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Most triblock copolymer-based physical hydrogels form three-dimensional
networks through micellar packing, and formation of polymer loops repre-
sents a topological defect that diminishes hydrogel elasticity. This effect can
be mitigated by maximizing the fraction of elastically effective bridges in the
hydrogel network. Herein, we report hydrogels constructed by complexing
oppositely charged multiblock copolymers designed with a sequence pattern
that maximizes the entropic and enthalpic penalty of micellization. These
copolymers self-assemble into branched and bridge-rich network units (net-
mers), instead of forming sparsely interlinked micelles. We find that the sto-
rage modulus of the netmer-based hydrogel is 11.5 times higher than that of the
micelle-based hydrogel. Complementary coarse grained molecular dynamics
simulations reveal that in the netmer-based hydrogels, the numbers of charge-
complexed nodes and mechanically reinforcing bridges increase substantially
relative to micelle-based hydrogels.

Network frameworks in organisms are created through hierarchical
self-assembly and defect-free interlinking of biopolymers such as actin,
collagen, and mucin'~. The primary function of a network is to give the
organism its shape and mechanical resistance to deformation. In
addition, biopolymers self-assemble into intricate network structures
that exhibit differentiated functionality. For example, F-actin, a
microfilament constituting the intracellular cytoskeleton, is a complex

and dynamic network that supports biological processes such as cell
migration and contractile dynamics®. Collagen, the most abundant
microfiber in the extracellular matrix, gives a wide range of stiffness
and elasticity, from soft skin to hard bone tissues’. Mucins assemble
into branched networks and form mucus hydrogels, which are
responsible for molecular transport and a physical barrier preventing
infection’.
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Chemical and topological structures of polymers together dictate
the properties of networks®’. Polymer network topology indicates the
extent to which the strands of polymers are connected. Given that the
elasticity of polymer networks has topological origins, there is a
growing interest in understanding and controlling topology from a
molecular perspective in order to design networks with specific
mechanical properties. Inspired by biological networks, attempts have
been made to mimic the network structure in organisms using syn-
thetic polymers®'2. However, these efforts have not been fully suc-
cessful due to the emergence of topological defects in the network
(e.g., inhomogeneity in node/strand density, dangling/unreacted
strands and/or entanglements, and loop formation)™". Primary loops,
the simplest cyclic topologies, form when the two ends of a strand
reside in the same node. Since the loops do not impose direct physical
crosslinks between nodes, they only weakly contribute to the elasticity
of the network through the rare loop entanglement of interlocked
polymers from independent nodes®.

A common approach to designing hydrogel network forming
block copolymers is to use an ABA triblock construct wherein the
middle and end blocks are hydrophilic and charged blocks,
respectively'®™™. Mixtures of oppositely charged ABA triblock copoly-
mers assemble through electrostatic interactions and can produce
distinct micellar structures in which the coacervate nodes of the

micelles are surrounded by loops formed by the hydrophilic middle
blocks. At concentrations higher than the critical gelation concentra-
tion (CGC), some loops of the micelles can transform into bridges that
connect the coacervate nodes, leading to the formation of a sparsely
linked network (Fig. 1a). Therefore, the key components affecting the
mechanical properties of ABA triblock hydrogels are the density of
bridges and nodes in the network rather than that of loops™*. Pre-
vious observations have shown that the density of bridges increases
with increasing relative length of the middle block and concentration
of ABA triblock copolymers®*%. However, despite numerous efforts,
there appears to be a limit to maximizing the fraction of bridges based
on the loop-rich micelle structure, with the largest reported bridge
fraction being only 63% in a hydrogel®. In addition, even when the loop
formation was suppressed with the ABC triblock terpolymer through
independent crosslinking of the A and C blocks, the mechanical
properties of the hydrogel were not significantly improved”?**. These
observations point to the need for a design strategy for strong
hydrogels that focuses less on micellar loops and more on forming
bridges. Hence, we aim here to design block polyelectrolytes that
directly assemble to form a network of highly interlinked nodes with
minimal formation of loops. In this design, it is the bridging process
that imparts strong mechanical properties to the resulting network
(Fig. 1b). We start with a conventional mixture of triblock
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Fig. 1| Schematic representation of the network structures and gelation
mechanisms. Two types of hydrogel networks. a In the traditional hydrogel net-
work formed through the self-assembly of ABA block copolymers, the nodes are
surrounded by loops. b In the proposed densely linked network, the coacervate
nodes are closely linked by a large number of bridges. ¢ Schematic of the hier-
archical assembly mechanism from the unimer to the hydrogel network in three

different polyelectrolytes. As the polymer concentration increased, the triblock
polyelectrolytes formed micelles, leading to the formation of a tri-PEC (polyelec-
trolyte complex) hydrogel network with a sparsely linked structure. Pentablock
polyelectrolytes and nonablock polyelectrolytes preferentially formed netmers
with branched structures and produced the densely linked penta- and nona-PEC
hydrogel networks, respectively.
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polyelectrolytes (P(APTClso‘b'DMA750'b‘APTC150) and P(AMPSlso'b'
DMA;50-b-AMPS50)), which will serve as a point of comparison for
designed pentablock (P(DMA;s0-b-APTC;59-b-DMA;50-b-APTC;50-b-
DMAzso) and P(DMAzso'b'AMPsls()‘b‘DMAzs()‘b'AMPslso'b'DMAzso))
and nonablock polyelectrolytes (P(DMA,50-b-APTC;50-b-DMA,s50-b-
APTClSO'b‘DMAZso'b'APTclso‘b'DMAzso'b'APTclso'b'DMAZSO) and
P(DMA,s0-b-AMPS;50-b-DMA50-b-AMPS,50-5-DMA 350-b-AMPS 150-b-
DMA,s50-b-AMPS;50-b-DMA,s50)). Constructs of triblock and pentablock
polyelectrolytes with identical molecular weight and charge density
per chain were synthesized to compare equivalent polymer counts at
the same weight percentage, as shown in Supplementary Fig. 1a, ¢
(note that the length of every neutral block in pentablock polyelec-
trolytes is one-third of the middle neutral block of triblock polyelec-
trolytes). We aimed to increase the thermodynamic penalty of
micellization in pentablock polyelectrolytes to create another self-
assembly”. The design strategy was to increase the bending energy
cost of loop formation by introducing short middle neutral blocks and
disrupting the associativity of charged termini (that are responsible for
loop closure) by replacing them with neutral blocks?. Consequently,
the self-assembled pentablock polyelectrolytes exhibit a structural
distinction, in which a branched network unit (netmer) with several
densely interlinked coacervate nodes was formed instead of barely
linked micelles. At concentrations above the CGC, the triblock poly-
electrolytes formed a sparsely linked network of micelles (Fig. 1c).
Meanwhile, the pentablock polyelectrolytes formed a densely linked
network by hierarchically stacking the netmers (Fig. 1c). To further
increase gelation efficiency, we designed the longer nonablock poly-
electrolytes (composed of the same block species and block molecular
weights present in the pentablock polyelectrolytes); the gelation effi-
ciency was maximized due to the formation of larger netmers (Sup-
plementary Fig. 1d, ¢). The nonablock polyelectrolytes with longer
chain lengths can promote the formation of a larger number of linked
coacervate nodes per netmer relative to the pentablock polyelec-
trolytes. Due to the structural advantages of the more highly con-
nected networks of the pentablock and nonablock polyelectrolytes,
the storage modulus of the resulting hydrogels was substantially
greater than that of the conventional triblock polyelectrolyte
hydrogels.

Results and discussion

To achieve a nearly complete monomer conversion, all multi-block
polyelectrolytes (Supplementary Fig. 1) were synthesized from acry-
lamide derivatives with high propagation rate coefficients (kp) through
the one-pot aqueous reversible addition-fragmentation chain transfer
(RAFT) polymerization” . A well-controlled sequence was success-
fully obtained for each block with a desired monomer conversion,
degree of polymerization, and polydispersity index (PDI), as confirmed
by 'H nuclear magnetic resonance (NMR) and gel permeation chro-
matography (GPC) (Supplementary Figs. 2-4; details of the synthesis
procedure are provided in the Methods section). In this study, four
types of multiblock polyelectrolytes were compared as follows (Sup-
plementary Fig. 1). First, triblock and pentablock polyelectrolytes with
the same overall length of the polymer were compared (Supplemen-
tary Fig. 1a, c). At this time, the length of the middle block of the
triblock polyelectrolytes was three times longer than that of the pen-
tablock polyelectrolytes, such that the triblock polyelectrolytes were
referred to as tri(long middle, LM)block polyelectrolytes. In addition,
we designed triblock polyelectrolytes with the same length as the
middle block of the pentablock polyelectrolytes (this is referred to as
tri(short middle, SM)block polyelectrolytes, (P(APTC;s0-b-DMAys0-b-
APTCis0) and P(AMPS;50-b-DMA,s0-b-AMPS;50))) and determined the
effect of the middle block length on the mechanical properties of
polyelectrolyte complex hydrogels (Supplementary Fig. 1b). Finally, we
designed nonablock polyelectrolytes composed of the same blocks
present in the pentablock polyelectrolytes but with increased blocks,

and compared it with other multiblock polyelectrolytes (Supplemen-
tary Fig. 1d).

Self-assembled structures at concentrations below the CGC

To determine the tri(LM)block, tri(SM)block, pentablock, and nona-
block polyelectrolytes self-assembled complex structures (referred to
as tri(LM)-, tri(SM)-, penta-, and nona-PEC (polyelectrolyte complex),
respectively), cryo-TEM, SANS, and multiangle DLS experiments were
performed for 0.2 wt% PEC solutions. First, 0.2 wt% PECs were visua-
lized by cryo-TEM observations (Fig. 2a-d and Supplementary
Fig. 5a-d). All PECs formed spheroid coacervate nodes, penta- and
nona-PEC had a small node diameter (23.85+3.66nm and
21.64 +3.75 nm, respectively), but tri(LM)- and tri(SM)-PEC had a large
coacervate node diameter (31.14+5.51nm and 33.84+6.39 nm,
respectively) (Fig. 2e-h). Noteworthy, although the ionic blocks of all
polyelectrolytes have the same length, the tri(LM)- and tri(SM)-PEC
node diameter is larger than that of the penta- and nona-PEC. It is
considered that the sequence of each multiblock polyelectrolyte acts
as an important factor in forming a node and determining its size. This
trend is consistent with theoretical expectations, considering the
steric constraints and potential conformations of the ionic blocks
within the node structure (Fig. 2I, m)*. In particular, tri(LM)- and
tri(SM)-PEC, which feature ionic blocks terminated within the polymer
chain, promote the formation of larger nodes by accommodating a
conformation with a radius corresponding to the ionic block length. In
contrast, penta- and nona-PEC, which have an ionic block sandwiched
between two neutral blocks, supposedly result in a more compact
node structure due to the steric hindrance imparted by the neutral
blocks. The structural analysis of the node of PECs was also confirmed
through small-angle neutron scattering (SANS) experiments in 0.2 wt%
PEC solutions, with node diameters of 27.4 +9.0 nm for tri(LM)-PEC,
31.8+54nm for tri(SM)-PEC, 22.8+5.2nm for penta-PEC and
18.2 + 8.4 nm for nona-PEC (Fig. 2i, j). The coacervate node diameter of
each PEC calculated by SANS coincided with trends in the cryo-TEM
results. After that, we calculated the aggregation number of the poly-
electrolytes to form the coacervate node (aggregation number, 270 for
tri(LM)-PEC, 421 for tri(SM)-PEC, 155 for penta-PEC, 79 for nona-PEC)
(Fig. 2k). Requiring fewer polymers to form a node means that a higher
node density can be achieved under the same polymer concentration
conditions. Therefore, penta- and nona-PEC are expected to have sig-
nificantly higher node density than tri(LM)- and tri(SM)-PEC.

To rationalize and visualize the self-assembly of PECs, we per-
formed coarse-grained molecular dynamics (CGMD) simulations of
tri(LM)block, tri(SM)block, pentablock and nonablock polyelec-
trolytes in which the dense phase of the polymers is in coexistence
with the dilute phase (Fig. 3a-c, Supplementary Fig. 6a and Supple-
mentary Movies 1-4). This CG model of polyelectrolytes (see coarse-
grained molecular dynamics simulation section in Supplementary
Information) was developed to qualitatively assess—rather than
quantitatively—the behavior of hydrogels. We employed the CG poly-
mer model in implicit solvent to effectively explore the behavior of
PECs on a computationally accessible macroscopic scale while pre-
serving essential physical properties such as charge patterns and
molecular weight ratio of polyelectrolytes. We carefully selected
parameters such as the strength of electrostatic interactions, the
dielectric constant, and the effective temperature to reflect the
ambient conditions. As is evident from the representative CGMD
snapshots (Fig. 3a-c and Supplementary Fig. 6a), tri(LM)block and
tri(SM)block polyelectrolytes mainly self-assemble into loop rich
micelles. Most of the neutral blocks in tri(LM)-PEC form loops; how-
ever, on average 1-2 bridges can form between a pair of coacervate
nodes (Fig. 3d, e), which can impose weak connectivity between
micelles resulting in low node density (Fig. 3f). In contrast, loop for-
mation is mostly suppressed in penta-PEC for two reasons: (1) the
larger bending energy cost of a shorter middle block closure and (2)
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the neutral ends can hamper micellization through hindering interac-
tions with the charged blocks. Thus, in the absence of loop formation,
pentablock polyelectrolytes can assemble into netmeric units in which
the coacervate nodes are tightly linked through several bridges,
resulting in high node density (Fig. 3b and 3d-f). Interestingly,
although the length of the neutral block of nonablock polyelectrolytes
is as short as that of pentablock and tri(SM)block polyelectrolytes, the
larger molecular weight of nonablock polyelectrolytes promotes a
richer connection between the coacervate nodes resulting in the
highest node density (Fig. 3c-f). In addition to observing differences in
the self-assembled form of PECs, we found a significant difference in
the node population. In particular, the coacervate nodes of tri(LM)-
and tri(SM)-PEC are larger and less numerous than penta- and nona-
PEC, see the top right panels of Fig. 3a—c, top left magnified image of
Supplementary Fig. 6a (the coacervate nodes are visualized with dif-
ferent colors, for the sake of clarity, the neutral blocks are omitted).
Similar to the node size calculated by cryo-TEM and SANS described
above, the simulation results also showed that the node size of tri(LM)-
PEC was significantly larger than that of penta- and nona-PEC (Sup-
plementary Fig. 7).

Next, a multiangle DLS experiment was conducted to compare the
size of the PEC network. The multiangle DLS results revealed mean

decay rate (gamma, I') was proportional to ¢ in all 0.2wt% PECs
(Fig. 3g and Supplementary Fig. 6b). Therefore, the mutual diffusion
coefficient (D,,) of PEC was determined by linear regression of
r= qu2 (Dtri(LM)-PEC= 47,181 nm?/s, Dpenta-PEC =154,460 nm’/s, Dhona-
pec= 85,874 nm?%/s and Dyspyy-pec = 808,810 nm?/s). Afterward, the cal-
culated diffusion coefficient was substituted into the Stokes-Einstein
equation (R, =kgT/6mnoD,, kg is the Boltzmann constant, T is the
absolute temperature and 1, is the solvent viscosity, Ry, is the hydro-
dynamic radius) to confirm the hydrodynamic diameter of the PEC
network (Fig. 3h and Supplementary Fig. 6¢). In the case of tri(LM)-PEC,
since the neutral block was made the longest despite a few bridges,
connectivity between PEC was secured, creating the largest PEC net-
work (6.96 +1.38 um, Fig. 3h, k). When confirming the tri(LM)-PEC
network through CG-MD simulations, a network of sparse and large
micelles connected by a few bridges was visible (Supplementary
Movie 5). On the other hand, unlike tri(LM)-PEC formed a micelle-
based PEC network, penta-PEC formed netmers and its size was
213+ 0.16 um, which was significantly smaller than tri(LM)-PEC
(Fig. 3h, i). This means that although penta-PEC is rich in bridges, it has
poor connectivity due to short middle blocks and mainly consists of
small netmers (Supplementary Movie 6). However, nona-PEC formed
larger netmers (3.82 + 0.21 pm, Fig. 3h, j) than penta-PEC because it had
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visualization. d The interlinks between a pair of nodes in three PECs. e The number
of loops per node in three PECs. f The node density of three PECs in the dense
phase. g Corresponding ¢> dependence of the mean decay rate (gamma, I") for
three PECs from multiangle DLS experiments. h Comparison of hydrodynamic
diameter for three PECs. Schematic of the expected PEC cluster structure for
penta- (i), nona- (j), and tri(LM)-PEC (k). CG-MD simulation data and hydrodynamic
diameter are presented as mean values + standard deviation.

four ionic blocks within one polymer to ensure connectivity. Accord-
ingly, the nona-PEC network showed a tight, densely connected net-
mer conformation in CG-MD simulations (Supplementary Movie 7).
Meanwhile, in the case of tri(SM)-PEC, the smallest PEC network was
shown due to the small number of bridges and short middle block
(0.40 + 0.05 um, Supplementary Fig. 6c, d). These results show dif-
ferences in PEC network morphology depending on the polymer
structure, which may affect gelation efficiency and mechanical prop-
erties at high polymer concentrations®’.

PEC hydrogels at concentrations above the CGC
After analyzing the diluted solutions of tri(LM)-, tri(SM)-, penta-,
and nona-PEC, we systematically investigated the mechanical

properties of the PEC hydrogels. First, the CGC was confirmed by
measuring the change in the zero-shear viscosity according to the
concentration (Supplementary Fig. 8)*°. In general, the higher the
connection efficiency of the network, the lower the CGC. As
expected, nona-PEC (0.8 wt%) showed the lowest CGC than other
type of PEC. Interestingly, tri(LM)-PEC (1.0 wt%) showed lower CGC
than penta-PEC (1.5 wt%). Penta-PEC requires a relatively higher
polymer concentration to construct the network netmers; note that
tri(LM)-PEC can benefit from the longer middle block to create
interlinks at low polymer concentrations. In the case of tri(SM)-PEC,
which had a small number of bridges with a short middle block, it
showed the highest CGC (3.0 wt%) due to shortcomings in network
connectivity.
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Fig. 4 | Rheological properties of the PEC hydrogels. Strain sweep was per-
formed in a strain range from 1 to 1000% at a frequency of 3 rad s™. Storage (G,
closed rectangles) and loss (G”, open rectangles) moduli of the tri(LM)- (green),
tri(SM)- (olive green), penta- (black), and nona-PEC (blue) hydrogels with 3.0 (a),
4.4 (b), 7.0 (c) and 10.0 wt% (d) polymer concentrations. Angular frequency
dependencies of the complex viscosity of the hydrogels from the non-equilibrium
CGMD simulations (e) and experiments (f). Rheological properties of the tri(LM)-,
tri(SM)-, penta-, and nona-PEC hydrogels with various polymer concentrations. G”
obtained at a 1% strain and frequency of 3 rad s and the dotted line represents

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Crossover strain (%)
ideal G~ calculated through the phantom network theory of rubber elasticity (g)
and crossover strains of the G” and G*~ determined from the strain amplitude
sweep measurement (h). i Free-standing and stretchable performance of nona-PEC
hydrogels with and without blue dye in the form of cubes. 20 g weighted cube-
shaped 10.0 wt% tri(LM)- (j), penta- (k) and nona-PEC (I) hydrogels. m PEC
hydrogels compared to synthetic and natural hydrogels. Gray closed labels
represent synthetic block copolymer hydrogels, and gray open labels represent
natural hydrogels, including chitosan, gelatin, lignin, and peptide.

Next, rheological examinations were conducted to determine the
viscoelastic properties of the studied hydrogels such as storage
modulus (G”) and loss modulus (G”~), which represent the ability to
store energy elastically and dissipate energy through heat, respec-
tively. To investigate the effect of polymer concentration on the
mechanical properties of the PEC hydrogels, strain and frequency
sweep experiments were conducted for all four types of hydrogels at
polymer concentrations ranging from 3.0 to 10.0 wt% (Fig. 4a-d, g, h
and Supplementary Figs. 9, 10 (Note that the tri(SM)-PEC experiments
were conducted starting from a concentration of 4.4 wt%, measured
stably)).

The results revealed that G~ was substantially larger than G*~
low strain values, and their intersection was observed at higher strains
due to the yielding of the gel. Furthermore, tan 6 (defined as G*“/G” in
the linear elastic regime) produced similar values between 0.15 and
0.48 at all polymer concentrations, which indicates that all PEC
hydrogels behave more like elastic materials rather than viscous
liquids (Supplementary Fig. 9). The G~ values and crossover strains

according to the polymer concentration of all hydrogels are sum-
marized in Table 1, Fig. 4g, h. For tri(SM)-PEC hydrogels, as can be
expected from previous results, it showed the lowest mechanical
properties at all polymer concentrations. Interestingly, G~ of tri(LM)-
PEC hydrogels was higher than that of penta-PEC hydrogels in the
concentration range from 3.0 to 4.4 wt% (Fig. 4a, b), but the trend was
reversed from 7.0 wt% (Fig. 4c, d). Thus, at low polymer concentra-
tions, the penta-PEC netmers are less likely to form a hydrogel net-
work; as shown in the CGC of penta-PEC was higher than tri(LM)-PEC.
This suggests that at low polymer concentrations, where the gelation
force is insufficient for penta-PEC hydrogel formation, longer nona-
block polyelectrolytes can utilize their greater molecular weight to
enhance spatial correlation among the nodes. This characteristic
facilitates gelation through the formation of large netmers, where
multiple coacervate nodes are interconnected. These nodes are linked
by electrostatic interactions and bridged by neutral blocks, enabling
the formation of several coacervate nodes per nonablock polyelec-
trolyte. Thus, the mechanical properties of nona-PEC hydrogel were
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Table 1| Summary of the mechanical properties of the
hydrogels

Hydrogel Weight Con- Molar Concentra- G ata Crossover

centration (Wt%) tion (uM) strain of  strain (%)?

1%° (Pa)

Tri(LM)-PEC 3 214 133 147
hydrogel 75 314 578 243

7 499 959 131

10 a4 1924 21
Tri(SM)-PEC 4.4 486 23 6
EiesEl 774 335 72

10 105 138 77
Penta-PEC 3 214 26 30
iveiegEl g 314 416 366

7 499 1699 304

10 na 221 433
Nona-PEC 3 18 476 319
hydrogel 75 173 15857 413

7 275 4065 306

10 392 22,173 614

2 Determined by strain amplitude sweep at a fixed frequency of 3rad s™.

pronounced at low polymer concentrations. For example, at 3.0 wt%,
the G~ of the nona-PEC hydrogel (476 Pa, 118 uM) was 3.6 times higher
than that of the tri(LM)-PEC hydrogel (133 Pa, 214 uM) (Table 1).

At high polymer concentrations, all the netmer clusters were well-
connected, and thus, netmer bridges acted as elastic springs™?.
Indeed, at concentrations above 7.0 wt%, G~ of penta-PEC hydrogel
was larger than G of tri(LM)-PEC hydrogel (Fig. 4c, d). In particular, at
10.0 wt%, the penta-PEC hydrogel showed G~ that was about 4 times
greater than that of the tri(LM)-PEC hydrogel. As seen in previous
results, penta-PEC had structural advantages over tri(LM)-PEC, such as
abundant bridges and high coacervate node density, which benefited
the mechanical properties according to rubber elasticity theory®’.
However, these structural advantages were expressed in mechanical
properties only if network connectivity was guaranteed®. Therefore,
the structural advantages of the penta-PEC hydrogel began to emerge
in the high polymer concentrations (in this case, from 7.0 wt%), where
the polymer concentration complemented network connectivity. Note
that nona-PEC hydrogel had guaranteed network connectivity and
structural advantages even at low polymer concentrations so that at
10.0 wt%, the G~ of the nona-PEC hydrogel (22,173 Pa, 392 uM) was 11.5
times higher than that of the tri(LM)-PEC hydrogel (1924 Pa, 714 uM)
(Table 1).

Next, the experimentally determined modulus of the hydrogel
was compared with the predicted modulus for the 100% bridging
network model. For this purpose, based on the phantom network
theory of rubber elasticity, assuming that all polymers constituting the
hydrogel exist as bridges, G’ of the hydrogel was calculated (see Fig. 4g
and phantom network theory of rubber elasticity section in Supple-
mentary Information). The experimental G’ of tri(LM)- and tri(SM)-PEC
hydrogels was similar to or lower than the theoretical G’ at all polymer
concentrations, which was considered to be a negative deviation
caused by the loops present in the actual hydrogel. Interestingly,
starting from 7.0 wt% polymer concentration, the penta-PEC hydrogel
exhibited an experimental G’much higher than the theoretical G'. It can
be expected that the abundance of entanglement between bridges
existing between nodes caused positive deviation® 3, In particular, the
nona-PEC hydrogel shows an experimental G’ greater than the theo-
retical G’ starting at 4.4 wt%, and the difference from the theoretical
value becomes larger as the concentration increases. This is because
the longest nonablock polyelectrolytes may have more dominant

entanglement between adjacent bridges during the self-assembly
process. To computationally assess the mechanical properties of the
hydrogels, we performed non-equilibrium (NE) CGMD simulations of
polyelectrolytes dense phase under an oscillatory shear deformation
(see the Supplementary Fig. 11 and NE-CGMD simulations section in
Supplementary Information) and characterized the angular frequency
dependency of the complex viscosity (Fig. 4e). The complex viscosities
of the hydrogels from NE-CGMD simulations can predict the trend of
the experimentally characterized complex viscosities (Fig. 4f).

To gain further insight into the structure of the PEC network, the
SAXS profile of the hydrogel was investigated (Supplementary
Fig. 12a-d). From the SAXS results, as the polymer concentration was
increased from 3.0 to 10.0 wt%, the domain spacing of the three
hydrogels decreased; the domain spacing was calculated from the
primary scattering peak (defined as d = 2m/q) (Supplementary Fig. 12e).
Over the entire concentration range, the penta-PEC hydrogels pos-
sessed a much shorter domain spacing, than that of the tri(LM)-PEC
hydrogels due to the shorter neutral blocks between the ionic blocks
(Supplementary Fig. 1a, c). Since the tri(SM)block polyelectrolytes had
the same neutral block length as the pentablock polyelectrolytes, it
showed a domain spacing that was smaller than that of the tri(LM)-PEC
hydrogel and similar to that of the penta-PEC hydrogel (Supplemen-
tary Fig. 1b). In the case of tri(SM)-PEC hydrogel, domain spacing
increased at 10.0 wt% polymer concentration, which means that as the
polymer concentration increased, the network structure changed due
to the rearrangement of the polymer chains”. Since tri(SM)-PEC
hydrogel had a low molecular weight, the molar concentration at
10.0 wt% was higher than that of other PEC hydrogels, which seemed to
accelerate the rearrangement of the polymer chains. Since nonablock
polyelectrolytes had high polydispersity, the diversity of chain lengths
and sizes caused the scattering vector of nona-PEC hydrogels to
spread, resulting in broader peaks in the SAXS profile. Interestingly, at
high polymer concentrations, nona-PEC hydrogel displays similar
domain spacing to penta-PEC hydrogel due to the same length of
neutral blocks (Supplementary Fig. 1c, d). Afterward, diffraction peaks
were confirmed at a polymer concentration of 10.0 wt% for all hydro-
gels (diffraction peaks, g, v3q; and v12¢; for tri(LM)-PEC hydrogel, g,
and v7¢, for penta-PEC hydrogel, g; for nona-PEC hydrogel and g, v4q;
and v12q; for tri(SM)-PEC hydrogel). All PEC hydrogels were suffi-
ciently dilute that they only exhibited a disordered structure, rather
than ordered mesophases. Future research at higher polymer con-
centrations will likely be necessary to confirm the ordered structure.

To further explore the network structure dependency of the PEC
hydrogel on polymer concentration, two-dimensional correlation
spectroscopy (2DCOS) was used by one-dimensional (ID) Raman
spectra. By comparing the synchronous and asynchronous 2DCOS
spectra, it was possible to confirm the sequential order of various
chemical constituents and the transformation of the network structure
according to the polymer concentration®*. In the synchronous 2D
Raman correlation spectrum, red peaks mean two correlated peaks
change in the same direction (increase or decrease together depend-
ing on increasing concentration), whereas blue peaks mean two cor-
related peaks change in the opposite direction. According to Noda’s
rule®, in the asynchronous 2D Raman correlation spectrum, if two
correlated peaks have the same color at the same position as the
synchronous spectrum, the peak on the x-axis changes before the peak
on the y-axis according to the change in concentration. If the colors are
different, the peak on the y-axis changes before the peak on the x-axis
according to the change in concentration. Generally, in the 2DCOS
analysis, bonds with a fast sequence are either a bond constituting the
main chain of a polymer that undergoes a significant conformational
change**** or non-covalent interactions (electrostatic interactions or
hydrogen bond) that significantly increase or decrease'™*. The
representative Raman bands of our PEC hydrogels were observed at
wavenumbers of 2940 (C-H), 1160 (C-N*), 1050 (SO3°), 930 cm™ (C-C)
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(Supplementary Figs. 13-16). Upon comparison of the 2DCOS results
of the tri(LM)-PEC hydrogels, it was found that the sequential order of
the bands upon increasing the polymer concentration was as follows:
C-N* <S03 <C-H < C-C (Supplementary Fig. 13 and Supplementary
Table 13). Furthermore, for tri(SM)-PEC hydrogels, the sequential
order of the bands upon increasing the polymer concentration was as
follows: C-N" <SO;™ < C-C < C-H (Supplementary Fig. 14 and Supple-
mentary Table 13). In other words, the hydrocarbon bonds that make
up the main chain changed more rapidly than those composing the
charged blocks, indicating considerable structural changes in the
polymer chain. This result is consistent with the conformational
change of the polymer chain in the tri(LM)- and tri(SM)-PEC hydrogels,
where the micellar loops are transformed into expanded bridges as the
polymer concentration increases (Fig. 1c)2. On the other hand, for
penta- and nona-PEC hydrogels, the sequential order of the
bands upon increasing the polymer concentration was as follows:
C-H < C-C<S0O5; <C-N* (Supplementary Figs. 15, 16 and Supplemen-
tary Table 13). In other words, the bonds that make up the charged
blocks changed faster than those in the main chain. Therefore, as the
polymer concentration increased, coacervation of the charged
blocks occurred predominantly, connecting the netmers hier-
archically (Fig. 1c).

Finally, as a simple functional test, we investigated the self-healing
properties of the physical hydrogels. As shown in Supplementary
Fig. 17a-d, after the strain-induced failure, all hydrogels immediately
and completely restored both their G and G, indicating the rapid
recovery of the entire network. In particular, the self-healing hydrogels
by attaching different nona-PEC hydrogels with and without blue dye
in the form of cubes were free-standing and showed good stretchable
performance (25% strain) (Fig. 4i). Other PEC hydrogels were also
capable of self-healing, but due to their low mechanical properties,
they broke easily upon deformation, unlike the nona-PEC hydrogel. In
addition, when a weight of 20 g was placed on tri(LM)-, penta-, and
nona-PEC cube-shaped 10.0 wt% hydrogels (having similar sizes and
heights), there were distinct mechanical responses; tri(LM)-PEC
hydrogel (Fig. 4j) failed to withstand the weight and shattered, whereas
penta- and nona-PEC hydrogels sustained the stress without failure
(Fig. 4k, 1). Afterward, we compared the G’ and crossover strain of our
hydrogels with those of other synthetic and natural hydrogels with
physical bonds (Fig. 4m)7*>***5_Qur hydrogel exhibited higher G’
and crossover strain than other hydrogels, suggesting that a simple
method of controlling the sequence of the multiblock copolymer can
improve the quality of the physical hydrogel by maximizing the frac-
tion of elastically effective bridges in the network. We anticipate that
our methodology holds significant promise for creating multiblock
copolymer-based physical hydrogels with reduced structural defects.

Herein, we demonstrated a simple strategy to produce rigid,
water-rich hydrogels through the self-assembly of oppositely
charged multiblock polyelectrolytes. Loop formation was inevitable
when conventional ABA triblock polyelectrolytes self-assembled into
core coacervate micelles, creating topological defects in subsequent
network formation. Our strategy was to synthesize pentablock and
nonablock polyelectrolytes by adjusting the sequence of linear
polymers. As revealed by the CGMD simulations, the pentablock and
nonablock polyelectrolytes inhibited loop formation; thereby, these
polymers were directly self-assembled into highly branched netmers
with several bridges formed between the coacervate nodes. As a
result, the mechanical properties of the netmer-based hydrogels
were greater than those of the conventional micelle-based hydrogels.
Our CGMD simulations and experimental investigation show that
linear polymers with appropriate charge sequence modulation can
form highly interlinked and mechanically robust networks. Given
that, in addition to electrostatic interactions, various physical inter-
actions such as hydrophobic interactions, hydrogen bonding, and
metal-ligand coordination can be incorporated into netmer

compositions, we expect further development of robust and physical
hydrogels in the future.

Methods

Synthesis of multiblock copolymers by RAFT polymerization
Synthesis of poly(N,N-dimethylacrylamide (DMA)). Phosphate buf-
fer solution (6 mL, 10 mM, pH=7), 4-((((2-carboxyethyl)thio)carbo-
nothioyl)thio)-4-cyanopentanoic acid (CETCPA) (17.9 mg, 7.63 mM),
DMA (1375mg, 1.81M), and 2,2-azobis(2-methylpropionamidine)
dihydrochloride (V-50) (1.0 mg, 0.48 mM) were introduced into a 100-
mL flask equipped with a magnetic stirrer bar and sealed with a rubber
septum to synthesize poly(DMA). The mixture was deoxygenated by
freeze-pump-thaw cycling more than three times, after which poly-
merization was performed at 70°C using a temperature-controlled
heating mantle followed by stirring at 60 rpm for 2 h to reach a nearly
full conversion. A sample was extracted from the polymerization
medium using a degassed syringe for 'H NMR and GPC analyses to
determine the monomer conversion, M,,gpc, and D values.

Synthesis of poly((3-acrylamidopropyl)trimethyl ammonium
chloride (APTC)). Phosphate buffer solution (6 mL, 10 mM, pH=7),
CETCPA (17.9 mg, 6.57 mM), APTC (1805 mg, 0.98 M), and V-50 (3.5 mg,
1.46 mM) were introduced into a 100- mL flask equipped with a mag-
netic stirrer bar and sealed with a rubber septum to synthesize
poly(APTC). The mixture was deoxygenated by freeze-pump-thaw
cycling more than three times, after which polymerization was per-
formed at 70° C using a temperature-controlled heating mantle fol-
lowed by stirring at 60 rpm for 2 h to reach nearly full conversion. A
sample was extracted from the polymerization medium using a
degassed syringe for '"H NMR and GPC analyses to determine the
monomer conversion, M,,cec, and P values.

Synthesis of poly(2-acrylamido-2-methyl-1-propanesulfonic acid
(AMPS)). Phosphate buffer solution (6 mL, 10 mM, pH=7), CETCPA
(179 mg, 6.08 mM), AMPS (1725mg, 0.87M), and V-50 (2.0 mg,
0.77 mM) were introduced into a 100- mL flask equipped with a mag-
netic stirrer bar and sealed with a rubber septum to synthesize poly(-
AMPS). The mixture was deoxygenated by freeze-pump-thaw cycling
more than three times, after which polymerization was performed at
70°C using a temperature-controlled heating mantle followed by
stirring at 60 rpm for 2 h to reach nearly full conversion. A sample was
extracted from the polymerization medium using a degassed syringe
for '"H NMR and GPC analyses to determine the monomer conversion,
M,,cpc, and D values.

Synthesis of subsequent blocks. For the subsequent block extension,
the deoxygenated monomer, initiator, and solvent mixture were
injected into the polymerization medium (the detailed conditions are
listed in Supplementary Tables 1, 3, 5, 7, 9, and 11). The resultant
mixture was polymerized at 70°C using a temperature-controlled
heating mantle followed by stirring at 60 rpm for 2 h to reach nearly
full conversion. Before each injection, a sample was extracted from the
polymerization medium using a degassed syringe for 'H NMR and GPC
analyses to determine the monomer conversion, My,cpc, and D values
(see Supplementary Figs. 2-4 and Supplementary Tables 2, 4, 6, 8,
10 and 12).

Hydrogel preparation

Tri(LM)block, tri(SM)block, pentablock, and nonablock polyelec-
trolytes were prepared at 1.8 mM polymer concentration in 1.0 M NaCl
solutions and mixed to match the 1:1 charge ratio. These solutions were
dialyzed inside a 4-L plastic basket filled with 0.7, 0.3, 0 M NaCl solu-
tions for 6 days (replaced every 2 days) using a dialysis membrane with
pre-treated RC tubing (molecular weight cut-off: 10 kDa, diameter:
29 mm) to reach the salt-free hydrogels. The reason for making a
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hydrogel by dialysis slowly in a salty sol state is to avoid the problem of
phase fixation in an unequal network when two polymers having
opposite charges are mixed at once. Thereafter, water was added to or
removed from the abovementioned hydrogels to achieve target
polymer concentrations. The hydrogel concentration was determined
by comparing the weights of the swollen and dry samples.

NMR spectroscopy

'H NMR spectra were recorded on a Bruker Avance Il 500 spectro-
meter at 25° C and a frequency of 500 MHz. The delay time was set to
2.5 s. All polymer samples were prepared in D,O. Chemical shift values
(6) were reported in ppm and determined with respect to non-
deuterated solvent residues as internal references.

Determination of the monomer conversion. For the multiblock
polyelectrolytes, monomer conversions were determined by compar-
ing the decrease in the integrated intensity of the vinyl protons
(6 =6.70-5.70 ppm) of the monomer with that of the R group protons
(6=3.60-2.75 ppm) of the monomer and polymer after polymeriza-
tion by 'H NMR.

Determination of the M, 4 value. The theoretical number-average
molar mass (M, ) was calculated as follows:

+Mcra, @)

where [M]o and [CTA] are the initial concentrations of the monomer
and chain transfer agent, respectively, and p is the monomer conver-
sion determined by 'H NMR. My, and Mcr, are the molar masses (g
mol™) of the monomer and chain transfer agent, respectively.

GPC studies

Molar mass distributions were measured on a Shimadzu LC-20AD
liquid chromatography system using dedicated columns for anionic
and cationic polymers. For anionic polymers, an Agilent PL-aquagel-
OH, 8 um, MIXED-M column (300 x 7.5 mm) and Agilent PL-aquagel-
OH, 8 um, guard column (50 x 7.5 mm) were utilized. The mobile phase
consisted of 90% 0.15M NaNOj3 aqueous solution and 10% methanol.
The flow rate was 1.0 mL min™, and the temperature was 40° C. The
instrument was calibrated with low-dispersity poly(ethyleneoxide)
standards (Scientific Polymer) whose molar masses varied between 0.2
and 800kgmol™ For cationic polymers, TOSOH TSKgel, 10 um,
G5000PWXL-CP column (300 x 7.8 mm) and TOSOH TSKgel, 13 um,
PWXL-CP guard column (40 x 6 mm) were used. The mobile phase
consisted of 0.3 M NaNO; aqueous solution with pH=3 adjusted by
sulfuric acid. The flow rate was 1.0 mL min™ and the temperature was
40°C. The instrument was calibrated with low-dispersity poly(-
ethyleneoxide) standards (Scientific Polymer) whose molar masses
varied between 0.2 and 800 kg mol™. Analyte samples were filtered
through a polyvinylidene fluoride membrane with 0.2-um pores
before injection. The experimental molar mass (M, gpc) and dispersity
(P) values of the synthesized polymers were determined by conven-
tional calibration using the LC Solution software with a known RI
detector calibration constant.

Multiangle light scattering

Dynamic light scattering (DLS) measurements were conducted using a
BI-200SM goniometer (Brookhaven Instruments) equipped with a
laser of a wavelength (1) of 639 nm. Prior to measurements, all 0.2 wt%
PEC solutions were filtered through 0.45 pum PTFE filters and then
loaded into borosilicate glass tubes 10 mm in diameter. The sample
cells were subsequently placed into a reservoir containing dust-free
decalin, and the temperature was maintained at 25° C using a circula-
tion bath. For DLS measurements, the intensity autocorrelation

functions (g®(g, ©)) were recorded at angles of 8 =30, 60, 90, and 120°.
The cumulant expression as shown in Eq. (2) was used to fit the g?(g, t)
to extract the mean decay rate (I*

_ 2
g2(q,t) —1=Aexp(-2It) [1+ %tz + ] , )

The mutual diffusion coefficient (D,,) was determined by linear
regression of T =D,,g?. The hydrodynamic radius (R,) was calculated
using the Stokes-Einstein equation, Ry, = kgT/61noD,,, Where kg, T, and
no are the Boltzmann constant, absolute temperature, and solvent
viscosity, respectively.

Cryo-TEM measurements

0.2 wt% of tri(LM)-, tri(SM)-, penta- and nona-PEC for cryo-TEM ana-
lysis were prepared at 21° C with humidity of 100 % using a Vitrobot
Mark IV (Thermo Fisher Scientific, Waltham, MA, USA). Samples
(3.5uL) were applied onto a UV-Os-treated lacey carbon-supported
copper grid and then blotted for 2-3 sec to remove an excess solution
before rapid vitrification by plunge-freezing the grids into liquid
ethane at its melting temperature (- - 183° C). Grids were transferred
to a Gatan cryo stage and imaged using JEM-1400 (JEOL Ltd., Tokyo,
Japan) operating at 120 kV equipped with a Gatan 914 cryo-holder
(Gatan Inc., Pleasanton, CA, USA). TEM images were recorded and
analyzed using a Xarosa bottom-mounted CMOS camera (EMSIS
GmbH, Miinster, Germany) and RADIUS software (Olympus-SiS, Miin-
ster, Germany).

SANS measurements

Small-angle neutron scattering (SANS) measurements were carried out
by the SANS-U diffractometer at the Institute for Solid State Physics,
the University of Tokyo, installed in the neutron guide hall at the JRR-3
research reactor of the Japan Atomic Energy Agency in Tokai, Japan®**",
The measurements were conducted at 4 m sample-to-detector lengths
by using neutrons of 7.0 A wavelength with A\/A=0.10 full-width at
half-maximum, which covered the scattering wavenumbers Q range
from 0.007 to 0.1 A™ and the exposure time was 1800 s. The scattered
neutrons were detected by a 2D multiwired *He detector. After data
corrections, including dark counts subtraction and cell-scattering
subtraction, the obtained data sets were then normalized to an abso-
lute scale using the incoherent scattering of a polyethylene thin plate
as a standard sample and circular averaging of the two-dimensional
data and incoherent scattering subtraction proceeded. All measure-
ments were performed at 25° C using 0.2 wt% PEC dissolved in D,0.

Rheological measurements

Rheological experiments were performed on a DHR-2 rheometer (TA
Instruments) using a parallel plate with a diameter of 20 mm. The
rheometer was equipped with a Peltier heating system with an envir-
onmental enclosure for temperature control. The rheological strain
amplitude sweep was performed from 1 to 1000% at a frequency of
3rads™, which was sufficiently low to exclude the shear rate-
dependent effects. Frequency sweep was conducted at frequencies
ranging from 0.1 to 100 rad s and a strain of 1%, which corresponded
to the linear viscoelastic regime according to the results of strain
sweep experiments. Zero-shear viscosity was confirmed at a shear rate
of 0.0005s™. Cyclic strain jump tests were conducted at strains
between 1% and 1000% and a frequency of 3 rad s’. All measurements
were performed at 25° C using dialyzed PEC hydrogels.

SAXS measurements

SAXS experiments were performed using the 3 C beamline of the
Pohang Accelerator Laboratory containing a MAR CCD detector with a
g-range of 0.006-0.13 A, where the wave vector g was defined as
q=4mA"sin(6/2). PEC hydrogel samples for SAXS measurements were
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placed in the cell at the concentrations utilized in the rheological
experiments. The sample-to-detector distance was 2.92m, and the
exposure time was set to 30 s. All measurements were performed at
25°C using dialyzed PEC hydrogels. The background was subtracted
from the hydrogel scattering profiles. The obtained SAXS data were
processed and analyzed with the EasyPlot software.

Data availability

The data that support the findings of this study are included in the
published article (and its Supplementary Information) or available
from the corresponding author on request.
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