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Stimuli-responsive supramolecular hydrogels are a newly emerging class of aqueous soft materials with a
wide variety of bioapplications. Here we report a reduction-responsive supramolecular hydrogel constructed
from a markedly simple low-molecular-weight hydrogelator, which is developed on the basis of modular
molecular design containing a hydrophilic amino sugar and a reduction-responsive nitrophenyl group. The
hydrogel formation ability differs significantly between glucosamine- and galactosamine-based
self-assembling molecules, which are epimers at the C4 position, and only the glucosamine-based derivative
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ABSTRACT: Stimuli-responsive supramolecular hydrogels are a newly emerging class of aqueous soft materials
with a wide variety of bioapplications. Here we report a reduction-responsive supramolecular hydrogel
constructed from a markedly simple low-molecular-weight hydrogelator, which is developed on the basis of
modular molecular design containing a hydrophilic amino sugar and a reduction-responsive nitrophenyl group.
The hydrogel formation ability differs significantly between glucosamine- and galactosamine-based
self-assembling molecules, which are epimers at the C4 position, and only the glucosamine-based derivative can
act as a hydrogelator.

KEYWORDS: supramolecular hydrogel, low-molecular-weight hydrogelator, reduction responsiveness, amino

sugar, nitrophenyl group

INTRODUCTION

Supramolecular hydrogels,! which consist of a network of supramolecular nanoarchitectures built from
supramolecular hydrogelators (or low-molecular-weight hydrogelators), can be used in a variety of
bioapplications, such as drug releasing matrices,” sensing materials,’ and cell-culturing or cell-killing materials.*
Because supramolecular hydrogels are readily constructed from chemically well-defined supramolecular
hydrogelators, various functions can be installed into them, including responsiveness toward specific stimuli, such
as pH, light$5 and redox, via a semirational, albeit not always predictable, molecular design of the
supramolecular hydrogelators.

In this context, the development of reduction-responsive supramolecular hydrogels through
semirational molecular design has recently attracted attention’ because the reduction stimuli can be biocompatible
and the dysregulation of reductive conditions in living organisms is known to be associated with certain diseases
such as cancer.? Specifically, the introduction of a disulfide linkage is considered the most reliable molecular
design’*< because this linkage can be readily cleaved under reductive conditions generated upon the addition of
reducing agents, such as phosphine derivatives, or in the presence of biorelevant and biocompatible thiols, such as
reduced glutathione. In fact, dibenzoyl cysteine, a long-known supramolecular hydrogelator containing a disulfide
linkage,™ exhibits reduction-responsive gel-to-sol transition.”® Other reduction-sensitive chemical groups, such as
azo,’® ferrocenoyl,” phenylselenyl,” and nitro groups,”® have also been effectively utilized to develop
reduction-responsive supramolecular hydrogels.

For the design of self-assembling molecules including supramolecular hydrogelators, carbohydrates
are attractive owing to not only the presence of multiple hydrophilic hydroxyl groups to modulate the amphiphilic
tendency but also their inherent chirality, which facilitates the asymmetric arrangement of the self-assembling
molecules to form fibrous supramolecular nanoarchitectures suitable for hydrogel formation.>! In particular,

amino sugars including galactosamine (GalNH,: 2-amino-2-deoxy-D-galactose) and glucosamine (GlcNHo:
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2-amino-2-deoxy-D-glucose), which are major components of structural polysaccharides present on the surface of
mammalian cells,'" are useful because they possess a single amino group at the C2 position that serves as an
anchor site for the simple and selective conjugation with a variety of functionalities conducive to the
self-assembly behavior, including aromatic amino acids and alkyl chains.!? For instance, Birchall et al. recently
reported  simple  supramolecular  hydrogelators  derived from amino sugars bearing the
fluorenyl-9-methoxycarbonyl (Fmoc) group as a powerful self-assembly facilitating group (referred to as GalN-
and GleN-Fmoc in Figure 1). Following this line, we herein report that the introduction of a
4-nitrophenylmethoxycarbonyl (NPmoc) group, instead of Fmoc, into one of such amino sugars gives rise to a
supramolecular hydrogelator (GleN-NPmoc, Figure 1), which is more compact than its Fmoc counterpart (My, =
358.30 g/mol for GleN-NPmoc vs. My, =401.42 g/mol for GleN-Fmoc) and, unlike the latter, exhibits the desired
reduction-responsive function. The newly developed GleN-NPmoc, which is a purely organic compound without
any transition metal, is one of the simplest low-molecular-weight supramolecular hydrogelators capable of

producing reduction-responsive functional supramolecular hydrogels reported to date (Figure S1).'
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Figure 1. (A) Chemical structures and schematic representation of the self-assembly of GleN- and GalN-NPmoc
into a nanofiber network and microspheres, respectively, investigated in this study. The insets on the right-hand
side represent possible molecular models for the self-assembled structures. Possibility of anti-parallel and
interdigitated self-assembled structures (not presented) should not be excluded.'* (B) Chemical structures of

GleN- and GaIN-Fmoc reported previously by Birchall ef al.'*
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RESULTS AND DISCUSSION

A straightforward synthesis of NPmoc-carbohydrates, GleN- and GalN-NPmoc, was carried out according to a
previously reported method (Scheme S1).**!5 To evaluate the aqueous self-assembling ability of GleN- and
GalN-NPmoc, their stock solutions in dimethyl sulfoxide (DMSQO), a water-miscible organic solvent, were mixed
with an aqueous buffer, i.e., 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-NaOH (pH
7.4). The resultant suspensions were heated to obtain clear solutions and then cooled to room temperature to
induce the self-assembly. We found that GlcN-NPmoc formed a stable hydrogel above a concentration of
approximately 0.75 wt% (21 mM), whereas GalN-NPmoc only produced suspensions (no gel formation was
observed even at higher concentrations, e.g., 1.0 wt%), as shown in Figure 2A. Also, the powders of
GlcN-NPmoc were directly mixed with aqueous media [e.g., HEPES—-NaOH (pH 7.4) or MES-NaOH (pH 5.5)],
phosphate buffered saline, milli-Q water, or deuterium oxide (D,0). Similar heating/cooling treatment of the
suspensions gave stable hydrogels and the hydrogel prepared with DO was used for Fourier transform infrared
(FTIR) and nuclear magnetic resonance (NMR) spectroscopy study (vide infra). The viscoelastic property of the
representative GleN-NPmoc hydrogels was evaluated through conventional oscillatory rheology experiments
(Figure 2B), which indicated the formation of physical hydrogels.'® The GleN-NPmoc hydrogels were stable for
several weeks whereas showed no thixotropy, i.e., no recovery of the original gel state after mechanical
breakdown. Nonetheless, the formation of the GleN-NPmoc hydrogels was thermally reversible and the
gel-to-sol transition temperature (7g1) was determined to be 51 °C for a hydrogel concentration of 1.0 wt% in 100
mM HEPES-NaOH (pH 7.4) with DMSO (5.0 vol%). Note that the difference in the hydrogel formation ability
between glucosamine-based GleN-NPmoc and galactosamine-based GalN-NPmoc, which are epimers at the C4
position of the amino sugar, contrasts with the previous report on Fmoc hydrogels, in which both derivatives
(GleN- and GaIN-Fmoc) demonstrated hydrogel formation ability.!** We presume that the axial OH group at the
C4 position in the GalN group of GalN-NPmoc may hinder the formation of self-assembled network structures
(nanofiber network, vide infra), which is required for hydrogel formation. Figure 1A depicts a plausible model
for the self-assembled structures. We speculate that the strong tendency of the Fmoc group in GalN-Fmoc to
induce the one-dimensional self-assembly'” compared with the less hydrophobic and smaller aromatic NPmoc

group may overcome the hampering effect of the axial OH group in the pyranose ring.
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Figure 2. (A) Photographs of GleN-NPmoc hydrogels prepared using 100 mM HEPES—NaOH (pH 7.4) (i) with
or (ii) without DMSO (5.0 vol%), (iii) milli-Q water, (iv) phosphate buffered saline, and (v) a GalN-NPmoc
dispersion (sol) prepared using 100 mM HEPES-NaOH (pH 7.4) containing DMSO (5.0 vol%). [GleN- or
GalN-NPmoc] = 0.75 wt%. Please see Figure S6 for more details. (B) Frequency and strain sweep (0.20% stain
for frequency sweep and 1.0 rad s™' for strain sweep) rheological properties of GleN-NPmoc hydrogels
{[GleN-NPmoc] = 0.75 and 1.0 wt%, 100 mM HEPES-NaOH (pH 7.4) containing DMSO (5.0 vol%): G',

storage modulus; G”, loss modulus} at 25 °C.

To investigate the morphology of the self-assembled structures, transmission electron microscopy
(TEM) observations were performed. As shown in Figure 3A i, GleN-NPmoc produced nanofiber networks,
which is characteristic of supramolecular hydrogels."”!® Meanwhile, GaIN-NPmoc formed nonnetworked
spherical structures, as seen in Figure 3A ii. This obvious morphological difference is consistent with their
distinct hydrogel formation ability. To probe the morphology without drying the samples, the GleN-NPmoc
hydrogel and GalN-NPmoc sol were subjected to in situ confocal laser scanning microscopy (CLSM) observation.

Upon the addition of Nile Red as a typical hydrophobic fluorescent probe,!%

an aggregated fibrous network and
spherical structures were visualized for GleN- and GalN-NPmoc, respectively, as shown in Figure 3B. The
smaller average size of the spherical structures of GalN-NPmoc (1.8 £ 0.8 pm) in the TEM images compared
with that in the CLSM images (2.5 + 1.4 pm) could be ascribed to the influence of drying the sample for the TEM

observations. Interestingly, we found that similar structures were observed with CLSM when using a fluorescent
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probe bearing a hydrazide group (4-hydrazino-7-nitro-2,1,3-benzoxadiazole, NBD-H), as presented in Figure S7,
which can be attributed to the formation of a hydrazone bond between NBD-H and the nonreducing end of the
sugar moiety in GleN- and GalN-NPmoc.'® This reactivity has been scarcely explored for this class of
sugar-based self-assembling molecules because most of them lack a nonreducing end in the sugar moiety, which
enabled post-self-assembly functionalization of the present supramolecular architecture via dynamic covalent

chemistry.'

Figure 3. Representative (A) TEM and (B) CLSM images of (i) the GleN-NPmoc hydrogel and (ii) the
GaIN-NPmoc dispersion (sol). Details on the CLSM observation protocols are described in supporting

information.

To gain further insight into the present system and elucidate the self-assembly mode of GleN-NPmoc
in the hydrogel state, spectroscopic studies were conducted. As shown in Figures 4 and S8, the circular dichroism
(CD) spectrum of the GleN-NPmoc hydrogel displayed a bisignate CD signal with a negative peak at 286 nm and
a positive peak at 258 nm, which is assignable to an exciton coupling between individual n—n* transitions of the
nitrophenyl group centered at 276 nm (Amax). This putatively assigned negative exciton CD couplet suggests
negative chirality for the asymmetric arrangement (preferably left-handed) of the nitrophenyl moiety in the
self-assembled state. In addition, the FTIR spectrum of the GleN-NPmoc hydrogel (prepared with D,O at 3.0
wt% concentration) showed a distinct peak assignable to carbonyl stretching of the carbamate bond of the NPmoc

group at 1664 cm ' (Figure S9), which is shifted to a slightly lower energy compared with that of an
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NPmoc-containing water-soluble compound (see supporting information for details) appearing at 1685 cm™!. This
suggests the importance of hydrogen bonding interactions in the self-assembled structures of GleN-NPmoc.
Collectively, these results are consistent with the plausible model of self-assembled GleN-NPmoc as fibrous
nanostructures in the hydrogel state proposed above (Figure 1A).

With this new nitro group-containing supramolecular hydrogelator based on an amino sugar
(GleN-NPmoc hydrogel) in hand, we next investigated its reduction-responsive property. By carefully adding an
aqueous solution (100 pL) containing Na>S>O4 as a chemical reductant (20 eq. against GleN-NPmoc) onto the
GlcN-NPmoc hydrogel (1.0 wt%, 28 mM, 100 pL), macroscopic gel-to-sol transition (gel degradation) was
observed within 30 min at room temperature, as shown in Figure 4A. In contrast, upon the addition of the same
amount of nonreductant Na,SOs, no gel degradation was observed, suggesting that the influence of increased salt
concentration on the NaxS;Os-induced gel degradation was not significant. Moreover, the addition of
tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 1.0 eq. against GleN-NPmoc) in an amount that would be
sufficient to induce the cleavage of disulfide bonds according to a recent report’® did not induce gel degradation.
Collectively, these results indicate that the Na>S,Os-induced gel degradation correlates with the chemical
reduction of the nitro group, whose selectivity is consistent with previous reports.”® The CD spectrum recorded 30
min after the addition of Na»S>04 showed that the original bisignate CD signal (Figure 4B) virtually disappeared,
which was associated with the disappearance of the absorption peak at ~276 nm assignable to the nitrophenyl
group (Figure S8). In addition, CLSM observations revealed the evanescence of the aggregated fibrous network
within 30 min after the addition of Na,S>04 (Figure 4C). The reduction response, i.e., the reduction of the nitro
group, of GleN-NPmoc induced by Na>S,04 was further investigated by "H NMR spectroscopy (Figure S10),
which was conducted after dissolution of the samples in DMSO-ds (for a gel prepared with D,O and sol after
Na»S,04-induced gel degradation, a similar responsiveness was validated). We found that the signals attributable
to the NPmoc group (nitrophenyl and benzyl protons) almost completely disappeared after the Na,S>0O4-induced
gel degradation, whereas new multiple peaks assignable to (hydroxyl)aminophenyl groups (~6.5-7.3 ppm)
appeared. The presence of other new multiple peaks in the region ~4.7-4.9 ppm, which could be assigned to
benzylic protons, suggests that several compounds were generated most probably through the reaction between
quinoneimine methide (released from GleN-NPmoc via reduction-triggered 1,6-elimination) and nucleophiles
including water molecule and the amino group of the generated glucosamine. Furthermore, the appearance of
other peaks at 9.96 and 8.32 ppm is indicative of the ring opening of the glucosamine moiety. Taken together,
these results support our view that the reductant Na,S>O4 triggered the macroscopic gel-to-sol transition of the
GlcN-NPmoc hydrogel through the reduction of the nitro group and the subsequent removal of the NPmoc group

7g,15

from GleN-NPmoc via 1,6-elimination, which eventually induced the disassembly of the supramolecular

architectures (gel degradation) due to the conversion of the supramolecular hydrogelator GleN-NPmoc into
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non-self-assembling molecules. All the components of this complex mixture are not fully assigned yet (Figure

4D).
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Figure 4. (A) Photographs of GleN-NPmoc hydrogels [1.0 wt% (28 mM), 100 mM HEPES-NaOH (pH 7.4), 100
pL] before and after the addition of aqueous solutions (100 pL) containing Na>S>04 or NaxSO4 (20 eq.) or TCEP
(1.0 eq.) as external stimuli at room temperature. (B) CD spectra and (C) CLSM images of the GleN-NPmoc
hydrogel [1.0 wt% (28 mM), 100 mM HEPES—-NaOH (pH 7.4)] (i) before and (ii) after the addition of Na>S,04
(20 eq.) at room temperature. (D) Scheme showing the Na,S;Os-responsive gel-to-sol transition of the

GlcN-NPmoc hydrogel and the corresponding chemical transformation of the GleN-NPmoc molecule.

CONCLUSION

In summary, we developed a glucosamine-based supramolecular hydrogelator capable of spontaneously forming
supramolecular nanofibers via aqueous self-assembly, producing a reduction-responsive supramolecular hydrogel.
This compact but modular molecularly designed hydrogelator, which can be synthesized in only one step using
two commercially available compounds as the minimal starting materials, is one of the simplest

low-molecular-weight supramolecular hydrogelators affording reduction-responsive supramolecular hydrogels.
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The robustness of the present modular molecular design®’

and its synthetic simplicity could enable further
development of various reduction-responsive aqueous nano- and soft-materials with improved properties and
functions. For example, the properties and functions of supramolecular microspheres of galactosamine-based
molecules should be further explored; however, this is beyond the scope of this paper focusing on supramolecular

hydrogels. Furthermore, bioapplications of stimuli-responsive supramolecular hydrogels, such as in regenerative

medicine and cosmetics, may become a target of research in the near future.
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Experimental

Generals Unless stated otherwise, all commercial reagents were used as received. Water used in
the experiments refers to ultra-pure water obtained from a Millipore system having a specific
resistance of 18 MQecm. Thin layer chromatography (TLC) was performed on silica gel 60F2ss
(Merck). Column chromatography was performed on silica gel PSQ-100B (Fuji Silysia Chemical,
100 pm). 'H and "*C NMR spectra were obtained on a JEOL JNM ECS-400 spectrometer (400
MHz for "H, 100 MHz for 3C) with tetramethylsilane (TMS) or residual non-deuterated solvents
(internal 1,4-dioxane or DMSO for D;O) as the internal references. Multiplicities are abbreviated
as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = double doublet,
br = broad. ESI mass spectrometry was performed on a JEOL JMS-T100LP AccuTOF LC-plus
mass spectrometer.

Conventional hydrogelation ability test: Gelation ability was evaluated by an inverted tube test.
Typically, a DMSO stock solution of GlcN-NPmoc (200 mg/mL, 10 pL) was mixed with 100 mM
HEPES-NaOH buffer (pH 7.4, 190 pL) to obtain an aqueous dispersion (1.0 wt%, 28 mM) in a
glass vial. The resultant solution was applied with sonication and heated by a heat gun. When a
transparent aqueous solution was obtained, the solution was cooled down at room temperature
for designated time and the hydrogel formation was evaluated by inverting the glass vial.

Rheological measurement: Dynamic frequency and strain sweep experiments were carried out
on a TA instruments AR-G2 rheometer using a 20-mm stainless steel parallel plate (The
temperature of the plate was controlled at 25 °C by Peltier system) at the gap of 1.5 mm.
Hydrogel samples were placed on the plate. All the gels showed almost linear viscoelastic
regime up to 1.0% strain (frequency: 1.0 rad/s). Therefore, frequency sweep (0.1-100 rad/s) was
performed under 0.20 % strain.

TEM observation: Sample (ca. 10 pL) was dropped on a copper TEM grid covered by an elastic
carbon-support film (20-25 nm) with a filter paper underneath and the excess solution was
blotted with the filter paper immediately. The TEM grid was dried under a reduced pressure for
at least 6 h prior to TEM observation. TEM images were acquired using a Hitachi H-7000
(accelerating voltage: 100 kV) equipped with a CCD camera and analyzed with Fiji (freely
available at https://fiji.sc./)*'*? on a Macintosh PC.

Circular dichroism (CD) spectroscopy: CD spectra were recorded in a 0.1-mm quartz cell unless
otherwise noted on a Jasco J-820 spectropolarimeter equipped with a programmable
temperature-control unit (Julabo HP-4). The spectra were obtained by using a 2-nm slit width
and a scanning step of 0.1 nm from 400 to 250 nm. Each spectrum was an average of 4 scans
with the solvent background subtracted.

Infrared (IR) spectroscopy: Fourier transform (FT) IR spectra were acquired using a Shimadzu
IRAffinity-1 spectrometer with a spectral resolution of 4 cm™. The spectra were obtained by
averaging 128 scans for each sample with the solvent background subtracted. Hydrogels
prepared with D,O were sandwiched directly between CaF; windows (32 x 3 mm) separated by
a 100 um PTFE spacer.
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CLSM observation: A GlcN-NPmoc hydrogel or a GalN-NPmoc dispersion [1.0 wt%, 100 mM
HEPES-NaOH (pH 7.4, 10 pL) or 50 mM MES-NaOH (pH 5.5, 10 pl) containing DMSO (5.0
vol%)] obtained according to the procedure described above was mixed with an aqueous
DMSO (2.0 vol%) solution of Nile Red (600 puM, 1.0 uL) or a DMSO solution of NBD-H (50 mM,
1.0 pl) and spotted on a glass coverslip (diameter: 25 mm, thickness: 0.13-0.17 mm, Fisher
Scientific) placed in Attofluor cell chamber (Thermo Fisher Scientific) with water drops (ca. 50 pL)
around the sample drop to avoid dryness. Confocal laser scanning fluorescence microscopy
(CLSM) observations were performed with an FV1000-D microscope (IX81, Olympus) equipped
with a LED laser (559 nm) for Nile Red, an Ar laser (488 nm) for NBD, and a Gallium Arsenide
Phosphide (GaAsP) detector. A 60x (numerical aperture (NA) = 1.49) oil objective was employed
to obtain images (typically, 1024 x 1024 pixel). The images were obtained and analyzed by the
acquisition software FV10-ASW4.2 equipped with the microscope.

Reduction-responsive gel-to-sol transition of GIcN-NPmoc hydrogel: Typically, to a
GIcN-NPmoc hydrogel [1.0 wt%, 100 mM HEPES-NaOH (pH 7.4, 200 pL) containing DMSO (5.0
vol%)] was added an aqueous solution of Na;S:O4 (1.1 M, 100 pL, 20 eq.) and the resultant
sample was incubated at room temperature for designated time. Stimuli-responsive gel-to-sol
transition was carefully evaluated by an inverted tube test. As negative control experiments, an
aqueous solution of Na;SO4 (1.1 M, 100 pL, 20 eq.) or TCEP (56 mM, 100 pL, 1 eq.) was added
instead of the aqueous solution of Na;S;0s.
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Figure S1 Chemical structures of representative supramolecular hydrogelators capable of
producing reduction-responsive or reductant-responsive supramolecular hydrogels (references
7 and 14a,b in main text).
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Synthesis

Synthesis of NPmoc-carbohydrates (GlcN- and GalN-NPmoc)
Synthetic scheme (Scheme S1) for NPmoc-carbohydrates (GlcN- and GalN-NPmoc) from
amino sugars was shown below.!%%

fe) R2 OH
0
al )J\o R! % OH
R2 OH HO NH
O oH NaHCO, NO, o=
R! o]
HO NH,

H,0, 1,4-dioxane

NO,

GIcN-NPmoc: R' = OH, R2 = H (74%)
GalN-NPmoc: R' = H, R2 = OH (57%)

Scheme S1. Synthesis of NPmoc-carbohydrates (GlcN- and GalN-NPmoc).

Synthesis of GIcN-NPmoc: To a solution of GleNH; + HCI (50 mg, 0.23 mmol) in H.O (1.0 mL) was
added NaHCO; (39 mg, 0.46 mol). The mixture was cooled on ice bath and a freshly prepared
solution of NPmoc-Cl (Scheme S1, 60 mg, 0.28 mmol) in 1,4-dioxane (0.50 mL) was added
dropwise. Further 1,4-dioxane (0.83 mL) and H.O (0.50 mL) were added to the mixture and the
resultant mixture was stirred for 1.5 h at room temperature. Then, the solvents were removed by
evaporation and to the resulting residue was added CHCl; (5 mL). A precipitate formed was
collected by filtration, washed with CH,Cl, (15 mL) and H,O (5 mL), and dried in vacuo to give
GlcN-NPmoc (61 mg, 74%) as a white solid. TLC: R = 0.32 [ethyl acetate:methanol:water =
28:2:1 (v/v/V)]; 'TH NMR (DMSO-d,, + DO, 400 MHz, rt): § (opm) = 8.24 (d, Ju = 8.0 Hz, ArH, 2H),
7.63 (d, Jun = 8.8 Hz, ArH , 2H), 7.14 (d, Ju = 8.0 Hz, slightly remained even after the addition of
D,0, NH, B-anomer), 6.50 (d, Ju = 4.8 Hz, slightly remained even after the addition of D;O, NH,
o-anomer), 5.15 (s, 2H), 4.96 (d, J4 = 3.2 Hz, 0.67H, 'CH, a-anomer), 4.42 (d, J4 = 8.0 Hz, 0.32H,
'CH, B-anomer), 3.67-3.03 (m, éH, 23#>¢CH), Duplicated signals distinguishable was assigned to
the two anomeric forms.; *C NMR (DMSO-ds, 100 MHz, rt): & (ppm) = 56.67, 59.06, 61.28,
61.34, 64.22, 70.51, 71.07, 71.23, 72.27, 74.39, 77.03, 90.87, 95.56, 123.74, 128.34, 145.51,
147.10, 156.04; HRMS (ESI, positive): Caled. for [M(CisH1sN2Os) + Na]*: m/z = 381.0910; Found:
381.0894.

Synthesis of GalN-NPmoc: The titled compound was prepared from GalNH; + HCI (50 mg, 0.23
mmol) and NPmoc-Cl in the similar way for GIctN-NPmoc and was obtained in 57% yield (47 mg)
as an off-white solid. TLC: Rr = 0.30 [ethyl acetate:methanol:water = 28:2:1 (v/v/)]; 'TH NMR
(DMSO-ds + DO, 400 MHz, rt): & (ppm) = 8.22 (d, Ju = 8.0 Hz, ArH, 2H), 7.61 (d, Ju = 8.0 Hz,
ArH, 2H), 6.98 (d, Ju = 8.8 Hz, remained even after the addition of D,O, NH, B-anomer), 6.43 (d,
Ju = 8.4 Hz, remained even after the addition of D,O, NH, a-anomer), 5.14 (d, Ju = 2.4 Hz, 2H),
4.94 (d, Ju = 3.2 Hz, 0.47H, 'CH, a-anomer), 4.36 (d, J4 = 7.6 Hz, 0.17H, 'CH, B-anomer), 3.81-
3.43 (m, 6H, 2343¢CH), Duplicated signals distinguishable was assigned to the two anomeric
forms.; *C NMR (DMSO-ds, 100 MHz, rt): & (ppm) = 52.37, 60.57, 60.64, 63.81, 63.96, 64.21,
67.10, 67.67, 68.29,70.47, 71.27, 75.08, 91.09, 123.52, 128.07, 145.37, 146.88, 155.97; HRMS
(ESI, positive): Calcd. for [M(C14H1sN2Og) + Na]*: m/z = 381.0910; Found: 381.0900.

S5



Characterization of compounds
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Figure S2. '"H NMR spectrum (400 MHz, DMSO-d; + D0, rt) of GlcN-NPmoc.
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Figure S3. *C NMR spectrum (100 MHz, DMSO-d, rt) of GlcN-NPmoc.
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Figure S4. '"H NMR spectrum (400 MHz, DMSO-d; + DO, rt) of GalN-NPmoc.
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Figure S5. *C NMR spectrum (100 MHz, DMSO-d, rt) of GalN-NPmoc.
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Characterization of supramolecular hydrogels

mGelation ability of NPmoc-carbohydrates (GlcN- and GalN-NPmoc)
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Figure Sé. Photographs showing gelation ability of NPmoc-carbohydrates (A: GlcN- and B:
GalN-NPmoc) [Sol: solution or dispersion (not gel), pGel: partial gel (solution flow was observed
while a part of the solution was gelled), Gel: hydrogel (no solution flow)] at various
concentrations. Conditions: [GlcN- or GalN-NPmoc] = 0.25, 0.50, 0.75, 1.0 wt%, 100 mM
HEPES-NaOH (pH 7.4) containing DMSO (5.0 vol%), rt.
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mPost-self-assembly functionalization of supramolecular architectures of NPmoc-carbohydrates
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Figure S7. Representative CLSM images of (A) GlcN-NPmoc hydrogel and (B) GalN-NPmoc
dispersion (sol) stained with Nile Red (left, magenta) or NBD-H (right, green). (C) Chemical
structures of Nile Red and NBD-H and reaction scheme between GlcN-NPmoc (self-assembled
or not) and NBD-H, which should give rise to fluorescent molecules through hydrazone bond
formation. Conditions: [GlcN-NPmoc or GalN-NPmoc] = 0.91 wt% (26 mM), for Nile Red
staining: [Nile Red] = 55 pM in an aqueous mixture (a:b = 10:1 (v/v)) of (a) 50 mM MES-NaOH
(pH 5.5) containing DMSO (5.0 vol%) and (b) 50 mM MES-NaOH (pH 5.5) containing DMSO (2.0
vol%), or NBD staining: [NBD] = 4.5 mM in an aqueous mixture (a:b = 10:1 (v/v)) of (a) 50 mM
MES-NaOH (pH 5.5) containing DMSO (5.0 vol%) and (b) DMSO, rt.
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mCD spectral study of GlcN-NPmoc hydrogel
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Figure S8. Circular dichroism (CD) spectra (I = 0.1 mm) of GlcN-NPmoc hydrogel and the
corresponding HT voltage spectra before and 30 min after the addition of NazS:O4 (20 eq.).
Conditions: [GlcN-NPmoc] = 1.0 wt% in MilliQ water (to avoid the influence of DMSO and
HEPES on the spectra), rt.
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mFTIR spectral study of GIcN-NPmoc hydrogel and NPmoc-containing water-soluble
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Figure S9. FTIR spectra of GlcN-NPmoc hydrogel and NPmoc-containing water-soluble
OEG-NPmoc sol. (right) Chemical structures and photos of samples are shown. Conditions:

[GleN-NPmoc] = 3.0 wt% (84 mM),

[OEG-NPmoc] = 3.0 wt% (75 mM), DO, rt.
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m'H NMR study of reduction-responsiveness of GlcN-NPmoc hydrogel
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Figure $10. '"H NMR spectra (400 MHz, rt) of (a) 4-aminobenzylamine, (b) 4-aminozenboic acid,
(c) 4-aminobenzyl alcohol, (d) GlcNH; (D-glucosamine), and GlcN-NPmoc hydrogel (e) before
and 30 min after the addition of Na;S:0s (20 eq.) For (e); To a GleN-NPmoc hydrogel (1.0 wt%,
200 pL) prepared with DO was added a solution of Na;S;O4 in D;O (2.2 M, 50 pl) and the
portion (100 pL) of resultant solution (after 30 min when gel-to-sol transition was verified) was
diluted with DMSO-d, (600 pL). For (f); GlcN-NPmoc hydrogel (1.0 wt%, 100 pl) was dissolved
by the addition of DMSO-d, (600 pL). Previously reported chemical shifts of
4-hydroxyaminobenzyl alcohol® was shown in (c). Conditions: DMSO-ds:D,O = 1:6 (V/v), rt.
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