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Here we demonstrate that a precise macroscopic supramolecular
assembly (MSA) can be achieved using a surface photopatterning
strategy. The electrostatic interaction of the photopatterned polyelec-
trolytes drives hydrogel cuboids to form a stable MSA on a millimeter
scale and the spatial controllability of light enables the hydrogels to be
assembled into complex supramolecular architectures.

Recently, a new self-assembly beyond the molecular level, that is
macroscopic supramolecular assembly (MSA)," has aroused great
interest due to its potential applications in microelectronics,”
bio-adhesion,” and tissue scaffolds.* Unlike the simple supramo-
lecular recognition between one or some interactive pairs, the
assembly mechanism of MSAs is a much more complex surface-
surface multivalent process. Hydrogels are usually selected as the
building blocks to construct MSAs due to their flowable character-
istics that can reduce surface roughness and improve the mobility
of surface molecules. By means of doping and surface modifica-
tion, hydrogels can achieve micro or millimetre level MSAs with
the help of electrostatic attraction,” host-guest recognition,’
hydrophilic-hydrophobic interactions’” and other supramolecular
interactions.®

However, most MSA hydrogel assemblies have the problem
of a low degree of order in the contact area, angle and direction,
which greatly limits their practical use as bulky supramolecular
materials.' For example, in order to obtain a well-defined
tissue engineering scaffold, it is necessary to make the building
blocks controllable.” Shi et al. applied the strategy of “inter-
active distance matching size of building blocks” to improve
the matching degree of MSA elastomers or hydrogels, in which
long range interactive forces drive the selective assembly
between the building blocks and short supramolecular inter-
actions stabilize the ordered structures.'® Other groups used
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specific non-covalent interactions™ or external forces'* to reduce
the mismatch of the shape-controlled hydrogels units. Moreover,
Khademhosseini et al. used face-specific DNA glues to obtain
diverse MSA structures in interfacial agitation systems using sur-
face chemistry." It required two rounds of hydrogel crosslinking
and the operation is relatively complicated.

Alternatively, photopatterning is a widely used chemical
method to construct heterogeneous surfaces, it achieves spatio-
temporal resolution through non-physical contact modes and
has become the preferred method for controllable modification
of hydrogel surfaces." Herein, we report an electrostatic-directed
precise MSA by photopatterning hydrogel units (as illustrated in
Scheme 1), in which photoligation chemistry of o-nitrobenzyl
derivatives (MNB) is applied to immobilize the electropositive
polyethylenimine (PEI) and the electronegative proteins on the
hydrogel surface as desired through the coupling of the photo-
generated active aldehydes of MNB with the amines of PEI or the
proteins. Then, simply shaking in water leads to hydrogel assem-
bly through electrostatic interactions, and diverse structures,
including dimers, a linear chain of extended length and teddy
bear heads, can be achieved by combing programmable photo-
patterning. We envision that the surface photopatterning strategy
may provide a promising route to produce complex MSAs with
advanced hierarchical structures.

Firstly, the photoresponsive molecule MNB was synthesized
(Fig. S1, see the ESIf), and the structure was verified using
magnetic resonance spectra and mass spectra (Fig. S2, see the
ESIf). The photolysis of MNB was measured using a UV-Vis
spectrophotometer and HPLC (Fig. S3-S5, see the ESIt), which
indicated a rapid and efficient photolysis of MNB upon irradiation
with a 365 nm LED (10 mW cm ™ ?). The mass spectra confirmed
the generation of the aldehyde photoproduct accompanying the
consumption of MNB upon irradiation. Our previous studies have
shown that this photogenerated aldehyde group can effectively
couple with the free amino groups of proteins'** and macro-
molecules.” This provides a prerequisite for the realization of
controllable surface modifications of amino-containing poly-
electrolytes by introducing MNB into the hydrogel.
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Scheme 1 Schematic presentation of a precise MSA using photopatterned
hydrogel units.
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The photosensitive hydrogels were prepared by crosslinking
MNB (0.04 M) with acrylamide (AAm, 2 M) and N,N’-methylene-
bisacrylamide (MBA, 0.02 mM) in an acetonitrile-water solution
(1/4, v/v) that was initiated by the redox pair of ammonium
peroxodisulfate (APS) and N,N,N’,N'-tetramethylethylenediamine
(TEMED). After removing the unreacted monomers and initiators
by washing, millimetre scale hydrogel units were obtained by
cutting the bulky hydrogels. Polycationic PEI (M, = 70000) and
electronegative gelatin (PI value = 4.7) were selected as the amino-
containing macromolecules for photoligation on the hydrogel
surface, and the morphologies of the freeze-dried hydrogel surface
were observed using scanning electron microscopy (SEM) (Fig. S6,
see the ESIt). Compared to the rugged network structure of the
unmodified xerogel, the gelatin or PEI modified xerogels exhibited
fibre-like networks with reduced surface roughness. In order to
further demonstrate that amino-containing polyelectrolytes can be
photoligated to the surface of the hydrogels, we prepared MNB
containing microgels (~640 nm in diameter) and explored the
evolution of the surface zeta potential after photoligation
(as illustrated in Fig. 1a). Fig. 1b shows that the surface zeta
potential ({) of the microgels changes from 0.8 mV to 7.2 mV and
then —5.0 mV after the photoligation of PEI and the subsequent
gelatin adsorption, correspondingly. The second charge reversal
indicates that the photoligated polyelectrolytes keep their ability to
adsorb macromolecules with opposite charges via electrostatic
interactions.

Based on the successful photoligation and the retention for
further supramolecular interactions, we first explored the MSA
between microgels and a bulky hydrogel. As illustrated in Fig. 2a,
rhodamine labelled gelatin (Rho-Gel, red) was photopatterned on a
bulky hydrogel (10 x 10 x 3 mm, [ x w x h) using a chrome
photomask with a 400 pm width line, and fluorescein isothiocya-
nate labelled PEI (FITC-PEI, green) was photopatterned on the
surface of the microgels (MM + FITC-PEI). To visualize the bulky
hydrogel, we also photoimmobilized coumarin labelled BSA (blue)
in the other regions of the bulky hydrogel. After shaking the bulky
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Fig. 1 Photoligation on microgels. (a) Schematic representation of the
photoligation of PEI and gelatin on microgels. (b) The evolution of surface
zeta potential of the microgels after photoligation and subsequent
electrostatic adsorption.
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Fig. 2 MSA of microgels and hydrogel cuboids. (a) MSA of FITC-PEI
photoligated microgels (MM + FITC-PEI) with the Rho-Gel photopatterned
bulky hydrogel. (b) Schematic illustration of an MSA with PEI and gelatin
photoligated hydrogel cuboids. (c) Pieces of PEl-ligated hydrogels (blue,
P-GEL) and gelatin-ligated hydrogels (red, G-GEL) were mixed and shaken
in water, resulting in a self-assembled structure. (d) The blank hydrogels
(yellow) without any modification do not participate in the self-assembly.
The scale bars in (c and d) are 1.5 cm. (e) Observation of the MSA hydrogel
interface, hydrogels photoligated with FITC-PEl and Rho-Gel were used,
which exhibit green and red fluorescence, respectively.

hydrogel and microgels in water (120 rpm), it was found that all
microgels assemble in the patterned lines of the hydrogel, showing
spatially controllable MSAs induced by electrostatic interactions.
Then, the millimetre-level MSA was explored using cuboid hydro-
gel pieces (4 x 4 x 3 mm, / X w x h) that were stained using water-
soluble dyes for visualization. As shown in Fig. 2b and ¢, mixing of
the PEI-ligated hydrogels (blue, P-GEL) and gelatin-ligated hydro-
gels (red, G-GEL), followed by agitation (120 rpm) in water, permits
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the binding of two kinds of hydrogels to form a combined gel with
alternating assembled structures (Movie S1, see the ESIt). In a
control experiment as shown in Fig. 2d, the blank hydrogel (yellow)
did not stick to the P-GEL and G-GEL (Movie S2, see the ESIT).
Moreover, no homogeneous assembly of P-GEL/P-GEL or G-GEL/
G-GEL was found. Fig. 2e shows the fluorescence images of MSA
hydrogels photoligated with FITC-PEI and Rho-Gel, respectively,
which exhibit uniform surface modification and tight contact at
the self-assembled hydrogel interface. In addition, other proteins
with different PI values were also photoligated on hydrogels as well
as gelatin, and their probability of forming an MSA with P-GEL was
investigated (Table S1, see the ESIT). The results exhibit that the
MSA probability of hydrogels is greatly dependent on the PI value
of the protein, which is consistent with the strength of the
electrostatic interaction. These results suggests that electrostatic
interaction plays an important role not only on the molecular level,
but also on the macroscopic level.

Based on the spatial controllable advantage of light, the
hydrogel cuboids are expected to realize precise MSAs via
photopatterning technology. The arbitrary photopatterning of
PEI and gelatin to hydrogels have been proven using photo-
masks with different patterns (Fig. S7, see the ESIt), which
means MNB functionalized hydrogels can achieve precise,
controllable surface modification. When PEI and gelation were
photopatterned on a single face of the hydrogel cuboids, as
illustrated in Fig. 3a, a face specific self-assembly formed and
dimer structures were obtained after random shaking in water
(Movie S3, see the ESIf). On further photopatterning of PEI
(blue) or gelatin (red) on the opposite faces of the hydrogel
cuboids, a linear chain structure containing alternative red and
blue hydrogel cuboids was formed as expected (Movie S4,
see the ESIt). Finally, a more complex MSA system was
designed. As illustrated in Fig. 3c, gelatin was photopatterned
on the notched surface of the big cylindrical hydrogels (red),
and PEI was modified on the side of the small cylindrical
hydrogels (blue) that formed complementary structures with
notches of gelatin patterned hydrogels. After random shaking
in water, two assembled structures of teddy bear heads were
formed through structural matching and surface electrostatic
interaction. Noticeably, the interaction between PEI and
gelatin photopatterned hydrogels is strong enough to support
the stability of the self-assembled structures, which can be
removed from the water without any disintegration (inset
figures in Fig. 3b and c). Moreover, the assembled hydrogels
can maintain the normal operation of an LED in a DC
circuit after the incorporation of conductive graphene
(Fig. S8, see the ESIY).

As it has been reported that MSA behaviour is often influenced
by the mechanical strength of the substrates,'® we explored the
effect of elastic modulus on the MSAs of the hydrogels. The
modulus of the hydrogel cuboids was adjusted by only changing
the content of the cross-linker MBA (from 0.02 mM to 0.08 mM).
As listed in Table 1, the synthesized hydrogels show different
moduli and the value of G’ increases from 548.0 Pa to 1782.4 Pa
with increasing MBA content (Fig. S9, see the ESIt). After photo-
ligation with PEI and gelatin, MSA investigation shows that
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Fig. 3 MSA of photopatterned hydrogels. (a) Self-assembled dimers using
single-face photopatterned hydrogels. (b) Alternating self-assembled
chains were formed in accordance with the complementary photopat-
terning in opposite faces of the hydrogels. (c) Self-assembled teddy bear
head structure by complementary photopatterning. PEl photopatterned
hydrogels were stained in blue and gelatin photopatterned hydrogels were
stained in red. The scale bars are 1.5 cm.

hydrogels containing 0.02-0.06 mM MBA can self-assemble effec-
tively, while the hydrogels containing 0.08 mM MBA have difficulty
forming stable MSA structures. Moreover, the hydrogels without
complementary electrostatic interaction can’t self-assemble. After
comparing the fracture tension stress of the self-assembled hydro-
gels (Fig. S10, see the ESIY), it was indicated that the hydrogels with
lower moduli are advantageous for the formation of electrostatic-
induced MSAs, in which the hydrogels containing 0.02 mM MBA
have the highest in situ interactive force with a fracture stress of
521.1 £ 3.7 Pa.

Table 1 Properties of MSA of millimeter scale hydrogels

MBA G'“ G

(mM) (Pa) (Pa) PEI Gelatin Assembly” Stress (Pa) Strain (%)

0.08 1782.4 474.0 + + N — —
0.06 1165.8 355.7 + + A 951 +£1.3 32.2+13
0.04 796.7 119.9 + + A 221.5+ 3.2 358+ 14
0.02 548.0 39.2 + + A 521.1 + 3.7 38.7 £ 1.6
0.02 548.0 39.2 + - N — —
0.02 548.0 39.2 — + N — —

¢ values were determined at 1 Hz; “+”” means hydrogels with PEI/gelatin
photoligation; “—” means unmodified hydrogels. ? A: assembling,
N: no assembling.
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In summary, we have successfully constructed millimetre-
level precise supramolecular architectures. The photoligation
chemistry of MNB enables PEI and gelatin polyelectrolytes to be
modified on the surface of hydrogels, thereby realizing MSAs of
hydrogels through surface electrostatic interactions. Due to the
spatial controllability of photopatterning, precise MSAs with
different architectures can be designed and implemented, such
as dimers, linear chains and teddy bear heads. We expect that
this surface photopatterning strategy is applicable to specific
interactions with components that have host-guest molecular
recognition, which provides a new potential strategy for the
construction of ordered scaffolds in tissue engineering.
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