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Supramolecular carbohydrate-based hydrogels from oxidative hydroxylation of 

amphiphilic -C-glycosylbarbiturates and -glucosidase-induced hydrogelation 

Shun Yao,a Robin Brahmi,a Anaïs Bouschon,a Jing Chen,b Sami Halilaa,* 

We describe an ecofriendly two-step synthesis of glycoamphiphiles, capable of hierarchical self-assembly towards supramolecular hydrogels, and consisting in 

Knoevenagel condensation of barbituric derivatives onto biobased carbohydrates (glucose and maltose) and selective H2O2-mediated oxidative hydroxylation of 

the barbiturate in water. By playing on the molecular design of glycostructures and on hydrophilic/hydrophobic balance, various glyco-nanostructures (ribbons, 

tapes, vesicles, helices, fibers) have been created via supramolecular self-assembly. In addition, we found that one water-soluble glycoamphiphile underwent 

sol-to-gel phase transition upon the addition of -glucosidase as a result of the hydrolysis of the non reducing-end glucose in maltose moiety.  

Introduction 

Glycoamphiphiles are basically defined as a hydrophilic carbohydrate moiety covalently bound via a glycosidic linkage to a 

hydrophobic building block. In Nature, such amphiphilic species exist as glycolipids (glycosphingolipids, 

glycosylphosphatidylinositols, lipopolysaccharides, etc.) that are essential components of cell membranes and mediate diverse 

biological and pathological processes such as cell growth, fertility, immunity, metastasis, and viral and microbial invasion. 1,2 On the 

other hand, because of their self-assembling properties, their renewable raw materials, low toxicity and high biodegradability, 

glycoamphiphiles found many applications in a huge variety of fields, from agriculture to biomedical applications.3,4 For instance, 

alkylpolyglucoside is used as a foaming agent, emulsifier, pharmaceutical granulating agent and cosmetic surfactant.5 Besides, 

glycoamphiphiles display advanced functions such as liquid crystals properties or self-assembly properties into various 

nanostructures ranging from micelles, vesicles and fibers in solution.6-8 A milestone was reached when we demonstrated that 

amphiphilic carbohydrate-based block copolymers could self-organized into periodic thin-films nanostructures of sub-10 nm 

resolution.9-11 In addition, glycoamphiphiles or glyco-hydrogelators are known to form supramolecular hydrogels resulting from the 

three-dimensional network of interpretated self-assembled nanofibers.12-14 Supramolecular hydrogels have gained tremendous 

attention in the development of soft materials with applications as drug releasing matrices, tissue engineering, removal of pollutants, 

sensors or template for nanostructured materials, etc… .15-17 Glyco-hydrogelators are mainly achieved through a multi-step synthesis 

including protection/functionalization/deprotection reactions in toxic and unsustainable solvents that is non economical and eco-

friendly strategy and remains a time-consuming and labor-intensive process.12-14 

Very recently, we tackled these problematics by reporting an efficient and versatile green synthetic access to glyco-hydrogelators 

through the Knoevenagel condensation in water of N,N’-substituted barbituric acids with protecting group-free carbohydrates.18 The 

resulting sodium salt of N-monosubstituted -C-glycosylbarbiturates led to entangled nanostructured hydrogels either in strong 

acidic conditions or either by adding calcium ions at neutral pH (Fig. 1). Because of hydrogelation conditions that are inconsistent 

with biological applications, we investigated, once again, a sustainable chemical way to perform hydrogelation of -C-

glycosylbarbiturates at neutral pH and without adding divalent metal ions. 

 

Fig. 1 Structures and conditions of hydrogelation of sodium salt of amphiphilic -C-glycosylbarbiturates 

Starting from the observation that the exclusive presence of the keto tautomer form (KH) of barbiturates, that could be in 

equilibrium with the enol tautomer form (EH), is mandatory to promote hydrogelation, we decided, in this paper, to investigate the 

post-functionalization at the C-5 position of the barbituric moiety of the glycoamphiphiles, thus definitively blocking the KH form 

(Fig. 1). A survey of the literature indicated that reactions of i) bromination,19 ii) alkylation,20,21 iii) hydroxy methylation,22 iv) 

malonyl peroxides-mediated oxidation,23 and v) oxidative hydroxylation could be envisioned. Keeping in mind that green chemistry 

approaches should be favored, we took the route of oxidative hydroxylation24 that occurs in water. 

Therefore, herein, we describe the selective oxidative hydroxylation of a series of amphiphilic N-monosubstituted -C-

glycosylbarbiturates as well as an investigation of their hydrogelation properties in pure water.  
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Results and discussion 

Our first attempts of selective oxidative hydroxylation at C-5 position of the barbiturate ring were done with model substrates, such 

as -C-glucosylbarbiturate 1 and N,N’-dimethyl -C-glucosylbarbiturate 1’, that were easily synthesized and isolated from the 

aqueous reaction by precipitation into a mixture of EtOH/EtOAc (2:6; v/v) with 96 % and 98 % yields, respectively (Scheme 1). 25 

A previous work from L’Oréal group reported that H2O2-mediated oxidative hydroxylation of 1’ in water led in a one-pot procedure 

to -methylamide C-glucoside derivative 4’ involving the release of NaOH in the mechanism pathway.26 

 

Scheme 1 H2O2-mediated oxidative hydroxylation of -C-glucosylbarbiturate 1 and 1’. 

Moreover, a patent from the previous authors showed that the oxazolidine-2,4-dione intermediates 3 and 3’ could be favoured by 

controlling the reaction time or by using oxone® as oxidizing reagent during 16 h.27 For the latter, by reducing the reaction time from 

16 to 2 h, the C-5 hydroxyl derivative 2’ have been obtained in 71% yield. And the compound 2 was not described. In this work, 

H2O2 was preferred because is a very mild oxidant, relatively cheap and produces only water as by-product, thus benefiting both the 

economic and green chemistry viewpoints. Since the basic conditions of H2O2-mediated oxidative hydroxylation led preferentially 

to rearrangements, we treated 1’ with 2 equivalents of KH2PO4 1M in order to control the pH (between 7 and 8) during the reaction. 

In spite of these precautions, we rapidly obtained a mixture of oxazolidinone 2’ and C-5 hydroxyl 3’ derivatives according to mass 

spectrometry analysis (data not shown). However, the same experimental conditions applied to 1 led to 2 in a satisfactory yield of 

66%. This result highlights that N-H groups kinetically disfavors the rearrangement pathway, thereby allowing control of the 

oxidative hydroxylation at the C-5 position of the barbituric acid. 

As previously mentioned, we already demonstrated that MalB-3 and MalB-4 (Fig. 1), that are featured by a maltose disaccharide 

linked through a N-monosubstituted barbiturate to a C18 saturated aliphatic chain and C18 mono-unsaturated C18:1 (cis-9) chain, 

respectively, were able to hierarchically self-assemble into supramolecular hydrogels in strong acidic conditions or by adding 

calcium ions.18 We found, with others,28-30 that the hydrophobic-hydrophilic balance is a determinant parameter for exhibiting 

hydrogelation and since oxidative hydroxylation brings an additional hydroxyl function, we decided to screen a library of synthetic 

amphiphilic -C-glycosylbarbiturates GlcB(OH) and MalB(OH) towards their hydrogelation abilities (Scheme 2). 

 

Scheme 2 H2O2-mediated oxidative hydroxylation of sodium salt of amphiphilic -C-glycosylbarbiturate GlcB and MalB towards neutral amphiphilic hydroxylated -C-

glycosylbarbiturate GlcB(OH) and MalB(OH). 

Table 1 Yields of oxidative hydroxylation affording amphiphilic -C-glycosylbarbiturate GlcB(OH) and MalB(OH). 

Glucose  R  Maltose % yielda 

GlcB(OH) 

1 C14 1 

MalB(OH) 

58 72 

2 C16 2 64 54 

3 C18 3 56 67 

4 C18:1(cis-9) 4 63 63 

a Conversion in isolated product.  

Briefly, the synthesis of GlcB and MalB were performed through Knoevenagel condensation in water by reacting chemo-

selectively N,N’-alkyl barbituric acid derivatives into the reducing-end anomeric position of unprotected Glc and Mal, as already 

reported.18 Next, H2O2-mediated oxidative hydroxylation of GlcB and MalB in water led successfully to GlcB(OH) and MalB(OH), 

respectively, with moderate to good yields (54 - 72%) as shown in Table 1. While thin-layer chromatography analyses indicated an 

almost complete reaction, a chromatographic separation step was required, lowering the yields in isolated products. All the structures 

were characterized and confirmed by high resolution mass spectrometry, NMR, FTIR and UV-visible spectroscopy (See ESI† and 

Fig. S1-S8). The formation of 5,5-disubstituted barbiturates induces significant upfield shift of the H-anomeric involved in -C-

glycoside formation that appears as a clean doublet at 4.5 ppm in GlcB and MalB (Fig. S9†).18 The keto tautomer form for the series 
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of GlcB(OH) and MalB(OH) was also confirmed by UV-visible spectroscopy with an expected max around 230 nm and nothing at 

262 nm, such as for GlcB-1, which is the signing of the enol tautomer form (Fig. 2).18 

 

Fig. 2 UV spectrum of GlcB(OH) and MalB(OH) in water showing max at 230 nm corresponding to keto tautomer forms and of GclB-1 showing max at 262 nm corresponding to a 

mixture of enol and keto tautomer forms. 

To investigate the self-assembling properties of GlcB(OH) and MalB(OH), tube-inversion experiments were realized, that 

involved cooling to induce gelation (self-assembly) after dissolution into aqueous solution via heating at 80°C (Table 2). In contrast 

to GlcB samples that didn’t dissolved into water even after heating, GlcB(OH) samples dissolved upon heating and more importantly 

slightly opaque hydrogels were formed after cooling-down at room temperature (rt) with a minimal gelation weight concentration 

(MGC) of 2 wt% for GlcB(OH)-2, and 3 wt% for GlcB(OH)-3 and GlcB(OH)-4. GlcB(OH)-1 dissolved into hot water and upon 

cooling formed sedimented large spherical aggregates and could not be considered as hydrogel. For GlcB(OH)-4, the formation of 

the hydrogel occurred after 3 days at rest, highlighting particularly low self-assembly kinetics and aging helped for improving 

packing over time. In summary, these results clearly indicated that the additional hydroxyl function changed dramatically the 

solubility parameter in pure water and induced hierarchical self-assembly into supramolecular hydrogels. For MalB(OH) samples, 

opaque and transparent hydrogels were only observed for MalB(OH)-3 at 4 wt% and MalB(OH)-4 at 5 wt%, respectively. The 

obtention of a stable transparent gel for MalB(OH)-4 compared to MalB(OH)-3 reveals the formation of thinner aggregates that are 

shorter than the visible wavelength region. Decreasing the aliphatic chain from C18 (MalB(OH)-3) to C16 (MalB(OH)-2) and C14 

(MalB(OH)-1) resulted in a full solubility in water. While MalB(OH)-3  is stable at room temperature for several months, 

MalB(OH)-4 becomes liquid after 1 day at rt. The hydrogels were all thermoreversibles, as confirmed by alternating heating 

(solution) and cooling (gel) cycles, that is one of characteristics of supramolecular hydrogels owing to the nature of weak 

interconnected bonds. Gel-to-sol transition (Tgel) of the hydrogel at MGC was investigated by differential scanning calorimetry 

(DSC) which showed an endothermic peak at 64, 61, 42, 38°C for GlcB(OH)-2 to -4, respectively and 38°C for both MalB(OH)-3 

and -4, supporting the disruption of the gel phase (Table 2). 

Table 2 Pictures of the hydrogels and properties in water of GlcB(OH) and MalB(OH). 

GlcB(OH) MalB(OH) 

1 2 3 4 1 2 3 4 

P G2O G3O G3O S S G4O G5T 

    

- - 

  

Tgel (°C) 64 61 42   38 38 

G: stable gel at room temperature, the numbers close to G indicate the MGCs; P: precipitation; S: soluble; O: opaque; T: transparent. Tgel represents gel-to-sol transition 

temperature of hydrogels at MGCs obtained from DSC. 
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To get a deeper insight into the morphology of self-assembled glyco-hydrogels, transmission electron microscopy observations 

were performed. As shown in Fig. 3, various well-structured nanoscale architectures entrapping solvent water molecules in the 3-D 

network were observed and featured by carbohydrates exposed at the periphery. GlcB(OH)-2  self-assembled into ribbons 

constituted of fine fibrils (white arrow in Fig. 3A) across their width, while GlcB(OH)-3 revealed uneven giant multilamellar vesicles 

ranging from 0,3 to 1 m in diameter (Fig. 3B) as already observed for phospholipids.31 For the latter, the matrix of the hydrogel 

seems to be formed by the closely packed structures of multilamellar vesicles as already reported in our recent publication.18 For 

GlcB(OH)-4, TEM showed micrometers long semi-rigid helical nanofibers with a uniform lateral diameter (17 ± 1 nm) close to the 

lateral arrangement of four GlcB(OH)-4 molecules (Fig. 3C). MalB(OH)-3 displayed a plate-like morphology of about hundred 

nanometers in diameter, (Fig. 3D)32 while MalB(OH)-4 self-assembled into 5 ± 0,5 nm-wide and several micrometer-long tortuous 

wormlike cylinders consisting with the model of bilayer structures of interdigitated oleyl (C18:1(cis-9)) chains (Fig. 3E), that 

physically entangled into a network that forms the hydrogel matrix. These small wormlike aggregate dimensions confirmed our 

previous assumption related to the transparency of the hydrogel. 

 

Fig. 3 TEM image of nanostructures of hydrogels formed with GlcB(OH)-2 (A), GlcB(OH)-3 (B), GlcB(OH)-4 including a rectangle zoom (C), MalB(OH)-4 (D) and MalB(OH)-5 (E). 

If the control of noncovalent interactions with DNA, peptides or phospholipids is well mastered, the known difficulties in controlling 

the precise structures of carbohydrate-based amphiphiles are closely related the stereochemistry of carbohydrates that greatly impact 

hydroxyl-based hydrogen bonding (carbohydrate-carbohydrate interactions or CCIs) along with steric effects. However, it is well-

established that the self-assembly process is roughly governed by geometrical constraints impacting the surface curvature. of 

individual uncharged amphiphile molecules (packing parameter),33 in addition to the attractive hydrophobic interactions between 

the lipophilic segments and repulsive steric interactions between the hydrophilic headgroups.34,35 The different morphologies 

observed between Glc-B(OH)-3 vs. MalB(OH)-3 and GlcB(OH)-4 vs. MalB(OH)-4 are undoubtedly attributed to molecular 

geometric considerations and subsequent molecular packing, since Mal disaccharide possesses one additional bulky glucose unit  

compared to Glc monosaccharide. Moreover, from dissipative particle dynamics simulations with amphiphilic carbohydrate-based 

metallacycles, G. Chen and coll.36 revealed that a disaccharide displays stronger CCIs than a monosaccharide by four times, driving 

the self-assembly along the CCIs direction. Therefore, beside the simple molecular geometric considerations, the nature of the 

carbohydrate headgroup plays also an important role in driving hierarchical self-assembly towards diversiform glyco-nanostructures. 

Likewise, the morphologies drastically changed from stearyl-containing glycoamphiphiles (GlcB(OH)-3 or MalB(OH)-3) to the 

counterpart monounsaturated oleyl-containing glycoamphiphiles (GlcB(OH)-4 or MalB(OH)-4) only differing in the absence or 

presence of a cis double bond in the middle of the alkyl chain moiety. Once again, the intermolecular packing plays a significant 

role because one can expect that oleyl chains, due to the higher chain mobility (Tm = 13°C) than stearyl chain (Tm = 69°C) at RT, 

will form a tighter intermolecular packing promoting low mean-curvature aggregates such as fiber- or worm-like nanostructures.37 

After analyzing individually all the morphologies from the series of GlcB(OH)-2 to 4, that varies slightly of two C-C bonds in the 

hydrophobic chain length, it seems difficult to get direct relationships with the molecular packing parameters. Above all, our results  

emphasize that HLB still plays a major role for driving their self-assembly behavior regardless of the discrete molecular architectures. 

Carbohydrate-based hydrogelators have found many applications in the biomedical field. For instance, supramolecular glyco-

hydrogels exhibited inhibition towards biofilm formation and bacterial growth of P. aeruginosa,38 served as biomimetic scaffolds 

for cell growth and adhesion,39,40 promoted wound healing,41 and selectively inhibited cancer cells.42 For the latter, Pashkuleva et 

al.43-45 originally proposed a simple N-Fmoc glucoamine-6-phosphate derivative as a precursor of self-assembly and hydrogelation 

triggered by the overexpressed alkaline phosphatase-catalyzed dephosphorylation and produced by osteosarcoma cell line. This 
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innovative supramolecular-based therapeutic axis stems from pioneering works of Bing Xu’s group with peptide-based hydrogelator 

precursors and it is commonly called “Enzyme-Instructed Self-Assembly” or EISA.46,47 

By carefully studying the gelation tests of our amphiphilic -C-glycosylbarbiturates, we identified a potential precursor of 

hydrogelation that could be induced by the action of -glucosidases. Indeed, while we demonstrated that MalB(OH)-2 is fully 

soluble in water, the monosaccharide analogue GlcB(OH)-2 formed an opaque hydrogel with a MGC of 2 wt%. So, we evaluated 

MalB(OH)-2 as a precursor to turn into a hydrogelator, GlcB(OH)-2, upon Aspergillus niger amyloglucosidase-catalyzed non-

reducing D-glucosyl residue hydrolysis. We started our study by using 3 wt% of MalB(OH)-2 that should result in 2,3 wt% of 

GlcB(OH)-2 if the hydrolysis is total, therefore slightly above MGC. After overnight of enzymatic hydrolysis at 45°C, we were 

pleased to see that the clear solution turned into an opaque gel. TEM images revealed uniform self-assembled nanofibers (Fig. 4) 

that differ from the expected ribbons for GlcB(OH)-2 (Fig. 3A). In addition, if the weight concentration is divided by 5 to reach 0.6 

wt% of MalB(OH)-2, the -glucosidase-induced gelation of the resulting GlcB(OH)-2 occurred and at theoretically 0.46 wt%, 

which is much lower than MGC. These results pointed out that nanostructure morphologies resulting from self-assembled 

hydrogelators are clearly dictated by kinetics of supramolecular polymerization (production rate of the hydrogelator) and not only 

by the tridimensional structure of hydrogelators.48 This work reports for the first time the use of -glucosidase for sol-to-gel phase 

transition while it was only used for gel-to-sol phase transition.49 

 

Fig. 4 A. niger amyloglucosidase-catalyzed glucosyl residue hydrolysis of MalB(OH)-2 at 3 and 0,6 wt% into GlcB(OH)-2 hydrogelator with hydrogel pictures and TEM image of 

fibrillar glyco-nanostructures. 

The in-vivo preparation of self-assembled hydrogelators for selective inhibition of cancer cells by taking advantage of overexpressed 

endogenous enzymes could be envisioned for treating pancreatic cancer, a devastating gastrointestinal cancer, since a recent study 

demonstrated that an elevated level of lysosomal acid -glucosidase occurred in response to gemcitabine treatment, an anticancer 

nucleoside.50 

Conclusions 

In conclusion, following our observation from a previous study that sodium salt of glycosylbarbiturate hydrogelators were effective 

if the keto form of barbiturate is predominant, we successfully developed a green chemistry derivatization to stabilize the keto form 

through H2O2-mediated oxidative hydroxylation of the barbiturate ring in water.  Thus, we synthesized a series of hydroxylated 

glycosylbarbiturates and found hydrogelators enabling the supramolecular gelation of water at neutral pH and without the need of 

strong acid or divalent cations such as for sodium salt of glycosylbarbiturates. Glucose and maltose-based hydrogelators have been 

discovered resulting in various self-assembled glyco-nanostructures due to their different intermolecular interaction and packing 

parameters. And in the context of EISA, we showed that -glucosidase could trigger the formation of supramolecular nanofibers to 

result in hydrogels and even at a concentration below the minimal concentration of gelation. Indeed, a maltose-based precursor was 

hydrolyzed into a glucose-based hydrogelator with the use of Aspergillus niger amyloglucosidase. Since EISA found relevant 

applications in cancer therapy by selectively generating in situ self-assembled nanostructures or at the periphery of cancer cells, it 

can be anticipated that these C-glycosylbarbiturates have promising applications in medicine. 
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