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Multiscale modelling of active hydrogel elasticity
driven by living polymers: softening by bacterial
motor protein FtsZy

Horacio Lépez-Menéndez,® Clara Luque-Rioja,®® Mikheil Kharbedia,®
Diego Herraez-Aguilar,© José A. Santiago® and Francisco Monroy () *2°

We present a neo-Hookean elasticity theory for hybrid mechano-active hydrogels, integrating motor
proteins into polymer meshes to create composite materials with active softening due to modulable chain
overlaps. Focusing on polyacrylamide (PA) hydrogels embedded with FtsZ, a bacterial cytokinetic protein
powered by GTP, we develop a multiscale model using microscopic Flory theory of rubbery meshes
through mesoscopic De Gennes' scaling concepts for meshwork dynamics and phenomenological Landau's
formalism for second-order phase transitions. Our theoretical multiscale model explains the active softening
observed in hybrid FtsZ-PA hydrogels by incorporating modulable meshwork dynamics, such as overlapping
functionality and reptation dynamics, into an active mean-field of unbinding interactions. The novel FtsZ-
based metamaterial and companion multiscale theory offer insights for designing, predicting, and controlling

rsc.li/soft-matter-journal

1. Introduction

Polymer hydrogels are soft, porous materials with water-filled
pockets held within a crosslinked gel structure."” Due to these
polymer crosslinks, they maintain mechanical integrity while
retaining water content. Hence, some synthetic hydrogels exhi-
bit unusual mechanical properties akin to biological tissues.?
Indeed, swellable hydrogels hold biomedical potential for
creating artificial tissues in reconstructive surgery,” and in
synthetic biotechnologies e.g., for controlled drug release.?
Nowadays, active gels represent a novel class of mechanically
tunable polymer networks actuated by biomolecular motors.”*°
Unlike contractile filaments that constrain thermal
fluctuations,"*™* living polymers with directed motion can
act as extensile agents amplifying fluctuations, hence driving
active swelling through matrix extensibility."®'” Here, we pro-
pose modelling mechanically active hydrogels based on
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complex active hydrogels, with potential applications in technology and biomedicine.

polyacrylamide (PA) with polymer-interconnected porosity that
supports extensile softness (as depicted in Fig. 1).

These active hydrogels are designed as cellular structures
with solid shell walls being mechanically active as driving by
living polymers (Fig. 1; left panel). They are composed of
passively crosslinked PA chains with an active elasticity driven
by the “Filamentous temperature-sensitive mutant Z” (FtsZ), the
motor protein responsible for cytokinesis in bacteria.>> Living
FtsZ polymers (ZLPs) exert out-of-equilibrium remodelling to
cause processive treadmilling motion under GTP-hydrolysis."*>°
Backed on experimental evidence,'®" treadmilling involves the
continuous addition of FtsZ monomers at one end of flexible
protofilaments and their simultaneous dissociation at the oppo-
site end,” leading to momentum fluctuations randomized in an
isotropic milieu (Fig. 1; right panel). Specifically, we model active
mesoporous hydrogels composed of hybrid PA-FtsZ meshes
considered isotropic, combining covalent crosslinks with physical
entanglements formed by ZLP actuators undergoing treadmilling
in the polymer meshwork at the shell edges. More active binding
overlaps in the meshwork are expected to cause greater level of
active softening at the mesoscale.> Hence, we focus on the steady-
state mechanics of active PA-FtsZ gels considered structurally
isotropic, where GTP-powered ZLP actuators soften deformability
and enhance fluidity. Furthermore, enhanced cell connectivity
and a high porosity within the PA matrix should actively partici-
pate to augment swelling and permeability.>® Likewise, active PA-
FtsZ hydrogels should adapt to tuneable mechanical changes,
making them ideal for technological and biomedical applications.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Cellular structure of active hydrogels with living polymers embedded.
On the left panel cartoon we depict the cellular microstructure of the
polyacrylamide (PA) hydrogel with the aqueous shells as a reservoir for the
FtsZ monomer dissolved in the physiological solvent with the essential com-
ponents. On the right panel, we zoom on the shell hybrid hydrogel walls
formed by chemical crosslinking and disrupted physical overlaps of the
polymer PA chains under hydrolytic (GTP/GDP-driven) treadmilling motions
of the living FtsZ's polymers (ZLPs). In crowded agueous environments, such
as polymer hydrogel meshes, small ZLP protofilaments (100-200 nm long)
polymerize in the presence of GTP above a critical concentration (Ceit &
01 mg mL™Y. Evidence shows that monomer exchange, annealing, and
depolymerization create spatiotemporally randomized activity in mechanically
isotropic media.*®=22 Due to their small size (L ~ 100-200 nm), FtsZ proto-
filaments diffuse more quickly within solvent-filled interstices than their tread-
milling motion allows for directed propulsion across the mesh. Typical FtsZ

dynamic parameters: treadmilling speed (v ~ 0.03 pum s~9;? protofilament

diffusivity (D ~ 102 um? s7%);%* globular protein diffusivity (Do ~ 1 pm? s7%);%®

Peclet number Pe = vL/D « 1, giving dimensionless ratio between advective
and diffusive transport rates®*

To understand their biomechanical properties under stationary
swelling-elastic forces tradeoff, we need to quantify force balances
in non-equilibrium steady states and their adaptive response to
stationary stimuli, leading to mechanical pseudo-equilibrium.
Using a quasi-static approach, we present a constrained mixing
theory,” which balances meshwork elasticity with polymer-sol-
vent interactions to model mechanical remodeling in active
matter under stationary deformation conditions.'”**

In this work, we propose the mechanical stresses induced by
treadmilling ZLP activity driving directed movements within
the crosslinked PA-meshwork, whether living FtsZ protofila-
ments are constrainedly embedded in the flexible cellular
structure swollen by solvent under osmotic equilibrium
(Fig. 1; left). As more active FtsZ motors are integrated within
crosslinked PA chains, we anticipate that the hybrid ZLP-PA
hydrogel would soften and become more fluid under GTP
consumption, resulting in structural weakening and extensi-
bility with increased FtsZ treadmilling (Fig. 1; right). The
macroscopic rheological response is expected to reflect active
De Gennes’ reptation dynamics driven by the active ZLP-PA
meshwork.”®° This active rheology is fuelled by biochemical
free energy (GTP), which generates mechanical softness across
meso- and microscales.*’®* The observed plasticity of the
overlapping polymers present at the shell edges aligns with
active reptation theory.>**> Moreover, the active softening
gradually observed can be viewed as a structural weakening
transition within the framework of mean-field Landau’s theory
of order-disorder phase transitions.*® The Landau’s free energy
functional is defined by an order parameter linked to the
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concentration of active ZLP elements, driving phase separation
into two opposing states: (a) active treadmilling chains that induce
mesh softening and osmotic swelling under unbinding disentan-
glement, and (b) passive crosslinking interactions that lead to
hardening and osmotic shrinking. Our multiscale theory describes
the coexistence of two metastable states in the swollen mesh: the
one actively weakened by treadmilling motions, and the other
strengthened by passive filaments filling the mesh with additional
chain overlapping. These antagonist states dynamically exchange
through mechanical balance with the active chemo-elasticity of the
polymer matrix.'”” A quasi-static approach to model the steady
mechanical response is justified by the predominantly random
treadmilling activity of FtsZ protofilaments, where random diffu-
sivity exceeds their slow directed propulsion.*'** Hence, the active
hydrogel dynamics are modeled within a quasi-static generalized
framework of constrained FtsZ-PA mixing,”” further modified by
FtsZ-induced pseudo-equilibrium reptation,”®* overly governed
by nonlinearly balanced swelling-elasticity interactions.”” There-
fore, we propose the weakening/strengthening changes caused by
FtsZ polymerization through respective active ZLP treadmilling, or
passive filament reinforcement, thus influencing the complex
active rheology of the hybrid gels compared to their passive
counterparts. We theorize on quasi-static chemoelasticity connec-
tions between molecular polymer conformations, mesoscopic
mesh overlaps, and macroscopic mean-field interactions leading
to effective elasticity. The multiscale model of active elasticity is
validated with experimental rheological data from hybrid PA-ZLP
hydrogels with varying FtsZ concentrations in the passive polymer
matrix.

2. Results: multiscale theory of active
elasticity and experimental validation

2.1. Active neo-Hookean elasticity in hybrid gels

2.1.1. Hydrogel elasticity: structural interactions between
passive mesh and FtsZ living polymer. As depicted in Fig. 2, we
have devised a mesoscopic model with the structural attributes
of the hybrid hydrogel. SEM imaging unveils a swollen cellular
framework (Fig. 2a), featuring liquid-filled cells primarily com-
prising water and solid-like shell walls made up of a crosslinked
PA matrix embedded with FtsZ protein (Fig. 2b). This hybrid
PA-ZLP hydrogel showcases active deformability due to the
treadmilling motions of FtsZ filaments within the PA mesh-
work in the solid-like walls (see also Fig. 1). To explain the
nonlinear active softening of hybrid PA-ZLP hydrogels under
oscillatory shear, we develop a mesoscopic pseudo-equilibrium
model based on Flory’s theory of crosslinked polymer
networks,*® with superposed treadmilling activity as fluctua-
tions in average randomized assuming effective steady-state
nonequilibrium.?® These swollen hydrogels have a high-water
content (the volume fractions ¥y, = V,,/V = 0.9, thus ¥, = V,,/V &
0.1), and a relatively low polymer fraction (¢), making them
practically incompressible.*® Under the high hydrogel swelling
considered (V, &~ 0.1 < 7,), and relatively low PA-crosslinking
degree (¢pa = 0.025), the polymer matrix provides shear rigidity
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Fig. 2 Mesoscopic architecture of the hybrid PA-FtsZ hydrogel under high swelling conditions; (a) experimental ultrastructure as revealed by scanning
electron microscopy (SEM). We performed ambiental SEM imaging of minimally dehydrated hydrogel samples in a low vacuum device (SEM Hitachi
TM1000). We imaged the remaining swollen hydrogel structure by fixing specimens under chemical crosslinking at avoiding highly desiccating metal
sputtering. The showed SEM photograph corresponds to a highly swollen hydrogel structure (90% water/10% PA), composed only by a 10% solid fraction
with a relatively low degree of PA crosslinking (¢ = 2.5%) and relatively high content of FtsZ (Crsz > 5 mg mL™Y). On the right, we show a legend for the
different chemical ingredients and crosslinking interactions involved in the hybrid hydrogel further considered for theoretical modelling. (b) Theoretical
model: mesoscopic hybridization of the crosslinked PA hydrogel under ZLP activation in quasi-equilibrium moderate deformation regimes. On the left
panel, we depict the schematic cartoon that initially describes the polymeric network constituted by the interaction between the FtsZ monomers acting
as a filler, and the rigid crosslinks of characteristic length (&g), associated with the passive PA-gel (black circles). On the central panel, we represent the
strengthening effect further caused by the physical crosslinks, i.e., “entanglements” of the polymerized FtsZ filaments bounded to the hybrid meshwork
(red circles). The Rouse tubes for filamentous FtsZ reptation are established by their broaden chain contours as reversibly (un)bounded in the hybrid
crosslinked meshwork (passive tubes in yellow). On the right panel, we depict how active structural weaking happens in a phantom network (¢ > &g), with
disentangling interactions due to disrupted bonds under active reptation of ZLPs i.e., the FtsZ living (active) polymers (see main text for details). The Rouse
tube is in this case consequently broaden as corresponding to the active reptation of ZLP chains undergoing disordering treadmilling by opening/

reorganizing/reclosing motions in the interstitial spaces of the hydrogel (reddish active tubes).

through the flexible edges of the cellular structure (Fig. 2a).
These solidlike elements are made up of a chemically crosslinked
and physically entangled polymer network essentially character-
ized by the overall density of its binding junctions.>*"** Actively
treadmilling ZLP-actuators, driven by living FtsZ polymerization
under GTP hydrolysis,'®?° generate spatially randomized exten-
sile fluctuations in the absence of directional anisotropy.”" In the
hybrid PA-ZLP system, nonequilibrium steady states arise,*
where oscillatory shear maintains a stationary elasticity-swelling
constrained imbalance.”” Despite being out-of-equilibrium, this
mechanical tradeoff results in an effective constant rigidity con-
sidered stationary (Supplementary Note N1, ESIt).

2.1.2. Neo-Hookean model. Hence, we described the hybrid
PA-ZLP hydrogel with an active deformability based on the living
treadmilling motions of the FtsZ filaments across the polymer-
ized PA-meshwork in the solidlike walls (as also depicted in
Fig. 1). The mechanical counterbalance between these deform-
able elements was described by the free energy functional:*”*?

l//(C7 F; V) = l//elas [C(¢), 7] + lpinl [C(¢)7 F(E); V] (1)

which combines constrained mixing elasticity,”” and phase-
separation interaction theory,®® integrating polymer-solvent
deformations, C(¢), while allowing each material element to
evolve into an equilibrium configuration (Supplementary Note
N1, ESIY).

672 | Soft Matter, 2025, 21, 670-686

Here, the nonlinear elastic component 1/, [C(¢$); 7] represents
the mechanical rigidness of the hydrogel as depending on the
Cauchy-Green (CG) stress tensor C(¢).***> For given deformation
strain (y), this equilibrium term is essentially determined upon
structural mesh variables (¢), constitutionally describing matrix
crosslinking degrees and compositional concentrations.*"*>*® Addi-
tionally, the strain-dependent interaction term ;, [C(¢), I'(€);7]
describes the nonlinear interactions between the passive hydrogel
matrix and the active additive leading to non-equilibrium elasticity
(either weakening or strengthening). The interaction energy
depends on both passive deformations and active phase interac-
tions, coupled through an order parameter I'(¢), which is depen-
dent on the additive concentration variable ¢, describing the
effective driving effect from the active component. This crucial
interaction parameter will be further described in Section 2.3. The
neo-Hookean CG tensor includes components relevant to both
compression and shear deformations, governed by effective osmo-
tic/swelling  interactions between reconfigurable binding
points.”**'*> A detailed analysis is provided as ESI} (Supplementary
Note N1, ESIf). These interactions, either active or passive, are
described by the effective interaction parameter I'(e), which
depends on FtsZ concentration (cpisz < €). Thus, the constitutional
CG-tensor can vary with elastic changes in network interactions
modulated under deformation ie., C[I'(cpsz);y], for a given
strain (y).*”~*"*>*” Regarding macroscopic solid-like elasticity under

This journal is © The Royal Society of Chemistry 2025
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shear, a constitutive relationship is established for the applied stress
(0), as 0 = O /OC ~ K(C)C(y), calculated for a given shear strain
(y).*"* The stress-strain relationship is determined in terms of a
generalized rigidity K[C(y)], assumed to include linear and non-
linear components. Here, the strain tensor C(y) is considered
invariant under rotation, representing the squared value of the local
change in relative distances in the solid body due to shear
deformation.**’ At low strain (y — 0), the constitutional relation-
ship is linear, corresponding to the harmonic response of the
polymer chains ie., o ~ —K(C(y), where Ky = K(C — 0) is the
Hookean rigidity modulus.*" Above a yield point (Cy), the stress
response becomes nonlinear, entering an intermediate plastic
plateau (i.e., constant Ky (C — Cy) < Ky at y — 7yy), followed by
a hyper-elastic regime under large deformation (ie., K(C > Cy) >
Ky aty > 7y). For simplicity, we consider the elastic energy as neo-
Hookean strain function:***’

a(G) = 3K(O)(1 ~ 3) ©)

Here, I; = Tr[C(¢)] is the first invariant (trace) of the right
Cauchy-Green strain tensor expressed uniquely in terms of the
principal deformations.*"*>*” For an incompressible neo-
Hookean material considered internally isotropic under simple
(uniaxial) shear strain, then I; = 3y%***> Under these isotropic
straining conditions, the hydrogel’s nonlinear elasticity is effec-
tively described by the neo-Hookean energy density function
within an effective rigidity modulus, K(C) = G/J, balancing shear
rigidity (G) and osmotic/swelling ratio (/) (see Supplementary Note
N1 for details, ESIT). Below, we argue how mesoscopic mechan-
ostructural factors are encapsulated in the effective rigidity.
2.1.3. Mesoscopic elasticity of polymer networks: variable
binding functionality into neo-Hookean plasticity. On the one
hand, the affine model of rubber-like elasticity is often used to
describe rigid networks fixed by chemical crosslinks (Fig. 2b;
left panel). In an affine network, the crosslinks move propor-
tionally to the applied strain without rearrangement, stretching
or coiling the polymer chains to adapt deformation.*®*° None-
theless, Flory argued that in dense, rubbery networks, even
fixed junctions are influenced by the movements of surrounding
chains.”®*® On the other hand, for swollen hydrogels containing
semiflexible FtsZ filaments, we assume a superposed phantom
meshwork (Fig. 2b; center panel). This reconfigurable phantom
meshwork is more flexible than the rigidly affine counterpart as
far as can reorganize between movable entanglements. Indeed,
the phantom crosslinking is suitable for active hydrogels to work
as swellable structures,*® where solvent allocation occurs from the
passive matrix into more diffusible regions.”® In this active mesh-
work weakening setup, treadmilling ZLPs broaden the Rouse
tubes, leading to local dilation and minimized mechanical stress
as chains actively disentangle and slide each other (Fig. 2b; right
panel). Hence, for describing harmonic deformations in the
hybrid PA-ZLP meshwork, we consider both affine (rigid) and
phantom (flexible) models. In the affine PA matrix, each cross-
linked strand end is pinned to the deformable embedding.*'
Described by the Flory theory of entropic rubber elasticity with a
fixed chain binding functionality (f = 4),"* this rigidly affine

This journal is © The Royal Society of Chemistry 2025
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network results in a Hookean modulus proportional to the bulk
density of crosslinked strands that are tightly bounded each
other i.e. K(¢) = H(N/V)ksT (essentially determined by the
passive crosslinking fraction ¢ = ¢pas). In the phantom mesh-
work, however, binding ends can slide each other under
external deformation, leading to structural liquidlike softening
characterized by varying functionality (4 > f > 2).*"*° Hence,
the effective rigidity in the phantom meshwork is disrupted
by unbinding interactions, leading to an apparent decrease in
functionality,"*® which accounts for ZLP-driven activity as
Kb, f(N)] ~ 2K P)[1 — 2/f(I)]. Here, f(I') refers to the
crosslinking functionality dependent on the interaction para-
meter I'(c), which is ultimately dependent on the concentration
of living ZLP filaments.*® Hence, the effective Hookean modulus
is given by active changes in crosslinking functionality due
to unbinding interactions; expanding to first order, we get
KQe, ¢) ~ Ko(¢)[1 + (4/A)(dfidD)] (see discussion below). None-
theless, entropic flexible forces and active disentangling interac-
tions are limited by the constrained motion of fluctuating
junctions under volume conservation.**°

Therefore, we assume a generalized neo-Hookean plasticity
model with effective rigidity determined under variable binding
i.e., K[f(I')]. Beyond critical structural thresholds (¢ps > ¢*
and ¢ > cqi), the model predicts active softening at a tipping
point on the Cauchy tensor Cy(¢py,¢), when sufficient defor-
mation exceeds the plasticity onset (y > yy).*""*’ Hence,
Kplas(C) — 0 for C(¢pa,y) > Cy, resembling effective rubber-
like plasticity.**** The nonlinear affine model accurately
describes plastic deformations up to 40% beyond the yield
point (y < 1.4yy) but may not predict further strengthening at
larger strains limited by chain stretching.*” Although the model
assumes reversible solidlike plasticity, no dissipative energy
release is considered during fluidization. The extensible phantom
chains may strengthen from a certain onset of stretching up to the
maximum strain supported by chemical crosslinks (at ys > 7y),
hence resulting in an effective still reversible strengthening (i.e.,
Kse » Kpaty < yg) (see Fig. 3c). These models have been shown
to capture hardening effects due to transient reconfiguration after
plastic fluidization®" or bursting damage under critical hydrogel
swelling.>> We will address these modelling issues when discuss-
ing the experimental data later.

2.1.4. Passive rigid chains vs. active flexible treadmilling
filaments. The synthetic PA-gel serves as a passive elastic
scaffold of flexible segments embedded by active ZLP polymers,
as depicted in Fig. 3. The softening effect of the active polymer
is accounted for within the neo-Hookean elastic strain energy
K(¢, c) (as expressed in eqn (1)). The total fraction of crosslinks
is given by contributing with the passive matrix response (f=4),
and n denotes the active filaments that soften the network due
to ZLP treadmilling (i.e., f(c) < 4 under apparent concentration
€ < Cprsz = NIV = ¢,eN/V). According to Flory’s theory of dilute
polymer solutions,* the effective size of an isolated chain,
expressed as the hydrodynamic radius Ry ~ aN", depends on
polymer solubility and effective interactions (here, a is the
monomer size, and the Flory exponent 0 < v < 1 accounts
for interactions). A real polymer chain consists of rigid

Soft Matter, 2025, 21, 670-686 | 673
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Fig. 3 (a) Mechanical mesoscopic modelling for the hybrid hydrogels as composed by passive PA-crosslinks (black dots), and disrupted bonds elicited by
active ZLPs (red dots). The elastic meshwork is characterized by the correlation length (¢), the effective entanglement length. (Upper inset) Schematics for
the free-energy landscape of binding elasticity describing the polymeric network constituted by the interaction between rigid bonds associated with the
PA-gel and disrupted bonds due to the reptation of the ZLPs, the living (active) FtsZ polymers (see main text for details). (b) Mass action relationships
proposed at dependence of strain as a dynamic equilibrium between the passive (n bounded crosslinks), and active polymers (m unbounded crosslinks)
(see eqgn (3)-(5)). The hydrogel system is composed by fixed crosslinks (m), and a variable amount of ZLPs that depends on the status of strain (n(y) see
egn (5)). Below the yield strain (at y < yy), the bound fraction is majoritarian making the solid body essentially rigid (i.e., n > m thus K ~ Kp). Well above the
yield strain (at y > yy), the unbounded fraction becomes conversely majoritarian hence making the body to soften (i.e., n « m thus K < Kg). (c) Nonlinear
stress—strain relation expected from the proposed neo-Hookean model (see eqgn (1) and (2)) for different compositions of active ZLPs (m), and passive
PA-polymers (n); from top to down: (green) passively rigid meshwork with a plastic plateau leading to elongational chain strengthening under hybrid
filament reinforcement (m « n); (red) plasticized meshwork by active ZLP unbounding (m < n); (blue) active meshwork softening and fluidization under

collective activation (m ~ n); see also main text for further theoretical details.

segments, or strands, with an effective persistence length [, ~
ae"™®7(>q). This Kuhn length represents a competition
between conformational persistence and thermal randomness
leading to segmental stiffness x(v).>> Three configurational
reference states can be considered at dependence of effective
interactions: (A) rigid chains stretched in a good solvent (v = 1,
Krig — 00); they adopt an ordered rodlike configuration com-
patible with strengthening (cohesive) interactions with the
environment (Rgr & I, & I = aN). (B) Random coils under
“theta-solvent” solubility and excluded volume conditions
(¥=1/2, Kaex < Krig); the disordered strands adopt a quite flexible
self-avoiding configuration compatible with balanced interactions
(Raex & aN'”? « Rygand [,  a « l.). (C) Collapsed chains in bad-
solvent conditions (v — 0, k., — 0); completely random polymer
strands do collapse in bad solvents (R.q; ~ a and [, — 0).48 For a
complex polymer mesh, we assume the Flory exponent is
embedded within the interaction parameter I'(v), which accounts
for the effective interactions among the many individual compo-
nents in the meshwork. In the reference (critical) state (I';/, = 0 for
v = 1/2), we represent flexible chains with no net apparent
interaction. However, neatly cohesive interactions lead to chain
strengthening ie., structural hardening (I'na,q > 0 for v > 1/2),
while neatly repulsive interactions lead to effective softening
(I'sofe < 0 for v < 1/2). As representing mean-field interactions,
the Flory exponent v(¢) is determined by the activity concen-
tration variable (c).

2.1.5. Correlation length: mean-field approach to critical
meshwork overlapping. Understanding the mechanical proper-
ties of a polymer mesh involves defining a fundamental corre-
lation length ¢, as first described by De Gennes for overlapping
chains.”>>* This characteristic length - in general denoted &(c),
represents the distance for binding correlations between poly-
mer stands (see Fig. 3a), where ¢ denotes a reduced distance to

674 | Soft Matter, 2025, 21, 670-686

a critical point for ordering.>® In the hybrid mesh considered
here, this constitutional parameter should depend on composi-
tional variables in a complex way i.e., ¢ = ¢(¢, ¢). Specifically, it
depends on the fixed number of passive polymer PA-crosslinks
(¢ = ¢pa), and the variable number of actively flexible ZLP-
elements (¢ = cpesz). Generally, the composition-dependent
length &(¢) is larger at dependence of effective interactions
than the persistence length /,, but smaller than the Flory radius
Rp.*" In chemically crosslinked polymer gels, for instance, this
universal length diverges at the percolation threshold (¢*), but
decreases essentially with the ordering degree of crosslinking
as &(¢) ~ (¢ — ¢*) " (here, v is the Flory exponent and d
represents dimensionality).>® For physically entangled gels, De
Gennes stablished his famous scaling law for the characteristic
entanglement length &(c)/l, =~ (c*/c)’™?, defined above the
critical concentration (¢ > c¢*); at the critical overlapping
concentration &(c¥) ~ [,.>**° In those cases, the critical ampli-

4
tude is ¢* ~ N / gﬂRF3 o N'=% (with N being the calibrated

chain length), and the scaling exponent 6(v,d) = vd/(vd — 1) >
vd, both modulated by interactions.*' De Gennes considered
calibrated polymer overlapping (constant N), but he postulated
that the same results also apply to the swelling of more complex
networks.?® Specifically, the hybrid meshwork represented in
Fig. 3a consists of passive (affine) crosslinks between bound
strands, interspersed with active (phantom) entanglements that
disrupt polymer bonds, resulting in unbound strands leading
to neo-Hookean response. Despite the differences between
dimensional random models describing hybrid affine and
active phantom phases, a mean-field approach can recapitulate
their mechanical behaviour into a simpler ordered mesoscopic
model that is mechanically isotropic but compositionally het-
erogeneous at coexistence (see Sections 2.8-2.9).>

This journal is © The Royal Society of Chemistry 2025
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Henceforth, the mesoscale De Gennes’ length is averaged
over internal degrees of freedom as &(c) & &o(14¢) P

0(0+1)
2
turbative distance ¢ = (¢ — cqrit)/carit, defined as a critical
concentration for phase segregation. The scaling exponent
0(v, d) reflects dimension (d), and effective mean-field interac-
tions I'(v), as above mentioned. The unperturbed Rouse tube
size &, = [,(x) denotes the isotropic length determined by the
intrinsic chain rigidness in the unperturbed meshwork condi-
tions; these are I'(v) = 0, for ¢ — 0. Hence, this reference size
determines the bare Hookean rigidity K, =~ kgT/ g2 Analogous
to the Landau-De Gennes’ ¢* - theorem,?*>*® which states
that structural deformation is constrained by local connectivity
akin to short-range ordering effects in liquid crystal phases,
this mesoscopic scenario allows for effective crosslink adjust-
ments above the critical overlapping concentration (¢ > ceri().>’
Referred to the critical interactions (at v;), they are either
unbinding due to softening interactions ie., £ > &, (for v <
Verie, thus Igore < 0), or strengthening from hardening inter-
actions ie., £ < &, (for v > Verir, thus I'harg > 0). For a hybrid
neo-Hookean meshwork approaching the critical point (¢ — 0,
for v = v.i), the interaction-dependent characteristic size

Ip|1 —8e+ € +...|, expanded in series from the per-

(6 verit) & &1 — 8e 4+ 0(€?)] may accommodate both, the
strengthening effect of fixed passive crosslinks in the affine
network (6 > 0), and the softening effect of sliding entanglements
enabled by ATP-dependent ZLP treadmilling (0 < 0). Notably,
Active FtsZ-driven entanglements may further increase this corre-
lation length &(¢; I') > &, contingent upon a supercritical concen-
tration ¢ > cqi(I’), and the repulsive nature of the interaction
Isor(v) < 0. To model the mesoscopic behaviour of the hybrid
PA-ZLP meshwork, we use a self-consistent mean-field theory
that simplifies this high-dimensional polymer system into a one-
dimensional model governed by the interaction parameter
I'().>° Similarly to the Landau-Ginzburg (LG) theory of phase
transitions,”” our mean-field quasi-chemical approach approxi-
mates the complex hydrogel neo-Hookean elasticity by averaging
correlated interactions I'(1).°® With the mesoscopic overlapping
length defining the apparent size of the Rouse tube £(¢; v), relative
to the critical distance to the critical point ¢ = (¢ — ¢t ) / carit, hence,
we stablish the multiscale connection I'(v) < I'(¢) (see Section 2.3).

2.1.6. Active reptation: treadmilling leads to effective dis-
entanglement. For active gels containing ZLPs, we consider an
effective De Gennes’ reptation dynamics perturbed by tread-
milling chains that can remove binding points in the Rouse
tube.”>?® The effective interaction I'(v) between passive PA
polymers and active ZLP filaments involves reconfigurable
bonds with kinetic barriers and binding energy significantly
higher than thermal energy (i.e., E:(&) > Ep(&) > 10kgT), thus
leading to an activated reptation dynamics controlled by the
overlapping length ¢&(¢). Indeed, active reptation systems with
slipping linkages behave like physically entangled gels with a
variable mesh size &(e) > &,°® where sliding interactions
maintain a reversible two-state equilibrium between reptation
states either passive or active.”> When macroscopic shear
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deformation occurs slower than reptation dynamics (as in rheo-
logical experiments), softening interactions emerge leading above
the onset of plasticity at Cy(¢) — the yield point. Hence, active
elasticity can be expressed as a weakening interaction considered
neo-Hookean ie., the apparent modulus is K(¢) 2 kpT /& ~
Ky — AK(c) < Ky, under structural rigidity K, = kzT/¢,>, consid-
ering an effective softening —AK(c) = 3d¢ (for 6 < 0). This active
softening is ultimately determined by treadmilling assisted reptation,
which causes effective unbinding interactions leading to an apparent
reduction in the overlap functionality ie., —AK ~ K,(4/f)(dfidI)
(assuming dfid’ < 0). Hence, we have related the changes in
overlapping functionality with the effective interactions modulated
by FtsZ activity as follows (4Ko/3/?)df(¢) = d(v,d)e(Perosss
crsz)dI(¢). This differential relationship establishes the multiscale
connection between the microscopic interactions and the macro-
scopic order Le., I'(v,d) < I'(¢); otherwise stated, the better effec-
tive polymer-solvent interaction with increasing d(v, d), the higher
effective change of overlapping functionality under given activity
df (¢). Therefore, we can stablish the active softening governed by a
mass action equilibrium between unbound (ub) and bound (b)
overlapping states:*

AK(c) 2 ‘:’(5:3 = exp (We)zBiTEb> 3)

Here, the weakening (neo-Hookean) term AK is determined by the
ratio of pyp(n), the probability of an overlapping element being
unbounded (slipping entangled or simply not linked), to py(m),
the probability of it being meshwork bound (or crosslinked) (hence
Pb + Pup = 1). In this context, E;, is the free energy difference between
these states, and Wey (= E) is the external work causing unbinding
by overpassing the kinetic barrier needed for yielding plasticity (see
Fig. 3a). The bound (elastic) state is the preferred low-energy
equilibrium at zero force (i.e., pp > pup When wey = 0), while the
unbound (plastic) state has higher free energy under stress (i.e., pup
> pp when wey > E;). The crucial point now is to explain how the
applied force determines the extent of softening at dependence of
interactions. Based on the statistics in eqn (3), Fig. 3b shows the
actual number of passive crosslinks contributing to rigidness (m =
PoMmax), and actively sliding entanglements responsible for plasti-
City (% = Poplimax), both relative to their maximum populations.
From the above discussion on Rouse tube broadening under FtsZ
treadmilling, the active population ratio is favoured by a larger mesh
size (£), and lower intrinsic chain rigidity (). Both factors contribute
to effective softening by relaxation of internal stress, leading plasticity
by yielding ie., Ag(e) = yAK x n/m x &(E¢)/k(Ey). Moreover, the
detaching energy sets the yield strain for plasticity (yy), which
depends on the remanent force ie., yy(¢) x E; — E}, (defined for
Ac = AKyy). Hence, we redefine the external unbinding force as the
yield stress that causes disentangling equivalent to macroscopic
plastic strain, we, = FE <> K(y — yy) (Where H(y) is the unbinding
force and £(¢; y) the effective entanglement size also dependent on
the applied strain). Therefore, the unbinding driving force can be
expressed in terms of elasticity as F(¢;y) =~ K(f,7)E2()(y — yy)
(where yy(&) is the yield strain essentially fixed by the entanglement
length, and K(f; ) is the effective strain-dependent value of shear
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modulus). Ultimately, the effective stress-strain relationship holds
plasticity as a function of f(¢), the apparent binding functionality
dependent on activity; in the first order approximation, this is

O1E(:7] = Ko (bpus: €)7 = A0 ) & Ko[1+ (4/£7) (e /dD)].
Therefore, the key structural characteristics for plastic yielding
leading to active-passive phase segregation are: (a) the entanglement
size itself £[I'(v);¢]; (b) the active decrease in entanglement function-
ality df[I'(v);e]/dI’ < 0; both determined under effective inter-
actions I'(v), in approaching the critical point (e— 0) (discussed in
Section 2.3). Fig. 3c shows expected nonlinear stress-strain plots
dependent on the interaction-driven crosslinking activity of the
meshwork.

2.1.7. Local chain persistence: strain-dependent rigidness.
We estimate the near-equilibrium mechanical properties from
a mesoscopic perspective, using the strain-dependent charac-
teristic length &(¢;y) and interaction energies summarized by
the order parameter I'(v),”*?%**3> as depicted in Fig. 3. First,
local Hookean rigidity is determined by the conformational
chain persistence along the m crosslinked strands in the mesh-
work i.e., Ko(&) & LkgT/¢o® « E¢/l” < mx. Second, the effective
work exerted by the external force causing plastic deformation
is proportional to the number n of unbounded strands
ie, (Wex — Eb)/kBT ~ F(“/)[é(é; ) — CfOVkBT ~ ”l([p/[c) (y—=7y)-
Third, stable nonlinear deformation within the hardening
regime must be compatible with the maximum stretching work
ie, we(7) < Ksu(9)E(659) e = Ep (at vy < 7 < 7go). Hence,
these arguments support passive stiffness based on the passive
overlapping length proportional to chain persistence ¢ oc
Iy(« I), which is compatible with apparent Hookean rigidity as
Ko(&) = ml,/¢ <> mk.”® Therefore, we primarily establish rigidity
governed by the balance between the binding energy of the m
crosslinks and the imposed strain:

m Eb lp 60
[ @

Hence, higher unbinding interactions cause more open overlaps
leading to a weaker mesh ie., £(y;¢) > &y(y; € = 0). Otherwise
stated in the context of ZLP activity, the mesh weakens due to
treadmilling-assisted reptation in regimes of active softening
i.e, K(y;e) < Ko(y;€ = 0) (see Fig. 2b, right panel).

2.2. Active neo-Hookean mesoscopic plasticity

2.2.1. Plastic yield under active crosslink unbinding: action
mass balance. We consider kinetic unbinding transitions to lead
to plasticization when active treadmilling stresses cause the
meshwork to disentangle. Based on the population statistics
(see eqn (3)), Fig. 3 shows a two-state mechano-statistical model
as a kinetic process, with characteristic energies mainly deter-
mined by the mesh size ¢ (Fig. 3a; lower). The mass action process
involves three competing energies: (i) binding energy related to
static overlapping rigidity Ep(&; y — 0) & Ko&°, assumed within
the semiflexible persistence regime (K, ~ mx); (ii) reptation-
controlled kinetic barrier E:(&))/Ey, & (m/n)l,a/*, inversely pro-
portional to the actual tube section (S = &%); (iii) external deforma-
tion work wey = F(y)(¢ — &) = E: » Ep, under effective elastic
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force F(y) ~ K(e;7)E%y (see eqn (4)). The barrier separates two
(un)bounded states with differential energy E;, constrained by
shear rigidity K(y), under strain y (Fig. 3a; upper inset). For passive
hydrogels, & ~ [, « I, thus Ey(&) < Ko(é)lp3 ~ mxk. In the
plastic regime, if the injected work exceeds the kinetic barrier
Wex(y) = E: >» Ep, the mesh undergoes chain unbinding ie.,
Pub(y) = pp. Hence, the plastic threshold for retaining the chains
bound is given by we(y) — Ex & Ep, + (alp/l&)y (at y = 7y, then
Wext(yy) — E: = 0). Therefore, the yield strain necessary to plastic
unbinding can be expressed in terms of structural energies as:

z2
R e X OOBE: ©
which is determined by the binding ratio. (see eqn (3)). For high
kinetic barriers to unbinding (E: > E), the yield strain is high
(yy > 7), representing a passive crosslinked network. Conversely,
in the absence of a barrier (¢ > &, thus E: =~ 0), the yield
strain vanishes in a very active mesh (yy — 0). In practice, when
Wex(y) > E: (corresponding to pu, > pp, hence 0(¢) =~ 0), the
system effectively plasticizes (at y > 7y). Generally, the strain-
dependent mesh size £(y) defines the onset of plasticization, set by
the kinetic barrier E¢/ksT ~ 1,a/&.

For the proposed mesoscopic model of a bistable overlap-
ping system (passive fixed crosslinks vs. active sliding entangle-
ments; see Fig. 3a), Hookean rigidity arises from the binding
energy Ko(£) = mE,/¢%, while yielding plasticity is determined
by the strain-regulated kinetic barrier AK(&)/Ko(¢) = n/mEpE: ~
0™, meaning more unbound crosslinks result in lower effective
rigidity. We assume the effective number of crosslinked ele-
ments in the bound state 7 = My P (Where My, the maximal
number of passive crosslinks), hence the population of
bounded crosslinks dependent on shear strain is expected as:

Mimax

T 1t exp[—x(y — 7y)]

m(y) (62)
where the mesoscopic energy barrier appears fixed by the
microscopic stiffness defined as k ~ Zpa/é2 ~ KIKy, ~ Ep/kgT
(see eqn (4)), determining the sharpness of the plastic transition
between the bounded and unbounded state. Because persistent
(semiflexible) filaments strengthen the mesh by creating stiffer
reptation chains in narrower tubes, for high chain stiffness (l,a >
&%), we expect m X M (See Fig. 3b). Conversely, actively broadened
tubes contribute to plasticization.***® Hence, the number of cross-
linked elements that become unbound under plasticizing strain can
be calculated 7(y) = PmaPub = Amaxd 1l — 7))/ Mimay] (fOr 7max = N —
Mimax taking py, = 1 — py,). By considering eqn (6a), we get:

}’l("/) nmax

T 1+ exp[k(7 — 7y)] (€b)

2.2.2. Intrinsic mesh plasticity: phenomenological regimes.
Three mechanical response regimes can be predicted based on
the yield point (fixed at y = yy), where unbinding and binding
probabilities are equal (p,p, = pp = 0.5), and crosslink populations
equalize (m(yy) = n(yy) = N/2), thus 0y = 1 and wy = E;. (A) Linear
regime (for y « 7y); Hookean rigidity is high (o = l,a/y> ~ a/ly,
then K, = mi, > 0). (B) Plastic regime (for y ~ yy); the system
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becomes effectively plasticized (x « ko, then K = 0). Essentially,
the yield point is fixed by binding energies yy & EpE:/0y = EpEe.
Higher binding energy makes the system more thermodynami-
cally inaccessible, while a higher barrier makes it more kineti-
cally limited (see Fig. 3a). (C) Stiffening regime (for y > 7y); the
single polymer chains become stretched (thus x > 0). Remain-
ing binding crosslinks become stable, and transition probability
is low, so the mesh behaves like a solid (K > K,).”>®* Therefore,
depending on the systemic parameters yy and x, the relative
populations of active and passive crosslinks can be determined
(see Fig. 3b). Moreover, three constitutionally related domains of
plasticity are expected in function of ZLP treadmilling activity
concurrent with passive PA crosslinks (see Fig. 3c). Specifically,
for low activity (n « m), the elastic response resembles a passive
rigid gel (K =~ K,). For moderate activity (n ~ m), the hybrid
gel explores metastable states, leading to active plasticization
(K < Kp). For high activity (n > m), effective crosslink unbinding
activity results in dominant fluidization (K — 0). To provide
quantitative support for these qualitative expectations of modu-
lated plasticity, we use phase transition arguments, specifically
mean-field Landau theory applied to soft matter mechanics.®

2.2.3. Quasi-chemical approach to active plasticity: order
parameter. We explore the Landau-Ginzburg energy interac-
tions between FtsZ living polymers (ZLP chains) and a passive
PA hydrogel. Beyond the mesoscopic binding energy (E,) and
kinetic barrier (E;), we consider quasi-chemical order/disorder
interactions coupled to deformation strain Vi, J[I'(Ey, E;, c), C]
(see eqn (1)). This term accounts for the nonlinear interplay
between active ZLPs and the passive PA matrix, characterized by
an “activity concentration” ¢ = cpez oc 07", defined inversely
proportional to the binding fraction 6 = m/n. This interaction arises
from an active order parameter determined by the unbinding
fraction I'(c) = I'T0” "(n/m)], which minimizes elastic energy leading
to hydrogel weakening at a critical point (c.;). Using a Landau-
Ginzburg formalism for macroscopic phase transitions, we describe
the transition from a solid-like gel to a liquid-like state. Our model
leverages mean-field interactions, leading to hydrogel stiffening or
softening depending on ZLP activation. This process is controlled by
the concentration-dependent order parameter I'(c, Ez, Ey), regulated
by the kinetic ratio E¢/E, ~ (m/n)l,a/Z* (see Fig. 3a). For subcritical
chemical potential (i < ficit), ZLP filaments do not activate enough
to cause macroscopic softening. For supercritical states (i > icrit),
ZLPs activate sufficiently to enable swelling and fluidization,
decreasing crosslinking and weakening the hydrogel (ie., I'(i) <
0). When focussing on the plasticity ZLP effects under controlled PA
crosslinking, we examine the critical phenomena encoded in the
interaction functional by the critical distance ¢ = (¢ — Ceit) /Carit L.€-y
Vi (c, E¢, Ep)] < Win[I'(€)]. Additionally, we consider constant
elastic energy Yeas(c), at least when the activity concentration
approaches the critical point (¢ — ¢, where the interaction
parameter is small (I" & 0), as describable by Landau theory of
phase transitions.*

2.3. Landau model of plastic remodelling interactions

2.3.1. Effective mean-field model of active hydrogel remo-
delling. The Landau theory describes the interaction energy,
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Yint, complementing the neo-Hookean elastic response, Vejas
(see eqn (1)). This phenomenological mean-field approach
captures mechanical remodeling (strengthening/softening) dri-
ven by the interaction (contractile/extensile) between the active
component and the supporting matrix. We focus on the key
terms in the Taylor expansion of the order parameter:*®’

Vin[C, ()] = a(m)I” + BlC(y)IT* (7)

where o(ji) and [C(y)] are systemic parameters controlling the
structural phase transition, with I'(c) as the activity order
parameter.

Here, the quadratic term «(E;, i) < 0, represents the quasi-
chemical energy barrier between equilibrium phases barely
determined by the chemical potential (i). The critical condi-
tion, o(E;, i) = 0, occurs when fi = fieyit(Ep, Cerit)- The quartic term
B[C(y)], depends on the concentration of actively disentangling
elements and deformation status by coupling to the elastic
energy through the Cauchy-Green strain tensor (C(y)). A posi-
tive f implies stable strain-dependent strengthening (i.e., stif-
fening order), while a negative f suggests weakening
instabilities (softening disorder like active swelling and hyper-
fluidity). Assuming the system is near the critical point (at « ~
oy — 0), this model captures the interplay between extrinsic
deformation and intrinsic changes in rigidity. Because the
control parameter changes sign across the critical point, it
can be expanded as a(fi) & —Ez(¢ — Cerit)/Cerir, Where —E: reflects
the kinetic dependence on the barrier height for mesh
disentanglement.

For the Landau mean-field remodelling transition between
hydrogel phases, we assume repulsive interaction for the high-
activity (fluid-like) state (x < 0 at ¢ > cci), and attractive
interaction for the inactive (solid-like) state (& > 0 at ¢ < Cerit)-
Minimizing the free energy with respect to the order
parameter gives:

alnbinl

~ 3 _
op 2l +4pr* =0 (8)

which yields the binodal condition fieq = fisolia = fifiuia, Where the
chemical potential is equal in both phases. Consequently, the
equilibrium value of the interaction parameter is:

E: ¢ —coir\'?
. 1/2 :t( ¢ Lrll) > Con
_ o L = Ccrit
F['[,Leq(c)} ~ i(ﬁ) == 2|ﬁ| Cerit

0 ¢ < Cerit
9)

Below the critical threshold (¢ < cej), the interaction para-
meter is zero (I = 0). Above the critical point (¢ > c.t), it scales
approximately as I'le(c)] ~ +Io€'/?, where ¢ = (¢ — Curit) /Cerit 1S
the reduced distance to the critical point as considered in our
mesoscopic depiction of effective mean-field interactions. The
scaling ordering amplitude is I'y(c) = (E:/2|f|)"*, determined
by the ratio of the kinetic barrier height to the nonlinear
change in structural binding interaction.

From a mesoscopic perspective, the binding energy com-
prises neo-Hookean energy En(¢, f) = Ep + AELK(B)E, with a
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barely Hookean leading component Ep(&o, f = 0) = Ko(&o)éo®,
perturbed under nonlinear remodelling energy +AE, =
AK(B)E (here, the sign + holds for stiffening/softening, respec-
tively). The interaction order parameter is positive (repulsive) in
disordered, fluid-like states, indicating weakening instabilities
that lead to liquid-like phase fluidization (i.e., I'gya > 0 for
p < 0). However, it becomes negative (attractive) in ordered,
solid-like states, indicating structural reinforcement under
mechanical strengthening (i.e., I'soia < O for § > 0). These states
define the internal variables that encode the mechanical interplay
between the passive solid-like and active fluid-like phases in
equilibrium, connected by the interaction parameter +I'(c).
Fig. 4 illustrates the mesoscopic hypotheses for evaluating the
phase space of hybrid PA-FtsZ hydrogels and performing stress—
strain response calculations that predict a neo-Hookean plasticity.
Particularly, mesh hybridization affects the yield point of the
hydrogel (7o), shifting it as yy(¢) — o £ 8yy|I'(¢)| (Fig. 4a). These
mean-field predictions are discussed individually below in the
context of the mesoscopic mesh model described in previous
sections.

2.3.2. Active reptation dynamics: treadmilling ZLPs induce
structural softening. ZLP treadmilling weakens the ordered state
in a GTP-dependent manner (for fi > [eic at ¢ > Cerit), leading to
supercritical mesh softening through repulsive, crosslink-
disruptive interactions (weakening, liquidlike I'gyiq > 0;
Fig. 4a; top). In passive reptation theory, the polymer chain is
confined to a narrow tube formed by closely spaced sticking
linkages.?*° These constraints are represented in our case by
the persistent crosslinks of the passive PA matrix (¢, &~ [,). In
Fig. 4b, we illustrate how active ZLP entanglements are created
and destroyed during treadmilling under GTP hydrolysis (top

fluidization

<

weakening
Yo Y @ reptation by slip-link

strengthening
@ physical crosslink
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panel). Relative to passive ones, active ZLPs fluctuate within a
broader reptation tube interacting with the surrounding matrix
where movable entanglement links are continuously remodelled
across slipping linkages. Similar to the Rouse size of the repta-
tion tube for a passive chain (&), we assume the characteristic
length between the passively crosslinked PA gel and the active
ZLPs is uniformly distributed along the FtsZ filament, with
spacing comparable to the passive entanglement size but smaller
than the contour length (¢, < ¢ « [ Fig. 4b, top). Therefore,
structural softening under active ZLP hybridization is promoted
by an effective decrease of chain overlapping m(f, y) = Mmax(7, fo) —
n(y, f) < Mmmax (relative to the maximal equilibrium value m,,,),
under effectively lower crosslinking functionality ie., f(¢,7) < fo
(relative to my,y). The decreased yield point reduces the Hookean
range of the solidlike regime through weakening interaction
leading fluidization f(¢,y) < 0 (Fig. 4c; upper regime).

2.3.3. Inactive FtsZ filaments induce strengthening. The
presence of non-activated semiflexible FtsZ filaments (nonhy-
drolyzed GTP) enhances the stiffness of the PA matrix. Hence,
the passive FtsZ filaments contribute to reinforce the mesh
with additional fixed overlaps leading to hardening. In Fig. 4a,
we illustrate the increased strengthening population with
reference to the plastic yield point. In this case, the inactive
FtsZ filaments lead to expand the Hookean regime up to higher
yy(c) = yo + 8yy|I'(¢)|, driven by a negative interaction para-
meter (hardening, solidlike, I'soiq < 0; Fig. 4b, bottom). Such
effective subcritical hardening resulted from the increase in the
polymer crosslink density m(c, y) — mo(c = 0,y)|I'(c)|, modu-
lated by the interaction parameter I'(c), with respect to refer-
ence values considered at zero FtsZ concentration mg. The
hardening change (Am(c, y) = m — m, > 0) represents the

slip-link
reptation

Mo
1
0.5 physical
f:\. 0 crosslink

Fig. 4 Mesoscopic scenarios for swelling phase behavior in hybrid PA-FtsZ hydrogels: softened fluid-like phase by active ZLPs contributing to fluidity
(upper panels); strengthened solid-like phase by passivated semiflexible filaments of FtsZ contributing to rigidity (lower panels). (a) Population shifts
causing yield perturbations (for a given mesoscopic rigidness «). Lowering the yield strain causes an increase in the population of fluidizing ZLPs
undergoing active reptation inside broadened tubes (upper panel); conversely, an increase in the yield point leads to a net decrease in active ZLPs as they
convert into inactivated filaments that contribute to strengthening the mesh (lower panel). (b) Structural depictions of the mesoscopic scenarios
described in (a). Mesh weakening occurs under active reptation by chain slipping (upper panel); mesh strengthening occurs under hybrid physical
crosslinking by semiflexible FtsZ filaments (lower panel). (c) Phase diagram as predicted by the Landau functional to describe the effect of strengthening/
fluidization in hybrid hydrogels under critical ordering/disordering interactions (egn (5)-(7)). The equilibrium surface for phase coexistence corresponds
to the Landau binodal (egn (6)).
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positive order parameter that enhances rigidity upon passive
FtsZ hybridization (for i < [i). From a mesoscopic perspec-
tive, this structural strengthening raises the yield point with
increasing concentration of inactive FtsZ filaments; for ¢ > cerit
(ie., if € >0), this is yy(c) ~ (m/n)ExEz — yo + dyyI'(€) > 7,
(Fig. 4b; bottom). In a composite passive gel, the first term
represents the characteristic yield strain for the matrix (y,), plus
a perturbation controlled by a cohesive additive interaction
modulated by the chemical potential in the equilibrated system
(B < Heri)- Therefore, structural hydrogel stiffening under pas-
sive FtsZ hybridization is undergone by the effective increase of
crosslinking m(f; y) = Mmax(D, fo) — (7, f) > Mmax, under higher
effective functionality i.e., f(¢) > fo. The reinforced yield point
extends over a strengthened solidlike regime through enhanced
strengthening interaction f(c,y) > 0 (Fig. 4c; lower regime).

2.3.4. Active ZLP plasticization: stress-strain neo-Hookean
relationship. We propose an active plasticization process based on
structural weakening above a yield point (aty > yy and ¢ > 0). In
the active FtsZ hydrogel, the Landau model predicts a reduced
density of chain overlaps due to the cooperation of treadmilling
ZLPs (for I'(c) ~ €'/ ~ (m — meiy)"/? > 0), and decreasing inter-
action energy over fluidized bonds, limited by the kinetic barrier
and reduced mesh chemical potential (ie., «€) <0, thus
A(Ep.€) < fyy). Conversely, passive stiffening occurs through
strengthening interactions (for I'(¢) < 0), promoted by inactive
FtsZ filaments, which reinforce crosslinking leading to higher
kinetic barrier followed by increasing chemical potential (i.e.,
a(e) >0 and [a(Ep.) > fyy)- Here, the effective crosslinking
energy (E,) has been defined by reference to the mesoscopic
model as E,, oc kyy (Where k represents an effective mesoscopic
stiffness, and yy the critical shear strain for yielding). Additionally,
the kinetic barrier energy (E;) defines the critical amplitude in the
phase-transition Landau model o = — Ez¢ (see eqn (7)). A positive
barrier to unbinding results in subcritical strengthening, while a
negative barrier leads to supercritical fluidization. Therefore, we
propose a theoretical expression for the effective nonlinear shear
modulus, defining the neo-Hookean stress-strain relationship as
a trade-off between passive and active element concentrations;
referred to sections S = ¢ of the Rouse’s tube (see Section 2);
this is:

kT [m(y,e) £ n(y,e
Ko, =[G
) (10a)
knT | 4 ey
= il g |1 o O e

where =+ sign refers to either passive strengthening under additive
mesh hybridization, or active ZLP softening by treadmilling. The
key mesoscopic ingredients are the apparent activity fraction
0! = n/m (with reference non-interaction value Opmax * = Mmax/
Mmay), and the reduced chain rigidity k = K/K, (in the Hookean
limit, x, = 1). They can be expanded from their equilibrium values
by respective perturbations on the interaction parameter:

0(c) = 0y £30|I"(¢)]

(11)
K(€) = Ko £ x| (€)]
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where the subscript “0” represents equilibrium (unperturbed)
values, and ¢ the order parameter that fixes the effective inter-
action +I'(¢) (see Fig. 4a).

We investigate how perturbations affect remodelling vari-
ables such as stiffening (I'(¢) = 0), mechanically neutral
(I'(e) < 0), or softening (I'(¢) <0). Drawing from Landau’s
theory, which will be further validated, we interpret experimental
findings in a weakly perturbed regime consistent with chain overlap
binding energy (ie., for x(€)|dy| < Ep/S). As a practical parame-
trization for the chemical potential, we consider a constant unbind-
ing ratio determined by the maximum proportion of active ZLPs
relative to chemically fixed crosslinking in the PA matrix, 0o~ =
(/M)max = Cresz With (80 =~ 0). For small deformations well below
the yield point (y < yy(€) = 7,),, rigidity is nearly independent of
nonlinear interaction (thus B~ KOCOS'). In the case of a reference

kg T
passive meshwork (¢ = 0), assuming ro =2 B—%Gmax, we find the
e

bare passive rigidity as Kpass(7, € = 0) & o (1 + Omax ). Fully pas-
sive gels (Omax ' > 0; ¢ =0) exhibit Hookean elasticity with
Koy = 0) & . For active gels (Omax ' > 0; ¢#0), near the yield
point under high plasticity (y = y — yy — 0), the effective modulus
I+ e "o
fully active gel (Omax — — 1), corresponding to critical softening at

changes as Ky (7,€) ~ K {1 — 0y } ~ k(1 = Oax"). In the

(e— €qit), we found Kiét) (7, €qit) — 0. Generally, above the yield
point (y > yy(€)), a strain-dependent shear rigidity defines the
actively softened state under active plasticization; to lowest pertur-
bative order (eqn (11)), one gets the active neo-Hookean elasticity
modulus (by approximating eqn (10a) in the plastic regime):

kgT
Kaa (7 > yy,6) = B

0.0)[1 = O™ (1 = k(€)37)°]  (10b)
The actively softened modulus is influenced by the binding fraction
(6@ = min > 0), with strain-dependent effects governed by the
maximum unbinding ratio O ' = MmadMmax = Cpsz = 0. Its
apparent softening strength diminishes as fewer matrix crosslinks
remain bound wunder strain-induced activity, expressed as
0(7,6) = Omax — |I'(€)|dy. This plastic modulus is further affected
by the microscopic binding energy required to detach a fixed
crosslink through active reptation, denoted as Ep, = a*Kp(¢). In
the first-order approximation, the effective excess strain beyond the
yield point 8y = (y — yy)|I'(¢)|, and the corresponding mesoscopic
softness k(¢) ~ xo — |I'(€)|dy, both decrease proportionally with the
chain overlap disruptive force of the softening interaction
(I'(e) < 0).

2.4. Experimental results and numerical validation of the
active softening model with hybrid PA hydrogels embedded
with FtsZ living polymers

Rheological experiments were conducted as depicted in Fig. 5,
using hybrid ZLP-PA hydrogels to study the mechanical
response under GTP hydrolysis. The biocompatible PA-
hydrogel was synthesized with acrylamide-bisacrylamide cross-
linking under mild conditions using bio-orthogonal chemistry.®?
Hydrogels with 2.5% crosslinking were prepared following

Soft Matter, 2025, 21, 670-686 | 679
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(a) Rheometry station with the oscillatory shear rheometer used for the experimental measurements. (b) Stress strain plots obtained in rheological

experiments for hybrid PA—FtsZ hydrogels at 2.5% crosslinking for variable concentrations of FtsZ in different mechanical realizations: (Reference) Pristine PA
hydrogel without FtsZ (green symbols). (Strengthened) Passive PA—FtsZ hydrogel containing 2 mM FtsZ in the absence of catalytic Mg?* (EDTA 10 mM; blue
symbols in the upper reference region; undashed). These realizations exhibit a Hookean response in the whole range of shear strain (up to 100%). (Fluidized)
Active PA-FtsZ hydrogels containing variable concentration of FtsZ monomers (see legend). The living polymerization is triggered out by adding excess
Mg?* (10 mM), which activates the FtsZ filaments into ZLPs. The stress—strain plots decay into the fluidized region (reddish dashed) in which active yielding is
clearly observed as an increasing fluidization with increasing the ZLP-amount (curves legend: 1 mM (blue); 2 mM (red); 5 mM (yellow)).

standard procedures involving TEMED and APS initiation. Rheolo-
gical tests were performed using an oscillatory shear rheometer in
controlled strain mode (Hybrid Rheometer 2, cone-plate geometry;
TA Instruments, USA) (Fig. 5a).°* We evaluated the stress-strain
behavior of the hybrid ZLP-PA hydrogel at a constant PA gel
concentration (2.5% crosslinks) and varied concentrations of active
FtsZ filaments (cgsz = (0-5) x 10~* mol L™7; see Fig. 5b), covering
both, linear and nonlinear regimes within amplitude sweeps from
0.1% to 100% deformation strain. All experiments were conducted
at a constant temperature of 25 °C. To ensure FtsZ bioactivity, a
buffer solution containing FtsZ, KCl (100 mM), GTP (5 mM), and
Tris-HCI (50 mM) in Milli-Q water was prepared. The passive
hydrogel consisted of PA-gel and FtsZ monomers in Z-solution
without Mg”* (depleted with 10 mM EDTA). Activation of ZLPs
was achieved by adding excess MgCl, (10 mM) to catalyze FtsZ
polymerization under GTP hydrolysis in vitro.*> Rheological mea-
surements were performed on both passive (without catalytic Mg”*)
and active ZLP-PA hydrogel samples (with MgCl, at 10 mM and
excess GTP at 10 mM). Swelling equilibration under constant
osmotic pressure was achieved by immersing the sample in excess
buffer within a water-saturated atmosphere. Rheological monitoring
confirmed a steady oscillatory response 10 minutes after Mg>"
activation. The measured rigidity modulus remained stable for at
least 2 hours after hydrogel formation.

2.4.1. Hookean regime and plastic yielding. Stress-strain
plots were analyzed to compare the mechanical properties
of active and passive ZLP-PA gels alongside a pure PA gel.
Oscillatory shear experiments were conducted on hybrid gels
with FtsZ concentrations ranging from 0 to 5 mM. When
hydrolyzable GTP (10 mM) was present, FtsZ filaments exhib-
ited behavior akin to living polymers (ZLPs).®** In contrast,
without GTP, FtsZ polymers remained semiflexible, contribut-
ing to hydrogel strengthening.®® Fig. 5b presents shear rheology

680 | Soft Matter, 2025, 21, 670-686

results plotted logarithmically, revealing distinct mechanical
responses from Hookean, through plastic neo-Hookean to stretch
strengthening. The linear regime, characterized by initial slope and
intercept, indicates the Hookean modulus (K). The plastic regime is
marked by the yield strain point (yy), which defines the onset of neo-
Hookean plasticity leading to active softening i.e., K(y) < K,. These
experimental data align with our theoretical predictions of both
strengthening and weakening behaviours (see caption for details).
The barely Hookean response (green) corresponds to the cross-
linked PA-hydrogel without FtsZ (control), showing no yielding
within the explored shear strain range. In hybrid PA-FtsZ hydrogels
without GTP activation, structural stiffening was observed due to
semiflexible FtsZ filaments (brown). Conversely, with GTP present,
experiments demonstrated increased softening and plastic yielding
with higher concentrations of polymerized FtsZ. Our findings for
the active hydrogels (cgs; > 0) indicate a decrease in the Hookean
modulus and reduced yielding stress and strain, consistent with our
theoretical framework.

2.4.2. Active nonlinear behaviour: plastic yield and active
softening. To validate the proposed mean-field model for active
neo-Hookean elasticity, we analysed the mechanical data from
the mesoscopic perspective described earlier. Fig. 6 focuses on the
nonlinear regime of the stress-strain plots, providing experimental
evidence of transitional behavior towards a softening regime as
theorized. We observed a drop in Hookean stiffness and yielding
point with increasing ZLP activity, both in empirical evidence and
theoretical predictions (best fits of eqn (10) to the experimental data;
see caption for details). This validates the active Landau theory as
a reasonable descriptor of active mechanics in hybrid ZLP-PA
hydrogels driven by living polymers of FtsZ under GTP hydro-
lysis. As FtsZ concentration increases, yielding stress and strain
decrease, and the drop after yielding becomes sharper. Specifi-
cally, Fig. 6a shows the strain-stress plots from a predictive

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Validating stress—strain nonlinearity in hybrid PA-FtsZ hydrogels with active ZLPs (under increasing concentration from top to bottom). The
experimental measurements appear in the left panels (symbols): triangles: experimental measurements. Continuous line: theory (best fittings to
egn (10a)). (a) Experimental stress—strain curves showing the nonlinear elastic response at large deformations regime for different levels of concentration
of FtsZ and its comparison with the theoretical prediction of the model. (b) Neo-Hookean plasticity calculated as values of shear modulus. In the right
panel, we plot the associated neo-Hookean shear modulus K = do/dy calculated from theoretical predictions in this work.

perspective, demonstrating that the mechanical Landau model
accurately describes the experimental results as presented in
eqn (10) (see caption for details). Furthermore, we obtained the
best fits to the perturbative mesoscopic parameters defined in
eqn (11). By considering the adjustable parameters i, 8k, y, and
87y, and fixing Cpesz = Omax = Mmax/Mmax (for 80 = 0, and 1) =
5 mM), the theoretical model is able to describe the initial neo-
Hookean performance followed by a marked plastic yield regime
characterized by the stress softening parameter Ac (see theore-
tical fitting curves in Fig. 6a, and best fit parameters in Table 1).

By comparing experimental descriptors with the best fitted
model parameters, we achieve the following conclusions: first,
the polymer chain persistence correlates well with the Hookean
rigidity of the passive meshwork (i.e., 1y oc K,). Second, the active
decrease in chain persistence correlates with the observed stress
softening (ie., —8k oc Ac). Third, the values of the plastic yield
observed in the experiments match accurately the theoretical values
calculated from fittings to the stress-strain plots using eqn (10a).
Finally, and most notably, all observed activity parameters, both
experimental and theoretical, vary almost linearly with the FtsZ

This journal is © The Royal Society of Chemistry 2025

concentration as derived from eqn (10b). Our results show the
softening neo-Hookean instability caused by the active reptation of
ZLPs under plastic strain. The yield strain matches the experimental
value (7, &~ yy) and the yield perturbations are consistently positive
|I'(€)|8y > 0, as expected for structurally weakening interactions
ie, x(e) = kg — |I'(¢)|dy < Kko. Additionally, the softening stress
correlates with the unbinding ratio (i.e., Ac oc n/m — 07).

Also, we calculate the effective shear modulus as a function
of strain, K(y) = a(y)/y (see Fig. 6b). The results show significant
structural neo-Hookean softening in the hydrogel under ZLP
activation, both experimentally and theoretically. We observe
increasing plasticization under shear deformation (i.e., K(y) <
K, for any 7). This nonlinear activity is marked by softening and
fluidization above the yield point (i.e., K(y) — 0 at y > yy).
Higher ZLP concentrations shift the plastic yield to lower
strains, even causing a hyperfluidity instability with an effective
negative modulus (Kpy, < 0). At high strain, the active
hybrid gel stabilizes, behaving like a highly softened solid
(i.e, K(y) 0 at y » 7y). No structural strengthening was
observed in the experiments.

Soft Matter, 2025, 21, 670-686 | 681
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Table 1 Parametric description for stress—strain nonlinearity in hybrid PA-FtsZ hydrogels with active ZLPs. The table includes phenomenological
information obtained from theoretical fittings of the Landau interaction model to experimental data

Cresz (MM) w/w (%) K, (Pa) Ko (—) Sk (—) Ao (Pa) vy (EXP) (%) 7o (THY) (%)
0.0 0.0 9.8 £1.5 1.0 0 0 — —

1.0 0.01 8.6 £1.2 0.8 £ 0.2 0.2 £ 0.1 0.8 £0.2 22 25+ 8

2.0 0.02 3.2+£0.8 0.3 £0.1 0.3 £0.2 1.8 £ 0.8 7.5 8.0 £1.5
5.0 0.05 0.4 £0.3 0.1 £0.1 0.5 £ 0.2 3.2+1.2 3.5 3.7+1.2

As a rule of thumb, model evaluation shows good agreement
with the experimental data, capturing the neo-Hookean yielding
transition controlled by structural parameters dependent on the
ZLP-interaction energy parameter I'[¢(c)]. Fig. 7 demonstrates that
the proposed phase transition model predicts a scaling relation for
the interaction parameter I'[¢(c)] ~ €'/? (with the order parameter
€ = (¢ — cqit)/cait; See eqn (7)). This relation effectively captures
the softening and fluidization trends due to changes in the
stiffness of the hybrid gel caused by active FtsZ filaments (see
Fig. 7a). According to the active reptation model, the effective
density of entanglement points 8(I') = [m — n(I')]/nmax is con-
trolled by the activity of the living polymer I'(¢) (with
€ = (¢ — cuit)/Cait)y and excess shear strain 8y = 9y — yy. Then,
the statistical population relationships in eqn (5a) and (5b) holds
non-linearly and effectively active, resulting from a larger popula-
tion of unbounded chains at larger strains (as shown in Fig. 7b,
with the vertical axis in logarithmic scale to better illustrate the distinct
regimes when the structure is active or inactive). As far the activation
level increases, the density of entanglements decreases due to disrup-
tion by the active FtsZ gel. To summarize, the level of structural
softening scales with the active interaction ratio I'(¢), ultimately
depending on the theoretically modelled Landau order parameter e,

ie., the observable softening Ag o 07! = % o €'/? (see eqn (7).

3. Discussion

The bacterial cytoskeletal motor-protein FtsZ forms self-assembling
filaments crucial for the cytokinetic ring in cell division.>”*”> This

a.
1 . - X
o9l U = f(F(C))
osl A k= f(T(c))
0.7} n \
x — = f(T'(e) .
el m T'(e)) 7
= o5l
—
04} X
03}
0.2}
01 4
[ x
o A !
0 i 2 3 4 5
C

Z ring serves dual roles: as a scaffold for divisome protein
recruitment,”® and for generating contractile force.”*”> In vitro,
FtsZ assemblies exhibit diverse mechanical behaviours depending
on conditions.”®®* They can orderly contract in tubular liposomes
with matching bacterial geometry,® but extend in nearly flat
geometries due to disordered movements.®”*%%48¢ A key feature
is their “living” behaviour, dynamically reconfiguring by tread-
milling under GTP/GDP turnover.®®*® These dynamic FtsZ poly-
mers, termed ZLP chains, constantly exchange monomers and
rearrange, creating longitudinal disorder while condensing
laterally.®®°®° This treadmilling allows ZLPs to elongate lengthwise
and condense crosswise, enhancing elastic efficiency and reducing
deformation constraints compared to passive counterparts.

In this study, we have explored novel mechanical behaviours
of hybrid active gels combining a polyacrylamide (PA) matrix
with FtsZ motor proteins, or ZLPs, obtained from E. coli. We
find that bioactive matter interacting with a passive hydrogel
PA-matrix can induce active gel fluidization through neo-
Hookean meshwork dilation. This “active matter” effect has
suggested new possibilities to create ‘“‘smart” structures cap-
able of induced softening by living ZLPs undergoing tread-
milling under GTP hydrolysis—chains that grow continuously
and depolymerize from their ends. Our multiscale model for
active PA-ZLP hybrid structure features ZLP treadmilling
chains in a reconfigurable entangled matrix, with companion-
ing theory based on active disentangling reptation and mean-
field softening interactions offering new insights into hybrid
metamaterial functionalities. In summary, the phenomenolo-
gical Landau model of phase transition has explained the

b.

10\9
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=)
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+
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Fig. 7 Landau’s theory validation. (a) Functional relation for the interaction parameter I'(c) as a function of the FtsZ concentration (crsz). The different
dimensionless structural parameters « = —, «, 7, follow the ¢'/2 — scaling as predicted from the Landau’s theory (see eqn (7); experimental data taken from
m

Table 1). (b) Strain dependence of the nonlinear stiffness of the hybrid gel for different levels of shear strain (y) and concentration of active polymer FtsZ (Crisz).
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remarkable mechanical response from active softening induced
from lower scales, linking polymer expandability due to ZLPs
with the flexible meshwork structure through FtsZ treadmilling
powered by GTP hydrolysis. By linking active matrix expansi-
bility due to ZLP reptation with reconfigurable chain overlaps,
those molecular building blocks engender the multiscale struc-
ture-function connection into an active neo-Hookean response,
which emerges from the microscopic layers of polymer con-
formations and interactions with the embedding, leading to
macroscopically softened elasticity Ultimately, the Landau
formalism for phase transitions connects the macroscopic
elasticity with the underlying mesoscopic mesh structure and
microscopic structural levels of molecular complexity.

As depicted in Fig. 8 (scaling bottom-up), we have linked
conformational descriptors from microscopic polymer compo-
nents (monomer size a, interaction exponent v, related Flory radius
Ry, chain rigidness , and persistence Kuhn length [, specified in
the Flory scale), through the mesoscopic characteristics of the
polymer meshwork (overlapping functionality f; and mesh size ¢ in
the De Gennes’ scale), up to the mean-field interactions that lead
to effective neo-Hookean elasticity at the macroscale (governed by
the order parameter I'(¢) in the Landau’s macroscopic scale). In
summary, we demonstrate these multiscale characteristics and
their quantitative dependence on the apparent concentration of
the FtsZ additive ¢ = (¢ — cit) /Carit, defined relative to a critical
concentration ¢ Furthermore, the phenomenological order

View Article Online

Soft Matter

parameter I'(¢) ~ €!/2 has been identified as an effective mean-
field descriptor for the PA-FtsZ interaction. This order parameter
differentiates two elasticity scenarios (Fig. 8; rightmost panels): (A)
active softening by FtsZ treadmilling in a supercritical regime of
structural weakening interactions (repulsive bi-phasic separation
I'c~ ¢ < 0; upper panel); (B) meshwork strengthening by intersti-
tial mesh filling in a subcritical regime relative to the barely
passive state (attractive monophase I', - o > 0; lower panel). Such
multiscale predictive modeling is crucial for bioengineering materi-
als, allowing us to forecast mechanical properties, functional per-
formance under strain, and diffusivity and transport in composite
hydrogels with active elasticity. Future designs aim to develop
cellular structures similar to thin-walled polymer capsules for
biomedical applications, capable of expanding or bursting tumor
cell aggregates®”*° and serving as smart drug delivery vehicles.”"**
Controlled hydrogel bursting is essential for effective delivery,
balancing therapeutic benefits with potential adverse effects.”?

4. Conclusions

We developed a novel hybrid material with active elasticity
based on living polymers of the bacterial motor protein FtsZ
embedded in polyacrylamide (PA). The passive PA hydrogel
matrix was physically interspersed with living FtsZ filaments,
named ZLPs, as undergoing treadmilling motions under

microscale Landau scale ¢ ing
. De Gennes’ scale o o
r =28 o °
\ @) © Dl:l[:j Treadmiller FtsZ ° .:. ... ...
ll | €(bcross) Cresz) fiving polymer (ZLP) .. ° Qe ..
€) = Rp(1 £ be (J
\ > mesoscale §() F(O ) PRI -4
\ 7 Rp(a,v) *e® TO<0,
~ — — Flory scale o _©® Mean-fie
¢\~ polymer (PA) .0 interaction
® water k(v) lp ® [ .
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Molecular conformation e ®
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Fig. 8 Multiscale model of active elasticity in a hybrid polymer meshwork crossbred with FtsZ living polymers (polyacrylamide (PA) and treadmilling FtsZ
(ZLP). Microscale) Individual polymer chains at interaction with the solvent (Flory scale; here, Rg &~ aN” is the Flory radius, as fixed by the monomer size a,
and the interaction exponent v). The microscopic interactions determine the molecular conformation, specifically chain rigidness (k), and the Kuhn's
persistence length (), which fixes the size of the flexible strands leading to microscopic elasticity. (Mesoscale) Hybrid polymer mesh constituted by fixed
chemical crosslinks (passive PA overlaps as spots in black), and reconfigurable physical entanglements driven by FtsZ treadmiller (active ZLP overlaps as
spots in red). A mesoscopic density variable ¢(¢.,.s. Crisz) recapitulates the degree of crosslinking (¢c,o0ss). and the concentration of FtsZ monomers (Cgsz)-
The mesoscopic structure is depicted as a passive crosslinked meshwork with embedded active ZLP treadmillers able to locally reconfigure the physical
entanglements (De Gennes' scale, characterized by effective mesh length £(¢), leading to Rouse tube broadening under treadmilling activity, and effective
meshwork functionality f(c) < 4, leading to effective disentanglement). (Macroscale) A two-component interacting system recapitulates both, passive
elastic attractiveness among the rigid crosslinks leading to narrow reptation tubes (black particles) and active repulsiveness elicited by ZLP
(dis)entanglements leading to faster reptation into broader tubes (red particles). As a multiscale connection, the macroscopic order parameter I'(¢c) of
the nonlinear Landau’s functional (egn (7)) is equivalent to the microscopic interaction parameter I'(v, d) (determined by the Flory exponent v, and
dimensionality d; see Section 2.1 for details). The phenomenological Landau-Ginzburg model of phase separation predicts both macroscopic scenarios
(see free-energy Landau’s scale landscapes in the right panels); (a) active softening under repulsive phase segregation of disentangling living polymers
into a systemic weakening state (supercritical; I'(¢) < 0 for € > ¢i); (b) passive strengthening under attractive aggregation of the crosslinking elements
(subcritical; I'(€) > 0 for € < ¢git)-
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GTP-consumption. Using polymer physics concepts, specifi-
cally, De Gennes’ polymer reptation theory and Landau’s mean-
field theory of phase transitions, we have formulated a multiscale
model to explain the active plasticity observed as softening in
hybrid PA-ZLP hydrogels. Under material engineering guided by
our physical model of active structural plasticity, the FtsZ-PA gel
prototype demonstrates a transition from neo-Hookean passive
behaviour to active softening facilitated by the living FtsZ poly-
mers. Our quasi-static approach provides a useful framework for
mapping active material behavior by embedding activity effects
into equilibrium parameters, capturing key outcomes like active
reversible plasticity and passive strengthening. However, it has
two key limitations: (1) it lacks explicit incorporation of tread-
milling dynamics; (2) it does not fully account for a comprehen-
sive nonequilibrium thermodynamic formalism. While our
simplified quasi-equilibrium approach appears as a crucial step-
ping stone that facilitates analytical tractability and provides
insights into effective mechanical properties, it cannot fully
explain the inherently dynamic and nonequilibrium nature of
active hydrogels driven by living polymers. These weaknesses
underline the need for future efforts to extend this effective model
toward a more comprehensive out-of-equilibrium framework for
active systems. Understanding the synthetic components, biolo-
gical modules and multiscale interactions involved is crucial for
interfacing materials with biological driving systems in vivo, such
as cytokinetic proteins and motile cells and bacteria, ensuring
effective biocompatibility and enhanced functionality. Further
research integrating theoretical insights with experimental
advancements on synthetic biological hybridization will identify
potential design enhancements on novel active hydrogels under
swellable conditions and their engineering adaptations for future
applications in biomedical innovation and soft robotics.
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