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A hydrogel of hydrophobic dipeptides can be used to create a wet foam with long-term stability.
The dipeptide molecules self-assemble into fiber-like networks (due to the presence of metal
ions) both at air-water interfaces and in the continuous phase. The former creates an interfacial
film stabilizing the air bubbles while the latter forms a bulk gel, which prevents bubble
movement and retards growth. If the storage modulus (G’) of the bulk hydrogel is sufficiently
high it can stop the coarsening of the air bubbles and thus dramatically improve the stability of
the foam. Cryogenic scanning electron microscopy (cryo-SEM) and Raman spectra reveals the
width of the fibers (200 nm) and that they are held together by hydrogen bonds. In the absence
of bubbles, phase separation is observed between a hydrogel and a water-rich phase; in the foam
this can be suppressed provided that the concentration of dipeptides and metal ions are
sufficiently high. We speculate that the resistance of the bubble arrangement to compaction and
hence further drainage arrests the process of phase separation. This foam system has the
advantages of long stability, low cost, as well as easy preparation; therefore, it has potential
applications in food manufacturing, drug delivery and personal care industries.
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1. Introduction
Wet foams have attracted broad interest in part because of their numerous different applications,
including some food products, use in mineral extraction, and the development of new porous
materials.[1−3] For many of these applications, the foam stability is an important characteristic.[4,
5]

However, foams are thermodynamically unstable, and can be easily destroyed by coarsening

and coalescence. As a result, long-term stabilization of wet foams is a critical problem. Some
progress has been made over the last twenty years: earlier reports investigated the role of
surfactants in improving the foam stability;[6, 7] more recently, colloidal particles have been used
to increase the lifetime of wet foam.[2, 8, 9] Some related investigations show that rod-like (or
fiber-shape) particles exhibit outstanding stabilizing properties because of the formation of a
thick protective shell around the air bubbles by entanglement and overlapping of the rods (or
fibers).[8]

Besides surfactants and colloidal particles, polymers, proteins and peptides are also considered
to be attractive stabilizers for wet foams.[10] For example, both egg white proteins and milk
proteins are well known for their efficient foam production.[11,

12]

Compared with the

unhydrolyzed proteins, peptides can markedly improve foam-ability and foam stability, due, in
part, to the reduced size of peptides promoting a more rapid adsorption at the interface.[13, 14] In
previous studies, some functional peptides have been designed to form interfacial ensembles
that can act as environmentally friendly foaming agents.[10, 15] Their foaming properties were
shown to be influenced by ionic strength, pH and temperature of the foaming solution, [16] as
well as the relative hydrophobicity of the peptides.[17] Because of the low-cost production and
inherent biodegradability, peptides open up the possibility of functional biosurfactant-stabilized
foams.[18, 19]
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To stabilize a wet foam, peptides either need to be gelled in the continuous phase between the
air bubbles or they need to form a rigid layer on the bubble surfaces or both. Furthermore, it is
required that an, initially gelled, continuous phase can be melted to allow foaming and regelation to suppress drainage or coalescence.[5]

Very recently, we have shown that hydrophobic dipeptide molecules (NapFF and BrNapFF)
can self-assemble into an elastic gel film at the air-water interface. By drop-casting a dipeptide
in a high pH solvent onto a liquid subphase at low pH, the carboxylic acid becomes protonated
which induces gelation at the interface.[20] We have also demonstrated that the interfacial layer
can be used to stabilize large air bubbles (millimeter-size) for days at least.[20] These features
strongly suggest that the dipeptide hydrogel would be an excellent candidate for foam and
emulsion stabilization. Ulijn and coworkers have stabilized oil-in-water and water-in-oil
emulsions by self-assembling dipeptides at the organic/aqueous interface. Superior long-term
stability of the emulsions has been observed.[21] However, no studies have been carried out on
foams stabilized by dipeptide hydrogels so far.

Besides a pH change, temperature and metal ions can also lead to the formation of a hydrogel.
For foam studies, metal ions are preferable. First of all, doubly charged metal ions efficiently
promote the gelation of dipeptide fibers giving the high storage moduli (G’) of the gels which
have been observed using rheological measurements.[22] Secondly, using metal ions avoids the
addition of other liquid (e.g. aqueous HCl) and increases the normalized foam volume. (This is
also true for gelation using a change in temperature.[23]) Moreover, a hydrogel induced by metal
ions can be prepared at a broad range of pHs; in particular, this expands the range of dipeptidebased gelators that can be used at physiological pH.[24] In this article, we report that a hydrogel
of self-assembled NapFF dipeptides (similar to that used in ref.

[25]

) can stabilize a wet foam

for weeks. Here, metal ions are used to induce the gelation; we demonstrate that the foam
3

stability is related to the concentration of dipeptide molecules. Curiously, not only does the
dipeptide gel stabilize the foam, the air bubbles also suppress the phase separation of a hydrogel
phase and a water-rich phase. Raman spectra are used to study the secondary structure of these
self-assembled molecules while cryo-SEM reveals the fiber-like networks which stabilize the
foam. Finally, we demonstrate the dramatic effect of different metal ions on gelation and the
resulting foam properties.

2. Results and discussion
Figure 1 illustrates the foam prepared by adding CaCl2·2H2O (35 mg/mL) into a NapFF (8
mg/mL) foaming solution and then aerating with a homogenizer. The foam can be stabilized
for more than two weeks with only very modest drainage (Figure 1b-f). A small amount of
liquid phase can be seen at the bottom of the vial. A photograph of the appearance of the wet
foam is given in Figure 1g: it can be extruded and shaped with a pipette demonstrating that it
exhibits a yield stress. The mechanical properties are further demonstrated in Figure 1h. Here
the storage and loss moduli are presented as the frequency of the oscillating shear is varied. The
storage modulus, G’, is always significantly larger that the loss modulus, indicating that the
foam has gel-like properties.

One potential stabilization mechanism provided by the dipeptide hydrogel is the formation of a
viscoelastic physical network in the continuous phase, i.e., the hydrogel delays drainage and
protects the air bubbles against coalescence or coarsening.[26] An additional mechanism stems
from the presence of a viscoelastic network of self-assembled dipeptides on the surface of the
bubbles. Cryo-SEM was used to visualize the viscoelastic network without disrupting the
structures (Figure 2a). Figure 2b shows the spectacular fibrous networks at the interface.
Averaged over more than 50 fibers, we find that the width of a single fiber is approximately
4

190±50 nm. This is markedly thicker than the strands in the interfacial films we created at the
air-water interface[20] and is also thicker than strands in bulk hydrogels.[22] In the continuous
phase, excess dipeptides can be flocculated and form a three-dimensional network, which keeps
the bubbles well separated. These fibrous aggregates can also be observed with cryo-SEM
(Figure 2c, d) and confocal microscopy (Figure 2g). For the confocal image of the air bubbles
inside a freshly prepared foam, Figure 2g, the dipeptide dispersions were labeled with
Thioflavin T (ThT). The observed ThT fluorescence enhancement demonstrates the presence
of the self-assembled dipeptides with possible β-sheet order at the surface of the bubbles. Most
of the bubbles are spherical (average diameter of ~100 µm). By contrast, the foamability of
ungelled NapFF solution is very low: the resulting foam is stable for less than 2 hours (Figure
S1).

The secondary structure of the fibrous networks has been characterized by Raman spectroscopy
following a drying step (Figure 2h). The weak peak at 1675 cm−1 could be indicative of β–sheet
formation; a related peak has been observed in FTIR spectra of the interfacial films at the airwater interface.[20] The bands at 1003 cm−1, 1030 cm−1, 1205 cm−1, 1583 cm−1 and 1602 cm−1
are all associated with the phenylalanine groups.[27] The bands at 772 cm−1, 1390 cm−1, 1446
cm−1, 1468 cm−1 and 1632 cm-1 are close to those of molecular naphthalene.[28] These strong
sets of peaks from the aromatic groups might suggest that they are relatively free to vibrate
within the hydrogel. Indeed the 1003 cm−1 phenylalanine peak has been used extensively as a
signature that phenyl groups are exposed and free to vibrate.[29] We tentatively infer that the
self-assembly might be driven primarily by hydrogen bonding between the dipeptide molecules
with little role for - stacking in these interfacial systems. Besides the dipeptides selfassembled at the interface and in the continuous phase, excess molecules are found in the waterrich phase at the bottom of the vial, where the fluorescence signal from naphthalene can be
measured (Figure S2).
5

In our foam system, it appears likely that both the interfacial films and the bulk hydrogel are
involved in conveying stability to the system. We have previously demonstrated that interfacial
films prepared from hydrophobic dipeptides can give long term stability to bubbles.[20] In the
foam system, the interfacial film crucially prevents coalescence when two bubbles are pushed
into one another. Next we consider in more detail the role of the continuous phase: here the
bulk gel with a high storage modulus (G’) influences whether the bubbles can change size. In
Figure S3a we show the storage, G’, and loss, G”, moduli for the original hydrogels (no bubbles).
We assume that the gel retains its native characteristics between the bubbles. If G’ is smaller
than the Laplace pressure (PL), gas from the smaller bubbles (with a larger PL) can escape and
diffuse through the continuous phase to the lower pressure, larger bubbles. When G’ is greater
than PL, bubbles cannot change size and hence, the gas transfer can be slowed down and
eventually stopped. For a bubble of 120 µm diameter, PL is about 103 Pa, while G’ of a NapFF
gel induced by Ca2+ is about 105 Pa.[30] As a result, the foam can be stabilized for weeks without
obvious coarsening and coalescence.

To stabilize the foam system, a high concentration of dipeptide is required, although ultimately
some of the molecules can be found with the drained solvent. Figure 3a and 3b are foams with
lower NapFF concentration (but the same concentration of CaCl2·2H2O, see experimental
section). For 5 mg/mL NapFF system, drainage occurs by the second day after preparation.
Water-rich phase leaks out of the foam macroscopically, causing the appearance of some large,
irregularly shaped air pockets (Figure 3a). As a result, the volume of foam decreases whereas
the volume of liquid phase increases. After two weeks, the foam separates from the vial wall
and floats on the surface of the drained liquid. In 2 mg/mL NapFF system, the fibers are much
thinner (~40 nm in diameter, Figure 2e) and the foam collapses in only one week (Figure 3b).
Figure 3c shows confocal images of the air bubbles from the aging 5 mg/mL system. During
6

the separation / drainage process, most bubbles are no longer spheres and tend to be pushed into
one another and hence distorted. Additionally, the hydrogel between the bubbles begins to
become visible via the ThT fluorescence. This phenomenon becomes more obvious 50 days
after the foam formation, with more aggregates of dipeptides appearing between the bubbles
(see below). We note that although there is a wide bubble size-distribution, the average diameter
of the air bubbles remains unchanged during the drainage process, which means very little
coalescence or coarsening takes place.

Reducing the concentration of metal cations can also affect the foam stability. The foam height
recorded as a function of time with different amounts of CaCl2·2H2O is given in Figure 4a.
The height decreases noticeably within the first few hours and then remains approximately the
same for more than two weeks. Evidently, the final height of the foam depends on the
concentration of metal ions. Drainage / phase separation has been observed in samples with
lower metal ion concentration (Figure 4b and c). Again, no obvious coalescence and coarsening
occur during the drainage process.

In order to establish the origin of the decrease in foam volume (Figure 4), the bulk phase
behavior of the hydrogel (no bubbles) with different amounts of NapFF and CaCl2·2H2O was
investigated. As shown in Figure 5, phase separation of the hydrogel and the surplus aqueous
phase occurred within 10 minutes for all compositions. (In the case of Figure 5a this initial
change in volume is of the same order as the initial loss of foam height, Figure 4). When the
concentration of NapFF or Ca2+ was reduced, the volume of the hydrogel phase decreased.
However, during the following two weeks of observation, any further shrinkage in any of these
gel samples was insignificant. After six months each of the hydrogels had noticeably decreased
in volume: those in Figure 5a and 5c by about 10%; the hydrogel in Figure 5b had undergone a
more pronounced loss of volume (about 40%) and had begun to pull away from the sides of the
7

vial. Figure 5d and 5e show that a hydrogel induced using MgSO4 also undergoes significant
shrinkage over a six month period.

The bulk phase separation behavior presented in Figure 5 can now be compared to the aging of
the foam. The hydrogel in Figure 5a has the same composition (8 mg/mL NapFF; 35 mg/mL
CaCl2·2H2O) as the foam in Figure 1b and the foam height data in Figure 4a (black squares).

Evidently, the initial loss of height of the foam could be an attenuated version of the phase
separation of the bulk hydrogel. However, the steady but unspectacular loss in height of the
foam over subsequent days has no counterpart in the bulk hydrogel behavior. Instead this is
presumably due to slow rearrangements of bubbles leading to compaction as frequently occurs
during foam aging.[31] The hydrogel in Figure 5b has the same composition (8 mg/mL NapFF;
4.4 mg/mL CaCl2·2H2O) as the foam in Figure 4b and the height data in Figure 4a (red circles).

For this composition there is no equivalent in the foam of the immediate loss of ~30% of the
hydrogel volume. Instead there is a steady loss of foam volume over many days. What slows
the phase separation in this case (Figure 5b) and attenuates the volume change for Figure 5a?
Adsorption of the dipeptide strands onto the bubble surfaces will reduce the effective
concentration of dipeptide in the spaces between the bubbles. By comparing Figure 5a and
Figure 5c, we suggest this would only serve to make phase separation more pronounced. By
contrast, the fixed volume of the hydrogel-rich phase, enforced by the arrangement of bubbles,
may prevent (arrest) complete phase separation. The consequence is a foam sample with a
composition which would be unstable for a bulk hydrogel. Some phase separation may occur
over time associated with the compaction of the bubbles, with hydrogel forming between the
bubbles. This compaction picture is backed up by the imaging data in Figure 3c which shows
additional structure appearing in the continuous phase as the foam ages. Under the same
conditions, BrNapAV (a relatively hydrophilic dipeptide that forms spherical structures at high
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pH rather than worm-like micelles)[24] cannot form any network to stabilize the foam (Figure
S4); neither at the interfaces nor in the continuous phase.

Beside the concentration and hydrophobicity of the dipeptides, other hydrogel components also
influence the foam’s stability. Previous studies report that salts have a dramatic effect on the
molecular self-assembly of the dipeptides in aqueous media.[22, 24, 32-34] Divalent cations lead to
gels with much higher storage moduli G’ than monovalent cations. In particular, Ca2+ leads to
a NapFF gel with the highest G’, followed by Mg2+, Na+ and K+.[24] Since gelation plays an
important role in the formation and stability of foams, it is essential to demonstrate how
different gels can affect the foam behaviors. To this end, three different salts, CaCl2, MgSO4
and KCl, have been used to induce the gelation. For K+-induced gel, cryo-SEM shows that the
fibers in this system are very thin (~10 nm) and do not cross-link with each other to form a
network (Figure 2f). Additionally, its G’ (<102 Pa, Figure S3b) is smaller than Laplace pressure
(~103 Pa),[24] which makes bubble coarsening possible. Figure 6a shows the foam stabilized by
KCl-induced gel. Over a period of one week, the diameters of air bubbles dramatically increased
and some of them can even be seen suspended at the bottom of the foam (marked red). The
latter supports the idea that a three-dimensional network of dipeptide gel has also been formed
even this close to the base of the vial. By recording a 48 hour movie using bright-field
microscopy, the change in the diameter of the air bubbles could be observed clearly (Figure 6b
and supporting information). No coalescence was observed, demonstrating the important role
of the hydrophobic interfacial films around the bubbles. Only large bubbles (diameter >200
µm) expanded. The smaller ones, however, vanished by the end of the movie. This is a
coarsening process which involves the transport of gas from the smaller bubbles to the larger
bubbles due to the difference in Laplace pressure, and results in an increase in the average
bubble diameters with time. Figure 7 shows the typical coarsening process of foams stabilized
by all these three gels. Two average diameters (~100 µm and ~230 µm) have been chosen as
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representative small and large bubbles. The foam stabilized by KCl-induced gel exhibits a
characteristic coarsening profile, with larger bubbles expanding and smaller ones shrinking; the
latter vanish when all of their gas has been transferred to their large neighbors. By contrast, for
the foam stabilized by CaCl2-induced gel, no obvious coarsening occurs of either small or large
bubbles. In MgSO4-induced system, however, bubbles with both diameters shrank, indicating
that G’ is not sufficiently large to suppress the coarsening for either bubble sizes. The changes
in this system are much slower and the bubbles did not vanish quickly; only some very much
larger bubbles (diameter >400 µm) slightly increased their sizes. We also prepared foams using
MgCl2, see Figure S5; the coarsening behavior was very similar to that for the MgSO4-induced
system.

3. Conclusions
We have shown that a bulk NapFF hydrogel, induced by metal cations, can be used to stabilize
wet foams for more than two weeks. The foam stability is affected by the concentration of
dipeptide and of metal cations. Because of the hydrophobicity of the dipeptides, the fibers, held
together by hydrogen bonds, preferentially form interfacial networks. These are involved in
stabilizing the air bubbles. Excess molecules self-assemble into a three-dimensional network in
the continuous phase, which reduces the amount of drainage and suppresses bubble coarsening.
Symbiotically, the presence of the bubbles reduces the amount of phase separation between the
hydrogel and the water-rich phase. Three different salts have been used to study the role of
metal cations. The foam stabilized by KCl-induced gel shows a typical coarsening process,
whereas the bubbles in CaCl2-induced system are very stable. Between these extremes, much
slower coarsening has been observed in MgSO4-induced system. These results can be explained
by the contribution of the interfacial layers around the bubbles, which suppress the coalescence
of touching bubbles, as well as by consideration of the storage modulus of the bulk gel in the
10

continuous phase. A gel with higher storage modulus can slow down the coarsening and
coalescence of the bubbles. This is a simple and scalable method to create a wet foam with
long-term stability, which may have potential applications in food, drug delivery and personal
care products.

4. Experimental Section
Naphthalene Dipeptide Foaming Solution: At room temperature, NapFF (Figure 1a) was
suspended in 2 mL deionized water at concentration of 8 mg/mL. A clear solution can be formed
by adding 0.3 mL NaOH (0.1 M aq) upon continuous stirring. This caused a high pH
environment for the molecules, and induced aggregation into worm-like micelles in the
solution.[30] To study the effect of dipeptide concentration, foaming solutions with 2 mg/mL
and 5 mg/mL NapFF molecules were also prepared. Vials with 20 mm diameter and 7.5 cm
height are used for all the solutions.

Gelation and Foam Preparation: To form a three-dimensional hydrogel, 0.08 g CaCl2·2H2O
was added into the foaming solution. Gelation has been induced by the Ca2+ ions, which lead
to the formation of cross-links between different worm-like micelles present in the solution.
CaCl2·2H2O has a powder form; gelation proceeds to completion before the foam preparation.
Different amount of CaCl2·2H2O, and another two salts (~0.065 g MgSO4, ~0.08 g KCl) were
also used to induce the gelation of the foaming solution.

Foams were prepared by using a Polytron homogenizer (PT-MR 3100) with a 1 cm-diameter
head operating at 7000 rpm for one minute. Immediately after preparation, the height of foam
is recorded and then measured as a function of time. Before further processing, all samples were
stored at room temperature and sealed to prevent liquid evaporation.
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Foam Characterization: Confocal microscopy was used to observe the foam samples. A small
foam sample was placed on a microscopy slide. The observation was carried out before the
sample starts to dry in the air. Thioflavin T (ThT) was used to label self-assembled dipeptide
structures. The ThT concentration used was at or below 2 μM to avoid dye self-assembly.
Confocal microscopy was performed using a Zeiss Observer.Z1 inverted microscope in
conjunction with a Zeiss LSM 700 scanning system 9. A 63× 1.40 NA oil-immersion objective
was used to study the fibrous structures in the continuous phase. The ThT fluorescence was
excited using the 488 nm line from an Ar-ion laser. A movie of foam stability was taken using
an Olympus BX-50 microscope equipped with a QICAM 12-bit Mono Fast 1394 camera
(QImaging). Foams were transferred by a pipette and observed inside a sealed observation
chamber (4.5mm height).

Naphthalene Fluorescence: The fluorescence spectra from the liquid phase (8 mg/mL NapFF
foaming solution with 0.08 g CaCl2·2H2O) were recorded on a Varian Cary Eclipse
spectrophotometer. A 3 mL quartz cell with an optical path length of 10 mm was utilized. The
solution was excited at 220 nm. The slit width for emission and excitation was 5 nm. The
original liquid phase was diluted by deionized water.

Raman measurements: The Raman measurements, in a right angle scattering geometry, were
performed using a Coderg T800 triple-grating spectrometer using 514.5 nm excitation (Argonion laser). Single spectrum acquisition was between 700 and 2000 cm−1 with spectral resolution
of 3 cm−1 and 1 s integration time. For the measurements, a small amount of foam was deposited
on a stainless steel slide and allowed to dry. Prior to beam exposure the sample was cooled to
14°C in a flow of dry nitrogen gas to compensate for laser heating. The laser power was ~150
mW partially focused to ~1 mm diameter. To minimize the interference from the fluorescence
12

signal, the sample was exposed to the beam for 20 minutes prior to the start of data collection
which reduced the fluorescence background to a more steady value. The raw data collected for
ten spectra were averaged to obtain the final representation.

Cryo-SEM: Cryogenic scanning electron microscopy (cryo-SEM) was used to visualize the
fibrous structures of the self-assembled dipeptides, i.e., the networks around the air bubbles and
in the continuous phase. The sample was deposited on a sample holder, frozen in slush nitrogen
and transferred to a Gatan Alto 2500 cryostage. Subsequently, the frozen specimen was
fractured at −170 ºC, etched for 5 minutes at −90ºC and coated with Au/Pd for 2 minutes. The
sample was then transferred to a Hitachi S-4700 scanning electron microscope and was
observed using a secondary electrons detector operating at 5.0 kV, at a temperature of −170 ºC.

Rheology. The rheological experiments were performed on a TA Instruments AR 2000
rheometer using a plate-plate geometry (40 mm sand blasted plate, gap 200 µm). Hydrogels
and foams of NapFF (8 mg/mL, ~ 4 mL) induced by different salts were prepared and left for
24 hours at room temperature before the measurement. All the samples were carefully scooped
onto the rheometer plate. The shear moduli (G’ and G’’) were measured over a frequency range
of 1 -100 rad/s at a strain of 0.5%. All the measurements were carried out at 20 ºC.
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Figure 1. A wet foam stabilized by NapFF hydrogel. (a) NapFF molecule used in this study. (b) NapFF
solution (8 mg/mL); (c) NapFF hydrogel induced by CaCl2·2H2O (35 mg/mL); (d) a freshly prepared
foam; (e) the foam one week after preparation; (f) the foam two weeks after preparation. (g) Foam
extruded with a pipette. (h) Response of the foam to oscillating shear plotted in the form of storage and
loss moduli as a function of oscillation frequency. A foam of NapFF (8 mg/mL, 2 mL) induced by
CaCl2·2H2O (35 mg/mL) was prepared and left for 24 hours at room temperature before the

measurement.
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Figure 2. (a) Cryo-SEM image of the hydrogel networks stabilizing the foam shown in Figure 1b. (b)
Interfacial networks around the air bubbles (marked red in (a)) showing the organization of the strands
with great clarity. Scale bar is 5 µm. (c) The fibrous structures of the dipeptide aggregations in the
continuous phase (marked blue in (a)). The scale bar is 10 µm. (d-f) Cryo-SEM images of different foam
systems. The scale bars are 1 µm. (d) 8 mg/mL NapFF with 35 mg/mL CaCl2·2H2O; (e) 2 mg/mL NapFF
with 35 mg/mL CaCl2·2H2O; (f) 8 mg/mL NapFF with 35 mg/mL KCl. (g) Confocal image of the air
bubbles in the wet foam. The dipeptide is dyed using ThT. (h) Raman spectrum of the self-assembled
dipeptide molecules in the foam following drying on a metal substrate.
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Figure 3. The effect of dipeptide concentration on the foam stability. Foams are stabilized by NapFF
gel with 5 mg/mL (a) and 2 mg/mL (b) dipeptide, respectively. Both samples have the same amount
(35mg/mL) of CaCl2·2H2O. Drainage can be observed after one week of foam formation. From left to
right: freshly prepared foam; one week after preparation; two weeks after preparation. (c) Confocal
images of the air bubbles in foam (a). During the drainage process, the bubbles distort and adopt nonspherical shapes, and the hydrogel in the continuous phase becomes more visible. From left to right:
freshly prepared foam; two weeks after preparation; 50 days after preparation.
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Figure 4. The effect of metal ion concentration on the foam stability. (a) Time dependence of the height
of foams with different amount of CaCl2·2H2O; as concentrations these are 35 mg/mL, 17 mg/mL and
4.4 mg/mL, respectively. (b, c) Foam stabilized by 8 mg/mL NapFF with 0.04 g and 0.01 g CaCl2·2H2O,
respectively. Both photographs were taken one week after the formation of the foam.
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(b)

(c)

Figure 5. Hydrogel (no bubbles) with (a-c) different concentrations of NapFF and CaCl2·2H2O (d, e)
using MgSO4. 2 mL NapFF solution were used for all the samples. (a-c) The red dashed line indicates
the total sample volume prior to inversion; the remainder of the sample volume is liquid and has
descended out of the images. There is an obvious decrease in hydrogel volume with decreasing the
concentration of NapFF or Ca2+. (a) 8 mg/mL NapFF with 35 mg/mL CaCl2·2H2O, the gel height is 9.1
mm. (b) 8 mg/mL NapFF with 4.4 mg/mL CaCl2·2H2O, the gel height is 7.5 mm. (c) 2 mg/mL NapFF
with 35 mg/mL CaCl2·2H2O, the gel height is 3 mm. All the samples are two weeks after preparation.
Some further shrinkage is observed over a timescale of months. (d) NapFF (8 mg/ml) gelation induced
by 28 mg/mL MgSO4 two weeks after preparation; (e) six months after preparation; inset showing the
extent of shrinkage.
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Figure 6. (a) Short-lived foam stabilized by KCl-induced gel. From left to right: freshly prepared
foam; two days after preparation; one week after preparation. Bubbles suspended at the bottom of the
foam are marked by the red ellipse. (b) Bright-field images of the air bubbles in foam (a) for 48 hours.
Larger bubbles expand (marked red) whereas smaller ones shrink to vanish (marked yellow). The scale
bar is 200 µm.

(a)

Fresh

Two days

(b)

21

One week

Figure 7. Time dependence of the diameter of typical bubbles stabilized by different gels. (a) Bubbles
with large diameter (~230 µm). (b) Bubbles with smaller diameter (~100 µm).
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