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Multifarious Facets of Sugar-derived Molecular Gels: 

Molecular Features, Mechanism of Self-assembly and 

Emerging Applications 

Sougata Datta,a and Santanu Bhattacharya*a,b   

Remarkable capability of nature in designing and creation of excellent self-assembled nano-
structures especially in the biological world motivated chemists to mimic such systems with 
synthetic molecular and supramolecular systems. Hierarchically organized self-assembly of 
low molecular weight gelators (LMWGs) based on non-covalent interactions has been proven 
to be a useful tool in the development of well-defined nanostructures. Among them, self-
assembly of sugar-derived LMWGs has received immense attention because of their propensity 
to furnish biocompatible, hierarchical, supramolecular architectures that are macroscopically 
expressed in gel formation. This review sheds light on various aspects of sugar-derived 
LMWGs uncovering the mechanism of gelation, structural analysis, tailorable properties and 
their diverse applications in stimuli-responsiveness, sensing, self-healing, environmental 
problems, nano and biomaterials synthesis etc. 
 

 

 

1. Introduction 

Albert Einstein once said, “Look deep into nature, and then you 

will understand everything better”. There is no doubt that the 
Mother Nature has ingeniously developed each entity of this 
living world using fundamental principles of chemistry. Several 
natural phenomena exemplify these. For instance, various life 
forms such as plants, algae and photosynthetic bacteria thrive 
via photosynthesis using pigments like chlorophylls and 
carotenoids. Similarly existence of complex superstructures like 
the double-stranded DNA, three-dimensionally folded proteins, 
and biologically active cell membranes etc. spurs the scientific 
community to mimic such processes by rational design and 
syntheses of numerous molecules as artificial systems and 
investigating the mechanism of their self-assembly processes. 
Extensive research efforts towards the evolution of novel 
properties utilizing the underlying principles of self-assembly 

(i.e., hydrogen bonding, π-π stacking, solvophobic effects, van 
der Waals forces, charge-transfer interactions and metal-ligand 
coordination etc.) as a key route led to the generation of a vast 
area of research known as supramolecular chemistry’.1,2  

In this context, low molecular-weight gelators (LMWGs) 
have gained remarkable interest because of spontaneous 
formation of various self-assembled three-dimensional nano-
structures (helical, and bundles of fibers of high aspect ratio, 
ribbons, sheets, particles, rods, tapes, strands, rings, tubules, 
globules, micelles and vesicles etc.). In the course of sol-to-gel 
transitions, the transcription of intrinsic molecular features from 
molecular level to complex supramolecular structures occurs.3-8 
Non-covalent ‘cross-links’ and physical entanglements among 
such self-assemblies result in the formation of a 3D-network, 
where the solvent molecules are entrapped and immobilized by 
interfacial forces to furnish viscoelastic materials.9 LMWGs 
often exhibit properties that are different compared to their 
polymeric counterparts or biopolymers.10-12 Generally, the gels 
derived from LMWGs are rheologically weaker than the 
polymeric gels.13 Hence, the polymeric gelators are often 
superior to the LMWGs in the preparation self-sustaining 
materials. Both of them show reversible gel-to-sol transition 
upon heating above the respective melting temperatures (Tgel-

sol). However, relatively smaller size of the LMWGs often 
assists in the ‘intelligent’ design and in understanding complex 
mechanistic pathways encountered in various self-assembly 
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processes. Furthermore, it is easier to synthesize and purify 
small molecules to furnish materials with a single molecular 
weight, in contrast to polymers, which have a distribution of 
molecular weights. The structural features of the LMWGs can 
also be readily modulated in order to get desired physical 
properties. Hence, they have both advantages and 
disadvantages as gels depending on the context of their 
applications. The resulting soft materials are termed as 
organogels or hydrogels depending on the entrapped solvent 
being either organic or water, respectively.14 However, there 
are a few exceptions such as, xerogels (e.g., vulcanized rubber 
and dried gelatin) and aerogels which are dispersions of a gas 
within a solid.15 It may be important to note that gelation 
always leads to the formation of a certain self-assembled 
structure, however, all self-assemblies do not result in gelation. 
Such gels are attractive candidates for a diverse range of 
applications in a number of diverse fields, including the design 
and synthesis of biomaterials,16-21 nano-materials,22-31 stimuli-
responsive materials,32 sensors,33-36 templating components for 
inorganic or organic nanostructures,37 and in molecular 
electronics38-41 and catalysis42 etc.  

Although a library of large number LMWGs has appeared 
in literature because of over two decades of research work, still 
there is no certain rule or structural parameter for a molecule to 
exhibit gelation. Thus, discovery of many of the LMWGs is 
serendipitous. However, putative design of LMWGs and an 
understanding of the molecular level arrangements and mode of 
aggregation may convey valuable information towards the 
production of new gels.43 Diverse molecular building blocks 
derived from long chain hydrocarbons or steroid derivatives,44-

48 amino acid derivatives,49-54 ureas,55 carbohydrate-derived 
systems,56 metal complexes,57-61 charge-transfer complexes,62,63 
macrocycles64,65 and organic salts66,67 etc. have been used to 
synthesize low molecular-weight organogelators (LMOGs) as 
well as hydrogelators (LMHGs).  
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Thus, investigation of a series of simple and structurally related 
compounds often provides key insights into the self-assembly 
mechanism. There are several review articles in contemporary 
literature on various aspects of gels.8-21,23,24,30,32,35,36,37,42,43,45-

52,55-58,60-66,68-75 However, there is no review that addresses the 
interesting topic related to the sugar-derived gels. In the present 
review, we critically discuss the origin, evolution and future 
perspectives of the sugar-derived LMWGs (Fig. 1).  
 
 

 

 

 

 

 

 

 

 

 

Fig. 1 Progress of research themes in the area of sugar-derived 
LMWGs discussed in the present review.  

1.1. Importance of sugar and the corresponding gels 

Sugars serve organisms as energy sources. Therefore as a 
substrate for the generation of cellular energy, glucose is of   
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fundamental importance in the metabolism of various life 
forms. It is one of the main products of photosynthesis, using 
which plants and algae convert energy from sunlight into 
chemical energy to be used by their cells. Other sugars also 
occur in nature. These include deoxyribose in DNA (living 
information storage system), ribose in RNA, starch in plants, 
cellulose in the cell walls of plant and algae, glycogen in 
animals etc. In our daily life, the dessert ‘jelly’ or ‘jell-o’ 
(combination of water, denatured collagen or agar sugar, 
flavourings and artificial colouring) represents a classic 
example of a gel, where water is immobilized by gelatin, a 
biopolymer made by the hydrolysis of collagen. In 1897, Pearle 
B. Wait a carpenter in LeRoy, NY, put up a cough remedy and 
laxative tea in his home. He experimented with gelatin and 
came up with a fruit flavoured dessert which his wife, May, 
named Jell-O.76 

Supramolecular chemists try to follow the same pathway 
traversed by the Mother Nature in the construction of biological 
architectures and functional bio-systems essential for the 
occurrence of life. The non-covalent interactions involved in 
such self-assembly processes should be directional to enforce 
anisotropic one-dimensional assembly of nanofibres.74 Based 
on the nature of the self-complementary driving force for the 
molecular aggregation, the gelator molecules defined by certain 
functionality may be classified into the following categories. 
Firstly the amides (R1CONHR2) and ureas (R1NHCONHR2) 
are capable of forming self-complementary hydrogen bonding 
interactions (C=O···H–N). Secondly the carbohydrates contain 
multiple O-H groups and exhibit extensive hydrogen bonding 
interactions. Thirdly the nucleobases utilize hydrogen bonding 
and π-π stacking interactions. Fourthly the steroids and bile 
salts, having hydrophobic surfaces and finally the aliphatic 
hydrocarbons use significant extent of van der Waals forces and 
solvophobic interactions. Among the various non-covalent 
interactions, inter- and intra-molecular hydrogen bonding 
interactions have been extensively utilized in the production of 
complex organized systems due to the reversibility, specificity, 
directionality and cooperativity of such interactions. Hydrogen 
bond forming gelators generally include amides (amino acids)/ 
ureas, nucleobases and carbohydrates. It is clearly evident that 
carbohydrates are far superior to amides/ ureas/ nucleobases in 
the hydrogen bonding mediated self-assembly processes 
because of their significantly greater number of hydrogen 
bonding sites (-OH groups). 

Initially, the investigation of hydrogen bond forming 
gelators was limited to few amino acids (e.g., L-Lysine,52 L-
serine77 and L-cystine78,79 etc.)-based amphiphiles and urea 
derivatives80-82. In recent advances, the use of bioactive small 
molecules (e.g., vancomycin83,84) is more profound owing to 
their biomedical application in three-dimensional cell 
cultures,85 biomolecular screening,75 wound healing86,87 and 
drug delivery.75,88 These developments have prompted the 
exploitation of fundamental biological building blocks (i.e., 
saccharides, peptides and nucleic acids) as supramolecular 
gelators because they offer excellent opportunity for mimicking 

the structures and mechanism of unexpected functions of 
various bio-macromolecules. 

Self-assembly of sugar-derived LMWGs has received 
particular attention because of various reasons (Fig. 2). They 
are often biodegradable, non-toxic and eco-friendly, which 
make them ideal building blocks for the regeneration of tissues 
and organs.18 They offer diverse functionality and cell 
signalling capacity with rapid and facile synthesis of complex 
molecules.18 Carbohydrate-protein interactions are extremely 
important in numerous biological phenomena, such as blood 
coagulation, immune response, viral infection, inflammation, 
embryogenesis and inter-cellular signal transfer etc.89-91 
Furthermore, the design and synthesis of carbohydrate-derived 
artificial systems that imitate the polyvalent carbohydrate 
organization at the cell surface and molecular recognition in 
bio-systems is also a fertile approach to investigate and 
intervene in various carbohydrate-mediated interactions. 
Yamanaka et al. reported a pale-yellow transparent hydrogel 
derived from a carbohydrate amphiphile.92 Since the surface of 
the resultant fibers was enriched with dense packing of 
glucosides, this hydrogel exhibited selective responsiveness to 
lectin (carbohydrate binding proteins) such as, concanavalin A 
(ConA). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Various advantages of sugar-derived LMWGs. 

The precursors of sugar-derived LMWGs are generally 
inexpensive and commercially available. They may be derived 
from abundant renewable resources (Fig. 3). John and co-
workers attempted various approaches for making 
hydrogelators from the renewable resources.19,30,56 For example, 
these authors synthesized fatty acid derivatives of amygdalin 
which is a by-product of the fruit industry, and a naturally 
occurring glycoside found in many food plants such as the 
kernels of apricots, almonds and apples etc.93 These authors 
demonstrated enzyme triggered release of curcumin, a known 
chemotherapeutic and anti-inflammatory agent, as a model drug 
via the degradation of the hydrogel of fatty acid esters of 
amygdalin.94 Similarly, these authors reported in situ synthesis 
of gold nanoparticles using ascorbic acid (vitamin C)-based 
amphiphiles, which is a sugar-based building block abundantly 
found in citrus fruits and plants.95 
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There are several established synthetic strategies in 
literature to construct various building blocks made up of 
monosaccharides, disaccharides or polysaccharides towards 
gelation. Thus, the carbohydrates are amenable to preparing 
broad classes of LMWGs. Gelation properties of saccharides 
can be easily modulated by simple protection or deprotection of 
their multiple hydroxyl groups. Hence, the structural diversity, 
the variability of sugar-units, their sequence and linkage points, 
the anomeric configuration, the chemical modification and/or 
substitution at different positions, the inter-conversion of 
conformers are uniquely suited for the creation of a wide range 
of organo- and hydro-gelators as well as ambidextrous gelators. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

For example, it was observed that methyl 4, 6-O-
benzylidene derivatives of monosaccharides are perfect 
scaffolds for the study of the minimal structural requisites for 
the gelation ability.96-102 These are capable of forming rigid, 
strong, and highly directional hydrogen bonds in their 
corresponding gels.96 The unique yet well-defined molecular 
architecture could be derived from the choice of a wide variety 
of isomers. Each of these isomers allows systematic 
investigations in order to make correlation between the 
monomer structure and the gelation ability. There is no other 
report of any gelator discovered so far which exhibits such a 
diversity in its homologues.   

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3 Chemical structures and natural sources of basic sugar motifs discussed in the current review article.103 
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Unquestionably, this is one of the merits of the carbohydrate-
derived LMWGs. Wang et al. explored several strategies to 
offer a diverse range of methyl 4, 6-O-benzylidene-α-D-
glucopyranose-derived LMWGs via simple synthetic steps.104-

109 
In addition, careful search for sugars as well as for 

appropriate hydrophobic groups may lead to discovery of 
excellent amphiphilic gelators.110 Cyclic sugars are 
conformationally more restricted and also have multiple as well 
as directional -OH groups in contrast to their acyclic analogues. 
Consequently, amphiphilic molecules containing cyclic sugar 
residues have tendency to form strong cooperative hydrogen-
bonded networks. Furthermore, cyclic nature of the sugar 
moiety imparts significant rigid character to the headgroup of 
the amphiphile. Bhattacharya et al.111 and Shimizu et al.112 
independently worked on various amphiphilic and 
bolaamphiphilic LMWGs having carbohydrate headgroups, 
which has been discussed later in detail. 

Carbohydrates are useful not only as a hydrogen-bond 
forming segment in the gelators, but also helpful to introduce 
easily a variety of stereogenic centers into gelators by selection 
from a saccharide library. The inherent chiral information 
programmed in such molecular entities derived from a sugar 
moiety may often manifest in the form of supramolecular 
chirality in the gel phase via spatiotemporal self-assembly 
process which helps in the fabrication of chiral superstructures. 
The presence of chiral sugar moiety further offers an 
opportunity to investigate the mechanism of growth of such 
chiral aggregates by various physical methods including 
circular dichroism (CD) spectroscopy.113,114 Their intrinsic 
chirality may help in evolving important tools in ferroelectric 
liquid crystals or separation of biologically important agents 
such as proteins and DNA. Furthermore, the chirality in 
supramolecular structures may be useful in molecular 
recognition with other chiral compounds. Though, amino acids 
are also chiral, carbohydrates are superior to the former in the 
construction of complex chiral superstructures attributed to the 
existence of multiple chiral centers. In one of the earlier reports, 
Fuhrhop et al. reported quadruple helical structure formation 
from a simple carbohydrate-based amphiphile, N-octyl-D-
gluconamide.115 While, Stupp and co-workers demonstrated 
generation of similar type of quadruple helical fibers in the self-
assembly of an amphiphile116 containing a palmitoyl tail, the 2-
nitrobenzyl group, and an oligopeptide segment GV3A3E3 
which is structurally and synthetically more complicated 
compared to that of N-octyl-D-gluconamide. 

1.2. Mechanism and pathway of gelation 

Since, various non-covalent interactions that hold these 
superstructures are weak and reversible; self-assemblies of the 
LMWGs are inherently responsive toward thermal stimuli. 
Accordingly they often show reversible sol-to-gel transitions 
when their heated solutions are cooled below the respective 
gelation temperatures (Tgel-sol).

117 There are some parallel 
pathways (e.g., crystallization and precipitation) which may 

also occur during the sol-to-gel transition (Fig. 4).118 Extent of 
molecular ordering is higher in a crystal compared to that in the 
aggregates of the corresponding gel. Furthermore, 
crystallization or precipitation may also occur after gel 
formation. In that case, the kinetically stable gel may slowly 
transform to thermodynamically stable crystals (Fig. 4).118  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Schematic illustration of the supramolecular sol-to-gel 
transition process. 

Intelligent molecular design is essential to maintain the 
subtle balance between the extent of crystallization and 
solubilization of LMWGs. Single-crystal X-ray crystallography 
is the most powerful method to understand the molecular 
packing in the solid state.119 In this respect two types of 
problems frequently occur. First, obtaining crystals of a gelator 
suitable for single crystal X-ray diffraction is very difficult. 
Second, gels and crystals are generally formed from different 
experimental conditions (ca. solvent). Hence, it is also difficult 
to confirm the difference in molecular packing between single 
crystals and gels. Cui et al. demonstrated formation of the 
hierarchical structures and the transitions of sugar-based gelator 
4-(4’-ethoxyphenyl)phenyl-β-O-D-glucoside (1), in a mixture 
of water and 1,4-dioxane (Fig. 5).118 In a mixture of water/1,4-
dioxane (8/2, v/v), first a gel formed and then subsequently 
transformed into a needle-like crystal. Moreover, the gel-crystal 
transition could be modulated by tuning the solvent 
composition. However, a perfect crystal of 1 was obtained from 
an acetonitrile solution. Interestingly, the XRD pattern of the 
perfect single crystal obtained from acetonitrile matched with 
that of the collapsed gel of water/1, 4-dioxane (8/2, v/v). On the 
other hand, Weiss found significant difference in the molecular 
packing in the gel fibers of cholesteryl anthraquinone-2-
carboxylate compared to that of the single crystal.120  

Gelation is a hierarchical self-assembly process which takes 
place through multiple steps.15 Multiple non-covalent 
interactions among the supramolecular building blocks allow 
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them to self-assemble into supramolecular polymers of ~1-5 nm 
width called fibrils (Scheme 1). These fibrils further collate 
with one another to result in nanoscale bundles having ~20-50 
nm width referred to as fibers.68 Finally, fibers entangle to form 
a 3D ‘solid-like’ network where the gelating solvent molecules 
are entrapped and immobilized by interfacial forces (Scheme 
1).74 One-dimensional fibrous growth is achieved by the 
involvement of strong self-complementary and unidirectional 
non-covalent interactions among the building blocks.121 
However, some favourable factors that induce the non-covalent 
cross-linking of primary aggregates such as fibrils and 
microcrystals to form networks are also required.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 (a) Chemical structure and (b) a molecular packing 
model illustrating gel-to-crystal transition of 1. Reprinted with 
permission from ref. 118. Copyright 2009, American Chemical 
Society.    

2. Structurally diverse platforms of sugar-based LMWGs 

How do sugar derivatives self-assemble in solution, and 
eventually give rise to a physical gel strong enough to 
immobilize a significant amount of solvent? What are the major 
driving forces involved in such gelation process? Generally, 
strong and highly directional inter-molecular hydrogen bonding 
among the -OH linkages and solvent molecules (ca. H2O for 
hydrogelation) is one of the major interactions that governs the 
self-assembly process of sugar derivatives. However, 
attachment of a chromophoric π-aromatic platform or a 
hydrophobic segment invokes π-π stacking or van der Waals 
interaction respectively in the supramolecular aggregates (Fig. 
6). It is also important to note that a delicate balance of gelator-
gelator and gelator-solvent interactions is always crucial to 
drive the equilibrium to gel formation instead of precipitation 
or crystallization or homogeneous sol formation.122 

2.1. D-sorbitol and associated derivatives 

D-sorbitol (2) which is also known as glucitol is one of the 
simplest examples of the LMWGs investigated by Grassi et al 
(Fig. 7).123 Cooling of an ethanol sol of D-sorbitol leads to the 
formation of huge, jellybean shaped gel. However, a proper gel 
is produced only upon cooling the ethanolic sol followed by 

sonication. The hydrogen bonding interaction is primarily 
responsible for the gelation induced by this molecule. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6 A generalized schematic illustration of the non-covalent 
interaction mediated self-assembly by sugar-derived LMWGs. 

1,3:2, 4-di-O-benzylidene sorbitol (DBS), a butterfly-shaped 
amphiphilic low molecular-weight organogelator (LMOG) is 
derived from the sugar alcohol D-glucitol (Fig. 7).124 Meunier 
first reported 1, 3:2, 4-di-O-benzylidene-D-sorbitol (3) as a 
LMOG in 1891. After more than 50 years, Yamamoto reported 
the gelation characteristics of 3 in about 70 different 
liquids.125,126 Spontak and co-workers explored the 
microstructural features and stability of organogels of 3 in poly 
(propylene glycol) (PPG) at various concentrations using 
polarized light microscopy, transmission electron microscopy 
(TEM), X-ray diffraction and spectrophotometry.127 Spontak 
also provided valuable information concerning the fundamental 
factors, which govern the gelation process of 3.128 By 
systematic modulation the chemical nature of the end groups of 
PEG from polar (hydroxy-end-capped) to nonpolar (methoxy-
end-capped), it was demonstrated that matrix polarity had a 
detrimental effect on 3/PEG gelation.  

 
 
 
 
 
 

Fig. 7 Molecular structures of D-sorbitol (2) and 1, 3:2, 4-di-O-
benzylidene sorbitol (3). 

Craythorne et al. analysed the single crystal structure of 2,5-
di-O-methanesulfonyl-1, 4:3, 6-dianhydro-D-sorbitol (4), which 
exhibited versatile gelation in a diverse range of solvents such 
as, aromatics, alcohols and water (Fig. 8a).129 Surprisingly, 
analysis of the packing of the molecules in the crystal of 4 

obtained from ethanol-propan-2-one revealed no strong 
hydrogen bonds. However, two possible C-H···O bonds as 
short contacts with angles of 162° could be confirmed (Fig. 8b). 
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Scheme 1 A generalized schematic illustration of nanofibrous gel network formation by LMWGs. 
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Fig. 8 (a) Molecular structure and (b) short contacts in the 
crystal of 2,5-di-O-methanesulfonyl-1, 4:3, 6-dianhydro-D-
sorbitol (4), C(6)-H(6A)···O(8) 3.381(3) Å, 162°; C(16)-
H(16C)···O(11) 3.444(3) Å, 162°. Reprinted with permission 
from ref. 129. Copyright 2009, The Royal Society of Chemistry 
and the Centre National de la Recherche Scientifique. 

2.2. β-Cyclodextrin 

Cyclodextrins (CDs) are cyclic oligosaccharides of α-1, 4 
linked glucosidic units. They consist of six, seven, or eight 
glucose entities are called α- (5a), β- (5b), or γ- (5c) CDs, 
respectively (Fig. 9a). They adopt a toroidal (or cone) shape 
where the primary hydroxyl groups reside at the narrower side 
and the secondary hydroxyl groups occupy the wider side (Fig. 
9b).130 In one of the earlier reports, Rango et al. reported 
isotropic physical gel formation from solutions of rigorously 
anhydrous β-CD in dry pyridine or in liquids like toluene or 
chloroform in the presence of small amount of water as a co-
solvent.131 β-CD offers interesting opportunities in the design of 
fascinating gels since it can act as a host in various types of 
host-guest complexes (see below). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 (a) Chemical structures and (b) 3D-representation of 
cyclodextrins (CDs). Reprinted with permission from ref. 130. 
Copyright 2010, The Royal Society of Chemistry. 

2.3. Methyl 4, 6-O-benzylidene derivatives of monosaccharides 

Methyl 4, 6-O-benzylidene derivatives of monosaccharides 
were well investigated to study the structural rudiments for 
gelation ability. Their structural characteristics are (i) un-
modified 2-OH and 3-OH group; (ii) protected 1-OH group by 
a methyl group; and (iii) protected 4-OH and 6-OH group with 

a benzylidene group, whereas their different abilities to gelate 
solvents are solely due to configurational isomerism.  

2.3.1. Structure-property correlation 

Shinkai and co-workers investigated gelation properties of this 
type of gelators (6-10) extensively (Fig. 10).96-99 Among the α-
monosaccharides, only the manno-6a, gluco-7a and galacto-
10a isomers act as gelators in organic solvents. According to 
the Tgel values and the variety of liquids gelated, the trend in the 
gelation ability is 6b > 6a > 7a. In contrast, among the β-
isomers only the manno-6b and galacto-10b isomers act as 
gelators. The gelation efficiency and Tgel of the β-anomer of 
galactose derivative 10b are better than that of the α-anomer 
(10a). However, the α-allo-8a and α-altro-9a were insoluble or 
resulted in precipitation. The inability of these gelators to gelate 
a variety of organic liquids could be explained by their inability 
to form 1-D aggregates in which both hydroxyl groups 
participate.100 Gelators often form fibrous structures. However, 
the β-gluco, allo and altropyranosides (7b, 8b and 9b) did not 
satisfy the requirements to gelate organic liquids concerning the 
direction of OH groups though they exhibited fibers under 
scanning electron microscope (SEM).101 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Chemical structures of methyl 4, 6-O-benzylidene 
derivatives of various monosaccharides, 6-10. 

2.3.2. Structural analysis 

Crystals of 7a were grown from ethyl acetate in order to 
understand the molecular packing by a single-crystal X-ray 
diffraction analysis (Fig. 11).96 Interestingly, the crystals grown 
from the gelating liquid also revealed similar packing 
arrangements. However, their diffracting quality was worse. 
Molecules of 7a were connected by two hydrogen bonds using 
the 2-OH and 3-OH groups to generate 1-D zigzag chains. 

Small-angle X-ray scattering (SAXS), is a useful technique 
to acquire information regarding the supramolecular structures 
present in the gels. Fig. 12 shows a typical temperature-
dependent SAXS profile of methyl 4, 6-O-benzylidene-α-D-
mannopyranoside (6b) (1.5 wt-% in p-xylene).96 
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Fig. 11 Single crystal structure of methyl 4, 6-O-benzylidene-α-
D-glucopyranoside (7a). Reprinted with permission from ref. 
96. Copyright 2001, Wiley-VCH Verlag GmbH. 

It exhibited two broad peaks at q = 0.018 and 0.11 Å-1. With 
increasing temperature (60 °C) the position of these peaks 
remains unaffected, however, the intensity of the peak at q = 
0.018 Å-1 diminished about 50% and vanished completely at 70 
°C due to gel-to-sol transition.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12 Temperature-dependent SAXS profiles of 6b (1.5 wt-% 
in p-xylene). Reprinted with permission from ref 96. Copyright 
2001, Wiley-VCH Verlag GmbH.  

Later, the same group performed a SAXS study of an 
organogel system derived from 6b and p-xylene.102 Detailed 
analysis of the SAXS data revealed existence of hexagonal 
organization of fibrils in the gel state and the inter-fibrillar 
spacing was evaluated to be ~60 Å. Temperature-dependent 
changes in the time-resolved SAXS experiment of 1.0 wt-% gel 
were collected in the temperature range of 20-100 °C. The 
lower panel of Fig. 13 refers to the scattering at the low q 

regime, which appeared within 400 s possibly because of the 
phase separation for the gelator rich phase and the solvent-rich 
phase. The peaks associated with the hexagonal structure did 

not show up until 1540 s and they grew gradually after 1540 s 
(upper panel of Fig. 13). Thus, development of hexagonal 
structure occurred after the phase separation, and the gelation 
took place just before the development of the hexagonal 
structure. 

 
 
 
 
 
 
 
 

 
 
 

 

 

 

 

 

Fig. 13 Changes in the scattering profiles of 6b with time after 
temperature was changed from 100 (sol) to 20 (gel) °C for 1.0 
wt-% gel in p-xylene. The initial change is shown in the lower 
panel, and the later stage is the upper panel. Reprinted with 
permission from ref. 102. Copyright 2003, American Chemical 
Society respectively.  

2.3.3. Structural modification 

Wang and co-workers investigated gelation properties of a large 
number of methyl 4, 6-O-benzylidene-α-D-glucopyranose 
derived LMWGs.104-109 Modification of the 2- and 3-hydroxyl 
groups of methyl 4, 6-O-benzylidene-α-D-glucopyranose via 
ester,104,105 carbamate,106 amide107 and urea107,108 linkages offers 
a wide range of opportunities to study the influence of these 
functionalities on their self-assembly processes. Among the 
ester derivatives containing terminal alkynyl group (11a-f, 12a-

e and 13a-f), the diesters (11a-f) appeared as insoluble in water 
because of the lack of free –OH groups (Table 1).104 However, 
the diester derivative having shorter chain (11a) could form gel 
in n-hexane and ethanol. Interestingly, shorter chain monoesters 
(12a-c and 13a-c) with one free –OH group exhibited versatile 
gelation in n-hexane and in water but they led to sol formation 
in ethanol. This observation indicates that the participation of 
the free –OH group in the self-assembly process is necessary 
for hydrogelation. However, attachment of two aliphatic acyl 
chains (11g and 11i-m) disfavoured gelation process in any of 
these solvents presumably due to the compact packing of the 
saturated hydrocarbon chains in contrast to alkynyl chains 
(Table 1).105 Grafting of aromatic platforms (11n and 11o) 
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could modulate the aggregation behaviour to result in gelation 
in 1:1 EtOH/water mixtures. In case of 2-monoesters (12g-o) 
and 3-monoesters (13g-n), compounds with terminal C=C (12h 
and 12m in water, 13m in 1:1 ethanol/water) or naphthyl 
moiety (12o in water) showed promising results. However, the 
benzoate monoesters (12n and 13n) did not induce gelation in 
any of the solvents tested. Hydrogen bonding is the major 
driving force for the methyl 4, 6-O-benzylidene-methyl-α-D-
glucopyranose analogues to induce hydrogelation. Hence, using  

    
 
 
 
 
 
 
 
 
 

           

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

carbamate106 or amide107 or urea107,108 groups instead of ester as 
linkages improves gelation efficiency because they offer 
additional accessible hydrogen bonding donor (-N-H) and 
acceptor (-C=O) sites. Since carbamate linkage has strong 
influence in the gelation process over ester, presence of a 
terminal acetylene group is no more a necessary requirement to 
exhibit efficient gelation in case of O-linked carbamates (14a-

i).106 The saturated alkyl (14a) and cyclohexyl (14f) derivatives 
exhibited efficient hydrogelation in the presence of 33% co- 
solvent (DMSO or EtOH). 
  

 
   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Molecular structures of methyl 4, 6-O-benzylidene-α-D-glucopyranose derivatives 11-19. 
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Interchanging the positions of the nitrogen and the oxygen 
atoms of the carbamates (N-linked carbamates) afforded 
another series of efficient gelators (15a-f) capable of 
immobilizing water/DMSO mixture (2:1).106 Most of the 
synthesized amide derivatives (16a-h, 16j-m) formed stable 
hydrogels at significantly low concentrations (< 5%) in 
presence of 33% co-solvents such as, DMSO or ethanol (Table 
1).107 Compounds 16i and 16n could immobilize only 
water/ethanol (2:1) mixture at a significantly higher 
concentration (10 mg/mL). Similar to the amides, urea 
derivatives (17a-k) also exhibited excellent gelation ability in 
the same solvent mixtures. 

Decoration of the para-position of the phenyl ring of methyl 
4, 6-O-benzylidene-α-D-glucopyranoside by n-alkoxy (18a-e) 
or n-alkoxycarbonyl (19a-e) substituents of various lengths 
afforded a new series of sugar-derived LMWGs (Table 1).132 
Among these sugar derivatives, 18b-e and 19b-e were capable 
of forming gels in a diverse range of organic solvents such as, 
alcohols (methanol, 1-propanol, 1-butanol), aliphatic (n-heptane 
and n-dodecane), aromatic (benzene and toluene) and 
halogenated (CCl4 and C2Cl4) solvents depending upon the 
gelator chain length. Versatility of gelation enhanced upon 
increasing the length of the hydrocarbon chain. Compounds 18e 
and 19e behaved as most efficient gelators among this series of 
compounds. Importantly, gelation process became sluggish in 
methanol indicating presence of hydrogen bonding interactions 
between the gelator and solvent molecules. Compound 18a 
formed gel only in n-dodecane whereas, compound 19a failed 
to immobilize any of these solvents tested. 

2.3.4. Charge-transfer 

Charge-transfer (CT) gelators comprise certain class of 
gelators, which are capable of forming gel in a desired solvent 
in the presence of electron-rich or electron-deficient guests 
often accompanied by significant visual changes in colour. CT-
interaction is comparable to hydrogen bonding because of its 
complementary nature, which allows alternate stacking of 
aromatic donor (D) and acceptor (A) chromophores.63 Gel 
formation mediated by CT-interaction has been extensively 
applied to promote the self-assembly process in aqueous and 
organic medium. Maitra et al. reported the first example of a 
donor-acceptor based organogelation of pyrene derivatives in 
presence of 2, 4, 7-trinitroflurenone (TNF) as an acceptor.133 

Shinkai and co-workers introduced the first example of 
donor-acceptor type interactions in sugar-based two-component 
system, where both the donor and the acceptor moieties are 
gelators independently.134 These authors investigated charge-
transfer (CT) mediated two-component gelation in a variety of 
organic liquids and water at different compositions of two 
sugar-based molecules, one containing an electron-donor group 
and the other an electron-acceptor functionality. The p-
nitrophenyl derivative 20a was capable of gelling both aromatic 
solvents, as well as non-aromatic polar solvents. It was also an 
efficient gelator for water, while it showed poor performance in 
non-aromatic nonpolar solvents because of its high tendency to 

form precipitates (Fig. 14a). In contrast, the p-amino phenyl 
derivative 20b, induced gelation in limited solvents (Fig. 14a). 

When a mixture of 20a and 20b in a 1:1 molar ratio, in n-
octanol or diphenyl ether, was heated, the white powders were 
rendered soluble to result in a colourless solution, which 
subsequently transformed into a yellow gel upon cooling to 
room temperature. Furthermore, investigation of thermal 
stability by Tgel measurements revealed that presence of 
acceptor (20a) and donor (20b) in equal proportion (1:1) 
enhanced the thermal stability of the resulting gel. The donor-
acceptor interaction associated with the gelation was monitored 
by UV-Vis spectroscopy (Fig. 14b). Initially, the intensity of 
the shoulder at 335 nm diminished followed by a simultaneous 
increase in the intensity at higher wavelengths (380-800 nm) 
during sol-to-gel transition (from t = 0 to t = 10 min). During 
this time, a light yellow colour appeared. Subsequently, 
intensity of the shoulder at 335 nm monotonically decreased 
and the signal around 420 nm enhanced due to the 
intensification of the yellow colour of the gel (Fig. 14b). Such 
behaviour of UV-Vis absorption spectra in the 350-600 nm 
range indicates the formation of a charge-transfer complex. 
Fibrous networks were found under TEM for single-component 
gels in diphenyl ether while the dual-component gel exhibited 
helical fibers attributed to the charge-transfer interaction. 

 

 

 

 

 

 

 

Fig. 14 (a) Chemical structures of 20a and 20b. (b) Time-
dependent changes in the UV-Vis spectra of a 2 wt-% sample in 
n-octanol containing 1:1 molar ratio of 20a and 20b. At t = 0 
min, the sample completely dissolves, at t = 10 min gelation 
occurs, and between t = 10 and t = 60 min the yellow colour of 
the gel intensifies significantly. Reprinted with permission from 
ref. 134. Copyright 2002, American Chemical Society. 

2.4. Sugar-derived amphiphilic LMWGs 

2.4.1. Monosaccharide-based amphiphiles 

Aliphatic hydrocarbon chain linked sugar-based amphiphiles 
self-assemble via hydrogen bonding and van der Waals 
interactions in water. This type of molecules are similar to the 
lipids or surfactants due to the presence of hydrocarbon 
segments and the hydrogen bond forming sugar moiety based 
hydrophilic headgroups. However, strong hydrogen bonding 
interaction among the headgroups induces unidirectional 
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propagation of molecular self-assembly which finally leads to 
formation of fibers or ribbons, as illustrated in Fig. 6. 

In one of the early reports, Bhattacharya et al. demonstrated 
facile hydrogelation from D-maltose and D-lactose based N-
alkyl disaccharide amphiphiles (Fig. 15).111 Among six 
disaccharides (21a-c and 22a-c), compounds 21a and 22a 
exhibited efficient immobilization of water (>6000 molecules 
of water per gelator molecule). In contrast, 21b and 22b did not 
result in gel formation at all even after 24 h. The low mgc 
values of the N-alkyl disaccharide amphiphiles (21a and 22a) 
were attributed to the presence of large inter-lamellar spaces 
where the water molecules are immobilized by capillary forces. 
However, compound 21c or 22c exhibited low gelation 
efficiency and only ~800 molecules of water per gelator 
molecule were gelated.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15 Chemical structures of some sugar-derived amphiphiles 
21-26. 

Nandi and co-workers synthesized a series of novel lipid-
modified vitamin C derivatives (23a-c and 24a-c), which are 
combination products of fatty acids and hydroxy carboxylic 
acids (tartaric acid and malic acid) linked to the primary 
hydroxy group of ascorbic acid via ester bonds (Fig. 15).135 
These authors investigated the influence of variation of 
hydrocarbon chain length toward gelation. These compounds 
exhibited interesting properties as surfactants, emulsifiers, oil-
soluble antioxidants, and highly effective gelators in both 
organic solvents and in water. It was found that the gelation 
ability and gel stability in water were highly influenced by the 
length of the hydrocarbon chains. Amphiphile 23c, 24b, and 
24c formed significantly stable hydrogels at room temperature. 
In contrast, tartaric and malic acid based amphiphiles with 
shorter chains (C12) produced stable hydrogels only at low 
temperatures. Thus, increase in the chain lengths for both 
tartaric and malic acid amphiphiles promoted higher extent of 
association among the fibers through van der Waals forces and 
drove these amphiphiles to organize in lamellar arrangements. 

In another report, these authors also explored a series of 
similar type of amphiphilic molecules (Fig. 15) by systematic 
variation of the alkyl chains (C12 to C16) of the O-acylated 
hydroxycarboxylic acid anhydrides (tartaric and malic acid 
anhydride) linked to the D-glucose moiety via an ester bond 
(25a-c and 26a-c).136 Among these amphiphiles, 26a could 
gelate both non-polar solvents and water. However, 25a-c, 26b 
and 26c were capable of gelling only a few solvents other than 
water. This implied presence of a subtle balance between 
hydrogen bonding and van der Waals interactions is essential to 
induce gelation in water or in an organic medium. 

Aldopyranoside-derived gelators 27a and 27b represent 
good examples of amphiphilic gelators containing a sugar 
moiety, an aminophenyl, and a long alkyl chain reported by 
Jung et al. (Fig. 16a).110,112 These compounds formed opaque 
gels in a series of organic solvents and in water in presence of 
small amount of alcoholic solvents. Interestingly, their 
bolaamphiphilic analogues (28a and 28b) could immobilize 
both organic solvents and water without addition of any co-
solvent indicating higher solubility owing to the presence of 
two sugar headgroups. Bolaamphiphilic aldopyranosides are 
superior to simple monomeric amphiphiles concerning mgc and 
stability. A combination of hydrogen bonding, π-π stacking and 
hydrophobic forces led to the formation of a bilayer 
arrangement in supramolecular assemblies of these amphiphiles 
as confirmed by 1H-NMR and WAXD studies (Fig. 16b-e). 

Kameta et al. showed nanotape and nanotube formation 
from self-assemblies of two glycolipids depending upon the 
nature of the headgroup differed by the bonding position of the 
boron atom in the naphthalene ring (Fig. 17a).137 Compound 
29b furnished an organogel (mgc = 0.1 wt-%) upon cooling a 
hot solution of the gelator to room temperature (Inset, Fig. 
17b), whereas compound 29a led to precipitation. 
Morphological investigation of the precipitates and the xerogel 
obtained from 29a and 29b respectively by electron microscopy 
revealed the existence of nanotapes (20-100 nm) and 
nanotubular structures with uniform nanochannel of 15 nm 
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inner diameters (Fig. 17b and c). These results clearly ascribe 
strong morphological dependence on the bonding position of 
the boron atom in the naphthalene ring. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16 (a) Chemical structures of some sugar-based 
amphiphiles and bolaamphiphiles having aromatic spacer 27 

and 28. Proposed molecular arrangement in the supramolecular 
aggregates of (b) the hydrogels 27a and 27b, (c) and (d) the 
organogels 27a and 27b, and (e) the hydrogel 28b. 

The nanotube from 29b exhibited an intense narrow 
fluorescence band at 350 nm associated with the monomeric 
species of the naphthalene group. However, a weak and broad 
fluorescence band in the region of 405 nm was observed in case 
of the nanotape from 29a attributed to the excimer species of 
the naphthalene unit. This result suggests tighter packing of the 
molecules in the bilayer membranes of nanotubes compared to 
that in nanotapes. Furthermore, anthracene as a guest 
fluorescent acceptor could be encapsulated in the nanochannel 
of the nanotubes of 29b in order to induce efficient energy-
transfer (Fig. 17d-f). This is owing to the characteristic 

absorption band of anthracene, which overlaps, well with the 
emission band associated with the naphthalene moieties in the 
nanotube. It was further observed that light energy adsorbed by 
the densely packed naphthalene moieties in the bilayer 
membrane could be transferred into the encapsulated acceptor 
(anthracene), with high quantum efficiency. 

     
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 17 (a) Chemical structures of glycolipids 29a and 29b. (b) 
SEM and (c) TEM images of nanotubular structures formed 
from 29b; Inset shows photograph of the associated toluene gel 
of 29b. (d) and (e) Schematic representations of the energy 
transfer from the naphthalene moieties (the host) within the 
bilayer membranes of the nanotube wall to the encapsulated 
anthracenes (the guest) in the nanochannel. (f) Fluorescence 
spectra of the nanotube encapsulating anthracenes in the 
nanochannel (solid lines) and the only nanotube (dotted line) in 
CHCl3. Reprinted with permission from ref. 137. Copyright 
2011, American Chemical Society respectively.   

2.4.1.1. Effect of unsaturation of the hydrocarbon chains 

Presence double or triple bond in the hydrocarbon chain of 
amphiphilic sugar-based gelator may have strong influence 
towards the gelation properties. Shimizu et al. showed that 
gelation and aggregation behaviour of a series of cardanyl 
(glucoside)s (30a-d) could be modulated by the unsaturation of 
the alkyl chain (Fig. 18).138 Saturated member 30a and the 
monoene 30b both were capable of forming gel in 1:1 
water/EtOH mixture (v/v). DSC studies revealed that the Tgel of 
30a in water/ethanol (1:1, v/v) gel was 69 °C, which decreased 
to 30 °C upon insertion of a single cis double bond in the case 
of monoene 30b. Interestingly, the diene 30c and triene 30d 

hardly exhibited gelation in any solvent system undertaken, 
even upon cooling to -6 °C. This result clearly shows the strong 
influence of the number of double bonds located on the 
lipophilic part of the gelator on the stability of the gel. 
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In an another instance, Jung et al. introduced a sugar-based 
gelator 31a (Fig. 18) bearing a lipophilic diacetylene group 
which showed efficient hydrogelation in the absence of organic 
solvent even at significantly low concentration (0.05 wt-%).139 
In contrast, the gelator 31b failed to form hydrogel indicating 
the crucial role of a triple bond in the hydrogelation process. 
This result is attributed to the comparatively stronger inter-
molecular hydrogen bonding interactions between the sugar 
moieties of 31a by disordered molecular packing between the 
diacetylene moieties, compared to that of the gelator 31b. 

 

 

 

 

 

 

 

 

 

Fig. 18 Chemical structures of 30 and 31. 

2.4.2. Liquid-crystalline disaccharide-based LMWGs 

Fig. 19 shows three amphiphilic glycolipids (32a-c) containing 
a maltose140 (32a) or a cellobiose141 (32b) or a lactose141 (32c) 
as polar headgroup and a hydrocarbon chain reported by Oriol 
and co-workers. Each of these glycolipids gave rise to 
thermoreversible and stable gels in water. Maltose and lactose 
derivatives both formed gels at mgc of ~1 wt-%, while the 
cellobiose based lipid exhibited comparatively higher gelation 
efficiency (mgc ~0.5 wt-%). Morphological studies of 
cellobiose or lactose lipid aggregates by transmission electron 
microscopy (TEM) showed right and left-handed helical ribons 
respectively whereas the maltose derivative showed simple 
fibers.  

Interestingly, these glycolipids showed characteristic 
birefringent textures under POM associated with thermotropic 
liquid-crystalline properties. The maltose derivative exhibited a 
thermotropic transition peak around 50 °C, above which it 
remained as a viscous liquid, and became a mobile fluid above 
~90 °C. Similar behaviour was observed for the cellobiose and 
lactose compounds as well, although the mesophases appeared 
at relatively higher temperatures, around 160 and 150 °C, 
respectively. Textures observed under POM in these cases were 
similar to that of the maltose derivative.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 19 Molecular structures of amphiphilic glycolipids 32a-c.  

2.5. Advantages of attaching porphyrin 

Suitable modification of sugar derivatives by integration of 
planar π-conjugated molecules has allowed the formation of 
self-assembled structures in organic solvents or in water (Fig. 
6). Porphyrins are well known to form one-dimensional 
aggregates whose major driving force is considered to be π-π 

stacking interactions. Presence of a chromophoric part in the 
sugar-based gels also offers an opportunity to follow the 
structural transformation associated with the gel-to-sol 
transition by UV-Vis and circular dichroism (CD) 
spectroscopy. Shinkai reported a series of classic examples of 
organogelators (33a-e), each comprising a porphyrin connected 
to four sugar moieties through amide linkages (Fig. 20a).113,114 
The synergistic effect of the π-π stacking interactions among 
the porphyrin moieties and the hydrogen-bonding interactions 
among the sugar moieties led to the formation of stable one-
dimensional aggregates indispensable for the gel formation. 
Porphyrin derivatives 33a-c were found to immobilize 
efficiently DMF/poor solvent (e.g., methanol, ethanol, 2-
propanol, 1-butanol and benzyl alcohol) 1:3 (v/v) mixed 
solvent. However, 33d appeared as a weak gelator, whereas 33e 
was completely soluble in most of the solvent systems tested.  

UV-Vis spectrum of 33a (2.3 µM) in DMF showed the 
Soret band at 422 nm, and the Q bands at 517, 553, 593, and 
647 nm (Fig. 20b). In contrast, the Q bands experienced 
bathochromic shifts, whereas the Soret band shifted to a shorter 
wavelength along with the appearance of a shoulder around 430 
nm in DMF/benzyl alcohol gel elucidating an H-type 
aggregation mode in the 1D-porphyrin stacks. Similar trend 
was followed in case of 33b (3.9 µM) and 33c (3.9 µM) as 
well. The CD spectrum of the gel of 33a exhibited a positive 
exciton splitting indicating helically twisted porphyrin column 
by the chiral peripheral saccharide groups. Notably the CD-
spectrum of the homogeneous solution of 33a did not show any 
peak (Fig. 20c). Compound 33b, which differed from 33a by 
the stereochemistry of the anomeric position of the sugar 
skeleton, gave rise to exactly the same CD signature with 
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opposite sign. Completely different pattern of the CD signal of 
33c was attributed to the changes in the aggregation mode of 
33c compared to that of 33a and 33b. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Fig. 20 (a) Molecular structures of 33a-e. (b) UV-Vis and (c) 
CD-spectra of the gels: blue; 33a, red; 33b, and green; 33c 
(DMF/benzyl alcohol 1:3 (v/v)), [33a-c] = 7 g/cm3 (25 °C), and 
dotted line; homogeneous solution of 33a (DMF/benzyl alcohol 
1:2 (v/v), [33a] = 2.3 µM (25 °C). Reprinted with permission 
from ref. 114. Copyright 2004, Wiley-VCH Verlag GmbH & 
Co. KGaA. 

2.6. CH-π interactions 

Ulijn and co-workers examined supramolecular hydrogelation 
mediated by self-assembly of fluorenyl methoxycarbonyl 
(Fmoc) integrated carbohydrate amphiphiles (Fig. 21).142 

Compounds 34a and 34b afforded translucent hydrogels upon 
cooling their hot solutions in water or PBS (pH 7.4, 0.01 M 
phosphate buffer, 0.0027 M KCl and 0.137 M NaCl). In 
contrast, compounds 34c-f failed to form hydrogels. This was 
the first instance where the self-assembly of the hydrogelators 
(34a and 34b) was promoted by a combination of CH-π and T-
stacking interactions of fluorenyl groups, instead of 
conventional face-to-face π-π stacking and H-bonding 
interactions as observed with Fmoc-peptide based systems.   

 

 

 

 

 

 

 

 

 

Fig. 21 Chemical structures of 34a-f. 

2.7. Metal-ligand coordination 

Utilization of metal-ligand coordination as a driving force in 
order to induce gelation in organic solvents or aqueous medium 
offers another approach to get access to intriguing properties 
such as fluorescence, phosphorescence, catalytic and redox 
properties etc. These depend upon the metal centers, 
coordination geometry and coordinating ligands, which may not 
be easily attainable by simple gelation of small molecules.57-61 
In one of the earlier reports, Nolte described gelation properties 
of Pd(II) and Pt(II) complexes of the pyridine-functionalized 
gluconamides (Fig. 22).143 Complex trans-[Pt(35a)2Cl2] 
exhibited efficient gelation in tetrahydrofuran (THF), toluene 
and MeOH. Interestingly, the analogous trans-palladium(II) 
complex of 35a was also capable of immobilizing THF. 
However, trans-[Pd(35b)2Cl2] failed to induce gelation, 
presumably because of the conformational constraints of the 
molecule which is not favourable for rod-like geometry of the 
assemblies.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 22 Chemical structures of 35-37. 
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Dötz and co-workers reported thermoreversible 
organogelation in chlorinated and aromatic solvents and in their 
mixtures by an aminocarbene-chromium complex synthesized 
from pentacarbonyl chromate and pentaacetylated gluconic acid 
chloride (36) (Fig. 22).144 Substitution of the carbonyl oxygen 
atom by apolar pentacarbonylchromium fragment had a strong 
influence in the modulation of solubility of the amphiphile. 
Aggregation mode of this metal-carbene complex was found to 
depend on both the solvents (mixture) and on the cooling rate. 
Significant enhancement of CD signal was observed in 
chloroform gel compared to that of the solution at 50 °C. 
Furthermore, UV bands at 350 nm (metal-to-ligand charge 
transfer), 320 nm (ligand-field transition) and 270-260 nm 
(ligand-to-metal charge transfer) associated with the 
organometallic chromophore were observed in the absorption 
spectra. Though significant change was not observed in the 
temperature-dependent UV spectra, inversion of the CD signal 
around 270-260 nm (not the other ones) occurred after the third 
heating-cooling cycle, suggesting presence of kinetic and 
thermodynamic states in the aminocarbene chromium complex 
gel. Though the self-assembly process was driven by hydrogen 
bonding of the hydroxyl and amino group, reduction of the 
local C4υ symmetry on the pentacarbonyl chromium associated 
with the molecular packing effects on fiber formation was 
confirmed by FT-IR analysis. 

Compound 37 is a trinuclear copper(II) complex with 
inositol and 2,2’-bipyridine capable of hydrogel formation at 
pH 12.4, promoted by H-bonding and inter- and intra-molecular 
π-stacking between the bipyridyls (Fig. 22).145  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 23 Chemical structures of 38 and 39. 

Gelation by this complex did not occur at neutral pH. The 
absorption maximum at 675 nm associated with the ligand field 
transition of [Cu (bipy)]2+, shifted to 657 nm in the sol state of 
inositol-Cu-bipy (1:3:3) at natural pH due to the increase in the 
ligand field. However, at pH 12.4, gelation occurred and the 
absorption maximum appeared at 665 nm elucidating 
coordination of inositol and importance of the hydroxyl in the 
gelation process. 

2.8. Dendritic sugar-derived gelators 

Dendrons and dendrimers are precisely defined highly branched 
macromolecules with unique shapes and multiple 
functionalities.146 Over the past decade, a large numbers of 
reports of self-assembly of dendritic organogelators and 
hydrogelators based on poly(amino acid), poly(amide), and 
poly(aryl ether) dendrons, or together with multiple alkyl 
chains on the periphery have appeared in literature.147,148 
However, only a few instances of sugar-derived dendrons have 
been reported. 

Prasad and co-workers synthesized a new family of linear 
sugar-based poly(aryl ether) dendrons that self-assembled into 
gels most likely through the extensive hydrogen bonding and π-
π interactions among the gelator molecules (Fig. 23).149 
Compound 38a formed gel at a mgc value of 0.1% (w/v) in 
DMSO-water systems (1:9), while compound 38b did not show 
gelation in the above mixture of solvents. Rather, compound 
38b immobilized alcoholic solvents to result in translucent 
organogels. 
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Furthermore, a change in pH from neutral to basic condition 
(pH = 10, by addition of KOH) led to the conversion of the gel-
to-sol transition accompanied by a morphological transition 
from nanofibers-to-spherical aggregates.  

Pati et al. reported a series of amphiphilic glycopolypeptide 
(GP)-dendron conjugates (39a-d) based on a wedge-like 
dendron attached to stiff GP chains by a coil-like oligo(ethylene 
glycol) which self-assembled to result in organogels (Fig. 
23).150 Compound 39a afforded organogel upon cooling a 0.7 
wt-% clear solution in acetonitrile. However, 39c did not form 
gel indicating that increased hydrophilicity in the amphiphilic 
glycopolypeptide was not conducive for gelation. Interestingly, 
both the glycopolypeptides (39b and 39d) containing 
unprotected sugar moieties also formed organogels in DMSO. 

2.9. Gluconamide type gelators 

Amphiphilic molecules containing an aliphatic long chain 
attached to a carbohydrate headgroup through amide 
functionality form fibrous aggregates in water.151,152 Welte and 
co-workers reported the first instance of gluconamide-derived 
gels (Fig. 24).153 N-Alkyl gluconamides (40a-c) formed 
hydrogels, which generated right-handed helical fibers as 
revealed under electron microscope. Interestingly, the sol-to-gel 
transition temperature (Tg) decreased with decreasing 
hydrocarbon chain length. While, unstable gels formed in case 
of gluconamide derivatives having longer hydrocarbon chains 
(40d and 40e) and transformed to crystalline needles. 
Methylation of the amide -NH of the N-alkylgluconamides 
resulted in a loss of gelation ability (41a-e). Compounds with 
two amide bonds (42a and 42b) showed gelation at lower 
concentration similar to the monoamides. These however, 
showed high propensity of crystallization. Methylation of one 
of the amide bonds of the previous series led to another family 
of gluconamide derivatives (43a-d). Among them, only 43d 
could form gel at room temperature. It also showed rope like 
fibrous structure with right handed helical signature similar to 
the N-alkylgluconamides. Later, Fuhrhop et al. demonstrated a 
quadruple helix formation with a magic-angle (54.7°) 
inclination from N-octyl-D-gluconamide 40c.115  

Maruyama and co-workers developed a series of novel 
LMWGs (44a-c) consisting of a long hydrocarbon chain and a 
gluconic acid moiety intervened by various amino acids (Fig. 
24).154 Interestingly, these LMWGs acted as efficient 
hydrogelators in a wide range of pH as well as organogelators 
in organic solvents, edible oil, biodiesel and ionogelator in 
ionic liquids at significantly low gelator concentrations (0.1-2 
wt-%). This represents the first example where versatile 
gelation through the formation of nanofibrous networks could 
be achieved in aqueous media as well as in organic solvents, 
and ionic liquids from the same gelator system. 

Fang et al. investigated the gelation behaviour of a family of 
gelators (Fig. 24), containing naphthalene unit as core attached 
to gluconamide functionality by linkers such as hydrazine, 
ethylenediamine, 1,3-propanediamine, 1,4-butanediamine, and 
1,6-hexanediamine, respectively (45a-e).155 In gelation 

experiment, gelator 45a acted as hydrogelator. Whereas, 45b 
was capable of forming gel in both organic solvents and water, 
thus it acted as an “ambidextrous gelator”. However, 
compounds 45c-e behaved as organogelators only. Hence, a 
perfect transition from low-molecular mass hydrogelators 
(LMHGs) to ambidextrous gelator and then to low-molecular 
mass organogelators (LMOGs) could be achieved by a fine-
tuning of the length of the spacers. Furthermore, results 
obtained from the UV-Vis, fluorescence spectroscopy 
confirmed the presence of a J-type aggregation mode of the 
naphthalene moieties, and an aggregation induced enhanced 
emission (AIEE) in the gel phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 24 Chemical structures of 40-45. 

3. Stimuli-responsiveness of sugar-based gels 

Incorporation of a receptor or a stimuli-responsive functionality 
at the molecular level offers promising prospects for the design 
and construction of novel materials.156-158 Apart from thermal 
responsiveness, various LMWGs also respond to other stimuli 
including sonication, host-guest interaction, external additives, 

light irradiation, pH, redox, cation, anion, enzyme, redox 
reactions, and solvent etc (Fig. 25a).32,159 Thus, external 
perturbation can modulate the gel-to-sol transitions because of 
either reinforcement or weakening of weak non-covalent 
interactions involved in the assembly of molecular building 
blocks. These examples mimic natural phenomena like the 
seismonastic movement of mimosa leaves or tight curling up of 
millipedes upon touching and bursting of a water-filled balloon 
by poking a needle etc (Fig. 25b-d). This section will highlight 
some examples of this kind of stimuli-responsive gels, based on 
sugar-derived LMWGs endowed with various responsive 
groups to demonstrate the impact of molecular design principle 
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and future outlook for these fascinating gel-to-sol transition 
phenomena (Table 2). 
 
 
 

 
 
 
 
 

Compound Sugar Motif 

Additional 

Functionality 

 

Stimulus 

 
Transition 

 
Reversibility 

 
Ref. 

 

46 D-Glucoside Terphenyl Rate of cooling Morphology - 161a 

47c N-Acetylgalactosamine Amide Heat Volume Yes 162b 

48a-c 
D-Glucamine, N-Methyl-
D-glucamine 

Urea Ultrasound Sol-to-gel - 164b 

20a D-Glucopyranoside p-Nitrobenzylidene Methyl-β-CD Gel-to-sol - 165b 

49 β-CD Cinnamoyl-trinitrophenyl 
1-Adamantane 
carboxylic acid or 
urea 

Gel-to-sol - 166b 

50a-b β-CD Acrylamide Bisphenol A Volume  167, 168b 

51b-c α-CD C6H3-3,5-(OMe)2 N-alkyl pyridinium Sol-to-gel - 169b 

52a D-Glucofuranose Azo-benzene Salt Morphology - 170b 

54a-b D-Lactose, D-Maltose Azo-benzene Light Gel-to-sol Yes 172b 

55 N-Acetylgalactosamine Fumaric amide Light Gel-to-sol Yes 173, 174b 

56 Gluconamide Anthracene Light Gel-to-sol No 175b 

57 Trehalose Acrylate Light Gel-to-sol No 176c 

58 γ-CD Coumarin Light Sol-to-gel Yes 177b 

31a D-Glucopyranoside Diacetylene Light Colour No 139b 

59-62 D-Glucopyranoside Diacetylene Light Colour No 180-182c 

63 N-Acetylgalactosamine Amide pH Volume Yes 183b 

65a-c D-Glucopyranoside Amide pH Sol-to-gel - 184b 

66 Salen D-Sorbitol Cu2+ Gel-to-sol Yes 190, 191a 

63 N-Acetylgalactosamine Amide Phosphate 
Emission, 
FRET 

- 192, 193b 

69a D-glucopyranoside Aldehydephenylidene Cysteine Gel-to-sol No 194b 

70 Gluconamide Pyrene Insulin Emission No 195b 

- 
2-Glucosyloxyethyl 
methacrylate 

Concanavalin A Glucose Volume - 196b 

71 D-glucopyranoside Urea Concanavalin A Gel-to-sol - 197b 

72 D-glucopyranoside Urea Ionic Surfactants  Sol-to-gel - 198b 

73 Amygdalin Fatty acid ester 
Lipolase 100L, 
type EX Gel-to-sol No 94b 

74a-77a D-Glucosamine 
Thymine, phenylalanine, 
phosphorylated tyrosine 

Phosphatase 
enzyme Sol-to-gel No 200b 

78a D-Glucosamine 
Fluorenylmethoxycarbon
yl 

Phosphatase 
enzyme 

Sol-to-gel No 201b 

79a 
D-Galactose 

2-Naphthylacetic acid-
Phe-Phe-Lys 

β-Galactosidase 
enzyme Sol-to-gel No 202b 

  

Table 2. Stimuli-responsive properties of various sugar-derived LMWGs discussed in the present review. 

a Aq./organic gel; b Hydrogel; c Organogel.  
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Fig. 25 (a) A schematic illustration of stimuli-responsive gel-
to-sol transition process. Examples of stimuli-responsive 
natural phenomena and daily life happening; (b) seismonastic 
movement of mimosa leaves, (c) tight curling up of millipedes 
upon touching and (d) bursting of water-filled balloon by 
poking a needle.160  

3.1. Temperature 

3.1.1. Tuning of helicity 

Supramolecular gels are often thermo-reversible and hence 
these are thermo-responsive in most of the cases. Compound 
46, 4”-butoxy-4-hydroxy-p-terphenyl-β-D-glucoside (Fig. 26a) 
is a LMWG which forms a thermo-reversible gel in 2:3 (v/v) 
H2O/1,4-dioxane  mixture.161 However, it exhibits interesting 
features in the morphology associated with the molecular 
packing which is strongly influenced by the rate of cooling of 
the hot solution: the slow-cooling led to the formation of left-
handed helical ribbons (Fig. 26b), while the right-handed 
counterparts are resulted in the fast-cooling process (Fig. 26c). 
This remarkable phenomenon could be explained by two kinds 
of packing modes of the gelator molecules (46) either in a 
clockwise or in an anticlockwise orientation. Hence, kinetically 
evolved right-handed helical ribbons gradually transform into 
the thermodynamically more stable left-handed helical form 
with further decreasing temperature. During fast cooling of the 
hot solution, the nuclei do not get enough time to grow 
thermodynamically stable state from the metastable state. 
Hence, the ribbons generated from them exhibited right-
handedness. 

3.1.2. Volume shrinkage 

Kiyonaka et al. also reported a series of hydrogels derived 
from N-acetylgalactosamine appended amino acids (47a-c) 
which exhibited thermo-reversible swelling and shrinkage 
behaviour (Fig. 27a).162 On heating, the volume of the gels 
remarkably shrank and expelled water instead of showing 

conventional gel-to-sol transition process (Fig. 27b). 
Furthermore, temperature induced release of DNA from these 
gels was examined by following the UV-Vis absorbance of the 
solution at 254 nm. The release of DNA enhanced significantly 
near the phase transition temperature of the gel (Fig. 27c). 
Additionally, removal of bisphenol A, a hydrophobic water 
pollutant, was achieved by entrapping it from an aqueous 
solution (840 µM) into the hydrophobic cavity of this gel 47c 

(Fig. 27d).  
This type of thermo-responsive soft gel matrix was further 

employed to regulate the rotary motion of an enzyme, F1-
ATPase at the single-molecule level in an on/off manner.163 
 
 
 
 
 
 
 
 
 
 

 

Fig. 26 (a) Molecular structure of 4”-butoxy-4-hydroxy-p-
terphenyl-β-D-glucoside, 46. SEM images of the gels of 46 
obtained from (b) slow-cooling process, and (c) fast-cooling 
process in H2O/1, 4-dioxane (40/60 v/v). Reprinted with 
permission from ref. 161. Copyright 2009, American Chemical 
Society. 

3.2. Ultrasound 

Though conventional gelation is generally achieved by 
heating-cooling process, application of ultrasound may induce 
gelation in some cases. The kinetics of gelation triggered by 
sonication is generally much faster compared to that of the 
heating-cooling process.69 Cintas and co-workers reported a 
series of amphiphiles and bolaamphiphiles (48a-c) in which 
the linear hydrophilic carbohydrate group (D-glucamine or N-
methyl-D-glucamine) and hydrocarbon backbone are linked 
via ureido or bis(ureido) functionality based spacer (Fig. 
28).164 They behaved as self-organizing nonionic surfactants 
which were capable of exhibiting highly efficient 
hydrogelation, induced by ultrasound (35 kHz). The monourea 
derivatives (48a-b) formed stable gels at room temperature 
induced by sonication. Whereas, the bis (ureido) derivative 
(48c) also resulted gel by sonication at room temperature, but, 
lowered down the mgc (1 wt-%) compared to that of the 
thermally induced gelation process (2 wt-%). The gelation 
capability of these gelators was attributed to a combined effect 
of hydrogen bonding between the urea groups and van der 
Waals interactions between the long alkyl chains. 
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Fig. 27 (a) Molecular structures of hydrogelators (47a-c) 
derived from N-acetylgalactosamine appended amino acids. (b) 
Thermo-responsive reversible shrinkage and swelling of the 
hydrogel of 47c. (c) Plots of released ratio of DNA versus 
temperature for the corresponding hydrogels [47a (blue), 47b 

(green) and 47c (red)]. (d) UV-visible spectra of the water 
polluted with bisphenol A before and after gel shrinkage. 
Reprinted with permission from ref. 162. Copyright 2002, 
American Chemical Society. 

3.3. Host-guest interaction 

Sakurai’s group employed a carbohydrate derived hydrogel as 
a matrix for the inclusion and controlled release of DNA.165 
Mixing of DNA with 4, 6-O-(p-nitrobenzylidene)-α-D-
glucopyranoside, 20a (Fig. 14a), in stoichiometric or excess 
amount (w/v %) in water led to the formation of an opaque gel. 
DNA could be incorporated in the hydrogel because of the 
hydrogen bonding interactions involving the phosphodiester of 
DNA with the surface of the gel fibers covered with sugar 
hydroxyl groups. This was further supported by less green 
fluorescent protein (GFP) expression ability of plasmid DNA 
included in the hydrogel of 20a in comparison to free DNA 
upon addition to E. coli T7 S30 extract solution (Fig. 29a). 
However, the original expression rate of the complexed DNA 
was regained again upon gradual addition of methyl-β-  

 
 
 
 
 
 
 
 
 
 
 

Fig. 28 Chemical structures of sugar-derived amphiphile and 
bolaamphiphile type gelators 48a-c. 

cyclodextrin because of the gel-to-sol transition associated 
with the complexation of methyl-β-cyclodextrin with the 
gelator (Fig. 29b). Thus, inclusion and controlled release of 
DNA from a hydrogel was achieved by modulating gel-to-sol 
transition using host-guest interaction between methyl-β-
cyclodextrin and the gelator molecule (Fig. 29c). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 29 (a) Comparison of the fluorescence microscopic 
images between 1 wt-% 20a gel and 1 wt-% 20a + 1 wt-% 
DNA gel (scale bar shows 1 µm). The right images show the 
location of ethidium bromide (EtBr) observed at 535 nm (λex = 
473 nm). (b) In vitro cell-free transcription/translation assay 
for 20a + pQBI 63 vector gels in E. coli T7 S30 extract 
solutions and DNA release test by adding methyl-β-
cyclodextrin (MβCyD). (c) A schematic illustration of 
inclusion and controlled release of DNA from hydrogel matrix 
of 20a. Reprinted with permission from ref. 165. Copyright 
2005, American Chemical Society. 
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Harada and co-workers demonstrated the first instance of 
supramolecular hydrogelation by a β-cyclodextrin (β-CD) 
containing a cinnamoyl-trinitrophenyl tail (49) without the aid 
of any polymer (Fig. 30a).166 Alternate inclusion of the 
aromatic segment of 49 in the CD-cavity of another molecule 
assisted the propagation supramolecular polymer to form 
fibrils. While the hydrogen bonding interactions among the 
CD-scaffolds cross-link these fibrils eventually to form a 
hydrogel. Interestingly, the gel-to-sol transition could be 
triggered by addition of a competitive guest such as 1-
adamantanecarboxylic acid (AdCA) or a denaturing agent 
capable of rupturing the hydrogen bonds such as urea (Fig. 
30b).   
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 30 (a) Molecular structures and cartoon representations of 
β-cyclodextrin derivative (49) and 1-adamantanecarboxylic 
acid (AdCA). (b) Photographs and schematic representation of 
AdCA induced gel-to-sol transition of 49. Reprinted with 
permission from ref. 166. Copyright 2007, Wiley-VCH Verlag 
GmbH & Co. KGaA. 

Bisphenol A (BPA) forms an inclusion complex with β-CD 
at 1:2 ratio. Miyata and co-workers used this fact to synthesize 
a BPA-responsive hydrogel with CDs as ligands via molecular 
imprinting.167 As shown in Fig. 31a, the CD-BPA-CD 
complexes with acryloyl groups were copolymerized with 

acrylamide (AAm) and N, N’-methylenebisacrylamide 
(MBAA) during BPA-imprinted hydrogel (50a) preparation. In 
parallel a non-imprinted hydrogel (50b) was also synthesized 
in a similar manner without the BPA template (Fig. 31b). The 
BPA-imprinted and non-imprinted hydrogels with CD ligands 
were capable of exhibiting remarkable shrinkage in response to 
BPA. This occurred probably due to higher cross-linking 
density attributed to the formation of CD-BPA-CD complexes. 
However, the extent of shrinkage appeared to be more 
pronounced in case of the BPA-imprinted hydrogel compared 
to that of the non-imprinted hydrogel (Fig. 31c and 31d). This 
could be due to an appropriate arrangement of the CD ligands 
within the imprinted network indispensable for the formation 
of the 2:1 CD-BPA complexes in contrast to the randomly 
organized CD ligands in the non-imprinted hydrogel.  

Recently, Miyata has further employed the BPA-responsive 
hydrogel as self-regulated micro-valves to control flow in a 
micro-channel.168 Since a micro-hydrogel undergoes rapid 
volume-shrinkage in the presence of this target molecule 
(BPA), the flow rate in the micro-channel could be modulated 
by varying the concentration of a target molecule (BPA). 
Hence, this BPA-responsive micro-hydrogel may find potential 
utility as smart micro-valves for autonomous micro-channel 
flow regulation. 
 
 
 

 

 

 

 

 

 

 

 

 

Fig. 31 Synthesis of (a) BPA-imprinted and (b) non-imprinted 
hydrogel. A schematic illustration of the swelling behaviour of 
(c) BPA-imprinted and (d) non-imprinted hydrogel. Reprinted 
with permission from ref. 167. Copyright 2014, The Royal 
Society of Chemistry. 

N-alkyl pyridinium compounds [Py-N-(CH2)nOC6H3-3,5-
(OMe)2]

+(X-) (51a: n = 8, X = Cl-; 51b: n = 10, X = Cl-; 51c: n 
= 12, X = Br-) form micelles in water (Fig. 32a).169 However, 
they are not capable of forming hydrogels even at significantly 
higher concentrations. Interestingly, addition of α-CD (100 
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mM) as an external guest to the aqueous solutions (50 mM) of 
51b or 51c led to the formation of opaque and thermo-
reversible hydrogels at 2:1 (host:guest) stoichiometric ratio 
(Fig. 32b, d, e). However, compound 51a having shorter 
polymethylene chain failed to form gel under same conditions 
(Fig. 32c). Importantly, β-CD and γ-CD do not gelate aq. 
solution of 51b. Furthermore, gel-to-sol transition could be 
triggered by addition of 200 mM of urea or phloroglucinol or 
[Py-N-nBu]+(Cl-). Urea or phloroglucinol cut off the cross-
linking hydrogen bonding interactions among CDs, while 
cationic [Py-N-nBu]+(Cl-) stacks with the C6H3-3,5-(OMe)2 
group of the rotaxanes leading to degradation of the 
supramolecular polymers of the pseudorotaxane.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 32 (a) Molecular structures N-alkyl pyridinium 
compounds (51a-c). (b) A proposed mechanism of formation 
of the supramolecular hydrogel by 51b. (c-e) Photographs 
showing α-CD induced sol and gel formation from aqueous 
solutions of 51a and 51b-c respectively. Reprinted with 
permission from ref. 169. Copyright 2010, Wiley-VCH Verlag 
GmbH & Co. KGaA. 

3.4. Salt-effect 

Bhattacharya described a pronounced hydrogelation at 
micromolar concentration by a tetrameric sugar derivative 
containing an azobenzene core (52a) in the presence of a small 
amount DMSO as a co-solvent (Fig. 33a).170 As many as 
~55500 water molecules could be immobilized by a single 
gelator molecule (gelation capacity = 1 wt-%), indicating high 
efficiency of hydrogelation. Inspired by this result, four similar 
azobenzene based tetrameric sugar derivatives, 52b-e, were 
also synthesized (Fig. 33a). Furthermore, changing the 

azobenzene core to the bis-amide derivative of terephthalic 
acid led to another series of tetrameric sugar molecules (53a-
c). However, none of these additional sugar derivatives 
responded to gelation. Interestingly, the resultant hydrogel 
from 52a exhibited remarkable tolerance to the pH variation of 
the aqueous media and hydrogelation retained in the pH range 
of 4-10. Investigation by UV-Vis, CD and FT-IR spectroscopy 
revealed that a combination of hydrogen bonding and 
hydrophobic force such as π-π stacking of the azobenzene 
groups were responsible for the growth of self-assembly which 
in turn led to the hydrogel formation. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Fig. 33 (a) Chemical structures of sugar derivatives 52 and 53. 
SEM images of xerogels of 52a in (b) water, (c) 1 mM CaCl2, 
(d) 1 mM MgCl2 and (e) 1 mM NaCl. Reprinted with 
permission from ref. 170. Copyright 2005, American Chemical 
Society. 

In addition, the presence of salts such as, NaCl (1 mM), 
KCl (1 mM), CaCl2 (1 mM), and MgCl2 (1 mM) had profound 
influence on the kinetics of gelation as well as on the 
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morphology of the gel aggregates (Fig. 33b-e). Gelation 
process was found to be delayed by addition of salts to the 
aqueous media. On the other hand a spongy globular 
morphology of the sole hydrogel of 52a transformed to “rod-
like” fibers, “fibrillar globules” and “aggregated spheres” in 
the presence of CaCl2 (1 mM), MgCl2 (1 mM) and NaCl (1 
mM) respectively. 

3.5. Light 

3.5.1. Cis-trans isomerization 

Azobenzene has been extensively used as an optical trigger in 
order to develop a diverse range of photo-responsive systems 
and photomodulation of interesting biological properties of 
peptides, proteins, lipids, and DNA owing to its remarkable 
property of reversible alterations in geometry and polarity 
associated with the light-induced cis-trans isomerization.171 
Azobenzene as a photo-responsive unit was integrated into 
LMWGs to produce photo-responsive gels. A large number of 
organogelators containing azobenzene moieties are reported in 
literature.32 Bhattacharya’s group investigated the effect of UV 
irradiation on a tetrameric sugar derivative containing 
azobenzene core (52a) in both solution and gel state (Fig. 
33a).170 UV light (350 nm) irradiation of a solution of 52a in 

DMSO (0.1 mg/ml) resulted in gradual hypochromism of the 
UV-Vis band at around 325 nm indicating trans-to-cis 

isomerization of the azobenzene chromophore. Interestingly, 
the colour of the gel remained unchanged even upon prolonged 
UV irradiation (20 min) indicating inhibition of 
photoisomerization of the azobenzene groups due to tight 
intermolecular packing inside the gel phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 34 Molecular structures of azobenzene group containing 
sugar derivatives (54a-b). UV-light induced gel-sol patterning 
of 54a hydrogel (0.3% w/v); photographs of hydrogel with a 
photomask containing a rectangular window (b) before UV 
irradiation, (c) after UV light irradiation, and (d) after leaving 
at room temperature for 12 h. Reprinted with permission from 
ref. 172. Copyright 2012, American Chemical Society. 

On the other hand, Kitaoka and co-workers demonstrated 
photo-stimulated trans-to-cis isomerization of hydrogels of 
54a or 54b under UV light irradiation, which resulted in gel-
to-sol transition (Fig. 34a).172 As shown in Fig. 34b and 34c, 
the uncovered region of gel obtained from 54a, gradually 
melted and moved to the bottom of the sample cell because of 
the trans-to-cis isomerization of the azobenzene groups upon 
irradiation with UV light. Re-aggregation of azo-gelator 
molecules in the trans-form could be achieved by thermally or 
by visible light exposure for 12 h (Fig. 34d). Similar 
observation was also found for 54b.   

3.5.1.1. Inter-conversion between fibres and vesicles 

Hamachi and co-workers reported a glycolipid based 
hydrogelator (55) containing fumaric acid amide as a trans-cis 
photo-active moiety, which exhibited photo-induced reversible 
gel-to-sol transition (Fig. 35a and 35b).173  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Fig. 35 (a) Schematic illustration and (b) photographs of light-
induced reversible gel-sol transition of 55. TEM and SEM 
(inset) images of (c) gel 55 before UV irradiation, (d) sol state 
after UV irradiation, and (e) reconstructed gel after Vis (Br2) 
irradiation of the sol. (f) Time courses of release ratio [%] of 
vitamin B12 from hydrogel 55 to bulk solution without or with 
UV irradiation. Reprinted with permission from ref. 173. 
Copyright 2008, Wiley-VCH Verlag GmbH & Co. KGaA. 

Morphological investigation of the hydrogel by microscopy 
revealed the presence of entangled fibrous structures having 
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length >10 mm and width <20 nm, while vesicle type 
aggregates were found in the sol state (Fig. 35c and 35d). 
Furthermore, the morphology of the reconstructed hydrogel 
was indistinguishable from the original one (Fig. 35e). This 
was accomplished by exposure of the sol under visible-light in 
the presence of traces of Br2.  

Using the advantage of photo-responsive characteristic of 
the hydrogel, photo-controlled release of various substrates 
(water-soluble vitamin B12, glucose binding protein Con A) 
from the hydrogel was achieved. For example, a rapid release 
of encapsulated water-soluble vitamin B12 (B12) from the 
hydrogel of 55 into the bulk aqueous solution occurred in case 
of UV-induced gel-to-sol transition (almost 100% of the 
embedded B12 was released in ~10 min) in comparison to the 
normal condition (only 7.8% of the embedded B12 was released 
in 3 h in absence of UV-light, Fig. 35f). 

Hamachi also demonstrated a light-induced mass transport 
between gel droplets with nano- or pico-L volume derived 
from 55 in n-hexadecane.174 The mass transport between two 
gel droplets was studied by introducing fluorescent probes 
such as water-soluble fluorescein (Fl) and Cy-5. As shown in 
Fig. 36, a fusion between the two gel droplets followed by 
diffusion of Fl only occurred after UV irradiation (ca. 2-3 min, 
low-pressure mercury vapour lamp). In addition to the simple 
diffusion, enzymatic reactions of alkaline phosphatase (AP) 
and glucosidase in the gel droplet could be triggered by light in 
a similar manner. Such system may find potential application 
in stimuli-responsive delivery of nano-micro substrates such as 
nanoparticles or cells as a nano- or pico-L volume container. 
 

 
 
 
 
 
 
 
 
 
 

Fig. 36 Time courses of the diffusion (fluorescence intensity) 
(%) of Cy-5 (blue) and fluorescein (green) from the dye 
containing gel droplet to the blank one. Inset shows 
corresponding fluorescence and DIC images of the gel droplets 
at I, II, III and IV stages in the panel a. Reprinted with 
permission from ref. 174. Copyright 2008, The Royal Society 
of Chemistry. 

3.5.2. Photo-dimerization 

Sako and Takaguchi demonstrated a regioselective photo-
dimerization of the anthracene scaffold of a dendritic 
hydrogelator (56) which was employed as a switch to induce 
gel-to-sol transition.175 Investigation of structure of the photo-
adduct by 1H and 13C NMR spectroscopy confirmed formation 
of a head-to-tail (H-T) photodimer attributed to the anti-

parallel orientation of the anthracene moieties in the gel phase 
(Fig. 37).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 37 Schematic illustration of regioselective dimerization of 
dendron 56 upon photoirradiation of its hydrogel. 

3.5.3. Photo-polymerization 

Hydrogelation by trehalose is an excellent survival strategy for 
the preservation water in the cell walls of organisms and 
plants. This allows inhibition of cell disruption under the 
extreme desiccant conditions of nature. In order to mimic this 
phenomenon, John et al. demonstrated photo-polymerization 
of ethyl acetate gel of a diacrylate derivative of trehalose (57) 
upon exposure to UV light in presence of 2, 2-dimethoxy-2-
phenylacetophenone (5 mol%) as a photoinitiator to generate 
an excellent self-supporting transparent film (Fig. 38a).176 
After lyophilization of the resulting polymerized organogel, a 
porous material devoid of any shrinkage was obtained (Fig. 
38b). Extent of porosity of the polymerized hydrogel was 
much larger compared to that of the initial organogel which 
was not cross-linked. After drying, the cross-linked self-
supporting material was immersed in water in order to generate 
a modest hydrogel (Fig. 38c). This was the first instance where 
the nanostructures were developed from self-assembled 
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precursors in organic solvents with capability of hydrogel 
formation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 38 (a) A schematic illustration of photo-polymerization 
mediated hydrogelation by trehalose 6, 6’-diacrylate (57). 
Photographs of self-supporting (b) organo and (c) hydrogels 
obtained from trehalose 6, 6’-diacrylate (57) after 
polymerization. Reprinted with permission from ref. 176. 
Copyright 2006, Wiley-VCH Verlag GmbH & Co. KGaA. 

Coumarin forms host-guest complex with γ-cyclodextrin 
(γ-CD) at a 2:1 ratio. Using this fact Tian and co-workers 
demonstrated light induced reversible gel-to-sol transition in a 
self-assembly of an inclusion complex derived from a 
tribranched coumarin derivative (58) and γ-CD (Fig. 39a).177 
Host-guest complexation in water resulted in a net-like 
supramolecular non-covalent polymeric backbone (58-NNP). 
This could be further converted to a reticulate polycatenane-
like covalent polymeric structure (58-CNP) upon UV-light 
irradiation at 365 nm to furnish a robust hydrogel (Fig. 39b). 
This is owing to the cyclodimerization of coumarin moieties to 
produce a stable cyclobutane-based dimer in the cavity of γ-
CD. Importantly, solution of 58 did not result in hydrogel in 
absence of γ-CD under the same condition. Upon exposure of 
254 nm UV-light the parent net-like non-covalent polymer 
associated with the sol state could be regenerated indicating 
reversibility of this transformation (Fig. 39b). 

3.5.3.1. Diacetylenic glycolipids 

Gelator molecules containing polymerizable functionality may 
be employed for a post-gelation process by cross-linking the 
gel network. Gels derived from diacetylenic compounds have 
achieved attention as advanced sensing materials because of 
their capability to exhibit remarkable optical and electronic 
properties after photo-polymerization (Fig. 40).178,179 

Shimizu also showed polymerization of 31a in the 
corresponding hydrogel (Fig. 18) by 254 nm UV light, which 
resulted in red colouration accompanied by development of a 
new band at 540 nm in the UV-Vis spectra associated with the 
polymerization of 31a. The intensity of this band 
monotonically increased with time and was maximized upon 

32 min irradiation.139 In addition, the CD signal of 31a 
decreased significantly after polymerization indicating 
transformation of a well-ordered chiral packing of the hydrogel 
to a disordered molecular arrangement. In order to support this 
result, AFM experiment was performed. Morphological 
investigation of hydrogel 31a under AFM revealed helical 
ribbons of diameter of 20-150 nm and length of several 
hundred µm, while typical fibrous structures with a diameter of 
20 nm, were observed after polymerization. This observation 
led to the same conclusion that the macroscopic helicity of 
hydrogel of 31a was destroyed upon polymerization.  

 
 
 

 

 

 

 

 

  

 

 

 

 

 

 

Fig. 39 (a) Molecular structure of a tribranched coumarin 
derivative (58) and a schematic illustration of the host-guest 
interaction mediated supramolecular non-covalent net-like 
polymer (58-NNP) formation. (b) Photographs and schematic 
representation of photo-responsive supramolecular inter-
conversion between 58-NNP-sol and 58-CNP-gel. Reprinted 
with permission from ref. 177. Copyright 2013, The Royal 
Society of Chemistry. 

Wang and coworkers investigated the effect of 
polymerization on the morphologies of organogels obtained 
from various diacetylenic derivatives of methyl 4, 6-O-
benzylidene-α-D-glucopyranoside, 59-62 (Fig. 41a).180,181 The 
hexane and ethanol gels obtained from these compounds 
transformed into blue after UV-light exposure within less than 
one minute (Fig. 41c, e and f). These further turned red upon 
heating (Fig. 41d and 41g). This process was reversible if the 
heating temperature was kept below 70 °C. Interestingly, 
polymerization was much more facile in case of 60 compared 
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to that of 59a. This result suggests a favourable alignment of 
the two diacetylene chains in 60, which might not be possible 
in case of 59a owing to the presence of the methoxy group at 
the anomeric position. Dramatic changes in the birefringences 
of the gel matrices were observed after polymerization. As 
shown in Fig 41h and 41k, a belt-like structure of ethanol gel 
of 59b remained unaltered upon UV-irradiation. However, 
their colour changed to red after this. On the other hand, 
hexane gel of 61b showed blue coloured straight fibrous 
networks and they turned pink after UV-treatment (Fig 41j and 
41m). In a recent report, Wang has also shown polymerization 
of remarkable helical structures of ethanol gel of a diacetylene 
amide, 62 (Fig 41i and 41l).182 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 40 A schematic representation of topochemical 
polymerization of diacetylene and the colour transition 
mechanism. 

3.6. Role of pH 

Investigation of self-assembly of pH-responsive gels helps in 
mimicking various biological phenomena. Zhou and co-
workers reported an interesting supramolecular hydrogelation 
based on N-acetylgalactosamine appended glutamate ester 63 

(Fig. 42a), which exhibited gel-to-sol transitions upon pH 
variation unlike other pH-responsive supramolecular 
hydrogels.183 The pH-responsive volume change (shrinkage or 
swelling) function was achieved by simply mixing it with an 
appropriate amount of an amphiphilic carboxylic acid 

derivative 64a or 64b. The pH sensitivity of the hydrogel of 63 
was not observed in absence of 64a or 64b. When the hydrogel 
was exposed to an acidic vapour, remarkable shrinkage of its 
volume followed by expelling of ~50% water from the original 
hydrogel occurred (Fig. 42b). Furthermore, the transparent 
hydrogel became opaque and stiffer than the original gel. This 
type of volume-shrinkage of gel was only observed in case of 
hydrogels obtained from almost equimolar mixture of 63 and 

64, which did not occur in the single component of 63 or in 
mixtures with small amounts of 64 indicating the importance 
of the presence of both components in an optimal ratio. Water-
soluble vitamins, such as vitamins B1, B6, and B12, could be 
encapsulated in the mixed hydrogel (63/64b = 1:1) and 
subsequently released upon gradual acidification. 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Fig. 41 (a) Chemical structures of amphiphilic and 
bolaamphiphilic diacetylenic glycolipids 59-62. Photographs 
showing (b) a gel of 61a in n-hexane, (c) which turned deep 
blue-purple after UV-light exposure, (d) and turned red upon 
further heating; similarly, blue coloured ethanol gel of 60 
obtained after (e) 1 min, (f) 3 min UV-light exposure and (g) 
turned red upon further heating. Optical micrographs of gels 
obtained from 59b, 62 and 61b in ethanol and n-hexane 
respectively (h-j) before and (k-m) after polymerization 
respectively. Reprinted with permission from ref. 180 and 182. 
Copyright 2006 and 2014, American Chemical Society. 

Kameta et al. employed pH-responsive hydrogels of 
asymmetric amphiphilic monomers as artificial chaperones to 
transform denatured proteins [green fluorescent protein (GFP), 
carbonic anhydrase, and citrate synthase] to refolded state at 
room temperature by encapsulating them inside the nanotube 
hydrogel (Fig. 43a).184 Entrapment of GFP inside the 
nanotubes consisting of a monolayer membrane is attributed to 
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the electrostatic interaction between GFP and the inner surface 
of the one-dimensional channel mainly covered with amino 
groups. 

 

 

 

 

 

 

 

 

 

Fig. 42 (a) Molecular structures of glutamate esters (63 and 
64). (b) Photographs of pH-responsive volume phase transition 
of the mixed hydrogel (63/64b = 1:1) before and after 
shrinkage. Reprinted with permission from ref. 183. Copyright 
2005, Wiley-VCH Verlag GmbH & Co. KGaA. 

The refolded GFP could be released into bulk solution 
without any specific external additives through reduction of the 
electrostatic interaction by increasing the pH (7.0 to 7.8) of the 
medium (Fig. 43b). Absence of any additives in the recovery 
process improved the purity of the obtainable refolded proteins 
to a significant extent. Affinity of the inner surface of the 
nanotube channels towards the GFP could be enhanced by 
introducing hydrophobic functionalities such as a 
benzyloxycarbonyl group (65b) and a tert-butoxycarbonyl 
group (65c) which increased the encapsulation efficiency (Fig. 
43a). Furthermore, partially refolded proteins in the nanotube 
channel transformed into the refolded state after their release 
into the recovery solution. 

3.7. Cation 

Metal-ion coordination responsive gels are smart candidates 
for advanced functional materials because of the important role 
of metal ions in many enzymes, catalysts, molecular electronic 
devices etc.57-61 Such alterations open easier window to 
examine and study various interesting properties of physical 
gels. Influence of external additives such as metal cations, 
small inorganic anions, and ion pairs as in metal salts is now of 
increasing current interest to tune gel properties, particularly 
the rheological behaviour associated with the strength and 
stiffness of gels.57-61,185  

Salicylideneaniline derived LMWGs have attracted recent 
attention because of their unusual properties, such as 
photochromism,186 thermochromism,117,187 

solvatochromism,188 and liquid crystalinity.189 Fan et al. 
synthesized a new gelator (66) containing salen and sorbitol 
moieties which exhibited an efficient ‘naked eye’ response to 
Cu2+ selectively through a reversible gel-to-sol transition (Fig. 
44).190,191 Addition of 0.5 equiv. of Cu2+ to the DMSO/H2O 
(1:1) gel of 66 resulted in a dramatic colour change from 
yellow to colourless accompanied by gel-to-sol transition. This 
phenomenon occurred due to the chelation between 66 and 
Cu2+ via an intra-molecular charge transfer (ICT) between 
naphthol O-H and N=CH groups. Gelation could be re-
established through the addition of EDTA owing to the higher 
affinity of EDTA to Cu2+ (Fig. 44). Furthermore, aggregation-
induced fluoresence emission (AIE) was observed after 
gelation (20 °C) relative to the hot sol at 80 °C. It is important 
to note that this gel also responded to other stimuli such as, 
light, pH etc. Hence, this gelator may be used in the design of a 
molecular logic circuit in its gel state. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 43 (a) Molecular structures of amphiphilic artificial 
chaperones (65a-c). (b) Refolding procedure of denatured GFP 
in the nanotube hydrogel of 65a. Reprinted with permission 
from ref. 184. Copyright 2012, American Chemical Society. 

3.8. Anion 

Yoshimura et al. demonstrated a novel semi-wet molecular 
recognition chip constructed by the dynamic redistribution of 
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the receptor molecule in the hydrogel matrix of glycosylated 
amino acetate type of hydrogelator 63. This was achieved upon 
guest-binding between the aqueous micro-cavity and the 
hydrophobic nanofibers, without sacrificing the molecular 
recognition capability displayed in solution (Fig. 45a).192,193 A 
photo-induced electron transfer (PET) type receptor bis-
Zn/Dpa-anthracene 67a incorporated in the transparent 
hydrogel showed 2.6-fold enhancement of emission of 
fluorescence at 435 nm only upon the addition of phosphate 
derivatives, in contrast to the other anions, such as sulfate, 
nitrate, acetate, azide, halide etc. Another phosphate receptor 
67b containing two Zn/Dpa sites like the chemosensor 67a and 
decorated with environmentally sensitive dansyl fluorophore 
was immobilized in the supramolecular hydrogel in order to 
distinguish among various types of phosphates (phosphate, 
phospho-tyrosine, phenyl phosphate and ATP). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 44 Chemical structure and schematic illustration of Cu2+-
responsive reversible gel-to-sol transition of sorbitol-based 
salen-linked gelator (66). Reprinted with permission from ref. 
191. Copyright 2013, The Royal Society of Chemistry. 

For instance, an enhancement in the emission intensity of 
67b (at 512 nm) accompanied by a blue-shift was observed for 
the hydrophobic phenyl phosphate, while an addition of 
hydrophilic ATP caused a red shift in the emission of 67b with 
decrease in the intensity (Fig. 45b). Hence, discrimination 
among the phosphate anion species could be performed by 
simple detection of both the intensity change and the 
wavelength shift. Interestingly, no significant change in the 
fluoresence intensity was observed either in the aqueous 
solution or in the case of agarose gel and a polymer-based 
hydrogel having no hydrophobic domains indicating the 
importance of the hydrophobic domain for the guest-induced 
fluorescence change. 

Redistribution tendency of the artificial receptor depending 
upon the nature of the guest was further extrapolated to a 
fluorescence resonance energy transfer (FRET) type pair (a 
coumarin-appended receptor, 67c as a FRET donor and a 
hydrophobic styryl dye, 68 as a FRET acceptor) in the semi-

wet supramolecular hydrogel. In absence of phosphates, the 
coumarin-appended receptor 67c would prefer to stay in the 
bulk aq. space and the styryl dye 68 would localize in the 
hydrophobic domains of nanofibers. The receptor preferred to 
move to comparatively more hydrophobic domain attributed to 
the enhanced hydrophobicity upon complexation with 
phosphate derivatives. This resulted in close proximity 
between these two fluorophores and hence the FRET was 
facilitated (Fig. 45c).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 45 (a) Molecular structures of glycosylated amino acetate 
type of hydrogelator (63), phosphate receptors (67a-c) and 
hydrophobic styryl dye (68). (b) A schematic illustration of 
redistribution of the chemosensor between the hydrophobic 
hydrogel nanofiber and the hydrophilic cavity upon binding to 
a hydrophobic or hydrophilic phosphate derivative. (c) A 
schematic representation of the guest-dependent FRET system 
using 67c and 68 by the addition of PhP or ATP in the 
hydrogel matrix. Reprinted with permission from ref. 193. 
Copyright 2005, American Chemical Society. 
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FRET was suppressed upon complexation with hydrophilic 
phosphate derivative such as ATP, attributed to the increased 
distance between the two fluorophores. Furthermore, coumarin 
emission (485 nm) practically remained unaffected in presence 
of PhP or ATP without the styryl dye. 

3.9. Cysteine 

Compound 69a is a chemoresponsive carbohydrate-derived 
hydrogelator [methyl-4, 6-O-(4’-aldehydephenylidene)-α-D-
glucopyranoside] which exhibits selective responsiveness to 
cysteine (Fig. 46a).194 Such selectivity of the hydrogel toward 
cysteine might be attributed to the specific thiazolidine adduct 
(69b) formation by reaction of the aldehyde with cysteine, 
which led to degradation of hydrogel followed by formation of 
a clear solution. Other amino acids (aspartic acid, lysine, 
alanine, serine, histidine, arginine, proline, and phenylalanine) 
including the acidic and the basic ones could not however, 
react with the aldehyde group under the same conditions. 
Careful addition of aqueous solution cysteine on the surface of 
the hydrogel followed by incubation for 4 h at 37 °C 
transformed the hydrogel to solution completely (Fig. 46b). 
 

 

 

 

 

 

 

 

 

 

 

Fig. 46 (a) Schematic illustration and (b) demonstration of 
selective response to cysteine by the hydrogel of 69a; the 
sequence of solution of amino acids added to the hydrogels 
from left to right is as follows: aspartic acid (13.5 mM), lysine 
(0.2 M), alanine (0.2 M), serine (0.2 M), cysteine (0.2 M), 
histidine (0.2 M), arginine (0.2 M), proline (0.2 M), 
phenylalanine (25 mM). Reprinted with permission from ref. 
194. Copyright 2009, American Chemical Society. 

3.10. Insulin 

Insulin is a peptide hormone, produced by beta cells of the 
pancreas. It has a vital role to maintain blood glucose (blood 
sugar) in a very narrow range. Kim’s group first reported a 
monosaccharide-based fluorescent hydrogelator (70) 

comprising a D-gluconolactone headgroup linked to a nonpolar 
pyrene moiety through an amino acid base spacer capable of 
sensing insulin (Fig. 47).195 It was observed that fluoresence 
intensity at 393 nm gradually quenched with increasing insulin 
concentration. 
 

 

 

 

 

 

Fig. 47 Chemical structure of gluconamide type insulin sensor 
70.  

3.11. Glucose 

Miyata and co-workers demonstrated the glucose-
responsiveness of bioconjugated gel particles (~750 nm) 
derived from (lectin: concanavalin A) ConA-GEMA (2-
glucosyloxyethyl methacrylate) complexes as cross-linkers.196 
These were prepared by the surfactant-free emulsion 
copolymerization of relatively hydrophobic N, N-
diethylaminoethyl methacrylate (DEAEMA), poly(ethylene 
glycol) dimethacrylate (PEGDMA), hydrophilic GEMA, and 
modified-ConA with polymerizable groups. Though, the 
GEMA-ConA gel particles remained colloidally stable in a 
phosphate buffer solution (PBS), they exhibited remarkable 
swelling in the presence of glucose in PBS (Fig. 48). The 
swelling ratio of these gel particles was found to strongly 
depend on the glucose concentration. It increased with an 
increase in the glucose concentration. In contrast, the swelling 
ratio remained unaffected in the presence of galactose 
indicating a selective response of these gel particles to glucose 
only. Glucose-induced swelling of these gel particles was 
attributed to the dissociation of GEMA-ConA complexes 
acting as cross-links, which caused a decrease in the cross-
linking density of their shell layer. Hence, this type of gel 
particles may find potential applications as glucose-responsive 
insulin release systems to treat diabetes. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 48 Schematic of glucose-responsive behaviour of GEMA-
ConA gel particles. Reprinted with permission from ref. 196. 
Copyright 2011, Elsevier B.V. 
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3.12. Concanavalin A 

Yamanaka et al. reported a carbohydrate-based amphiphile, 71 
which self-assembled into fibrous structures in water to result 
in a pale-yellow transparent hydrogel (Fig. 49a).197 Since the 
surface of these fibers was enriched with dense packing of 
glucosides, the hydrogel was responsive to lectin (carbohydrate 
binding protein) such as, concanavalin A (ConA). Addition of 
ConA (3.9 ~7.8 nmol) to the hydrogel of 71 (0.43 µmol in 100 
µL H2O) led to a significant decrease in the CGC value and an 
enhancement in the thermal stability (Tgel) by cross-linking the 
fibrous aggregates. However, presence of excess ConA 
disrupted the gelation process and afforded cloudy sol owing 
to the cohesion of the fibers (Fig. 49b). Interestingly, the 
cloudy sol could be further transformed to an opaque gel by 
addition of a suitable saccharide such as, α-methyl-D-
mannoside (Me-α-Man). This may be due to the relatively 
higher binding affinity of Me-α-Man to ConA incontrast to 71, 
which prevents the interaction of 71 with ConA (Fig. 49b). On 
the other hand, a large excess of α-methyl-D-glucoside (Me-α-
Glc, 3 equiv for ConA)/D-mannose (Man, 4 equiv for 
ConA)/isomaltose (Isomal, 4 equiv for ConA)/ D-glucose (Glc, 
4 equiv for ConA) was necessary to induce gelation because of 
their lower binding affinity towards ConA. However, gelation 
was not observed even after addition of 260 equiv. of D-
galactose (Gal) or L-glucose (L-Glc) to the cloudy sol 71 and 
ConA. It may be noted that the hydrogel of 71 was also 
responsive to various mono and divalent anions such as F-, Cl-, 
Br-, CH3CO2

-, SO4
2- etc (except I- and ClO4

-). Hence, these 
may be useful in the detection of hardness of mineral waters. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 49 (a) Chemical structure of the carbohydrate-based 
amphiphile, 71. (b) Schematic representation of the gel-to-sol 
transition of 71 triggered by ConA and saccharide. Reprinted 
with permission from ref. 197. Copyright 2011, Wiley-VCH 
Verlag GmbH & Co. KGaA. 

3.13. Ionic Surfactants 

The amphiphile 72 forms an insoluble suspension in water 
because of the bundling of the associated one-dimensional self-
assembly via hydrophobic interactions and intermolecular 
hydrogen bonding (Fig. 50a).198 However, hydrogelation could 
be triggered by addition of various ionic surfactants such as, 
sodium alkyl sulfates (n = 8, 10, 12 and 14) and 
alkyltrimethylammonium bromides (n = 12 and 16). Surfactant 
induced gelation property; transparency and thermal stability 
of the resulting gels were found to depend on the gelator and 
surfactant ratio. Hence, the degree of bundling of amphiphile 
72 could be modulated by reinforcing ionic surfactant 
molecules in the corresponding self-assembly. Dispersion of 
the hydrophilic headgroups of the surfactants on the surface of 
the assemblies enhances the electrostatic repulsion between the 
ionic headgroups which finally decreases the degree of 
bundling (Fig. 50b). However, gelation was not observed in 
case of sodium sulfates with short alkyl chains (n = 2 and 6), or 
simple ammonium salts including tetramethyl and 
tetrabutylammonium bromides or nonionic surfactants n-octyl-
β-D-glucopyranoside and tetraethyleneglycol monododecyl 
ether. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 50 (a) Molecular structure of the sugar-derived 
amphiphile, 72. (b) Schematic illustration of presumed 
mechanism of ionic surfactant-induced hydrogelation. 
Reprinted with permission from ref. 198. Copyright 2012, 
Wiley-VCH Verlag GmbH & Co. KGaA. 

3.14. Enzyme 

Enzyme triggered tuning of gel-to-sol transition of small 
molecules has become an excellent strategy in order to develop 
new functional soft biomaterials and new applications of gels. 
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Creation of self-assembling motif with enzyme responsive 
moiety offers possibilities of tuning gel-to-sol transition, which 
may find potential applications in detecting the activity of 
enzymes, screening enzyme inhibitors, typing bacteria, and 
drug delivery etc.19,20,51,56,199 

3.14.1. Lipase 

John et al. developed an excellent strategy for encapsulating a 
hydrophobic chemotherapeutic drug molecule (curcumin) in 
the hydrophobic pockets of a hydrogel of an amphiphilic D-
amygdalin-fatty acid conjugate, 73 (Fig. 51).19,94 Furthermore, 
encapsulated curcumin could be released by degrading the gel 
using a hydrolase (Lipolase 100L, type EX). Gel degradation 
occurred because of the enzymatic cleavage of the ester bond 
in the gelator by the hydrolase (Fig. 51). Drug release was 
studied by monitoring the absorption spectra and 
characterizing the gel degradation products. Furthermore, the 
rate of drug release could be modulated by tuning the enzyme 
concentration, temperature, or both. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 51 Molecular structure of amygdalin ester (73) with real-
time images of the corresponding gel samples in contact with 
the lipase enzyme at different time intervals. Reprinted with 
permission from ref. 19. Copyright 2010, American Chemical 
Society. 

3.14.2. Phosphatase 

Xu and co-workers studied enzyme triggered hydrogelation in 
the self-assembly of a series of conjugates (74a-77a) 
consisting of a thymine (as the nucleobase), phenylalanine(s) 
(as the amino acids), phosphorylated tyrosine (as the enzymatic 
trigger and an amino acid), and D-glucosamine (as the 
saccharide) (Fig. 52).200 Phosphatase enzyme (12.5 U per mL) 
transformed the precursors (74a-77a) into hydrogelator in 
alkaline condition (74b-77b) by cleaving the phosphate that 
are more hydrophobic than their precursors (Fig. 52). 
Significant differences were found in the kinetics of 
hydrogelation of these peptides owing to their structural 

differences. Compounds 74b and 77b were capable of forming 
stable hydrogels in ~5 minutes. In contrast, 76b (0.5 wt-%) 
took ~2 h to result in a stable hydrogel, while, 75b formed 
hydrogel only upon prolonged aging (~8 days). 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 52 Molecular structures of peptide based precursors (74a-
77a) and schematic illustration of phosphatase triggered 
hydrogelation. 

Recently, Pires and Ulijn have intelligently employed 
enzymatic dephosphorylation as an anti-osteosarcoma strategy 
with limited impact on the surrounding healthy cells/tissues.201 
The effect of enzyme promoted self-assembly of an aromatic 
carbohydrate amphiphile, N-(fluorenylmethoxycarbonyl)-
glucosamine-6-phosphate (78a) was investigated in situ, in the 
presence of osteosarcoma cell line (SaOs2) known to 
overexpress alkaline phosphatase (ALP) (Fig. 53a). Bio-
catalytic transformation of 78a to 78b by the membrane bound 
ALP results in a cytotoxic nanonet/hydrogel “cage” 
surrounding the cells around SaOs2 cells. This drastically 
inhibits metabolic activity and ultimately leads to cell 
apoptosis of SaOs2 cells (Fig. 53b). In contrast, the metabolic 
activity of the chondrogenic cell line ATDC5 with lower 
membrane-bound ALP expression profiles remained unaltered 
signifying the cell specificity of this process (Fig. 53b).   
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Fig. 53 A schematic illustration of bio-catalytic transformation 
of 78a to 78b upon enzymatic activity of phosphatases (e.g. 

ALP); (a) Molecular structures and (b) in situ bio-catalytic 
self-assembly. Reprinted with permission from ref. 201. 
Copyright 2014, American Chemical Society.   

3.14.3. Glycosidase 

Among glycosidases, β-galactosidase (βGal-ase) has been 
investigated most extensively as a model for enzymology. Xu 
also explored βGal-ase catalyzed hydrogelation by hydrolysis 
of a precursor (79a) containing a galactose, as the relatively 
hydrophilic segment, and 2-naphthylacetic acid-Phe-Phe-Lys, 
as the basic self-assembly platform (Fig. 54).202 Precursor 79a 
undergoes hydrolysis upon addition of 2.0 U βGal-ase (8 µL, 
0.25 U µL-1) to result in 79b which self-assembles to form a 
transparent hydrogel (300 µL, 1.0 mg mL-1) (Fig. 54). Instant 
hydrogelation could be achieved by addition of βGal-ase to the 
freshly prepared or aged solution of 79a at higher 
concentration (8.0 mg mL-1) at pH 7.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 54 Chemical structure of peptide based precursor 79a and 
an illustration of β-galactosidase triggered hydrogelation. 

Hamachi and co-workers reported a series of 
supramolecular hydrogels derived from bola-amphiphilic 
glycolipids, 80a-d (Fig. 55a).203 These hydrogels exhibited 
colourimetric response and gel-to-sol transition in presence of 
corresponding glycosidases (Fig. 55b). For instance, β-
glucosidase (βGlc-ase) selectively cleaves the β-glucosidic 
bond of the βGlc-C11 hydrogel. Hence, addition of βGlc-ase to 
the hydrogel of βGlc-C11 resulted in a colour change from 
yellow to orange in addition to gel-to-sol transition (Fig. 55b). 
On the other hand, glycosidases such as α-glucosidase (αGlc-
ase) or β-galactosidase (βGal-ase) remained silent. In a similar 
manner, the hydrogels obtained from other glycolipids (αGlc-
C11, βGal-C11, and αMan-C11) showed selective yellow-to-
orange colour change and gel-to-sol transitions only in the 
presence of the corresponding glycosidases (αGlc-ase, βGal-
ase) and α-mannosidase (αMan-ase), respectively (Fig. 55b). 
Motivated by these results, these authors employed these 
hydrogels to construct a colorimetric sensing array chip for 
sensing glycosidases with the naked eye. It was observed that 
the response time of micro-size gel spots (20 min) are much 
less compared to that of the bulk gels (4 h). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 55 (a) Chemical structures of glycolipids, 80a-d. (b) 
Photographs of hydrogels of (i) βGlc-C11, (ii) αGlc-C11, (iii) 
βGal-C11, and (iv) αMan-C11 in 200 mM HEPES (pH 7.2) 
after the addition of glycosidases. Reprinted with permission 
from ref. 203. Copyright 2013, The Royal Society of 
Chemistry. 

4. Gelators that co-assemble 

Formation of co-assembly of two co-gelators with structurally 
similar or identical binding motifs is a nice strategy to get 
access to a wide range of gel properties not attainable with the 
use of only one of the two gelators. There are several literature 
examples of co-gelation of two or more gelators, where the 
gels are comprised of peptides,204 dendrimers,205 urethanes206 
and ureas.55 All of them utilize hydrogen bonding between 
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molecules with similar binding motifs to control the 
interactions between the gelators. 

Using the concept of co-assembled gelators, Krishnan et al. 
demonstrated a topochemical reaction at 55 °C, between two 4, 
6-O-benzylidene-D-galactopyranoside co-organogelators (1:1). 
These two co-organogelators contain β-azide (81a) and α-
propargyloxy (81b) functionalities at the anomeric position 
with complementary reacting motifs, viz. azides and alkynes. 
Two possible products (82a and 82b) formed in 1:1 
stoichiometry within one week (Fig. 56a and 56b).207 The 
reaction kinetics was followed by time-dependent changes in 
the NMR spectra. Formation of the two reaction products (82a 
and 82b) was attributed to the zigzag arrangement of 81a and 
81b in the co-assembly to form a 1D-hydrogen bonded 
assembly (Fig. 56a and 56b). In contrast, reaction did not occur 
in a simple mixture obtained from individually prepared 
xerogels of 81a and 81b. This result clearly elucidates the 
importance of topochemical control by the co-assembly of the 
reactants in the xerogel. 

Oriol’s group found interesting observations in the co-gels 
(I and II) of maltose-based azo-amphiphiles.208 Co-hydrogel I 
was prepared from a mixture of 83a with 83b at 1:10 molar 
ratio at 1 wt-% of 83b in water. In this mixture, the azo-
amphiphile 83a is able to gelate (Fig. 57). Similarly, Gel II 
was formed by mixing 83c and 83b, in the same ratio (1:10 
molar ratio), at 1 wt-% of the 83b in water (Fig. 57). Trans-to-
cis isomerization of the co-gel I by irradiation by 365 nm UV 
light was confirmed by decrease in the intensity of absorption 
at 365 nm band and enhancement of the UV-Vis band at 450 
nm. In the CD spectra, the negative cotton effect associated 
with the azobenzene group abolished, while the negative peak 
corresponding to the triazole only decreased. The 
photostationary state was attained after irradiation for 2 min. 
Furthermore, initial UV-Vis and CD spectra were totally 
recovered by incubating the sample for 24 h in the dark. 
However, Gel II did not exhibit any evidence of trans-cis 
isomerization even after irradiation for 150 min. Hence, Gel I 
acted as a photoactive mixture, while Gel II remained 
unaffected after light irradiation presumably because of the 
location of the azobenzene moiety in the middle of the 
hydrocarbon chain, in comparison to the azobenzene derivative 
in Gel II, in which the azobenzene functionality is directly 
attached to the carbohydrate headgroup. 

5. Miscellaneous applications 

5.1. Phase selective gelation 

Though, petroleum covers a major part of energy source of 
human civilization, accidental discharge of crude oil especially 
in marines imparts harsh effects to the ecosystem. This 
damaging phenomenon is called oil-spill. Oil-spill disaster in 
the Gulf of Mexico in 2010 is an unforgettable experience of 
this type of environmental calamity. 

 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

 
 
 
 
 
 
 
 
 

Fig. 56 (a) Cartoon representation and (b) schematic 
illustration of possible packing arrangement of 81a and 81b in 
the co-assembled state and their topochemical reaction in the 
xerogel state. Reprinted with permission from ref. 207. 
Copyright 2013, The Royal Society of Chemistry. 

In this context, phase selective gelators (PSGs) have 
achieved marked attention recently because of their capability 
of selectively gelling oil in a water-oil mixture. Phase selective 
gelators (PSGs) are defined as the LMWGs, which are capable 
of immobilizing a particular solvent preferentially over the 
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others in a given solvent mixture (e.g., petrol and water). The 
first report of phase-selective gelation was introduced by 
Bhattacharya et al. with N-lauroyl-L-alanine in 2001.209 Herein 
we will discuss about sugar-derived phase-selective gelators. 
 

 
 
 
 
 
 
 
 
 

 

Fig. 57 Chemical structures of maltose-based amphiphiles 
(83a-c). 

5.1.1. External solvent as carrier 

An effective phase-selective-gelation by sugar derivatives was 
demonstrated by John and co-workers (Fig. 58a).210 PSGs 
based on sugar alcohols mannitol (84a and 84b) and sorbitol 
(85a and 85b) formed gels in a diverse range of organic liquids 
including diesel and mineral and silicone oils etc. with high 
efficiency (mgc = 1.5 to 5% w/v). Furthermore, the mgc values 
of these gelators were found to be influenced significantly 
upon variation of length of the hydrocarbon chain. Dioctanoate 
derivatives 84b and 85b having comparatively longer 
hydrocarbon tails attached to carbohydrate functionality were 
undertaken for phase-selective-gelation experiment because of 
their much lower mgc values compared to that of the 
dibutanoates (84a and 85a).  

In a typical oil-simulation experiment, compound 84b 
predissolved in ethanol (carrier solvent) was introduced a 
biphasic mixture of diesel (20 mL) and water (40 mL). The 
final concentration of 84b in diesel was 5% wt/v. Instant 
selective gelation of the diesel layer occurred and the 
immobilized diesel layer could hold its weight including the 
water layer after 1 h (Fig. 58b-e). In order to mimic the real 
oil-spill situation, they even experimented the phase-selective-
gelation test on a thin layer (<1 mm) of diesel floating on a 
large pool of water (in a Petri dish). After separation of the 
water layer using a syringe, the diesel was recovered by 
melting the gel at 125 °C (Tgel-sol) followed by distillation (Fig. 
58f and 58g). 

In a recent report, Fang’s group has reported the fastest 
phase selective gelation (< 45 s) of oil (either commercial fuels 
or pure organic liquids) from an oil-water mixture at room 
temperature by two sugar-derived PSGs, 86a-b (Fig. 59).211 

5.1.2. Removal of toxic dye 

Discharge of industrial toxic wastes originated from dye, 
textile, lather, rubber, cosmetics, paper, printing, plastic and 
drug industries pollutes water in large extent. They are 

extremely hazardous, carcinogenic and difficult to 
biodegrade.212-214 The self-assembly present in the gel phase 
contains various hydrophobic or hydrophilic domains 
depending upon the features of the gelator molecule. Hence, it 
is possible to entrap various cationic and anionic dye 
molecules in those cavities. Recently, Mukherjee’s group 
showed removal of crystal violet efficiently (~97%) from 
water to toluene via phase-selective-gelation of a galactoside 
amphiphile, 87 (Fig. 59).215 The dye was adsorbed in the 
toluene gel and purified water could be collected by simple 
filtration. The efficiency (97.6%) of dye removal was studied 
by UV/Vis spectroscopy (λmax = 583 nm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 58 (a) Chemical structures of phase selective gelators 
based on sugar alcohols mannitol (84a and 84b) and sorbitol 
(85a and 85b); (b-e) Demonstration of phase selective gelation 
of bulk diesel by 84b in presence of water, and (f and g) 
recovery of diesel through vacuum distillation. Reprinted with 
permission from ref. 210. Copyright 2010, Wiley-VCH Verlag 
GmbH & Co. KGaA. 

5.1.3. Co-solvent as carrier 

It is not practically viable to use a water-miscible external 
solvent (ca. methanol, ethanol etc.) for practical applications. 
Prathap et al. first overcame this problem by introducing a 
mannitol based PSG (88) in the oil-water biphasic mixture pre-
dissolved in the same oil as a carrier without using any other 
persisting chemicals/solvents (Fig. 59).216 In order to mimic 
the real situation of oil-spill, phase-selective-gelation was 
performed in a mixture of diesel and seawater taken in a large 
flat glass vessel kept on a mechanical shaker. Addition of a 
warm concentrated solution of gelator 88 in a small volume of 
diesel to the biphasic mixture resulted in immobilization of the 
oil layer selectively at a final concentration of 0.75%. Oil 
could be recovered from the congealed diesel layer by simply 
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scooping out using a sieve spatula followed by distillation 
(Recovery efficiency ~92% by volume). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 59 Chemical structures of some sugar-derived phase 
selective gelators 86-88.  

5.2. Self-healing 

Self-healing and self-repairing properties have attracted 
remarkable interest because of their capability to offer shatter-
free materials with higher longevity.217-220 These properties are 
however more important in polymer chemistry owing to 
inability of conventional polymers to self-heal.221 In the 
context of non-covalent approach, host-guest interaction is 
beneficial due to its reversibility and stimuli-responsiveness 
nature.222,223 

5.2.1. Preorganized hydrogel 

Harada’s group employed preorganization of the host and 
guest monomers to accomplish self-healing materials with 
improved (~ 99%) healing efficiencies.223 Herein, N-
adamantane-1-yl-acrylamide (Ad) and acrylamide-β-CD were 
used as guest and host monomers, respectively (Fig. 60a). 
Host-guest interaction mediated inclusion complex with 
acrylamide-β-CD rendered the Ad-monomer water soluble. 
The resulting complex could be copolymerized with 
acrylamide using ammonium peroxodisulfate (APS) as an 
initiator and N, N, N’, N’-tetramethylethane-1, 2-diamine 
(TEMED) as a co-catalyst to furnish a self-healable hydrogel. 
In order to demonstrate the self-healing property, a cube-
shaped slice of the gel was cut into two separate pieces (Fig. 
60b and 60c). They could be adhered again to reconstruct the 
single gel (Fig. 60b and 60c). Interestingly, the adhesive 
strength associated with the joint surface improved over time 
and the initial gel strength was almost fully restored after 24 h.  

5.2.2. Flexible optical devices 

Sureshan and co-workers developed a convenient method to 
make shatter-free, soft optical devices from amphiphilic 
supergelator, 88 (Fig. 61a) based on diketal derivative of 
mannitol (mgc in alkane solvents = 0.2 wt-%).224 The resulting 
organogels exhibited remarkable rheological properties such as 
high strength, stiffness and self-healing properties originated 
from the restricted conformational freedom and high extent of 
inter-molecular interaction because of close proximity in self-

assembly. These unique combinations of such properties of the 
gels allowed them to gain various self-supporting shapes (Fig. 
61a-i). These transparent hydrocarbon gels showed high 
transmittance (Fig. 61f) in the visible region with glass-like 
refractive indices (n ≈ 1.5) which may find potential 
application for selective UV filtering (e.g., UV protective 
goggles, skin cream). Furthermore, soft optical devices such as 
flexible planoconvex lens, a double convex lens made of these 
gels showed excellent capability to magnify objects (Fig. 61d-
e). Prisms prepared in the similar way refracted white light into 
its components (Fig. 61b and c).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 60 Schematic illustration of (a) formation of pre-organized 
inclusion complex by host acrylamide modified β-CD 
monomer and guest N-adamantane-1-yl-acrylamide; (b) 
Photographs and (c) schematic illustration of self-healing 
property of the hydrogel derived from the pre-organized 
complex after copolymerization. Reprinted with permission 
from ref. 223. Copyright 2013, Wiley-VCH Verlag GmbH & 
Co. KGaA. 

5.3. Controlled release devices for pheromones 

Pheromones are naturally occurring volatile biopesticides.225 
They disrupt sexual communication of pests.226 They are 
highly specific towards a given species which further enables 
pest control without weakening the beneficial organisms.227 
Numerous reservoir-type controlled release devices (CRDs) 
have been developed for effective pest control because 
pheromones are volatile and unstable owing to their propensity 
towards photo-oxidation, auto-oxidation, isomerization etc.228 
Recently, Bhattacharya and co-workers have reported a simple 
and straightforward method to prepare pheromone nanogels 
that exhibit high residual activity, excellent efficacy in open 
orchard even during adverse seasons.229 Jadhav et al. employed 
a molecular gelator, mannitol dioctanoate (84b) (Fig. 58a) as 
an efficient alternative material in order to develop reservoir-
type release devices for controlled release of pheromones with 
high pheromone-loading capacity.230 2-Heptanone is a volatile 
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pheromone produced and used by honey bees to dissolve 
plantwaxes as well as beeswax. These authors developed 
suitable CRDs to control its evaporation rate. It contains a 
reservoir of 2-heptanone gel (7% wt/v) covered by a semi-
permeable membrane. Activation of this device by creating a 
small hole on the membrane allowed slow release of 2-
heptanone. It is important to note that evaporation rate of 2-
heptanone from the gel-based CRD was similar to the CRD 
made from 1:1 blends of beeswax and 2-heptanone. However, 
the gel-based CRD exhibited higher loading efficiency (~ 92% 
wt/wt) compared to that of the beeswax containing device (~ 
50% wt/wt).    

 

 

 

 

 

 

 

 

Fig. 61 (a) A self-supporting gel prism made from pump oil 
gel of 88. (b) The diffraction pattern observed using the gel 
prism. (c) The gel prism mounted on a spectrometer table. 
Photographs of (d) a double convex and (e) a planoconvex lens 
made from the pump oil gel of 88. (f) Demonstration of 
transparency of paraffin oil gel of 88. Photographs of self-
supporting (g) gel cube, (h) gel cylinder and (i) gel cone. 
Reprinted with permission from ref. 224. Copyright 2011, 
Wiley-VCH Verlag GmbH & Co. KGaA. 

5.4. Biological applications 

Another important advantage of using sugar derivatives as a 
platform of gelation lies in their biocompatibility, 
biodegradability, non-toxicity and eco-friendly behaviour. 
Because of these features, they may be applicable in 
biomedical applications.231 

5.4.1. Wound healing 

Xu’s group used biocompatible D-glucosamine-based 
hydrogelators (89a and 89b) for rapid wound healing of mice 
(Fig. 62).232 Aminosaccharide derivatives, 89a and 89b are 
capable of forming stable hydrogels at pH 7. Biocompatibility 
of these hydrogels was confirmed by cytotoxicity assay of 3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide 
(MTT). It was observed that 73.8% and 79.0% of HeLa cells 
survived in 100 µM of 89a and 89b at 24 h, respectively. 
Furthermore, the hydrogel of 89b was implemented for wound 

healing on a mouse model. Interestingly, much faster wound 
healing process and smaller scars were found at 6th day for the 
mice group treated with the hydrogel 89b compared to those 
without the treatment. 

  

 

 

 

 

 

Fig. 62 Chemical structures D-glucosamine-based 
hydrogelators (89a and 89b). 

5.4.2. Gene delivery 

These authors also developed a series of biocompatible, 
biostable molecules (Fig. 63a) consisting of nucleobases, 
amino acids, and glycosides (90a-d and 91a-d).233,234 Among 
these molecules, only 90b was not capable of hydrogelation. 
All the other members in this series exhibited nanofibrous 
structures in their corresponding hydrogel phases. The 
biocompatibility of these hydrogelators was confirmed by 
MTT assay. The cell viability was maintained at 90% upon 
incubation for 72 h with 500 µM of the hydrogelator (90a, 90d, 
91a, 91b, 91c or 91d). However, the cell viability was found to 
be slightly lowered after being incubated with 500 µM 90b or 
90c for 72 h, though IC50 value still remained >500 µM. 
Furthermore, the biostability of the hydrogelators (91a, 91b, 
91c and 91d) was examined by incubating them with 
Proteinase K, a powerful protease that catalyzes the hydrolysis 
of a wide range of peptidic substrates. After 24 h of the 
incubation with Proteinase K, more than 85% of 91a and 91d 
and 95% of 91b and 91c remained intact.  

Furthermore, addition of a single stranded oligomeric 
deoxyadenosine (A10) to a 2.1 wt-% viscous solution of 90a at 
pH 7 transformed it to a stable gel followed by 2.2 times 
enhancement in the mechanical strength (storage modulus = 
G’). This result clearly indicates that the presence of inter-base 
pairing and phosphate-sugar interactions drive the 
supramolecular assembly process of 90a and A10. This was 
further supported by distinguishable change in the CD spectra 
after addition of A10 to the hydrogel of 90a. Incubation of 
HeLa cells with 90a and a fluorescein-labeled single strand 
oligonucleotide (FAM-A10) for 24 h resulted in the green 
fluorescence in both the cytosols and the nuclei of the HeLa 
cells (Fig. 63b). In contrast, green fluorescence was absent 
from the cytosols and nuclei of the HeLa cells in the control 
experiment (i.e., in absence of 90a), indicating the deliver the 
oligonucleotide FAM-A10 into live cells. 
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Fig. 63 (a) Chemical structures nucleobases, amino acids, and 
glycosides derived hydrogelators, 90a-d and 91a-d. (b) 
Fluorescence microscopy images of (left) 500 µM 90a and 1 
µM FAM-A10 and (right) 1 µM FAM-A10 incubated with HeLa 
cells for 24 h. Reprinted with permission from ref. 233. 
Copyright 2011, American Chemical Society. 

5.5. Separation of proteins 

Yamanaka utilized a tris-glycine-SDS solution gel derived 
from an amphiphilic low-molecular-weight hydrogelator (72) 
for electrophoresis to separate various combinations of proteins 
[β-galactosidase (116 kDa) and ovalbumin (45 kDa); 
ovalbumin and lysozyme (14.4 kDa); ovalbumin and aprotinin 
(6.5 kDa); lysozyme and aprotinin] (Fig. 50a).235 Proteins 
could be recovered efficiently from the above mixture using 
the hydrogel by centrifugation. Interestingly, the smaller 
proteins (< 45 kDa) exhibited remarkably poorer mobility in 
contrast to the larger ones, i.e., the smaller proteins were 
retained closer to the cathode side. This unique separation 
observed in the supramolecular gel electrophoresis (SUGE) 
approach was attributed to the properties of the pseudopolymer 
of 72 itself. 

In a recent report, these authors also demonstrated an 
electrophoretic separation of native acidic proteins using 
supramolecular hydrogel matrix of an amphiphilic tris-urea 
derivative (92) in tris (hydroxymethyl) aminomethane-glycine 
buffer (Fig. 64).236 The basic principle of this method of 
separation of acidic proteins depends on their isoelectric points 
rather than their molecular weights. After electrophoresis in the 
supramolecular hydrogel matrix of 92, proteins could be 
recovered using a simple procedure and importantly their 
activities remained unaltered after this treatment. 

 
 
 
 
 
 
 
 

Fig. 64 Chemical structure of the carbohydrate-derived 
amphiphilic hydrogelator, 92. 

5.6. Gel-nanocomposites 

5.6.1. Gel-nanoparticle composites 

Gel nano-composites have acheived marked attention because 
of their potential applications in optics, electronics, ionics, 
mechanics, biology, fuel and solar cells, catalyst, sensors, 
etc.24,36 The two or three dimensional structure of gel matrix 
has been widely used for stabilization of various nanoparticles 
(NPs) such as AgNP, AuNP, CdS, Fe2O3, FePt, TiO2, ZnO etc. 

and has been shown to improve the thermal, mechanical and 
electrical properties of the gel network depending on the extent 
of interactions among them.24 Importantly, the added NPs have 
strong propensity to arrange themselves along the direction of 
growth of the gel fibers.31 

John and co-workers used amphiphilic ascorbic acid 

derivatives (93a-c) for in situ synthesis of AuNPs (Fig. 65a).95 
All of these amphiphilic molecules exhibited excellent gelation 
abilities and significant thermal stability in a diverse range of 
solvents at reasonably low concentrations. Since the ascorbic 
acid moiety present in the molecule has inherent redox ability, 
HAuCl4 could be reduced to AuNP and subsequently stabilized 
within the self-assembled fibrillar network of the gel. 
Formation of AuNPs was confirmed by detecting the surface 
plasmon band at ~555 nm (Fig. 65b). Furthermore, TEM 
analysis revealed the presence of well-dispersed spherical 
shaped AuNPs of 11-18 nm distributed throughout the gel 
matrix (Fig. 65c). 

5.6.2. Gel-nanocarbon composites 

Carbon allotropes such as zero-dimensional fullerene, one-
dimensional carbon nanotubes (CNTs) and two-dimensional 
graphene have been incorporated inside gel networks by means 
of π-stacking or van der Waals interactions between the π-
surface of the carbon allotropes and the gelator molecules.24,25 
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Both covalent and non-covalent modifications of these carbon 
allotropes have been employed to improve their solubility in 
aqueous or organic solvents which results in composite 
materials of various interesting properties. Furthermore, the 
composites often show high mechanical strength, remarkable 
conductivity and good optoelectronic property etc.24,25 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 65 (a) Chemical structures of ascorbic acid-derived 
amphiphilic hydrogelators, 93a-c. (b) Absorption spectrum and 
(c) TEM image of AuNPs-containing 93c-hydrogel. Reprinted 
with permission from ref. 95. Copyright 2007, American 
Chemical Society. 

Harada and co-workers explored the first report of 
reversible hydrogelation by single-walled carbon nanotubes 
(SWNTs) cross-linked to poly(acrylic acid) (Mw = 250 000) 
containing 2 mol % of dodecyl groups (PAA2) through host-
guest interactions.237 SWNTs could be solubilized in water in 
presence of pyrene functionalized β-CD (Py-β-CD) by 
sonication. This occurred due to the strong affinity pyrenyl 
moiety to π-surface of SWNTs. Since, cavity of the CDs was 
available to host hydrophobic dodecyl groups, PAA2 was 
mixed with Py-β-CD/SWNT hybrid in aq. solution to result in 
a hydrogel (Fig. 66a). Furthermore, gel-to-sol transition could 
be achieved by addition of sodium adamantane carboxylate 
(AdCNa, 100 equiv to dodecyl moieties of PAA2) as a 
competitive guest (Fig. 66b). Similarly, addition of α-CD, a 
competitive host for the dodecyl chains led to the same result 
(Fig. 66c). 

Zhang and Han showed preparation GO-hydrogels and 
organogels through supramolecular assembly of amphiphilic 
molecules (94a and 94b), which have a polar carbohydrate 
headgroup joined to a nonpolar pyrene moiety (Fig. 67).238 
Organogel or hydrogel formation was achieved by adding a 
solution of the gelator (10 mg/ml) in organic solvent or water 
respectively to a GO (4 mg/ml) dispersion in organic solvent or 
water respectively followed by heating, stirring and sonication. 
However, neither organogelation nor hydrogelation was 
observed in absence of GO. The evidence of π-π stacking 
interaction between pyrene groups of the gelator and GO 
surface was confirmed by gradual decrease of fluorescence 
emission of the gelator. Furthermore, hydrogen-bonding 
interactions among −OH and −CO−NH− groups of the gelator 
and −OH and −COOH groups on GO surface involved in the 
gelation process was probed by IR-spectroscopy. Interestingly, 

mechanical strength of the hydrogels and the organogels with 
94a were found to be improved significantly compared to that 
of the GO-suspension. While, addition of 94b did not show 
any significant influence in the mechanical strength of the 
organogel and the hydrogel systems. The difference in their 
mechanical behaviours might be attributed to the difference in 
the configuration of the -OH groups in the headgroup. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 66 Schematic illustration of hydrogel formation by host-
guest interaction of Py-β-CD/SWNT with PAA2; gel-to-sol 
transitions upon addition of (b) competitive guest AdCNa and 
(c) competitive host α-CD. Reprinted with permission from ref. 
237. Copyright 2007, American Chemical Society. 

5.7. Gel matrix templated synthesis of silica nano-structures 

Gelation of this class of LMWGs involves anisotropic 3D-
growth of molecules in the self-assembly which ultimately 
generates various supramolecular architectures of diverse 
shapes and sizes such as ribbons, platelets, tubular structures or 
cylinders etc. Replication of these structural features offers 
opportunities for the development of interesting and textured 
inorganic materials.37,72,239 In this section, we explore various 
strategies to prepare a variety of silica nano-structures through 
sol-gel reaction of sugar-based gels. 

 
 
 
 
 
 
 
 
 

Fig. 67 Chemical structures of pyrene and sugar-derived 
gelators, 94a-b. 

5.7.1. Nanotubes 

In one of the earlier report, ethanol gels of D-glucose-based 
(Fig. 68a), 95b (α) and 96 (β) were used for fabrication of lotus 
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shaped silica nanotubes because of strong resemblance to the 
lotus root (Fig. 68b-e).239,240 While, the nitro derivative 95a 

generated conventional granular silica structures under the 
same polycondensation conditions indicating the vital role of 
the hydrogen bonding interaction between the –NH2 group and 
the silica precursor, tetraethyl orthosilicate (TEOS).  
 
 

 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 68 (a) Molecular structures of D-glucose derivatives 95a-

b and 96. (b and d) SEM and (c and e) TEM images of the 
silica nanotubes obtained from the ethanol organogels 95b or 
96. Reprinted with permission from ref. 239. Copyright 2001, 
The Royal Society of Chemistry. 

Compound 97a equilibrates between ‘azo’ and hydrazone 
forms (Fig. 69). The amino group present in the hydrazone 
form interacts with negatively charged silica particles through 
hydrogen bonding interaction. In sol-gel polymerization of 
TEOS, transcription of superstructures of 3 wt-% of an 
aqueous gel of 97a, into their silica structures results in silica 
nanotubes with 1000 nm outer diameter.241 However, 
compound 97b being locked in the ‘azo’ form produced 
granular structures after transcription of the corresponding 
aqueous gel. 
 

 

 

 

 

 

 

Fig. 69 Chemical structures of azo benzene functionalized 
sugar derivatives (97a and 97b) and schematic illustration of 
equilibrium between ‘azo’ and hydrazone forms of 97a. 

5.7.2. Helices 

Huang and co-workers presented a sugar-based amphiphile 
(98) which self-assembled to form one-dimensional double 
helix (Fig. 70a).242 This double helical organic superstructure 
was used as soft template for fabrication of inorganic silica 
double helices through sol-gel reaction of TEOS. Sol-gel 
polycondensation of TEOS in 98 solution resulted in helical 
SiO2 (Fig. 70b). Furthermore, these double helices transformed 
into non-helical fibers in presence of conventional ionic 
surfactant (e.g., CTAB and SDS) attributed to the electrostatic 
repulsion inside double helix which is unfavourable for close 
chiral packing of amphiphiles. These non-helical fibers of co-
assembly of 98 and cationic surfactant produced single helices 
of SiO2 (Fig. 70c). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 70 (a) Chemical structure of sugar-based amphiphile 98; 
Schematic representation of sol-gel reaction of TEOS in (b) 98 

to form double helical SiO2 and (c) 98/CTAB to form helical 
SiO2 nanomaterials. Reprinted with permission from ref. 242. 
Copyright 2010, American Chemical Society. 

6. Conclusions and future perspectives 

In this review, we have made a journey across various areas of 
sugar-derived LMWGs urbanized in the last two decades or so 
uncovering the mechanism of gelation, tailorable properties 
and other beneficial applications ranging from sensing to their 
uses as biomaterials. The most important advantages of using 
sugar derivatives as platform of gelation are their easy 
commercial availability, biodegradability, non-toxic nature and 
eco-friendly behaviour. We have also systematically explored 
how one may utilize various non-covalent forces that endow 
the sugar-based LMWGs system with desired properties. The 
inherent chirality of the sugar derivatives further allows 
extracting of chiral information directly translated from the 
molecular level to the microscopic level, which is generally 
expressed as supramolecular helicity in most of the cases. 

Furthermore, various stimuli-responsive moieties are 
incorporated in the sugar-derived gelators to develop 
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fascinating stimuli-responsive soft-materials and unveil the 
secrets of various biological phenomena such as signaling 
machinery of extracellular matrices. Gelation ability of sugar-
based LMWGs at reasonably low concentration and their 
significantly high mechanical strength have proven them as 
promising candidates for phase selective gelation. In this 
context, phase-selective-gelation has been explored in biphasic 
solvent mixtures. However, it would be exciting to extend this 
idea to multiple solvent systems. In combination with 
remarkable rheological properties such as high strength, 
stiffness and self-healing properties sugar-derived gels allowed 
them to gain various self-supporting shapes such as flexible 
planoconvex lenses, double convex lenses and prisms etc. 
Furthermore, they often lead to the formation of transparent 
gels with high transmittance in the visible region with glass-
like refractive indices. Hence, they have promising potential to 
become a substitute of glass as well.  

Supramolecular gel matrix has been extensively utilized as 
template for synthesis and stabilization of the different kind of 
nanomaterials in order to develop novel nanocomposites with 
interesting properties. Incorporation of nanoparticles or 
nanocarbons (SWNTs and graphene etc.) synergistically 
enhances the mechanical strength of the hybrid gels. Despite of 
large number of reports of gel nanocomposites, it is not 
adequately explored with sugar-derived gels. However, various 
architectural domains of sugar-derived supramolecular gel 
networks have indeed acted as excellent templates for the 
fabrication of inorganic silica nano-structures with efficient 
transcription of gel superstructures. High biocompatibility and 
biodegradability of building blocks of these gels offer potential 
applications in the area of drug delivery, screening of enzyme 
inhibitors and tissue engineering etc. Still, lots of hurdles have 
to be surpassed for application in large scale and vast daily life 
uses and imitating challenging complex environment 
encountered in human cells. We believe that this review will 
become a very useful source for such future design and 
innovation. 
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