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Abstract: From a library of glyco-lipid
mimics with muconic amide as the
spacer, we found that 1, a glyco-lipid
that has N-acetyl glucosamine and
methyl cyclohexyl groups as its hydro-
philic head and hydrophobic tails, re-
spectively, formed a stable hydrogel
(0.05wt%) through hierarchical self-
assembly of the lipid molecules into
supramolecular nanofibers. The forma-
tion of the supramolecular hydrogel
was verified by rheological measure-
ments, and the supramolecular nanofib-

element by transmission electron mi-
croscopy and atomic force microscopy
observations. Absorption and circular
dichroism spectroscopic measurements
revealed that the muconic amide moi-
eties of 1 are arranged in a helical,
stacked fashion in the self-assembled
nanofibers. Moreover, we unexpectedly
found that the homogeneous distribu-
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tion of the supramolecular nanofibers
of 1 was greatly facilitated by the addi-
tion of polystyrene nanobeads (100-
500 nm in diameter), as evaluated by
confocal laser scanning microscopic ob-
servations. It is interesting that the ob-
tained supramolecular hybrid matrix
can efficiently encapsulate and distrib-
ute live Jurkat cells in three dimensions
under physiological conditions. This
supramolecular hybrid matrix is intri-
guing as a unique biomaterial.

er was characterized as the structural

Introduction

Supramolecular hydrogels!™? composed of low-molecular
-weight hydrogelators have recently received increased at-
tention as unique matrices for cell culture and encapsulation
because of their intriguing features, such as a unique forma-
tion process based on self-assembly, a flexible molecular
design, rich chemical functionality, and well-defined nano-
structures, which are distinct from conventional polymer
gels.” ! In their pioneering work, S. Zhang et al. reported
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that a designed peptide that forms a hydrogel through (-
sheet structures can be employed as a 3D cell-culture matrix
for the encapsulation of a variety of mammalian cell lines.”!
S. 1. Stupp et al. designed and synthesized derivatives of an
amphiphilic pentapeptide epitope (IKVAV; Ile-Lys-Val-Ala-
Val) found in neurite-promoting laminin, and found that the
resultant hydrogel could encapsulate neural progenitor cells
and induce selective differentiation of the cell into neurons
owing to the high epitope density on the surface of the
supramolecular nanofibers.!! Subsequently, D.J. Pochan,
J. P. Schneider et al. demonstrated that a peptide-type supra-
molecular hydrogel that contained stem cells could be deliv-
ered to a target site by using the mechanical responsiveness,
that is, the so-called thixotropy, of the hydrogel.”’

In contrast with these peptide-based supramolecular hy-
drogels, which show great promise for tissue engineering
and various cell culture/assay systems, the potential utility of
saccharide-based supramolecular hydrogels has not been ex-
plored yet. Saccharide and its glyco-conjugates are naturally
abundant in extracellular matrices in the form of glycopro-
teins and as proteoglycans (heparin sulfate, chondroitin sul-
fate, hyaruronic acid, etc) that are similar to peptides/pro-
teins.”) It is also known that the saccharides displayed on a
cell’s surface play important biological roles in intercellular

Chem. Eur. J. 2008, 14, 10808 —10815



communication and cell differentiation.’”! Therefore, saccha-
ride-based hydrogels could become a unique matrix for the
immobilization and encapsulation of live cells. We first re-
ported that several glyco-lipid mimics with sugars in the hy-
drophilic head and two alkyl chains in the hydrophobic tail
were able to form transparent hydrogels.”'”) From the basis
of this scaffold, hydrogels that are more stable and suffi-
ciently strong for cell culture study are being explored.
Herein, we describe glyco-lipid 1, which has muconic amide
as the spacer and GIcNAc (N-actetyl glucosamine) as the
head and which can form a stable hydrogel. More impor-
tantly, when the hierarchical self-assembly of the lipid mole-
cules into supramolecular nanofibers was examined by vari-
ous spectroscopic and microscopy measurements, we unex-
pectedly found that the homogeneous 3D dispersion of the
supramolecular nanofibers networks was greatly facilitated
by the addition of polystyrene nanobeads. It is significant
that the resultant hybrid supramolecular matrix can encap-
sulate live Jurkat cells in three dimensions under physiologi-
cal conditions.
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Results and Discussion

Synthesis and screening of the hydrogelator with muconic
amide as spacer: Working from our molecular scaffolds of
glyco-lipid mimicking supramolecular hydrogelators, com-
pounds 2 and 3 with succinic and fumaric amide, respective-
ly, as the spacer,™! we replaced the spacer unit with
muconic amide and constructed a new library to explore
more stable hydrogels. Recently, we found that the critical
gel concentration (CGC) of 3 with a fumaric amide spacer is
lower than that of hydrogelators with a succinic amide
spacer, such as 2." It was assumed that the rigidity and the
cohesion propensity of the fumaric amide moiety could en-
hance the self-assembling character to form a hydrogel. This
finding prompted us to increase the number of double
bonds from one (fumaric) to two (muconic), and to vary the
head and tail modules. The hydrogel formation ability of ten
new compounds was examined by a conventional vial-inver-
sion method. Figure 1a summarizes the CGC results for
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Figure 1. a) CGC values for a small combinatorial library of muconic
amide hydrogelators, b) a schematic representation of the hierarchical
self-assembly of hydrogelator 1, and c)a photograph of hydrogel 1
(0.10 wt %, distilled water).

each of the new hydrogels. Apparently, the library based on
the muconic amide spacer provided a larger number of hy-
drogelators compared with those with succinic amide and
fumaric amide.”'”! From this library, we found that glyco-
lipid hydrogelator 1, with GlcNAc as the head and methyl
cyclohexyl groups as the tail, is an excellent hydrogelator
(CGC=0.05wt%). The CGC of hydrogelator 1 is four-fold
lower than that of 2 (CGC=0.1 wt % )" and is comparable
to that of 3 (CGC=0.05 wt % ).["*

Characterization of the supramolecular hydrogel of a glyco-
lipid with muconic amide as the spacer: We further charac-
terized supramolecular hydrogel 1 in detail. Frequency-
sweep rheometry measurements were conducted first. As
shown in Figure 2a, the storage modulus (G’; 180 Pa at
0.9 rads™) of hydrogel 1 (0.15wt%, distilled water) was
around six times higher than the loss modulus (G”), and
both modules were almost independent of frequency, which
clearly verifies the viscoelastic feature of hydrogel 1. Trans-
mission electron microscopy (TEM) observations of hydro-
gel 1 (Figure 2b) showed a well-defined network of nanofib-
ers that have a high aspect ratio, that is, several tens of nm
in diameter and hundreds of nm to a few um in length.
These are characteristics of a supramolecular gel!'! and indi-
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Figure 2. a) Oscillatory rheology frequency sweeps (0.15 wt %, distilled
water); G: @, G”: 0. b) TEM image of hydrogel 1 (0.10 wt %, distilled
water, no staining), ¢) AFM image of the supramolecular fibers of 1 (see
the Experimental Section for details), and d)the cross-section profile
along the dotted line in c).

cate that hydrogelator 1 self-assembles into a bilayer-type
nanofiber and the subsequent bundling and entangling re-
sults in the hydrogel formation (Figure 1b), similar to hydro-
gelators 2 reported previously by us.”!”l Interestingly, the
unique fibrous structure of 1 could be visualized by atomic
force microscopy (AFM). Figure 2c shows a typical AFM
image of supramolecular fiber 1. Careful analysis of the
AFM micrograph allowed the average height of the nanofib-
ers, 3 to 4nm, to be determined. This height is slightly
smaller than twice the molecular length of 1 and is compara-
ble to the diameter of the interdigitated bilayer unit that
was formed by the fibrous structure of 2 (~4 nm).” It is
also worth noting that the AFM micrograph clearly reveals
a number of periodic oblique stripes that probably originate
from a helical structure of the nanofiber.

Absorption and circular dichroism (CD) spectral meas-
urements gave further insights into the molecular arrange-
ment of 1 in the self-assembled fibers. The absorption and
CD spectra of monomeric 1 in 50% aqueous MeOH were
compared with those of hydrogel 1. As shown in Figure 3,
hydrogel 1 exhibited strong negative and positive CD signals
in the region of A=200-325 nm, which can be assigned to a
m—m* transition of muconic amide, whereas monomeric 1
showed negligible CD signals."!! This split Cotton effect re-
sulting from the exciton coupling suggests that two muconic
amide units are asymmetrically tilted in the hydrogel. The
absorption spectrum for hydrogel 1 revealed a hypsochromic
blueshift relative to the monomeric 1, which indicates that
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Figure 3. Absorption and CD spectra of 1 ([1]=0.70 mm, 0.05 wt%) in
the hydrogel state (—) and solution state (----- ; 50% aqueous MeOH)
in a 1 mm cell at ambient temperature.

the muconic amide units are closely interacting in a parallel
manner in the gel matrix. From these results, we conclude
that the muconic amide moieties of 1 are stacked with each
other in a helical (preferably right-handed) fashion within
the self-assembled nanofibers.

Confocal laser scanning microscopy (CLSM) observations of
supramolecular hydrogel 1 to evaluate the mesh size: With
the well-defined artificial glyco-lipid mimic hydrogelator 1
in hand, we explored the biological applications of this
supramolecular hydrogel, in particular the encapsulation of
live cells by the hydrogel matrix. To encapsulate live cells
homogeneously in the networks of supramolecular hydro-
gels, it is important to control both the mesh size of the hy-
drogel and the homogeneous 3D distribution of the supra-
molecular fiber networks. Prior to cell culture experiments,
we therefore evaluated the porosity of the hydrogel and the
3D dispersibility of the supramolecular fibers in 1 by using
CLSM (see the Experimental Section for details).

To estimate the mesh size of hydrogel 1, we evaluated the
Brownian motion of submicron-sized polymer beads embed-
ded in the hydrogel matrix by using CLSM according to our
previously reported method.’#1%12l The restricted Brownian
motion of the beads can be ascribed to the fact that the
mesh size in the hydrogel is comparable to the size of the
beads. When we added 0.5 or 1.0 um beads to hydrogel 1
(0.10 wt %, ion-exchanged water), the Brownian motion of
the beads was almost perfectly restricted (Figure 4b for
0.5 ym beads). On the other hand, 0.1 um beads showed
moderate Brownian motion in hydrogel 1 (Figure 4a).l"
This result indicates that hydrogel 1 forms a nanomesh in
which the lower size limit of the void has been evaluated to
be smaller than 500 nm at 0.1 wt% of hydrogel, and the
nanomesh is strong enough to be a physical obstacle to trap
the beads. The size and toughness of the nanomesh con-
structed from hydrogel 1 is expected to be sufficient for the
encapsulation of live cells.
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Figure 4. CLSM images of hydrogel 1 (0.10 wt %) stained with octadecyl rhodamine B chloride at ambient
temperature (see the Experimental Section for details) in the presence of a) 0.1 um plain beads (left=0 and
right=0.4 s; fluorescence mode) and b) 0.5 um plain beads (left=0 and right =30 s; DIC mode). TEM images

tensity was almost constant
from the bottom to the top in
the presence of nanobeads. To
our surprise, the 3D dispersi-
bility of supramolecular fibers
was significantly improved in
the presence of the beads.
Next, the influence of the
size and surface modification
of the beads on the 3D disper-
sion of supramolecular fibers 1
was examined in detail, that is,
we employed 0.05 to 1.0 um
polystyrene beads that had car-
boxyl groups or primary amine
groups at their surfaces in ad-
dition to plain beads that had a
small number of sulfate ester
groups originating from the
polymerization initiator. Fig-
ure 5S¢ shows the normalized

500 nm

of hydrogel 1 (0.10 wt %, no staining) in the presence of c) 0.1 and d) 0.5 um plain beads. See the Supporting

Information for the color version of Figure 4a.

Figure 4c and d show typical TEM images of hydrogel 1
with 0.1 and 0.5 um beads, respectively. It is clear that the
average widths of the nanofibers were almost the same as
that observed in the absence of beads (Figure 2b), and the
network structure of the supramolecular fibers was not de-
stroyed. These results suggest that there would not be strong
perturbation of the network of the supramolecular fibers
from these nanobeads. In addition, the TEM images (Figur-
es 2b and 4c,d) revealed that the apparent mesh size of hy-
drogel 1 is in the range of several hundreds of nm, which is
consistent with the evaluation of the Brownian motion of
the nanobeads. In fact, we could even find 0.1 um beads en-
trapped within the nanomesh of the hydrogels, as shown in
Figure 4c,d. More interestingly and unexpectedly, during the
course of these careful experiments, we noticed that the 3D
dispersibility of supramolecular fibers 1 was greatly im-
proved in the presence of the beads (vide infra).

3D homogeneous distribution of supramolecular fibers of 1
induced by polymer nanobeads: We subsequently investigat-
ed the effects of the beads on the 3D homogeneous distribu-
tion of the supramolecular fibers in detail. CLSM z-stack
images were obtained to evaluate the 3D dispersibility of
fluorescently stained fibers of 1 in the gel state. Figure 5a
shows typical low-magnified z-stack CLSM images of the
hydrogel with varied height (z axis) in the presence or ab-
sence of 0.1 um plain beads in microwells (diameter
~7 mm), and careful analyses of the dependence of the
fluorescence intensity on the z axis are shown in Figure 5b.
The fiber content, as indexed by the fluorescence intensity,
gradually decreased from the bottom of the well to the top
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difference between the maxi-

mum and the minimum fluo-

rescence intensities
((Imax—Imin)/ Inax) depending on the size and type of bead
used. This parameter indicates the degree of 3D dispersibili-
ty of the fibers, that is, the small value can be ascribed to
homogeneously distributed fibers along the z axis (i.e., the
depth profile) in the hydrogel. We found that the optimal
bead sizes for the 3D dispersal of supramolecular fibers 1
are 0.1 and 0.5 pm. These beads were the most effective for
homogeneous dispersion of the fibers, whereas 1.0 and
0.05 um beads were less effective. 1.0 um beads are probably
too heavy to disperse homogeneously by themselves and so
result in sedimentation, whereas 0.05 um beads were too
small to give a considerable interaction with the fiber net-
works. In addition, the concentration of the beads is another
important factor and 1.1x 10° particlesmL™" was evaluated
to be the optimal concentration for 0.1 um and 0.5 um
beads. On the other hand, the surface chemistry of the
beads (plain, anionic, or cationic; 0.1-1.0 um diameter) did
not significantly influence the 3D fiber distribution.

The mechanism of the 3D homogeneous distribution of
the supramolecular fibers as facilitated by nanobeads still
remains to be elucidated. We presume that appropriate sizes
of beads would act as a noncovalent or dynamic cross-linker
to facilitate the formation of the network of supramolecular
fibers around the beads, although more effort is required to
clearly understand the mechanism. Moreover, the rather ho-
mogeneous 3D hybrid matrix composed of supramolecular
fibers 1 and nanobeads is anticipated to be potentially
promising for encapsulating live cells in 3D.

The 3D encapsulation of live Jurkat cells: For the cell cul-
ture study, we initially confirmed that 1 could form a stable
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one day. Cell sedimentation
was confirmed in RPMI in the
absence of 1 (Figure 6a, A). In
sharp contrast, the cells were
partly three-dimensionally dis-
persed in the presence of the
hydrogel (Figure 6a, B), and
the 3D cell dispersion was fur-
ther facilitated by the addition
of 0.1 um plain beads (Fig-
ure 6a, C). This result is ascri-
bed to the fact that the nano-
beads can induce the homoge-
neous dispersion of the supra-
molecular fiber networks and
nanomesh in the hydrogel,
which gives rise to effective 3D
cell encapsulation in the supra-
molecular hybrid matrix. Fig-
ure 6b shows a typical magni-
fied CLSM image of cells en-
capsulated in the supramolec-
ular hybrid matrix, and reveals
that the cells (yellow particles)
are supported by the stiff net-
work (red fibrils) of supra-
molecular fibers 1, as depicted
in Figure 6c¢.

A WST-8 assay (WST-8=2-
(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfo-
phenyl)-2H tetrazolium mono-
sodium salt, see the Experi-
mental Section) was conducted
to check the cell proliferation
under the three different con-
ditions, including the supra-
molecular matrix comprised of

plain
amine l

LL
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Figure 5. a) CLSM images of hydrogel 1 (0.10 wt %) stained with HANBD (HANBD = 7-N-methyl-N-[2-(2-
hydroxyacetyl)ethoxy]amino-4-nitrobenzo-2-oxa-1,3-diazole)* at ambient temperature (see the Experimental
Section for details) in the absence (A) and presence (B) of 0.1 um plain beads. b) Fluorescence intensity (inte-
gration of pixel intensity of images at each z-axis height) plots versus the z-axis height of the gels in A) (@)
and B) (m). c) Fiber dispersion efficiency for each type of bead, which was evaluated from the normalized dif-
ference between maximum and minimum fluorescence intensities ((Za—Imin)/Imax)- The mean and standard de-
viations of the values were estimated on the basis of at least three individual readings. See the Supporting In-

formation for the color version of Figure 5.

hydrogel in cell culture media, such as RPMI 1641 and
DMEM (RPMI =Roswell Park Memorial Institute medium,
DMEM = Dulbecco’s modified eagle medium). A human T-
cell lymphoblast-like cell line (Jurkat) and a self-assembled
artificial scaffold comprised of a supramolecular fibers 1/
nanobead hybrid were employed for the 3D cell encapsula-
tion study. Figure 6a shows 3D CLSM images of Jurkat cells
in RPMI with or without 1/nanobeads after incubating for
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beads. As shown in Figure 6d,
the cells encapsulated in hy-
drogel 1 in the presence of
beads can grow constantly for
at least 6d, which is longer
than those in RPMI alone (i.e.,
without 1 or beads) or those in
RPMI/1 without beads. This
result indicates that the hybrid
matrix, similarly to the RPMI/
supramolecular fibers 1 matrix, does not have considerable
cytotoxicity.

Bead diameter /nm

Conclusion

We have demonstrated herein that the 3D homogeneous
distribution of supramolecular nanofibers in hydrogel was
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agents were used as received.
HANBD was synthesized according
to our previously reported method.”
The polymer microspheres (0.05, 0.1,
0.5, 1.0 pm) used in this study, termed
as plain beads (polystyrene micro-
spheres, slight anionic charge from
sulfate ester groups), carboxylate
beads (polystyrene microspheres that
have surface carboxyl groups), and
amino beads (polystyrene
spheres that have surface primary
amine groups) were purchased from
Polyscience (Warrington, PA, USA)
as about 2.5% (w/v) solid aqueous
suspensions and were used as re-
ceived. Thin-layer chromatography
(TLC) was performed on silica
gel 60 F,5, (Merck). Column chroma-
tography was performed on silica
gel 60 N (Kanto, 40-50 um). '"H NMR
spectra were obtained by using a
Varian Mercury 400  spectrometer

__;EI mm
1.27 1

0 mm m

micro-

Supramolecular fiber

Figure 6. a) 3D CLSM images of Jurkat cells in RPMI 1641 only (A) and in RPMI 1641 and 1 (0.10 wt %) in
the absence of (B) and presence of 0.1 pm plain beads (C); the insets show photographs of the cell culture gel
1. The cells and supramolecular fibers were prelabeled with calcein AM and octadecyl rhodamine B chloride,
respectively (see the Experimental Section for details). b) Magnified CLSM z-slice image of a) picture C,
c) photograph of Jurkat cells encapsulated in RPMI 1641 and 1 (0.10 wt%) in the presence of 0.1 pm plain
beads and the corresponding schematic representation (not drawn to scale), and d) quantification of cell sur-
vival A) in RPMI 1641 (s+++<A++++<), B) in RPMI 1641 and 1 (0.10 wt %) in the absence of 0.1 pm plain beads
), determined by using a WST-8 assay.

(-----m-----), and (C) in the presence of 0.1 um plain beads (—e

greatly facilitated by the addition of 100-500 nm polymer
beads. Thanks to this unexpected effect, the 3D encapsula-
tion and distribution of live cells in a supramolecular hydro-
gel comprised of artificial glyco-lipid 1 can be accomplished
under physiological conditions. This kind of hybrid matrix
composed of a supramolecular gel and nanobeads has rarely
been explored.'¥ We believe that such supramolecular
hybrid matrices can be utilized as a unique scaffold for bio-
materials.™®l The orthogonal modification of nanofibers
and nanobeads and their cooperative behavior may lead to
designable biomaterials, for in-
stance, nanobeads with carbox-
ylate and amine groups on
their surfaces could be further
functionalized through the in-
troduction of a variety of bio-
active molecules, such as RGD

with tetramethylsilane (TMS) or re-
sidual nondeuterated solvents as the
internal  references. FAB  and
MALDI-TOF mass spectra were re-
corded by using Shimadzu QPS5050A
(with NBA as a matrix) and PerSep-
tive Biosystems Voyager-DE RP in-
struments (with dithranol as a
matrix), respectively. The absorption
and CD spectra were measured by
using a Shimadzu UV2550 spectrome-
ter and a Jasco J-720WI spectropo-
larimeter, respectively. Rheological measurement was carried out by
using a Reologica DynAlyser DAR-100 with a parallel plate (diameter
4.0 cm) at strain (0.10%) and gap (1.6 mm) at 24°C and the reproductivi-
ty of the data was confirmed by using at least two individual samples. El-
emental analysis was carried out by the services at Kyoto University.

Time/d

Syntheses: The typical procedure for the synthesis of hydrogelators with
muconic amide in their spacer moiety is shown below. Compound 3, de-
rived from L-glutamic acid, and the sugar derivative (GIcNAc-NH,)
shown in Scheme 1 were synthesized according to a previously reported
method."”

NHS derivative 4: SOCI, (400 pL, 2.5 equiv) and DMF (few drops) were
added to a solution of muconic acid (320 mg, 2.3 mmol) in dry CH,Cl,

H,N 2 O/\O
P

HOJOK/\/YOH
[¢]

) o o} H O
i) i i) q
N, A~ N

. o o)
(Arg-Gly-Asp) peptide and o w \ﬁ /\O
growth factors, at controlled muconic acid 4 o0
density and at the desired AO
place. We are currently investi- "o
ating in this direction. HO i o 9 HQ
gating 4+ O, iv) HO/%O\/\NJK/\/\(N O/\O

HG;Q NHAG Lo NHAc H o
GIcNAC-NH, 1 o] o/\o

Experimental Section

Scheme 1. Synthesis of hydrogelator 1; i) SOCl,, DMF, CH,Cl,; ii) DIPEA (N,N-diisopropylethylamine),

Materials and instruments: Unless
stated otherwise, all commercial re-
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CH,Cl,; iii) NHS (N-hydroxysuccinimide), BOP (benzotriazol-1-yloxytris(dimethylamino)phosphonium hexa-
fluorophosphate), DIPEA, DMF (17 % over three steps); iv) DIPEA, DMF (77 %).
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(10 mL) under a N, atmosphere. The reaction was heated at reflux for
10 h, after which the solution was concentrated under reduced pressure
and dried in vacuo to give muconic chloride. The obtained muconic chlo-
ride was dissolved in dry CH,Cl, (10 mL) and DIPEA (2.0 mL), then
compound 3 (816 mg, 0.90 equiv) in dry CH,Cl, (50 mL) was added drop-
wise to the solution over 30 min under a N, atmosphere. After stirring
for an additional 20 min at RT, the solution was concentrated under re-
duced pressure. The residue was dissolved in chloroform (150 mL) and
washed with 5% aqueous citric acid. The organic layer was dried over
MgSO, and the solvent was removed under reduced pressure to afford
an orange oil (1.07 g) that contained the target compound and a bola-
type compound; the oil was used for next step without further purifica-
tion. BOP (1.33 g, 1.3 equiv vs. muconic acid) and N-hydroxysuccinimide
(346 mg, 1.3 equiv vs. muconic acid) were added to a solution of the ob-
tained oil (1.07 g) and DIPEA (523 pL) in dry DMF (10 mL), and the re-
sulting solution was stirred at 40°C for 12 h. The solution was concentrat-
ed under reduced pressure and the obtained residue was dissolved in
chloroform (150 mL) and washed with 5% aqueous citric acid. The or-
ganic layer was dried over MgSO, and the solvent was removed under re-
duced pressure, then the residue was purified by column chromatography
(SiO,, hexane/ethyl acetate 1:1) to afford compound 4 as a white solid
(213 mg, 17% over three steps). '"H NMR (400 MHz, CDCl;, TMS, RT):
0=7.54 (dd, J=15.6, 152 Hz, 1H; muconic-H), 7.30 (dd, /=143,
15.3 Hz, 1H; muconic-H), 6.61 (d, J=4.4Hz, 1H; NH), 6.33 (d, J=
15.6 Hz, 1H; muconic-H), 6.32 (d, /=14.8 Hz, 1 H; muconic-H), 4.70 (t,
J=4.4Hz, 1H; Glu-o-H), 3.97 (d, J=6.4Hz, 2H; OCH,), 3.88 (d, J=
6.4 Hz, 2H; OCH,), 2.86 (s, 4H; NHS-CH,), 2.30-2.51 (m, 2H; Glu-y-
CH,), 2.25, 2.06 (2xm, 2x1H; Glu-p-CH,), 1.71-0.98 ppm (m, 22H;
cyclohexyl-CH,).

GlcNAc derivative I: A solution of compound 4 (433 mg, 0.77 mmol),
GIcNAc-NH, (245 mg, 0.93 mmol), and DIPEA (300 L) in dry DMF
(20 mL) was stirred at 40°C for 12 h, then the solution was concentrated
under reduced pressure. The resulting residue was washed with MeOH,
diethyl ether, and cold water to afford compound 1 as a white powder
(420 mg, 77%). '"H NMR (400 MHz, CDCly/CD,0D 4:1, TMS, RT): 6=
7.21-7.25 (m, 2H; muconic-H), 6.30-6.35 (m, 2H; muconic-H), 4.61-4.64
(m, 1H; Glu-a-H), 4.41 (d, J=8.0 Hz, 1H; GlcNAc-H"), 3.98 (m, 2H
(overlapped with the peak of solvent); OCH,), 3.89 (d, /J=6.4 Hz, 2H;
OCH,), 3.83-3.30 (m, 10H; GIcNAc-H and OCH,CH,NH), 2.39-2.43 (m,
2H; Glu-y-CH,), 2.23, 2.04 (2xm, 2x1H; Glu--CH,), 2.00 (s, 3H;
GlcNAc-CH;CONH), 1.97-0.96 ppm (m, 22H; cyclohexyl-CH,); HRMS
(FAB, NBA, M*): m/z caled for C;5Hs504,N5: 709.3786; found: 709.3776;
elemental analysis calcd (%) for C3;HssN;0,,:H,O: C 57.76, H 7.89, N
5.77; found: C 58.05, H 7.65, N 5.78.

Hydrogel preparation and confocal microscopy: Hydrogel 1 (0.10 wt %,
1.4 mm) was suspended in ion-exchanged water that contained either ni-
trobenzoxadiazole derivative (HANBD; final concentration=20 um,
MeOH solution), which is an environmentally sensitive fluorophore that
exhibits strong, blueshifted fluorescence in hydrophobic environments,
such as the interior of self-assembled fibers constructed by hydrophobic
interactions between alkyl moieties or octadecyl rhodamine B chloride
(final concentration=25 uM, MeOH solution, molecular probe, Invitro-
gen) for staining the hydrogel fiber. This suspension was heated by using
a heat gun until a transparent homogeneous solution was obtained in
both the absence and presence of beads (0.5 uL) in an aqueous dispersion
at the appropriate ratio to 1 (200 uL). The hot solution (~10 pL) was
spotted on a glass-bottomed dish (Matsunami, noncoated, 0.15-0.18 mm
glass bottom), incubated to complete gelation in a sealed box with high
humidity at RT for 30 min, and then the sample was observed by using
CLSM. CLSM observation is a powerful, convenient tool for the direct
visualization of wet materials. By using this method, we can obtain struc-
tural insight into hydrogels without drying the sample. An inverted con-
focal laser scanning microscope (Olympus FV1000-ASW) equipped with
a x100, NA=1.40 oil objective or a x4, NA=0.16 air objective and
either a =543 and 633 nm HeNe or a 1 =488 nm Ar laser was employed
to obtain the images.

TEM observations: A suspension of 1 (0.10 wt%, 1.4 mm) in ion-ex-
changed water was heated in a 2 mL vial by using a heat gun until a
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transparent homogeneous solution was obtained in both the absence and
presence of beads. The solution was incubated at RT for 30 min to com-
plete gelation. The gel was placed 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 reduced pressure for at least 6 h prior to
TEM observation. TEM images were acquired by using a JEOL JEM-
1025 instrument (accelerating voltage 100 kV) equipped with a CCD
camera.

AFM observations: A suspension of 1 (0.10 wt%, 1.4 mmM) in ion-ex-
changed water (1.0 mL) was heated in a 2 mL vial by using a heat gun
until a transparent homogeneous solution was obtained. The warm solu-
tion was diluted five-fold and immediately spread on freshly cleaved
mica. The AFM observations were performed by using a Shimadzu SPM-
9600 microscope in air at ambient temperature with standard silicon can-
tilevers (AR5-NCHR, Nanosensors) in the tapping mode.

Cell culture and confocal microscopy: Jurkat cells were maintained in
RPMI 1641 medium supplemented with 10% fetal bovine serum (FBS).
All media contained 1 wt% penicillin/streptomycin mixture. The cell in-
cubation was always carried out at 37°C in fully humidified air that con-
tained 5% CO,. For confocal micrographs of cells encapsulated in the
hydrogels, a suspension of 1 (0.10 wt %, 1.4 mm) in cell culture medium
(RPMI 1641) supplemented with 10% FBS was heated to form a homo-
geneous solution in both the absence and presence of beads. The result-
ing hot solution (50 pL) was immediately transferred to each well of a
96-well glass-bottomed culture plate (Iwaki). The solution of octadecyl
rhodamine B chloride (final concentration=25 um) was subsequently
added to each well to stain the hydrogel fiber, and the plate was then in-
cubated for 3 h at 37°C and 5% CO,. RPMI 1641 medium (50 pL) was
carefully added to the top of the gel, then the plate was placed in an in-
cubator at 37°C and 5% CO, and incubated for 24 h. Then, a suspension
of Jurkat cells (50 pL, 3.0x 10°mL""; pre-labeled with calcein AM accord-
ing to the standard procedure supplied by the manufacture (DOJIN))
was transferred to each well. After 24 h, all wells were imaged by using a
CLSM microscope (Olympus FV1000-ASW).

Cytotoxicity in hydrogel as determined by a WST-8 assay: The cell
number was evaluated by using Cell-Counting Kit-8 (CCK-8, Dojindo,
Japan), known as a WST-8 assay. The WST-8 assay uses a tetrazolium salt
that produces a water-soluble formazan dye upon dehydrogenase-mediat-
ed reduction in the living cells. The hot solution of 1 (0.10 wt %, 50 puL of
RPMI 1641 medium supplemented with 10% FBS) with or without
beads was immediately transferred to a 96-well culture plate (Iwaki).
RPMI 1641 medium (50 pL) was carefully added to the top of the gel
and the plate was placed into an incubator at 37°C and 5% CO, for
24 h. Then, a suspension of Jurkat cells (50 uL, 1.7x10° mL ') was trans-
ferred to each well. After each incubation period, the CCK-8 working so-
lution (15 pL) was added to each well, and the cell suspensions were in-
cubated for 3h at 37°C and 5% CO,, then diluted four-fold just before
measurements were taken. The plate was read by using a Wallac
ARVO SX microplate reader (Perkin—-Elmer) with a wavelength of
450 nm. After measurement, 50 uL of the medium on the top of the wells
was exchanged. Each sample was tested in at least three wells, and the
mean and standard deviation of the values were estimated.
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