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A low molecular weight peptide-based ambidextrous gelator molecule has
been discovered for efficient control of water pollution. The gelator molecules
can gel various organic solvents with diverse polarity, e.g. n-hexane, n-octane,
petroleum ether, petrol, diesel, aromatic solvents like chlorobenzene, toluene,
benzene, o-xylene and even aqueous phosphate buffer of pH 7.5. These gels
have been thoroughly characterized using various techniques including
field emission scanning electron microscopy, Fourier transform infrared
spectroscopy, X-ray powder diffraction analysis, small angle X-ray scattering
and rheological experiments. Interestingly, hydrogel obtained from the gelator
molecule has been found to absorb toxic organic dyes (both cationic and
anionic dyes) from dye-contaminated water. The gelator molecule can be
reused for several cycles, indicating its possible future use in waste water
management. Moreover, this gelator can selectively gel petrol, diesel, pump
oil from an oil-water mixture in the presence of a carrier solvent, ethyl acetate,
suggesting its efficient application for oil spill recovery. These results indicate
that the peptide-based ambidextrous gelator produces soft materials (gels)
with dual function: (i) removal of toxic organic dyes in waste water treatment
and (ii) oil spill recovery.

1. Introduction

Low molecular weight gelators [1-12] are important systems exploiting mol-
ecular assembly [13-17] with many fascinating applications for modern
society [18—20]. In this category, peptide- and amino acid-based gels [21-34]
are important classes of materials owing to their bioavailability and biocompat-
ibility [24,35]. They are associated with various non-covalent interactions like
hydrogen bonding, 7—r interactions, van der Waals forces and hydrophobic
interactions [24]. Amino acid- and peptide-based gels have numerous appli-
cations including encapsulation and sustained release of drugs [24,28,36],
tissue engineering, dye absorption from waste water [37-40], oil spill recovery
[41,42], synthesis of nanoparticles [43,44] and nanoclusters [45] and catalysis
[31,46]. Although the old adage of chemists says ‘like dissolves like’ [47],
amphiphilic molecules are somewhat different; within an amphiphilic molecule
two different sites are available and this promotes the affinity of these
molecules in both polar and non-polar solvents in both aqueous and non-
aqueous media. This triggers the self-assembly of these molecules in different
solvents like water and organic solvents [48]. Interestingly, some gelators
(with amphiphilic character) can gel both polar and non-polar solvents with
a diverse polarity profile, including aqueous solutions and various organic sol-
vents with different polarities; these gelators are termed as ambidextrous
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Figure 1. (a) Gelator molecule with various zones of interactions like 77— 7
interactions (green), hydrogen-bonding sites (yellow), van der Waals inter-
actions (red) and the polar head group (blue). (b) Gels formed by P in
different solvents.

gelator molecules [49-53]. Though there are many examples
of hydrogels and organogels in the literature, ambidextrous
gels are less reported, because they are generally found by
serendipitous discoveries. Though there are some examples
of ambidextrous amphiphilic gelators, peptide-based ambi-
dextrous gelators are limited to only a few [54]. So, there is
a real need to create an ambidextrous gelator that can not
only gel both aqueous and organic solvents but also exhibit
different functions in two different types of solvents (aqueous
and organic) in which it can form gels.

In our current piece of work, we have synthesized a
peptide-based amphiphilic molecule P (figure 1a) which was
found to form a gel in a versatile range of solvents. P can effi-
ciently gelate water with a pH value ranging from 7.5 to 8,
and aromatic solvents like benzene, toluene, chlorobenzene,
o-xylene as well as aliphatic solvents like n-hexane, n-octane
and petroleum ether (figure 1b). Therefore, P is a perfect
example of an ambidextrous gelator which can gelate numer-
ous solvents with diverse polarity. Dyes have been known as
colouring agents since the early days of civilization and dyes
are now produced in a diversity of types and in large quan-
tities by chemical industries. Dyes are common materials
used in colourful clothes and accessories; therefore, the corre-
sponding industrial waste contains a lot of unused dyes.
However, most of these dyes are toxic and under degradation
they produce many carcinogenic pollutants [55]. Materials
like activated carbon and other nonconventional adsorbents
such as zeolites, mineral clays, sawdust and waste biomatter
are frequently used to remove toxic dyes from waste water,
but they have many shortcomings, including the production
of volumes of solid waste, low absorption efficiency and
costly regeneration processing [20]. In this context, it is
worth noting that hydrogels are good candidates for the
removal of toxic organic dyes from waste water in an eco-
friendly manner. Gels are basically porous materials with
huge interstitial spaces within their matrices which can
absorb dye molecules from waste water [20,37-40,56-61].
Numerous hydrogels have been reported in the scientific
literature to absorb organic dyes from waste water.
Chitosan-based hydrogels mixed with folic acid have been
found to absorb Eosin yellow, Methyl orange and Methylene

blue from waste water [60]. Recently, a dibenzylidene sorbitol
gelator functionalized with hydrazides has been developed
for pH-dependent selective absorption of organic dyes [59].
A small dipeptide superhydrogelator has also been intro-
duced for efficient removal of toxic organic dyes with a
high grade of absorption efficacy and reusability [61]. Inter-
estingly, it was found that the hydrogel formed by P can
absorb a number of toxic organic dyes including Acid
black-1, Congo red, Direct red-80, Malachite green and
Rhodamine B from waste water. Moreover, it shows reusabil-
ity of up to three cycles of recovery, which indicates its
promising future application in waste water management.

Oil spills are one of the major causes of pollution in sea
water; the last few decades have witnessed dangerous oil
spill events like the Exxon Valdez disaster that damaged
the marine ecosystem of the Prince William Sound area
[62]. There is a wide range of materials for remediation of
spilled oil by employing dispersants, absorbents, solidifiers,
booms and skimmers. Dispersants accelerate the dispersion
of oil and separate it from water by absorption. Absorbents
simply separate the oil by absorption, whereas solidifiers
are dry granular hydrophobic polymers which facilitate oil
solids to float in water. Booms and skimmers confine spilled
oil in a particular area and stop its free flow [63]. However,
these methods have shortcomings, sometimes due to inherent
toxicity and sometimes due to difficulty in the recovery of oil
from the separated substances [64]. Gels are emerging
materials for phase-selective oil spill recovery [65—-67]. Ambi-
dextrous gelator P has been successfully used to remove fuel
oil from an oil-salt water biphasic mixture. Moreover, this
compound can be reused several times without a significant
loss of activity.

These kinds of bi-functional gels are very important
materials to study as they are cost-effective systems with
important application in waste remediation. Here, we have
shed light on the design, synthesis and characterization of
new gelator molecules for multiple functional uses includ-
ing selective remediation of organic solvents including
oil compounds.

2. Experimental details

The peptide P was synthesized by a simple N-hydroxy-
succinimide-assisted coupling of two segments, Fmoc-
ADDA and H,;N-Ala-COOH, and was purified by simple
column chromatography to get the final product (synthetic
details and characterization details are given in the electronic
supplementary material).

2.1. Gelation experiments

To check the gelation ability in different solvents, a definite
weighed amount of gelator peptide was taken in a screw-
capped machine-made vial with a total volume of 5ml.
Into this vial, 500 pl of a desired solvent (in which the gela-
tion will be checked) was added, followed by heating on a
hot plate. At higher temperature, the solubility of a solute
was increased significantly, therefore the vial was subjected
to repetitive heating and then cooling at room temperature
(27-30°C) to dissolve the entire mass of the peptide in that
particular solvent. Finally, the vial was kept at room temper-
ature. After a few minutes (depending upon the solvent),
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the vial was examined to find out whether a stable gel was
formed or not.

2.2. Dye absorption studies

To check the dye absorption ability of hydrogels, different
sets of hydrogels were prepared by dissolving 5 mg of the
gelator peptide P in 1 ml of pH 7.5 phosphate buffer solution.
Solutions (8 uM) of different dyes were prepared by proper
weighing and subsequent dilution; 1 ml of as-prepared
solutions was then placed over the hydrogel matrix (net
volume 1 ml). The concentration of dye that remained in the sol-
ution was monitored from time to time by using a Varian Cary
50 Bio UV-visible (UV-Vis) absorption spectrophotometer.

2.3. Reusability of P after the absorption of dyes
After absorption of a mixture of dyes, namely Acid black 1,
Malachite green and Rhodamine B, the coloured gel was
taken out of the vial and treated with a minimum volume
of 1(N) HCI solution in the presence of ethyl acetate. The
gelator molecules are insoluble in acidic pH, therefore these
molecules go into the organic layer. The organic layer was
then dried with anhydrous sodium sulfate and ethyl acetate
was removed under vacuum to get the solid gelator com-
pound back. The final weight of the extracted compound
was measured after each cycle and then it was gellified
again to absorb new batches of dye solution.

2.4. Qil spill recovery

Different sets of salt water and oil biphasic mixture were pre-
pared with different types of oils including petroleum ether,
diesel, petrol and pump oil. A weighed amount of gelator
peptide P was then dissolved in a minimum volume of
ethyl acetate (10% w/v) and then it was injected (100 .l of
the stock solution was used for injection in each set) into
4ml of a 1:1 salt water—oil mixture. The time of gelation
was recorded for each set.

2.5. Recovery of the spilled oil

The gellified oil part was taken out of the vial with the help of
a spatula and placed in a round bottom flask. The gellified oil
was then subjected to distillation in a rotor evaporator to get
the spilled oil in a collector and the gelator compound in the
round bottom flask (electronic supplementary material,
figure S7). This gelator was used for the recovery of another
set of oil spill. Details of instrumentation are given in the
electronic supplementary material.

3. Results and discussion

3.1. Gelation studies

A dipeptide amphiphilic molecule P (figure 1a) has been
designed in such a way that it contains a free carboxylic
acid end in the C-terminus and the N-terminus is protected
by a 9-fluorenylmethyloxycarbonyl (Fmoc) group, containing
a bulky aromatic unit, to provide 7—m interaction in self-
association. Moreover, the oligomethylene unit of the
12-aminododecanoic acid (ADDA) residue contributes van
der Waals interactions and sufficient hydrophobicity in
the molecule. In addition to that, the intervening peptide
linkage (CO-NH) and the urethane (O-CO-NH) unit can
participate in hydrogen bonding, so that these amphiphilic

Table 1. Gelation behaviour of P. G stands for gel, S stands for solution [JEJ]

and MGC means minimum gelation concentration.

solvent gelation activities

PH 7.5 buffer solution G (MGCOSwi)

chlorobenzene G (MGC 0.6 wt%)

toluene G (MGC 0.8 wt%)

oxylene OO G(MGC 05wt%)
” benzéne G (MG( 1ﬂwt%) ”

n-hesane (with 5% ethyl acetate) G (MGC 1.5 wt%)

Cdmethylsuffoiee s
methanol S
ceylaete s

molecules can be self-assembled in water as well as non-
aqueous organic media by using these non-covalent
interactions. Figure 1a shows the chemical structure of the
gelator molecule P, indicating different parts of the molecule
that participate in various non-covalent interactions. To
check the gelation ability of dipetide P, a weighed amount of
compound was placed in a capped vial and then a measured
amount of the desired solvent was added into it, followed by
repeated heating and cooling cycles for a few times, followed
by cooling to room temperature to get the gel. The compound
was found to form a hydrogel in phosphate buffer medium of
pH 7.5-8, and organogels with aromatic solvents including
toluene, o-xylene, chlorobenzene, benzene and aliphatic sol-
vents like n-hexane and octane (figure 1b) including crude
solvents like petroleum ether, diesel, pump oil and petrol.
The minimum gelation concentrations were found to be 1.6,
0.6, 0.8, 0.5, 1 and 1.5% (w/v) in pH 7.5 bulffer solution, chloro-
benzene, toluene, o-xylene, benzene and n-hexane, respectively
(table 1). In phosphate buffer solution, gelation occurs immedi-
ately after cooling to room temperature (27-30°C), whereas in
aromatic solvents gelation was observed after 5-10 min of cool-
ing. For n-hexane, gelation took longer, about 2—-3 h. However,
dissolving the gelator molecule in a minimum volume of ethyl
acetate followed by addition of n-hexane reduced the gelation
time significantly and, in that case, gelation was observed
within a few seconds (approx. 15 s). The amount of ethyl acetate
is only 5% (v/v) with respect to n-hexane. In this situation, the
gelator has poor solubility in #-hexane, and dissolving it first in
ethyl acetate and then adding n-hexane leads to instantaneous
gelation, making it an example of anti-solvent-induced gelation
[68]. All kinds of gels, except the gel in aliphatic organic solvents,
show thixotropic behaviour, that is the gel is broken by mechan-
ical shaking and it undergoes gelation upon free standing. This
kind of gelation of a range of solvents ranging from water to
petroleum ether is quite rare in the literature and the gel can be
exploited for multiple functions. The vials containing gels
obtained from phosphate buffer solution at a pH of 7.5, and
organic solvents o-xylene, chlorobenzene, benzene, toluene and
n-hexane (in the presence of 5% ethyl acetate) are shown in
figure 1b.

3.2. Morphology
The morphologies of the gels formed with different solvents
were investigated by field emission scanning electron
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microscopy (FE-SEM). Figure 2 shows a network of fibrils
from the dried gel obtained from water at a pH of 7.5 in
phosphate buffer (figure 2a). Gels formed in chlorobenzene
(figure 2b) and n-hexane (figure 2c) are also composed of a
fibrillar network structure. There is a difference between
the morphologies of gels obtained from chlorobenzene and
n-hexane; this may arise due to the different structural
arrangement of the gelator molecules resulting from the
time difference of drying of the gel samples, as the gelator
concentration was the same in all cases.

3.3. Fourier transform infrared analysis

Fourier transform infrared (FT-IR) spectroscopy is a powerful
technique to elucidate the nature of intermolecular inter-
actions in the gel phase. P has an ability to gel a large
number of solvents. So the FI-IR analyses were done for
dried gels obtained from n-hexane, water and chlorobenzene.
The spectra are shown in figure 3. In all cases, characteristic
peaks at 1540 (indicated with a black dotted line), 1645
(cyan dotted line) and 1690 (blue dotted line) cm ™! appear
due to N-H bending, hydrogen-bonded C=0O stretching of
the amide and hydrogen-bonded C=O stretching of the
urethane carbonyl attached to the Fmoc group, respectively.
Therefore, it can be said that the gelator molecules in all
cases are present in a sheet-like extended backbone structure
[24]. The intensity of the peak at 1690 cm ! is almost the
same for organogels obtained from chlorobenzene and
n-hexane, whereas it is different (higher) for the hydrogel.
So, the urethane C=0 is more strongly hydrogen-bonded in
the hydrogel network structure than in organogels obtained
from chlorobenzene or n-hexane. Peaks near 3323 (green
dotted line) and 3450 (red dotted line) cm ™! appear due to
hydrogen-bonded and free N-H stretching of amide, respect-
ively [69]. It can be seen from figure 3 that the shoulder at
3450 cm ™! is stronger for the hydrogel than the organogels;
therefore, it can be concluded that more amide N-Hs are
free in the hydrogel compared with the organogels.

3.4. X-ray diffraction analysis

Small angle X-ray scattering (SAXS) analysis is an efficient
technique to study the aggregation of gelator molecules in
the gel phase. From SAXS data of the hydrogel, a peak corre-
sponding to a d-spacing of 39 A (figure 4a) has been found.
This observation indicates that the aggregates have a size
greater than a molecular length of 28 A (calculated from the
Chemdraw 3D software), but less than the double of the
molecular length, i.e. 56 A. Based on this observation, it can
be stated that the molecules form an intercalated hydrogen-
bonded structure (for details of SAXS fitting, see the
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Figure 3. FT-IR analysis of xerogels obtained from (a) n-hexane gel,
(b) hydrogel and (c) gel in chlorobenzene.

electronic supplementary material). On the other hand,
X-ray diffraction of the freeze-dried hydrogel in powder
form shows sharp peaks in the 26=10-30° region
(figure 4), indicating a well-defined arrangement of the mol-
ecules in the gel phase. The peaks corresponding to the d
values of 472 A and 3.88 A can be due to the hydrogen-
bonded B sheet-like arrangement of the gelator molecules
in the assembled gel state, whereas the peak at d= 3.7 A cor-
responds to the distance between two m-stacked layers
formed by Fmoc groups in the self-assembled state [24].
From the SAXS, X-ray powder diffraction and FT-IR data a
tentative model of molecular arrangement of these gelator
molecules in the assembled state is proposed, as shown in
the electronic supplementary material, figure S5.

3.5. Rheological experiments

Rheological experiments are an important tool to confirm
the gelation behaviour of gels. Rheological experiments deal
with two parameters: storage modulus (G') or elastic com-
ponent, and loss modulus (G”) or viscous component.
A value of G’ higher than G” and essentially independent
of frequency is observed for the gel phase, and is a defining
measure of gelation. Rheological experiments were carried
out by using gels obtained from different solvents includ-
ing pH 7.5 phosphate buffer solution, chlorobenzene and
n-hexane, keeping the concentration of gelator at 19.6 mM
in all cases. Figure 5 shows that in all cases G’ is greater
than G” over a range of angular frequency values and they
are almost frequency-independent with no crossover, indicat-
ing the viscoelastic behaviour of the gel phase. Interestingly,
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Figure 4. (a) X-ray powder diffraction analysis of the freeze-dried hydrogel of P. (b) Small-angle X-ray scattering analysis of the hydrogel P. (Online version in colour.)
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Figure 5. Frequency sweep rheological experiments for gels formed by P in (a) pH 7.5 phosphate buffer solution, (b) chlorobenzene and (c) n-hexane in the

presence of 5% ethyl acetate. (Online version in colour.)

it has been found that organogels are stronger (having more
stiffness) than hydrogels. Moreover, the organogel obtained
from chlorobenzene is more mechanically strong than the
organogel obtained from n-hexane. So, the stiffness of
the gel lies in the order: gel in chlorobenzene > gel in
n-hexane > gel in aqueous medium at pH 7.5.

It is found that the hydrogel at a pH of 7.5 and organogels
in aromatic solvents are mechanosensitive (thixotropic)
in nature. This means that these gels undergo a gel-to-sol
transition upon the application of mechanical stress (or
under mechanical shaking) and the gel phase reappears
upon withdrawal of the stress (or under free standing).
Time-dependent step strain rheological experiments were
performed on the hydrogel and chlorobenzene gel to confirm
the thixotropic behaviour in a quantitative manner (electronic
supplementary material, figure S6). In this experiment, a con-
stant strain of 0.5% was maintained for the first 100 s, and
then the strain was suddenly increased to 30%; at such a
high strain the gel ruptures as indicated by the increase of
G” over G'. Then, suddenly the strain was reduced to 0.5%
again after 200 s and the gel was found to be re-formed, as
indicated by the increase of G’ over G” again. This process
was repeated over another cycle and gel recovery was
observed again after release of the heavy strain. For the
hydrogel, 97.8% of gel strength was recovered after 90 s of
removal of strain, and for the gel in chlorobenzene 99.4% of
gel strength was recovered after 50s. These experiments
confirm that the gels undergo a fast repair after breaking,
i.e. they are thixotropic in nature.

3.6. Absorption of toxic dyes from water
Here, the peptide-based thixotropic hydrogel shows great abil-
ity in absorbing different toxic organic dyes (cationic, anionic

and neutral) from water. The dye absorptions were checked
by adding dye solutions of a known concentration over the
hydrogel matrix and then measuring the concentration of the
remaining dye of the supernatant solution from time to time
by using UV-Vis spectrophotometry. It was found that the
hydrogel obtained from P absorbs both cationic and anionic
toxic organic dyes from water, namely Acid black 1, Congo
red, Direct red 80, Malachite green and Rhodamine B with
82%, 98%, 93%, 79% and 71% of removal efficiency, respect-
ively, within 48 h (calculated from UV-Vis absorption curves
shown in figure 6; see also table 2). Moreover, the hydrogel
can remove a mixture of dyes (Acid black 1, Malachite green
and Rhodamine B) from water, indicating its potential use
in waste water management (electronic supplementary
material, figure S7).

3.7. Reusability

From the practical viewpoint, reusability of a functional soft
material is needed. Textile industries release gallons of
waste water containing toxic dyes; therefore a large amount
of gelator would be necessary to remove dyes from such a
huge amount of waste water. Therefore, in order to meet
the demand, the gelator should be reusable several times.
The reusability of the gelator was checked as follows: after
absorption of a mixture of dyes, namely Acid black 1,
Malachite green and Rhodamine B, the gel was taken out of
vial and treated with minimum volume of 1(N) HCI solution
in the presence of ethyl acetate. The gelator molecules are
insoluble in acidic pH and these molecules go into the
organic layer. Then the organic layer was dried with anhy-
drous sodium sulfate and ethyl acetate was removed under
vacuum to get back the solid gelator. Figure 7 shows a bar
diagram illustrating the reusability of gelator P and it has
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insets show gels before and after dye absorption. (Online version in colour.)

Table 2. Details and amount of dyes absorbed by the hydrogel.

amount of dyes

% absorbed (per g

nature absorbed of gelator P) (mg)
Acid black 1 anionic 82 350
B (ongored e e e
Direct red 80 anionic 93 680
Malachnegreen T
Rhodamine B anionic 7 410

been found that the gelator can be reused for three cycles of
dye removal.

3.8. Ol spill recovery

Low molecular weight gelators are useful materials for
selective recovery of spilled mineral oil from oil spill recovery
[70]. The first reported example of phase-selective gelation of
crude oil from an oil-water biphasic mixture was urea-based
supramolecular gelatos [71]. An amino acid-containing
amphiphile with a long fatty acyl chain in the N-terminus
showed phase-selective gelation of various mineral oils
from an oil-water mixture, indicating possible use in oil
spill recovery [41]. It has been mentioned that P can gelate
mineral oil instantaneously from an oil-salt water biphasic
mixture. So it can be a good soft material for the recovery
of spilled mineral oil in the ocean. In this study, the gelator
P was first dissolved in a minimum volume of ethyl acetate
(10% w/v) and then it was injected (100 pl of the stock sol-
ution was used for injection in each set) into 4ml of a 1:1
salt water—oil mixture, and gelation of the oil part was

100 1

80 4

60 1

40 1

% remained

20 1

0 1 2 3
cycle of recovery

Figure 7. Bar diagram (with error bar) of the reusability of gelator molecules
after absorption of a mixture of dyes (Acid black 1, Malachite green and
Rhodamine B).

observed within 20 s after addition of the gelator solution
(figure 8; also see the video in the electronic supplementary
material). The gelled oil can be recovered by the simple dis-
tillation of the gel as shown schematically in electronic
supplementary material, figure S8. To the best of our know-
ledge, this is the first example of a simple dipeptide-based
gelator able to selectively gel fuel oil from a salt water—oil
biphasic mixture within less than 20 s.

3.9. Conclusion

The discovery of new functional gels to carry out multiple appli-
cations is needed in modern society. The discovery of a new
ambidextrous gelator that can gel both organic solvents as well
as water is reported in this study. Interestingly, the hydrogel is
endowed with an important application of absorbing toxic
organic dyes from waste water; moreover, the gelator can be
used several times. The gelator molecule can gel various organic
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Figure 8. Gelation of oil from biphasic mixtures of different oils and water: (a) and (b) with petroleum ether; (¢) and (d) with diesel; (e) and (f) with petrol;

(g) and (h) with pump oil. (Online version in colour.)

solvents including fuel oils from an oil-salt water biphasic mix-
ture, indicating its possible use in oil spill recovery. The easy
synthesis procedure and the use of cheap starting materials for
the synthesis suggest its possible use for waste water treatment
in future.
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