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ABSTRACT: Hydrogels with antibacterial activities have the potential for many biomedical
applications, such as wound healing, because the maintaining of the moist environment and the
prevent of infections. In this work, an ultrasound-induced supramolecular hydrogel consisting of
easily accessible reducing-end free glucosaminylbarbiturate-based hydrogelators that serve for in
situ fabrication of silver nanoparticles (AgNPs), excluding the addition of any external reducing
or stabilizing agents, has been developed. The innovative synthetic approach relied on the use of
N,N'-disubstituted barbituric acid derivatives as a versatile chemical platform that site-selectively
reacted with amino function of glucosamine. A series of glucosaminylbarbiturate were

synthesized and we identified one carbohydrate-based hydrogelator that produced a thixotropic



supramolecular hydrogel after ultrasound-mediated breaking of an intralocked hydrogen bond.
AgNPs@hydrogel were prepared through in situ reduction of silver ions mediated by reducing
properties of carbohydrates. The AgNPs@hydrogel composite revealed good antimicrobial
properties towards both Gram-positive and Gram-negative bacteria. These findings contribute to
the development of carbohydrate-based supramolecular hydrogels and make them promising

efficient and safe soft materials for antimicrobial therapy.

1. INTRODUCTION

Over the preceding decade, the preparation of noble metal nanoparticles through environmentally
conscious green synthesis methods has been extensively documented, driven by a growing
awareness of environmental concerns. Among the diverse array of noble metal nanoparticles,
silver nanoparticles (AgNPs) have garnered significant attention owing to their distinctive
optical, electrical, catalytic, and antibacterial properties relative to bulk metallic silver. Indeed,
AgNPs find widespread applications in personal care products, textiles, food packaging,
construction materials, and medical instruments, owing to their remarkable and established
antibacterial efficacy. Notably, Ag' cations have been observed to disrupt bacterial cell

membranes and to inhibit the enzymatic activities of bacterial cells.'

In pursuit of the development of anti-infective materials tailored for biomedical
applications, the incorporation of AgNPs within biocompatible matrices to facilitate a sustained
release of Ag' cations become imperative. Hydrogels derived from natural polymers, such as
polysaccharides,™ have been extensively employed since they closely mimic the extracellular
matrix, and the three-dimensional macromolecular network prevents the direct release of AgNPs

while permitting controlled release of Ag” cations. Both in situ and ex situ methodologies have



been explored for the preparation of AgNPs@hydrogel composites. In the case of the in situ
approach, Ag' cations initially form coordination complexes with specific chemical groups
constituting the polymer hydrogels. Subsequent reduction of the Ag'-loaded gel by a chemical
reagent ensures the uniform synthesis of NPs within the gel matrix.” >’ Nonetheless, the use of a
reducing agent such as NaBH, may potentially exhibit cytotoxic effects.”” Therefore, to
circumvent the use of toxic reducing agents, alternative chemicals such as reducing
carbohydrates (glucose) or ascorbic acid, have been judiciously used.'’ In the context of the ex
situ approach, pre-synthesized AgNPs are combined with the polymer matrix and subsequently
subjected to a "cross-linking" process to induce gelation. However, the tendency of AgNPs
agglomeration, attributable to their elevated active surface area, is commonly observed and
markedly diminishes their antimicrobial efficacy. Consequently, a chemical pretreatment of the

AgNPs surface is needed prior to gel formation.''

Compared to the widely studied macromolecular gels, supramolecular gels have attracted
substantial attention because of their promising applications in biotechnology and
bioengineering. Supramolecular hydrogels are based on low molecular weight gelators
(LMWGs) that undergo self-assembly, forming hierarchical nanostructures through non-covalent
interactions, thereby establishing a three-dimensional (3D) entangled network in aqueous
environments.'*'* Seminal studies have reported the use of supramolecular hydrogels for the
growth of metal NPs, however, these endeavors still relied on the employment of toxic reducing

agents or external stimuli such as photoreduction.'>'

Carbohydrate-based gelators have been attracting tremendous attention since
carbohydrates are biosourced, abundant, renewable, biodegradable and non-toxic, filling the

criteria of “green” industry. Carbohydrates not only act as hydrophilic groups but also contain



multiple hydroxyl groups that serve as hydrogen-bonding sites involved in the 3D-network
formation. Moreover, as already mentioned, the open-chain aldehyde form of carbohydrates
could act as reducing agent by transferring electrons to another species, e.g., to Ag’, producing

AgNPs.'?

Therefore, the originality of this work consists in creating a carbohydrate-based
supramolecular hydrogels constituted of reducing carbohydrate derivatives enabling intrinsic
reduction of silver ions towards antibacterial AgNPs stabilized into the 3D entangled self-
assembled network (Illustrated in Figure 1). To the best of our knowledge, there is no reports on
the in situ synthesis of AgNPs utilizing native reducing-end carbohydrate-based supramolecular
hydrogels. To achieve this purpose, novel reducing end glucosamine-based gelators have been
synthesized, capitalizing on the site-selective modification of protecting group-free
carbohydrates on the amino function of glucosamine with N,N’-disubstituted barbituric acid
derivatives. The selection of substituents on the barbituric ring has been meticulously tailored to
promote gel formation through cooperative interactions, encompassing hydrogen bonding, n-n
interactions, and hydrophobic interactions.  Ultimately, in situ  formation of
AgNPs@supramolecular hydrogels has been performed and have demonstrated antimicrobial

activity, thereby addressing a crucial aspect of their potential applications.
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Figure 1. Schematic illustration of a reducing carbohydrate-based supramolecular hydrogel

formed by self-assembly enabling in situ formation of AgNPs

2. RESULTS AND DISCUSSION

2.1 Carbohydrate-based hydrogelator design. To achieve our objective, the synthesis of free
reducing end carbohydrate-based hydrogelators is required. Hydrogelators, as previously
indicated, are amphiphiles encoding different forms of non-covalent interactions. The
preparation of glyco-hydrogelators necessitates the introduction of a hydrophobic segment (alkyl
or aromatic group) by covalently attaching to one of the chemical functions of the hydrophilic
carbohydrate, except on the anomeric position. It is worth noting that the majority of
carbohydrate-based hydrogelators are currently amphiphilic glycoconjugates that have been

17,18
% In our work, we

altered at the reducing end position because of convenient synthetic reasons.
prioritize chemo- and site-selective modifications of carbohydrates since they prevent the need
for time-consumption and laborious protection/deprotection steps.

Naturally occurring D-glucosamine, that can be extracted from crustacean exoskeletons and
fungal mycelial mats, has a noteworthy advantage due to its amino-group at the C2 position
which exhibits heightened reactivity compared to hydroxyl group. A previous publication
reported that D-glucosamine hydrocholoride reacted chemo-selectively at amino function
position with 9-fluorenylmethyl chloroformate which generated supramolecular hydrogels with
self-assembled nanofiber structures.'® If this strategy is definitively interesting, it is limited to a
few structures depending on commercially available aryl chloroformate derivatives. Our research
group initially proposed barbituric acid derivatives as a versatile and efficient chemical platform
for the protecting-group-free modification of carbohydrates at the anomeric position, facilitated

19-21

by Knoevenagel condensation in water. The barbituric acid chemical toolbox provides



remarkable structural and functional diversity which is conducive to diversity-oriented synthesis
of (neo)glycoconjugates. Noteworthy, 1,3-dimethyl-5-[(dimethylamino)methylene] 2,4,6 (1H,
3H, 5H)-trioxopyrimidine (DTPM reagent), a 5-substituted barbituric derivative, has been
developed to readily protect the amino function of carbohydrates in MeOH.? Therefore, based
on our previous works, we originally proposed N,N’-disubstituted barbituric acid derivatives as
hydrophobic segments that could react with the amino function of D-glucosamine. Following this
strategy, the potential glyco-hydrogelators will possess a free reducing end, serving as the
reducing site, allowing us to prepare in situ synthesis of antimicrobial AgNPs@supramolecular
hydrogel composites. N,N’-disubstituted barbituric acid derivatives incorporating aromatic
groups (R1, R2) have been selected because of m-n and/or CH—= interactions that are well-

known to promote self-assembly (shown in Scheme 1.2
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Scheme 1. Design of the chemical structure of reducing-end 2-deoxy-2-N-(N,N’-disubstituted

barbituryl)glucosamine hydrogelators

In order to achieve a proper hydrophilic-lipophilic balance (HLB) for exhibiting hydrogelation,
we synthesized a series of potential 2-deoxy-2-N-(N,N’-disubstituted barbituryl)glucosamine
hydrogelators (1d to 5d, in Scheme 2). Firstly, the activated N,N’-disubstituted barbituric acid
derivatives were synthesized in three steps. The primary arylamines reacted, in ~BuOH, with

N,N’-carbonyl diimidazole at 40 °C leading to symmetrical ureas 1a, 3a and 5a (Step (i), in



Scheme 2) that were easily recovered by filtration at the end of the reaction. Besides, the
unsymmetrical urea 2a and 4a were obtained by reacting isocyanate derivatives with primary
amines in dry DCM at room temperature. Then, after dilution with dry DCM, the urea
derivatives were cyclized with malonyl chloride at 40 °C to readily afford the corresponding
N,N’-disubstituted barbituric acid derivatives (Step (ii), in Scheme 2). Next step is the
Knoevenagel condensation with DMF at 90 °C in acetic anhydride, to give the final activated
N,N’-disubstituted barbituric acid derivatives. (Step (iii), in Scheme 2). The yield of compound
3¢ was too low (28%) by following this way, so compound 3b was rather reacted with N, N-
dimethylformamide dimethyl acetal, in dry HCCI; at rt, significantly increasing the yield of
compound 3¢ (60%). Finally, the expected glyco-hydrogelators (1d to 5d) were synthesized (the
detailed synthesis were shown in Supporting Information) by coupling the activated N,N -
disubstituted barbituric acid derivatives with D-glucosamine hydrochloride at rt in MeOH and in
presence of NaHCO; (Step (iv), in Scheme 2). The structures of compounds from 1d to 5d are
shown in Scheme 2 and were well characterized by *H and **C NMR, mass spectrometry and

FT-IR (See Supporting Information, Figures S1-S32).
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Scheme 2. The 4-steps synthetic route towards reducing-end glyco-hydrogelators (1d to 5d)

2.2 Hydrogelation studies and physical-chemical characterization of the hydrogel. In
order to get hydrogelation properties, the prerequisite is that compounds have to be non-soluble
in water at rt and to provide a clear homogeneous solution after heating. Next, when the solution
is allowed to cool down, a self-standing gel, upon tube inversion, has to be observed. And if the
gelation is observed, we decrease the weight concentration in order to determine the minimal gel
concentration (MGC). The gelation tests were undertaken and unfortunately, the carbohydrate
derivatives 1d to 5d at 5 wt.% failed to form a gel in water following the heating/cooling cycle.
However, we serendipitously found that compound 4d (5 wt.%) exhibited a self-supporting gel

capability in water upon ultrasound irradiation (0.56 W cm™, 37 kHz, 25 °C) for 30 min and



vortexing for better dispersion. Afterwards, we screened out other compounds (1d, 2d, 3d, 5d) in
the same way, but all of them cannot generate hydrogel when they were sonicated even for 120
min and left to rest for a long time. The concentration of compound 4d was decreased to 4 wt.%,
3 wt.%, 2.5 wt.% and 2 wt.%, all of them can generate hydrogel except for 2 wt.% in the same
way above. Therefore, hydrogelator 4d has a minimal gelation concentration (MGC) of 2.5 wt.%
after 2 hours of rest. The inability to obtain sonication-induced hydrogels for compound 3d, that
differs only from a methylene carbon, revealed the utmost importance of the delicate HLB
impacting on the solubility and, ultimately, on gelling properties. This emphasizes once again the
difficulty of predicting the right structure to obtain a hydrogelator and that the screening of a
series of amphiphiles remains needed.

Only recently, ultrasound has been found to be an external physical stimulus to initiate the self-
assembled fibrillar networks of gelators in a given solvent.”**® The force of ultrasound was
thought to rearrange the aggregation of molecules by cleaving self-locked intramolecular
hydrogen bonds or m - m stacking to form interlocked structures through intermolecular
interactions. To gain insight information on the supramolecular interactions present 4d, 'H NMR
(Figure S34) and FT-IR (Figure S33) experiments were carried out. Indeed, enamines derived
from D-glucosamine and P-diketones are well-known to establish an intramolecular hydrogen
bond between N-H from sugar and C=0 from B-diketone.”” The FT-IR spectroscopy (Figure
S33) of as-prepared 4d showed a low stretching-frequency at 1631 cm™ that was attributed to
C=0 stretching mode vibration of barbituric ring involved in intramolecular hydrogen bonding
interactions. Indeed, the carbonyl absorptions for barbituric derivatives are usually observed
around 1750 cm™.*?! For the gel state induced by sonication, C=0 band was splitted into two

bands at 1650 cm™ and 1625 cm™' that were characteristics of different modes of intermolecular



hydrogen bonding interactions. The freeze-dried hydrogel showed the same FT-IR spectra than
the as-prepared solid compound 4d revealing a disruption of the intermolecular hydrogen
bonding by this process. Moreover, the chelate structure was further demonstrated by the two
multiplets at low field (6 10.20 ppm) assigned to the N-H proton for a solution in DMSO-dg
(Figure S34). The large paramagnetic shift is due to the presence of the strong intramolecular
hydrogen-bond, and the splitting to the presence of two coexisting rotational isomers (rotamers I
and II in Scheme 3) due to the asymmetry of the barbituric ring and were estimated thanks to the
proton integration to be in a ratio of 1:1. This equimolar ratio indicates that no rotamer is favored
likely because no steric hindrance occurs either with benzyl or ethyl group. In support of these
experimental data, we can reasonably claim that our 4d hydrogelator originally exists in a
deactivated form, because of the self-locked intramolecular bond -C=0----H-N-, and that
ultrasound allows breaking of this bonding leading to an activation of 4d conducive to
intermolecular H-bonding essential to the formation of a three-dimensional network and
ultimately to the formation of a supramolecular hydrogel. This mechanistic pathway is illustrated

in the following Scheme 3.
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Scheme 3. Ultrasound-induced breaking of self-locked intramolecular hydrogen bond of 4d
rotamers (I) and (II) to activate supramolecular polymerization

The photographs of the opaque gels formed with compound 4d at 4 wt.% are shown in
Figure 2. We demonstrated that a thermoreversible hydrogel 4d could be obtained after heating
up to almost 100 °C without achieving full solubilization (Figure 2A) and then a new round of
sonication. While, a complete solubilization did not allow gelation even after ultrasound
irradiation. It could be concluded that the residual hydrogel could act as seeding growth for

promoting the self-assembly and ultimately hydrogel formation.

S 4% 4d

completely soluble

X%

heating sonicating

e shaking
= sonicating
sl shaking

incompletely soluble

dilution sonication

4% 4d 2% 2%
Figure 2. Representative images of 4d hydrogels A) showing thermoreversible properties after

partial dissolution and B) subjected to dispersion from 4 wt.% to 2 wt.% then sonication
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Besides, hydrogel 4d at 4 wt.% was broken by vigorous mixing by vortex, therefore
mechanically disrupting the hydrogel network, and then some deionized water was added for
reaching a concentration of 2 wt.%, below the previously determined MGC value of 2.5 wt.%.
The dispersed solution was sonicated for 10 min and after allowing time for recovery (12h), the
hydrogel network was reestablished as assessed by vial inversion method (Figure 2B),
illustrating the self-healing behavior. When it was diluted to 1.5 wt.%, it cannot form hydrogel
even after 1 week of rest. Besides, hydrogels 4d at 4 wt.% and 5 wt.% were broken by vortex
and then were transferred to other two vials with syringe (scale: 10 mL, needle: 1.1 * 38 mm).
Hydrogel recovery was observed, without any other treatments, after 2 h for 4 wt.% and in a
shorter time of 3 min for 5 wt.% (Figure S35). The gelation speed increased with increasing of
the hydrogelator concentration. All these experiments clearly indicate the self-healing capability
or thixotropy of the supramolecular hydrogel 4d. Thixotropic shear-responsive self-healing
behavior is an important feature for biological applications such as injectable sustained-release
drug delivery systems.

The rheological evaluation was performed to gain insights into the viscoelastic and
mechanical behavior of hydrogel 4d. Figure 3A determined the correlation between G' and G"
for hydrogel 4d at 5 wt.% and 8 wt.% concentration with respect to strain. The linear viscoelastic
region (LVE region) revealed that G' surpasses G" by an order of magnitude, for both
concentrations. The critical strain values for hydrogels with 8 wt.% and 5 wt.% wt. 1s 0.96% and
13.9%, respectively. Low-concentration hydrogel had a higher critical strain, resulting in a
broader LVE, showing that hydrogel with 5 wt.% had better resistance to an applied force before
deformation. On the other hand, high-concentration hydrogel had the lowest critical strain and

greater G' value, maybe due to low mobility chains or the formation of more tiny self-assembled
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structures in hydrogel which probably promote water migration. Beyond these values, G' and G"
markedly decreased, causing the cross-point G' = G", indicating the critical transition point

between the gel and the liquid state. This led to permanent deformation in the 3D network.
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Figure 3. Storage modulus (G', sphere) and Loss modulus (G", star) vs strain (A) and frequency
(B) curves of hydrogel 4d at different concentration, (C) the G vs time at different concentration,

(D) the comparison of G" vs concentration.

To obtain further insights, a frequency sweep was carried out, which revealed the relationship
between G' and G" of hydrogel 4d at different concentrations versus frequency, as shown in
Figure 3B. Throughout the frequency spectrum, the G' value consistently exceeded that of G",
indicating an apparent elastic response and a permanent, solid-like behavior. The frequency

dependence of G' and G" values was low, with only slight increases for G' and slight decrease for
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G" observed as the frequency increased. This suggests that the network does not exhibit complete
elasticity, which results in sluggish tough recovery following stress application. The increase in
concentration generated an increment in the G' value, meaning that the 8 wt.% hydrogel exhibits
greater resistance to deformation and a higher network gel strength than its 5 wt.% counterpart.
These outcomes are consistent with the strain sweep outcomes mentioned previously. Notably,
all the hydrogels exhibited a tan ¢ (G"/G'") value greater than 0.1, indicating solid gels. The G'
and G" values has been constant for 300 s (shown in Figures 3C and 3D) and G' value of 8§ wt.%
was higher than that of 5 wt.%, still demonstrating the hydrogel exhibits solid-like behavior and
better mechanical properties.

The TEM photos of hydrogel 4d at 3 wt.% (A), 4 wt.% (B), 5 wt.% (C) are shown in
Figure 4 and revealed an entangled bundles of individual 4d nanofibers with several micrometers
in length and rather uniform diameters of about 10 nm at 3 wt.% and 4 wt.%. Bundles of
nanofibers in hydrogel at 5 wt.% has been observed (Figure 4C) owing to the higher

concentration. In addition, the morphology of self-assembled structures in hydrogel at 2 wt.%

obtained by dispersion from hydrogel at 4 wt.% is still fibrous nature (Figure S37).

Figure 4. The TEM photos of 4d hydrogels at 3 wt.% (A), 4 wt.% (B) and 5 wt.% (C) (Scale bar

=100 nm).
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2.3. In situ preparation of AgNPs@hydrogel and AgNPs characterization. TEM images
obtained from in situ AgNPs@hydrogel composites (Table S1) are shown in Figure 5. First,
TEM images revealed still a fibrous gel network during the in sifu preparation of AgNPs
(Figures 5B and 5C) comparatively to the absence of silver salts (Figure 5A). The spherical
micelles of 4d observed in Figure 5C is mainly due to the dilution effect during the preparation
of TEM grid. Second, black nanoparticles appeared in Figure 5B and Figure 5C corresponding to
AgNPs formed via the reduction of silver ions with reducing glucosaminylbarbiturate
hydrogelators. The average diameters of the spherical particle size of AgNPs are 9.7+2.4 nm at
0.37 mM and 17.244.1 nm at 0.74 mM, indicating that the size of AgNPs can be controlled by
adjusting the concentration of silver ions. The size and aggregation state of AgNPs remained
stable at least for 1 month, which could be assigned to the interaction of carboxylate groups
oxidized from aldehyde groups during the reduction of silver ions with the surface of AgNPs****
and the physical isolation resulting from 3D networks of hydrogel. Interestingly, the AgNPs
were mainly located along the length of the nanofibers, assuming that the peripheral
carbohydrates in the nanofibers served as nucleation and reactive sites during the silver
reduction. Here, we validated our proof-of-concept consisting in in situ synthesis of AgNPs

using reducing carbohydrate-based hydrogelators as stabilizing agent and reducing sites,

avoiding the need for external reducing agent, nucleating agent, stabilizer and other additives.

© 17244 T hm
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Figure 5. TEM photos of (A) hydrogel 4d at 4 wt.%, and with (B) AgNPs at 0.373 mM and (C)

AgNPs at 0.743 mM

The optical characterization of the AgNPs produced by our reducing glucosaminylbarbiturate
hydrogelator 4d was studied by UV—vis spectroscopy (Figure 6). Since the gels were opaques
(Figure S36), the absorption spectra were recorded over time in a diluted solution of
hydrogelator 4d with a concentration of 5.734 mM and Ag" ions with a concentration of 0.186
mM (Figures 6A and 6B) corresponding to a molar ratio 30:1. The formation of AgNPs was
further evident from the sharp surface-plasmon resonance (SPR) peak at 422 nm. The time-
dependent investigation on the growth of the SPR peak showed that in sifu synthesis of AgNPs
was successfully carried out (Figures 6B and 6C). In addition, the SPR peak is a single peak and
become sharper over time, indicating the formation of sphere-like AgNPs, as already observed
by TEM images.” In addition, the absorbance intensity in the region of 600-700 nm increased
with ageing of the sample indicating the size growth or aggregation of silver nanoparticles over

time.
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Figure 6. A) Photograph images of the solution of hydrogelator 4d (5.734 mM) mixed with Ag"
ions (0.186 mM) at t0 (before) and at t16 hours (after); B) UV—vis absorption spectra of the
solution at different time intervals during the AgNP growth (in hours) from t1 to t16; C) Intensity

of SPR band (422 nm) as a function of reaction time.
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2.4. Antibacterial effect of the AgNPs@hydrogel composite. In biomedical applications,
there is a huge interest in creating materials or coatings with antimicrobial properties,
particularly against multi-drug resistance bacterial strains.*® Because of its low toxicity,
biocompatibility, high surface to volume ratio, oxidation resistance and chemical stability,
AgNPs have already been used as antibacterial and antimicrobial coating for medical devices to
prevent implant-related infections.”” Therefore, we investigated the antibacterial properties of the
composite AgNPs@hydrogel against both Gram-positive (Bacillus subtilis (B. subtilis) and
Staphylococcus aureus (S. aureus)) and Gram-negative (Pseudomonas aeruginosa (P.
aeruginosa)) pathogenic bacterial strains (Table S2). The inhibition zones were determined and
collected in mm for each organism and shown in Figures 7, S38 and S39 and Table S3. First, it is
noteworthy that hydrogel 4d without AgNPs exhibited a selective antibacterial effect to bacteria
B. subtilis and the concentration of hydrogel (4 wt.% or 8 wt.%) has no impact on the inhibition
effect based on the inhibition zone diameters. This antibacterial effect of the hydrogelator 4d,
that is a carbohydrate-based amphiphile, was not surprising since surfactants are known to

disrupt the bacterial cell membranes®™*’

even if the selective antibacterial effect toward only B.
subtilis is not understood. The presence of AgNPs in AgNPs@hydrogel composites displayed an
enhanced and significant antibacterial activity towards both Gram-positive bacteria (B. subtilis
and S. aureus) and, even better for Gram-negative bacteria (P. aeruginosa). It is noteworthy that
AgNPs@hydrogel 4 wt.% composite has better antibacterial effect than that with
AgNPs@hydrogel 8 wt.% composite, which can be assigned to a more porous entangled 3D

network which accelerate the diffusion of silver ions out of the hydrogel improving their

antibacterial effect around the surrounding surface.”” Based on the antibacterial effect of

17



AgNPs@hydrogel against pathogenic strains, it can serve as potential and efficient antibacterial

green material.

84 M P. aeruginosa
1 B s. aureus
74 I B. subtilis

Diameter of inhibition(mm)

0 T T T
hydrogel 4%  hydrogel 8% 4% @ AgNPs 8% @ AgNPs
Specimens

Figure 7. Kill zone diameters for 4d hydrogel and AgNPs@hydrogel of varying bacteria.

3. CONCLUSIONS

In summary, we report a single step synthesis of a new family of reducing glucosamine-based
hydrogelators by reacting chemo-selectively the amino function of protecting group-free
glucosamine with activated barbiturate derivatives that served as a modular chemical platform.
An ultrasound-driven glucosaminylbarbiturate-based supramolecular hydrogel has been
successfully achieved where ultrasound activation was thought to cleave the intralocked
hydrogen bonding in the hydrogelator 4d to reconfigure towards intermolecular interactions

needed for the establishment of a 3D network. Subsequently, AgNPs were formed within the
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supramolecular hydrogel by in situ reduction of silver ions in one-pot, in which the free reducing
end of carbohydrate-based gelators acted as reducing, nucleating and stabilizing sites preventing
the need for extra toxic reducing agents and stabilizers. Finally, the AgNPs@hydrogel
composites were demonstrated to have antibacterial effects against both Gram-positive and
Gram-negative pathogenic bacterial strains. Owing to the ease of fabrication and antibacterial
performance, the antibiotic-free AgNPs@hydrogel should have great potential in broad spectrum
antibacterial “green” soft material for biomedical applications.
4. EXPERIMENTAL SECTION

4.1. General Methods. All chemicals were bought from Sigma-Aldrich (Saint Quentin
Fallavier, France) and were used as received. The progress of the reactions was monitored by
thin layer chromatography (TLC) using silica gel 60 F254 precoated plates (Merck). Spots were
visible using UV light or by charring with solution of H,O/MeOH/H,SO4 (225/225/15, v/v/v) or
by staining with KMnOy solution. Column chromatography was conducted by manual flash
chromatography (wet-packed silica, 40-63 um, VWR Chemicals). The IR spectra of samples
were recorded by transmission from 400 to 4000 cm ™' (4 scans resolution 2) using a PerkinElmer
spectrometer. Bruker Advance DRX400 (400 MHz) and (100 MHz) spectrometers were utilized
to record nuclear magnetic resonance spectra 'H NMR and DEPT135 >C NMR of specimens,
respectively. Mass spectra (ESI-MS) were carried out using on an Esquire 3000 spectrometer
from Bruker. High-resolution mass spectra (HRMS-ESI) were conducted on a Waters Xevo®
G2-S QTof. Rheological properties of hydrogels were performed on a DHR3 rheometer (TA
instruments, New Castle, DE) instrument. TEM images: the specimens were observed with a
JEOL JEM-2100 Plus microscope operating at 200 kV and images were recorded with a Gatan

Rio 16 digital camera. UV-Visible absorption spectra were recorded on JASCO Chromatography
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and Spectroscopy (V-770, D10656181). The rheological analysis of oleogels was performed on a
DHR3 rheometer (TA instruments, New Castle, DE) instrument. Optical microscope images
were recorded with an Olympus SC50 digital camera operated by the stream acquisition software
in a Zeiss Axiophot 2 microscope equipped with polarized light. Staphylococcus aureus strain
Wichita (ATCC29213) was a gift from Yvan Caspar; Bacillus subtilis strain 168 (ATCC 23857)
was a gift from Cécile Morlot; Pseudomonas aeruginosa strain PA14 (Rahme et al, 1995,
Science vol268) was a gift from Sigoléne Lecuyer.

4.2. General procedure for the synthesis of amphiphilic glucosaminyl barbiturates (1d-
5d). The activated N, N -disubstituted barbituric acid derivative (1¢, 2¢, 3¢ or 4¢, 2 mmol) reacted
with D-glucosamine hydrochloride (2.4 mmol) at room temperature in methanol (10 mL) and
NaHCO; (4 mmol) was added into the mixture. The reaction was confirmed by TLC
(Acetonitrile/water, 9/1 v/v). The solvent was concentrated by rotavapor and the crude product
was directly purified via flash column chromatography to give in high yields 1d, 2d, 3d, 4d or
5d.

4.3. Preparation of supramolecular hydrogels. All of these compounds (25 mg) were added
into individual vials, then 500 pL of deionized water was added to give a final weight
concentration of 5 wt.% (w/v). For the stimulus of ultrasound, the vials were placed into an
ultrasound cleaner (90 W, 50 / 60 Hz, temperature should be kept in the range from 25 °Cto 35
°C) for sonicating about 30 min and then vortexing necessary to complete dispersion. After that
the vials were put at room temperature for gel formation. We decreased the weight concentration
in order to determine the minimal gel concentration (MGC) when the gelation was observed. The
states of the phase were confirmed if these two criteria were met: (1) by visual observation; (2)

when inverted, sample did not flow.
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4.4. In situ preparation of AgNPs@hydrodrogel composites. Compound 4d (20 mg) was
added into several vials, then defined volumes of deionized water and Tollens’ solution was
sequentially added (Table S1). The vials were covered by aluminum foil to avoid light exposure.
Afterwards, these vials were put into the ultrasound cleaner (90 W, 50 / 60 Hz, temperature
should be kept in the range from 25 °C to 35 °C) for sonication. Finally, all of these vials were
placed in darkness at room temperature to afford AgNPs@hydrogel composites (Figure S36).

4.5. Antibacterial tests procedure. 1 mL of LB (Lurie Broth) medium and 1 bead of P.
aeruginosa or 1 mL of LB medium and 1 bead of B. subtilis, or 1 mL of BHI (Brain-Heart
Infusion Broth) and 1 bead of S. aureus Wichita were cultured at 37 °C at 300 rpm for 16 h.
Then P. aeruginosa (OD = 2.4), B. subtilis (OD = 6) and S. aureus (OD = 14) were diluted to
OD = 0.001 in sterile PBS. 75 pL of these diluted bacteria were spread on LB (P. aeruginosa
and B. subtilis) or BHI (S. aureus) agar plates (diameter = 850 mm). Around 25 mg of specimens
(hydrogel or AgNPs@hydrogel composite) were directly deposited on the surface of dishes.
Spatulas were cleaned with paper tissue and then EtOH 90% to avoid cross contamination with
hydrogels and with bacteria. On top of a sterile filter paper, 2 g of ciprofloxacin were put on the
dishes as control for the three bacteria species. Plates were then incubated overnight at 37°C.

The error bar was obtained from standard deviation:

X; values are obtained by detecting the diameters of inhibition area, 5 times for each inhibition
area. Every specimen has 3 inhibition area.

M value is the average value for each specimen.

Specimens P. aeruginosa Y error S.aureus Y error B. subtilis Y error

hydrogel 4 wt.% 0 0 2.8 0.2368
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hydrogel 8 wt.% 0 0 2.8 0.1963
AgNPs@4% 7.7 0.3973 6.2 0.2637 6.2 0.1893
AgNPs@8% 6.7 0.2638 4.8 0.2971 53 0.3942

4.6. Transmission Electron Microscopy. Since the opaque gels could not be directly
observed by TEM, a small piece of gel was put onto carbon coated grid and dispersed with a
drop a water. A drop of negative stain with 2 wt.% uranyl acetate was added, and the excess of
stain was removed to get a very thin film and let it dry at room temperature for TEM images. The
specimens were observed with a JEOL JEM-2100 Plus microscope operating at 200 kV and
images were recorded with a Gatan Rio 16 digital camera.

4.7. Rheological measurements. To check the mechanical properties of the hydrogels, the
rheological analysis of hydrogel 4d at 5 wt.% and 8 wt.% were carried out on a DHR3 rheometer
(TA instruments, New Castle, DE) instrument, equipped with a water cycle temperature
controller, fixing a temperature of 20 °C. A geometry cone-and-plate 20 mm in diameter and 104
um in the gap was used for the measurements. Samples were carefully applied to the plate,
minimizing sample shearing. The amplitude sweeps within the strain range of 0.001-100% were
applied to determine the linear viscoelastic region at a frequency of 1 Hz. The viscoelastic
properties of the solutions were evaluated by the oscillatory frequency sweep experiments
carried out with a constant strain while the frequency increased in a 0.01-10 Hz range (0.04% of
strain). The oscillation time was performed with a constant strain of 0.04% and 1 Hz of
frequency. The storage modulus and the loss modulus G"* of the sample were recorded as a
function of time. The measurements were repeated three times to ensure reproducibility, with the
average data shown. The rheological teat of hydrogels 4d at 5 wt.% and 8 wt.% has been

performed at the strain of 0.1% and frequency of 1 rad/s.
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4.8. UV-visible absorption spectra of AgNPs in solution. To further investigate the
formation of AgNPs, hydrogelator 4d (5 mg) was added into a vial with 325 pL of deionized
water and then the mixed solution was sonicated for 10 min at room temperature. Afterward, 175
puL of Tollens’ solution and 1.5 mL of deionized water were added resulting in afinal
concentration of Ag’ 0.186 mM. Finally, the solution was transferred into a quartz cuvette. UV-
vis spectra were recorded every 30 min using a 1 mm path length cuvette. The cuvette was kept
closed during the test to prevent evaporation.
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