hydrogen bonding in noncovalent
synthesis: selectivity and the directed organization of molecular strands.
Tetrahedron 57, 1139–1159 (2001).

36. Martínez, L., Andrade, R., Birgin, E. G. & Martinez, J. M. PACKMOL: a
package for building initial configurations for molecular dynamics
simulations. J. Comput. Chem. 30, 2157–2164 (2009).

37. Dashnau, J. L., Sharp, K. A. & Vanderkooi, J. M. Carbohydrate intramolecular
hydrogen bonding booperativity and its effect on water structure. J. Phys.
Chem. B 109, 24152–24159 (2005).

38. Deshmukh, M. M., Bartolotti, L. J. & Gadre, S. R. Intramolecular hydrogen
bonding and cooperative interactions in carbohydrates via the molecular
tailoring approach. J. Phys. Chem. A 112, 312–321 (2008).

39. Nikolakis, V., Mushrif, S. H., Herbert, B., Booksh, K. S. & Vlachos, D. G.
Fructose–water–dimethylsulfoxide interactions by vibrational spectroscopy
and molecular dynamics simulations. J. Phys. Chem. B 116, 11274–11283
(2012).

40. Ludwig, R. Water: from clusters to the bulk. Angew. Chem. Int. Ed. 40,
1808–1827 (2001).

Acknowledgements
We would like to acknowledge the Mark Wainwright Analytical Centre at the University
of New South Wales for providing access to instruments at the Electron Microscope Unit
and the NMR Facility. We would like to thank the Australian Synchrotron for access to
the SAXS beamtime. We also like to thank Ms. Shanshan (Claudia) Qi and Mr. Guannan
Wang for their support in DLS and SEM measurements, respectively. S.W. is grateful for
UNSW PhD scholarship. J.H. acknowledges support from the Australian Research
Council (DE160100807) and supercomputer resources from the NCI, Pawsey Super-
computing Centre and Intersect Australian Ltd. Finally, M.H.S. and C.J.G. would like to
thank the Australian Research Council (ARC DP 160101172) for funding.

Author contributions
S.W. performed the experiments and analyzed the data, J.Z. discovered the initial find-
ings. S.W. and R.P.K performed TEM measurements, C.K.W. and R.P.K. conducted
cryo-TEM measurements. J.M.H. helped with the NMR analysis. C.C. and C.J.G. carried

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08402-y

8 NATURE COMMUNICATIONS |          (2019) 10:582 | https://doi.org/10.1038/s41467-019-08402-y | www.nature.com/naturecommunications

https://www.sasview.org/
https://www.sasview.org/
www.nature.com/naturecommunications


out the scattering experiments and data analysis. S.S. and S.D.L. performed initial
computational studies, theoretical studies shown in this report was done by J.H. M.H.S.
coordinated all activities and discussions and wrote the first draft of the manuscript. All
authors discussed the results and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-08402-y.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08402-y ARTICLE

NATURE COMMUNICATIONS |          (2019) 10:582 | https://doi.org/10.1038/s41467-019-08402-y | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-019-08402-y
https://doi.org/10.1038/s41467-019-08402-y
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Just add sugar for carbohydrate induced self-�assembly of curcumin
	Results
	Insight to fructose–nobreakcurcumin interaction with spectroscopy
	Window of capsule formation
	Morphology of nanocapsules
	Structural stability based on intermolecular forces
	Theoretical studies
	Importance of maximum hydrogen bonding and other sugars
	Template polymerization

	Discussion
	Methods
	Preparation of fructose–nobreakcurcumin hollow particles
	Preparation of polydopamine–nobreakfructose–nobreakcurcumin hollow nanoparticles

	References
	References
	Acknowledgements
	Author contributions
	ACKNOWLEDGEMENTS
	Competing interests
	ACKNOWLEDGEMENTS




