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THE BIGGERPICTURE Strabismus surgery faces a fundamental limit: it corrects alignment at the cost of me-
chanics. To align the eye, surgeons must detach and move muscles. This alters the native length-tension rela-
tionship: recession creates slack that delays movement, while resection imposes pre-stretch that restricts
rotation. Furthermore, for patients with paralyzed or fibrotic muscles, surgery cannot restore the missing pas-
sive tension required to stabilize the eye. Synthetic implants offer an alternative, but they must match the spe-
cific passive mechanics of the natural tissue: compliant at small strains for rapid motion, yet stiff at large
strains to prevent over-rotation. We demonstrate that a hydrogel engineered to replicate this specific
stress-strain profile can function as a passive muscle replacement. By restoring the physiological passive
constraint rather than just repositioning attachments, this work offers a strategy to treat complex strabismus
without compromising eye dynamics.

SUMMARY

Strabismus surgeries rely on weakening or tightening extraocular muscles. While effective for alignment,
these procedures disrupt the length-tension relationships. Recession induces slack, causing delayed force
transmission; resection induces stretch, increasing passive drag. Neither technique can augment a muscle
that has lost function due to paralysis or atrophy. An implant must replace the passive constraint of the
natural muscle. Here, we report a hydrogel implant that replicates the passive mechanics of extraocular mus-
cles. We fabricate the hydrogel through a four-step hierarchy: directional freezing for alignment, salting-out
for density, mechanical training for the J-shaped stress-strain curve, and chemical crosslinking for stability.
The hydrogel reproduces native tissue’s J-shaped stress-strain response and resists fatigue. In a rabbit
model of lateral rectus deficiency, the implant restores physiological rotation ranges (~25°) and saccade ve-
locities, avoiding pathological over-rotation after muscle removal. This work establishes passive muscle
replacement as a therapeutic strategy, restoring alignment while preserving physiological dynamics.

INTRODUCTION resection imposes restrictive drag.”® Consequently, the eyes

often fail to move in coordination across all gaze directions.®'°

Extraocular muscles coordinate eye movements through a pre-
cise balance of active contraction and passive tension. Stra-
bismus disrupts this balance, affecting 2%-5% of the global
population and impairing binocular vision.'™ Surgeons currently
realign eyes by altering muscle length or attachment: recession
loosens an overactive muscle, while resection tightens an
underactive one (Figure 1A).>® However, these procedures
compromise the native length-tension relationship of the muscle.
Recession creates slack that delays force transmission;

A more severe limitation arises in conditions such as paralytic
strabismus or congenital fibrosis, where the muscle loses both
active contraction and passive elastic tension, leaving the eye
without the elastic constraint that prevents over-rotation."' "
Existing surgeries cannot restore this lost passive mechanical
support. Without this support, the eye suffers pathological
over-rotation due to the unopposed pull of the antagonist mus-
cle. Although natural muscles are active actuators, their passive
stiffness is equally critical for ocular stability. Restoring this

Cell Biomaterials 3, 100595, May 18, 2027 © 2026 The Authors. Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:FVelez@mednet.ucla.edu
mailto:SPineles@mednet.ucla.edu
mailto:ximinhe@ucla.edu
https://doi.org/10.1016/j.celbio.2026.100595

Please cite this article in press as: Zhang et al., Replacing extraocular muscles with anisotropic, strain-stiffening hydrogels, Cell Biomaterials (2026),

https://doi.org/10.1016/j.celbio.2026.100595

¢? CellPress

OPEN ACCESS

Cell Biomaterials

A Normal alignment Strabismus (Misaligned) B
/'/? ;\\ /'/_? f\\ 4 — Healthy EOM /
<@ > Z@&> <@ 7 - -~ Post-recession ; :
& e | - post-resection - i
I
Recession Resection a 4
2 S o
///// 7 723 ’
..... //
Toe region eeLrégion
< = ,'I< ,)’ i
— == = :
attachment Pre-stretched Strain
C . . Mechanical )
Directional i trainin Chemical
freezing Salting out g crosslinking
. Spatially confined ____— Aggregated chains
; [‘ in microchannels [\, __— ‘}/‘
) ‘ Further
\[ 71 ' alignment
,,;J \i‘ ’
Ice crystal ‘:' 0
01X ‘yl ‘}\ | ) Thiol-ene click
lon diffusion gehemsty
(sodium citrate)
D F
30+
— Natural eye muscle .
| — Hydrogel implant ‘iq-;
S 204
[
©
S
'E 104
& —e— Natural eye muscle
0 —e— Hydrogel implant
20 40 60 80 100 0 02 04 06 08 10
Strain (%) Time (s)

Figure 1. Design of a passive muscle

(A) Mechanical disruption after conventional surgery. Slack after recession and passive drag after resection.

(B) Nonlinear mechanical target. Low-strain compliance for rapid motion and high-strain stiffening at the rotational limit (J-curve).

(C) Hierarchical fabrication sequence. Polymer-chain alignment by directional freezing, network densification by salting-out, formation of aligned nanocrystalline
domains by mechanical training, and structural locking by covalent crosslinking.

(D) Muscle-like microchannel alignment.

(E) Mechanical matching to native muscle. Reproduction of the natural-muscle J-curve by the hydrogel.
(F) Functional restoration by the passive implant. Recovery of saccade dynamics in a rabbit model.

passive constraint is essential to prevent over-rotation. There-
fore, a clinical solution must go beyond static realignment; it
must mechanically replace the weakened muscle.

An ideal implant must replicate the passive mechanics of the
native muscle."*'® The extraocular muscle functions as a
nonlinear spring: it is compliant at small strains to permit rapid
eye rotation but stiffens sharply at large strains to act as a check
ligament. This J-shaped stress-strain behavior balances mobility
with stability (Figure 1B)."” Current clinical materials, such as sil-
icone, fail to mimic this nonlinearity.'®2° Conventional silicone
elastomers behave approximately as neo-Hookean solids and
lack the strain-stiffening response of biological tissues. Although
architectural engineering can render silicone networks strain
stiffening,?’ such hydrophobic systems differ fundamentally in
molecular constitution from the predominantly aqueous

2 Cell Biomaterials 3, 100595, May 18, 2027

biological tissues they would replace, with implications for po-
tential mass transport, lubrication, and tissue integration. Hydro-
gels offer a tissue-like constitution.?*>” Among them, poly(vinyl
alcohol) (PVA) offers a uniquely suitable combination of estab-
lished biocompatibility, broadly tunable mechanical properties
via the Hofmeister effect, and processing-controlled nonlinear
stress-strain behavior.?®*” The challenge is not merely to syn-
thesize a tough hydrogel but to engineer a material that repro-
duces the J-curve of the extraocular muscle while surviving the
relentless dynamic environment of the orbit.'”?5=°° The implant
must endure thousands of saccades daily without fatigue failure
or creep.”’** Meeting both demands requires hierarchical engi-
neering that no single processing step can deliver.

Here we report a hydrogel implant engineered to recapitulate
the passive mechanics of extraocular muscles. We achieve the
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requisite anisotropy, nonlinearity, and fatigue resistance through
a hierarchical fabrication strategy (Figure 1C). First, directional
freezing organizes polymer chains into aligned microchannels,
mimicking the anisotropic alignment of native muscle fibers.
Second, salting-out densifies the network via the Hofmeister ef-
fect, tuning the elastic modulus to the physiological range. Third,
mechanical training induces aligned nanocrystalline domains
that act as physical crosslinks, tuning the J-shaped strain-stiff-
ening behavior essential for balancing mobility and stability.
Fourth, thiol-ene click chemistry introduces covalent crosslinks
that stabilize the aligned structure for operation in the dynamic
orbital environment. The resulting hydrogel reproduces the pas-
sive length-tension relationship of healthy muscles. Finite
element simulations confirm that this mechanical matching re-
stores physiological eye rotation dynamics. In a rabbit model
of lateral rectus deficiency, the implant restores the range of mo-
tion and saccade velocities (510°/s) to near-normal levels, effec-
tively preventing the pathological over-rotation observed in the
absence of mechanical support. Histological analysis supports
short-term tissue compatibility with stable fibrous encapsula-
tion. This work establishes passive muscle replacement as a
viable therapeutic strategy, demonstrating that restoring the
passive mechanics of a tissue can normalize physiological eye
dynamics in lateral rectus deficiency.

RESULTS

Mimicking passive mechanics

We engineer the hydrogel through a hierarchy of four processes,
where each step targets a specific physical attribute (Figure 1C).
Directional freezing aligns polymer chains into microchannels,
creating the anisotropic structure. Salting-out densifies the
network via the Hofmeister effect, tuning the modulus to the
physiological range.>> Mechanical training stretches the polymer
chains, inducing the J-shaped strain-hardening behavior. Cova-
lent crosslinking locks the aligned structure via thiol-ene click
chemistry, ensuring fatigue resistance. The sequence of these
steps is as critical as the steps themselves (Figure S1). Crosslink-
ing prior to training suppresses chain reorientation, yielding an
isotropic, excessively stiff network. Training prior to crosslinking
allows the chains to reorient and extend freely. We therefore
adopt the sequence of directional freezing, mechanical training,
and chemical crosslinking (DF-MT-C). This strategy maximizes
the alignment and strain-hardening capacity before the covalent
network permanently locks the topology.

Scanning electron microscopy reveals the structural basis of
the design: aligned polymer fibers that mimic the anisotropic
structure of native muscle (Figure 1D). The hydrogel further ex-
hibits training-induced anisotropy in two-dimensional (2D)
small-angle X-ray scattering (SAXS): after mechanical training,
the scattering halo becomes anisotropic and the corresponding
azimuthal intensity profile develops pronounced peaks
(Figure S2). This anisotropy governs the mechanical response
(Figure S4). As the hydrogel stretches, the polymer chains uncoil
and align, a process that sharply increases stiffness at high
strains. This mechanism mirrors the recruitment of collagen fi-
bers in biological tissues. This structural evidence validates the
necessity of the processing sequence (DF-MT-C).
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Consequently, the hydrogel precisely recapitulates the
J-shaped stress-strain curve of the extraocular muscle
(Figure 1E). The material exhibits a compliant toe region to permit
rapid rotation and transitions to a stiff heel region to provide pas-
sive constraint. This mechanical biomimicry translates directly
into restoration of physiological eye dynamics. In a rabbit model,
the hydrogel implant restores the saccade dynamics. The eye
achieves the target rotation angle and stabilizes within
~300 ms, effectively eliminating the pathological overshoot
observed in the absence of the muscle (Figure 1F).

Engineering the J-curve

We tune the processing parameters to achieve precise mechan-
ical matching with the native tissue. The salting-out process
regulates the network density and baseline stiffness. As the con-
centration of sodium citrate increases from 0.5-2.0 M, the Hof-
meister effect progressively aggregates the polymer chains
(Figure 2A). This densification enhances the strength monotoni-
cally from 47-220 kPa. We identify 1.5 M as the optimal concen-
tration by comparing the salting-out-dependent stress-strain
curves with the native extraocular-muscle J-curve measured in
Figure 1E. Above this threshold, the modulus exceeds the phys-
iological range, while below it, the network density is insufficient
to support the J-curve. Thus, the 1.5 M condition best matches
the native stress-strain target while maintaining a water content
comparable to that of native muscles (Figures 2A and S3). Based
on this composition, the mechanical training programs the
nonlinearity. We vary the training strain to modulate the
J-curve profile (Figure 2B). The training strain dictates the extent
of chain alignment. A low training strain (50%) results in a nearly
linear response, indicating insufficient anisotropy. By contrast,
higher training strains (100%-200%) induce a sharp transition
from a compliant toe region to a stiff heel region. The transition
strain and the heel modulus are sensitive to the training history.
We select a training strain of 150% to align the polymer chains
and reproduce the J-curve of the extraocular muscle.

With the mechanical profile established by physical process-
ing, we introduce chemical crosslinking to ensure stability. A
purely physical network allows polymer chains to slip over
time, leading to plastic deformation under cyclic loads. A cova-
lent network is required to lock the network topology. However,
excessive crosslinking restricts the chain straightening essential
for the J-curve. We systematically vary the total (3-mercaptopro-
pyltriethoxysilane (MPTES)/vinyldimethylethoxysilane (VDMES)
silane loading from 1.8 to 7.2 wt % (Figure 2C), defined as the
combined silane feed relative to the mass of the 10 wt % PVA
precursor solution. At the highest silane loading (7.2 wt %), the
dense network restricts chain mobility, increasing stress while
truncating extensibility and suppressing the J-curve. In contrast,
the lowest loading (1.8 wt %) preserves high extensibility and
creates a sparse covalent network that stabilizes the material
without interfering with polymer-chain alignment. We therefore
select 1.8 wt % as the optimum. Fourier-transform infrared
spectroscopy (FTIR) verifies silane condensation (Figure 2D).
The emergence of Si-O-Si (1,203 cm™") and Si-O-C
(1,366 cm~") peaks confirms hydrolytic condensation of the
silane functional groups grafted onto the PVA backbone. Com-
plementary "H NMR characterization identifies the vinyl- and
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Figure 2. Engineering the J-curve and fatigue resistance

(A) Stiffness modulation by salting-out. Network densification with increasing citrate concentration.

(B) J-curve programming by mechanical training. Enhanced strain stiffening with increasing training ratio.

(C) Extensibility control by covalent crosslinking. Restriction of chain sliding by covalent bonds.

(D) Network formation by silane condensation. FTIR spectra showing Si-O-Si and Si-O-C peaks consistent with silane condensation.

(E and F) Cyclic stability from the covalent network. Cyclic softening of physically crosslinked hydrogels (E) and immediate stabilization of chemically crosslinked

hydrogels (F).

(G-I) Fatigue characterization. Fracture-mechanics measurement of crack-growth resistance (G), determination of the fatigue threshold (H), and stable peak

stress over 1,000 cycles (I).

mercaptopropyl-functionalized PVA precursors and shows
attenuation of the vinyl resonances after UV exposure, consis-
tent with thiol-ene conversion (Figure S8). Together, the silane
condensation and thiol-ene reactions introduce sparse covalent
network anchors. The physical crosslinks provide the nonlinear
stiffness and energy dissipation, while the sparse covalent
crosslinks act as permanent network anchors that prevent plas-
tic deformation, enabling full recovery after thousands of loading
cycles.

The implant is repeatedly loaded by eye movements. We
therefore evaluate its mechanical stability under cyclic loading
and resistance to crack growth. We subject the hydrogels to
1,000 cycles of loading at 100% strain. The response depends
strictly on the network topology. A hydrogel with only physical
crosslinks is unstable (Figure 2E). The peak stress decays pro-
gressively from 68-37 kPa. This softening occurs because the

4 Cell Biomaterials 3, 100595, May 18, 2027

crystalline domains disrupt under load and cannot fully reform
within the timescale of a cycle. The material effectively loses its
initial network configuration. By contrast, the hydrogel with
sparse chemical crosslinks (1.8 wt %) maintains stable peak
stress over 1,000 cycles at 63 kPa (Figures 2F and 2I). The cova-
lent bonds act as permanent network anchors; they maintain the
network integrity while allowing the physical bonds to dynami-
cally break and reform to dissipate energy. This architecture sup-
presses cyclic softening and stabilizes the peak stress under
repeated loading (Figures 2F and 2I). We quantify the resistance
to crack growth using fracture mechanics (Figure 2G). We mea-
sure the crack extension per cycle as a function of the energy
release rate. The material exhibits a fatigue threshold of 40
J/m? (Figure 2H),%® below which crack growth is suppressed un-
der cyclic loading. This behavior supports resistance to fatigue-
crack growth from microscopic flaws. Extended testing confirms
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Figure 3. Simulation of functional restoration

A) Finite element model configurations. Healthy, recessed, resected, and hydrogel-implanted states.
B) Constitutive representation of muscle and hydrogel mechanics. Ogden-model fitting of the J-curves.
C) Recovery of physiological rotation. Restoration of rotation angle by the hydrogel implant and deviation after recession or resection.

E) Passive-constraint mechanism. Resistance against antagonist-muscle loading and prevention of over-rotation by the implant.

¢
(
(
(D) Bilateral oculomotor coordination. Maintenance of left-right eye synchrony by the hydrogel implant.
(
(

F) Saccade dynamics. Temporal matching between implanted and healthy eyes.

that the hydrogel sustains its mechanical profile over 10,000 cy-
cles (Figure S5). Collectively, these results identify 1.5 M salting-
out (for density), 150% mechanical training (for anisotropy), and
1.8 wt % chemical crosslinking (for stability) as the optimized
processing condition for achieving a biomimetic J-curve with
robust durability. This material is designed for operation in the
dynamic orbital environment.

Simulation of eye dynamics

We simulate the eye-orbit system to validate that the material-
level matching translates to system-level restoration. The
three-dimensional model includes the globe and antagonistic
rectus muscles (Figure 3A). We configure the lateral rectus in
four states: healthy, recessed, resected, and implanted. The me-
chanical behaviors of the native muscle and the hydrogel are
captured by a first-order Ogden hyperelastic model (Figure 3B;
Table S1). This model reproduces the nonlinear stress-strain
response within the strain range relevant to physiological eye
rotation. We actuate the eye by contracting the medial rectus.
The healthy eye rotates smoothly, reaching ~25° (Figure 3C).
The hydrogel implant replicates this trajectory. The success re-
lies on the J-curve: the compliant toe region permits initial rota-

tion with minimal resistance, while the stiff heel region prevents
over-rotation. By contrast, current surgeries fail to restore this
balance. Recession creates slack, delaying force transmission
and causing a lag in rotation. Resection pre-stretches the mus-
cle, imposing continuous passive resistance that restricts the
rotation to ~13°. This disparity is evident in bilateral oculomotor
coordination (Figure 3D). We plot the rotation of the left eye
against the right eye. The healthy control shows perfect syn-
chrony. The hydrogel implant preserves this coordination. How-
ever, both recession and resection cause significant deviation.
The simulation confirms that passive mechanical matching is
necessary to restore complex oculomotor functions.

Dynamic vision imposes stringent requirements on kinetics.
We quantify the force the antagonist muscle must exert to rotate
the eye (Figure 3E). The hydrogel implant matches the force-
angle relationship of the healthy control. The force remains low
at small angles and rises nonlinearly to ~7 mN at 30°. This
response derives strictly from the J-curve: the compliant toe re-
gion minimizes resistance to facilitate rotation, while the stiff heel
region provides graded tension to stabilize the eye at large an-
gles. By comparison, the surgical interventions disrupt this ki-
netics. Resection pre-stretches the muscle, doubling the

Cell Biomaterials 3, 100595, May 18, 2027 5
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Figure 4. Biocompatibility and tissue integration

(A) Fibroblast culture. L929 fibroblasts attach and proliferate on the hydrogel over 4 weeks.

(B) Ethanol treatment. Ethanol-treated hydrogels remain free of bacterial contamination.

(C) Cell density. Quantification shows increased fibroblast density from weeks 1 to 4.

(D) Tissue integration. After subcutaneous implantation, the hydrogel remains intact with minimal inflammatory cell infiltration.

(E) Stable encapsulation. A thin fibrous capsule forms around the implant. Data are mean + SD (C, E). Scale bars: 50 pm (A, B, D right); 500 pm (D left).

required force to ~13 mN. Recession introduces slack, requiring
negligible force initially but failing to provide necessary tension
for stability. We further simulate saccades by applying a step
force (Figure 3F). The healthy eye reaches the 20° target in
~130 ms and stabilizes without oscillation. The hydrogel implant
replicates this dynamic signature. The mechanism relies on the
nonlinear stiffness: the low modulus at small strains enables
rapid acceleration, whereas the high modulus at large strains
prevents overshoot. Conversely, the recessed muscle leads to
a time lag followed by significant overshoot due to the lack of
passive constraint. The resected muscle leads to sluggish mo-
tion and fails to reach the target angle due to excessive resis-
tance. The simulation confirms that reproducing the J-curve is
a prerequisite for restoring physiological motor control.

Biocompatibility and integration

To assess the cytocompatibility of the thiol-ene crosslinked
network, we culture L929 fibroblasts directly on the hydrogel sur-
face (Figure 4A). The material supports cell viability and growth.
At week 1, cells attach successfully. By week 4, they proliferate
extensively and adopt the elongated, spindle-shaped
morphology characteristic of healthy fibroblasts. Quantitative
analysis reveals that the cell density triples from 297 to 892
cells/mm? (Figure 4C). This robust growth indicates no overt
cytotoxicity under the tested conditions. We also confirm that
routine ethanol treatment is compatible with the hydrogel before
implantation (Figure 4B). Unsterilized samples show bacterial
contamination, whereas ethanol-treated samples remain sterile
without compromising cell attachment. These results establish
that the engineered hydrogel combines the mechanical

6 Cell Biomaterials 3, 100595, May 18, 2027

robustness required for function with the cytocompatibility
required for integration.

We further evaluate the host response through subcutaneous
implantation in a rabbit model. After 8 weeks, the harvested hy-
drogel remains structurally intact, without visible fragmentation
or degradation. This stability arises from two complementary
mechanisms. Dense hydrogen bonds within the crystalline do-
mains immobilize the polymer chains, while sparse covalent
crosslinks lock the network topology, together preventing further
swelling beyond equilibrium. The interaction between the syn-
thetic network and the biological tissue reaches a stable state.
A thin fibrous capsule surrounds the implant. Histological anal-
ysis reveals that this capsule consists of organized collagen fi-
bers and fibroblasts, free of immune cell infiltration. The mean
capsule thickness is 64 pm (Figures 4D and 4E), indicating a
mild foreign body reaction typical of biocompatible materials.
We further evaluate local tolerance at the target application
site. Hydrogels implanted at the lateral rectus position in the orbit
elicit no overt inflammatory reaction (Figure S6). Despite its high
vascularity and distinct immune privilege, the orbital environ-
ment tolerated the implant over the 8-week observation period.
Together with benign fibrous encapsulation and intact implant
morphology, these data support 8-week structural integrity and
local tissue compatibility of the thiol-ene crosslinked hydrogel.

Functional restoration in vivo

We validate the functional restoration in a rabbit model. We
compare three distinct mechanical states: the intact eye, the
muscle-removed eye, and the implanted eye. In the implanted
group, we suture the hydrogel between the sclera and the orbital
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Figure 5. Restoration of function in vivo
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(A) Eye-tracking setup. Head-mounted camera recording of rabbit eye movement after hydrogel implantation.
(B-D) Passive-constraint mechanism. Physiological rotation of the healthy eye (B), pathological over-rotation after lateral rectus removal (C), and over-rotation

suppression by the hydrogel implant (D).

(E) Range-of-motion recovery. Restoration of functional rotation with prevention of over-rotation.
(F) Saccade-velocity recovery. Rapid acceleration of the implanted eye (~510°/s).
(G) Optokinetic gaze stabilization. Stable target tracking by the implanted eye without oscillation. Data are mean + SD (E, F). Scale bar: 3 cm (A).

wall to replace the excised lateral rectus (Figures 5A and S7). We
quantify the eye movement dynamics using a head-mounted
camera. The intact eye operates within a stable physiological
window. The gaze distribution is symmetric and strictly confined
within a range of +27° (Figure 5B). The native muscle acts as a
check ligament. Removing the muscle eliminates this constraint.
The eye loses stability. The gaze distribution becomes erratic
and highly biased, with frequent pathological excursions
exceeding 40° (Figure 5C). This “overshoot” signifies the com-
plete loss of passive tension. The hydrogel implant restores the
constraint. Although the distribution remains asymmetric due
to the lack of active contraction, the implant effectively elimi-
nates the pathological overshoot (Figure 5D; Video S1). The
eye is once again confined within the physiological limit. This
restoration derives directly from the J-curve: the hydrogel

remains compliant during normal gaze to allow movement but
stiffens sharply at large angles to halt the rotation. The experi-
ment demonstrates that a passive material, when engineered
with the correct nonlinearity, is sufficient to stabilize the oculo-
motor system against pathological drift.

We quantify the functional restoration using three metrics.
First, we measure the range of motion (Figure 5E). The natural
eye is constrained to a rotation of 27°, consistent with the phys-
iological saccade amplitude range reported for rabbits (mean
20.6° + 12.4°).°” Removal of the lateral rectus abolishes this
constraint, resulting in pathological hypermobility with a rotation
of 40°, well outside this physiological range. The hydrogel
implant re-establishes the limit, restricting the rotation to 25°,
statistically indistinguishable from the intact eye and within the
physiological saccade window. This restoration represents
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biomechanical normalization rather than overcorrection. This
confirms that the implant provides the necessary passive tension
at large strains to prevent over-rotation. Second, we analyze the
saccade velocity (Figure 5F). The dynamic balance of the eye de-
pends on the antagonism between the active agonist and the
passive antagonist. Without the lateral rectus, the eye acceler-
ates excessively to 720°/s. The implant restores the antagonistic
resistance, normalizing the velocity to 510°/s, close to the natural
speed of 530°/s. Third, we evaluate optokinetic gaze stabiliza-
tion (Figure 5G). Stability is compromised in the muscle-removed
eye, which exhibits oscillations and overshoots. The implanted
eye tracks the moving target stably. These results validate the
design principle. The hydrogel does not merely fill space; it func-
tions mechanically. By recapitulating the J-curve, the implant re-
stores the passive constraint essential for normalizing the rota-
tion range, dynamics, and stability.

DISCUSSION

Restoring oculomotor dynamics requires more than static
realignment; it requires matching the passive mechanics of the
native tissue. The extraocular muscle functions as a nonlinear
spring, compliant at small strains to permit rapid saccades but
stiffening sharply at large strains to act as a check ligament.®®
We replicate this J-shaped stress-strain behavior in a synthetic
hydrogel through a hierarchy of freezing, salting-out, training,
and crosslinking. This approach addresses a fundamental limita-
tion of current surgeries: recession introduces slack that delays
force transmission, while resection introduces pre-stretch that
imposes excessive drag. Neither procedure can restore tension
to a paralyzed or fibrotic muscle that has lost contractility, and
the eye loses passive stability. Our hydrogel implant restores
this passive constraint by providing low resistance within the
physiological range and high resistance at the rotational limit,
thereby recovering the dynamic equilibrium of the eye.*°

This passive mechanical replacement extends therapeutic op-
tions to conditions where the muscle is no longer mechanically
functional. Patients with paralytic strabismus or congenital
fibrosis lack the contractility required for recession or resection,
leaving the eye without the passive elastic constraint that limits
over-rotation. By restoring this constraint with a synthetic
implant rather than acting on residual muscle, our approach op-
erationalizes a design principle: matching the nonlinear passive
response of a tissue can substitute for its lost passive function,
independent of active force generation.

Three practical limitations remain before clinical translation. (1)
Differences between rabbit and human orbital anatomy and ex-
traocular muscle mechanics require validation in primate
models. (2) The 8-week observation captures the early host
response but not chronic remodeling, chronic immune response,
sustained mechanical fidelity, or comprehensive ophthalmolog-
ical assessment, including intraocular pressure, fundoscopy,
and refraction. (3) Total fabrication requires ~1 week, dominated
by salting-out (up to 4 days) and mechanical training; acceler-
ated salting-out kinetics and optimized solution exchange are
practical process-improvement strategies. Beyond these, the
implant is purely passive: it functions as a nonlinear spring that
prevents instability but does not generate active force. Full resto-
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ration of dynamic gaze requires integration of active actuation,
for which electroactive and stimuli-responsive mechanisms are
under exploration.*>~*2 This work demonstrates that treating me-
chanical deficiency requires matching the full nonlinear stress-
strain response of native tissue, not a single modulus.*® The
same principle applies to nonlinearly compliant soft tissues
including tendons, ligaments, and cardiac muscles.***> The
combination of hierarchical structure, nonlinear mechanics,
and covalent crosslinking provides a general framework for engi-
neering passive mechanical replacements of these tissues.

METHODS

Materials

PVA (Mw 89,000, 99+% hydrolyzed) and sodium citrate tribasic
dihydrate were purchased from Sigma-Aldrich. MPTES (Sigma-
Aldrich, >95%) was used to introduce pendant thiol groups onto
PVA chains. VDMES (Gelest, >97 %) was used to introduce vinyl
functionalities.  2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpro-
piophenone (Irgacure 2959, BASF) served as the UV photoinitia-
tor. All chemicals were used as received without further
purification.

Hydrogel fabrication

PVA solution (10 wt %) was prepared by dissolving PVA powder
in deionized water under vigorous stirring and heating (70°C). Af-
ter degassing by sonication for 1 h, a clear solution was ob-
tained. A 1.5 M sodium citrate solution was prepared by dissolv-
ing sodium citrate tribasic dihydrate in deionized water, followed
by sonication for 10 min. An ethanol bath at —80°C was used as
the immersion bath for ice-templating, with temperature main-
tained using an EYELA-PSL1810 constant-temperature bath.
The PVA aqueous precursor was poured into an acrylic container
with peripheral thermal insulation and a glass bottom for good
thermal conduction. The container was lowered into the ethanol
bath at an immersion rate of 1 mm min~". The directionally frozen
PVA solution was then immersed into 1.5 M sodium citrate solu-
tion for gelation for up to 4 days.?® For chemical crosslinking, two
functionalized PVA precursor solutions were prepared in parallel
using a stoichiometric thiol:vinyl feed. The total silane loading
was defined as the combined mass of MPTES and VDMES rela-
tive to the mass of the 10 wt % PVA precursor solution. Fora10g
batch of 10 wt % PVA precursor at the optimized 1.8 wt % total
silane loading, the feed contained 0.116 g MPTES and 0.064 g
VDMES. This composition corresponds to 0.488 mmol
MPTES-derived thiol groups and 0.488 mmol VDMES-derived
vinyl groups per gram of total PVA, equivalent to a nominal
average density of 2.15 mol% for each complementary reactive
group per PVA repeat unit (4.30 mol % total pendant reactive
groups). Other silane loadings were calculated using the same
stoichiometric MPTES/VDMES ratio. In the first solution,
MPTES and Irgacure 2,959 (0.012 g per 10 g of 10 wt % PVA so-
lution) were added to PVA (10 wt % in deionized water) and
stirred for 15 min. The pH was adjusted to 5-6 with 0.1 M acetic
acid and the solution was stirred for an additional 45 min to allow
silane hydrolysis and condensation with the PVA hydroxyls.*®*"
In the second solution, VDMES was added to PVA (10 wt % in
deionized water) and stirred for 15 min, followed by pH
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adjustment to 5-6 with 0.1 M acetic acid and stirring for 45 min.
The two functionalized PVA solutions were combined at equal
volumes and homogenized using a planetary centrifugal mixer.
After mechanical training (50 cycles of uniaxial stretching to
150% strain), the precursor-loaded hydrogel was irradiated un-
der a 365 nm UV lamp for 2 h to initiate thiol-ene click reactions
between thiol- and vinyl-functionalized PVA chains.*” 'TH NMR
spectra were collected to evaluate silane functionalization and
thiol-ene conversion (Figure S8).

Scanning electron microscopy

For characterization of the structure of the hierarchically aligned
hydrogels, all hydrogel samples were immersed in deionized wa-
ter for 24 h to reach equilibrium before freeze-drying using a Lab-
conco FreeZone freeze-dryer. The freeze-dried hydrogels were
cryogenically fractured in liquid nitrogen along the aligned direc-
tion to expose their interior and sputter-coated with gold before
imaging at 10 kV using a FElI Teneo scanning electron
microscope.

FTIR

FTIR spectra were recorded at room temperature using an atten-
uated total reflectance mode (ATR-FTIR, Nicolet Summit X,
Thermo Scientific). Each spectrum was averaged from 10 scans
over the range of 4,000-400 cm~"'. "H NMR spectra were ac-
quired on a 400 MHz Bruker spectrometer; chemical shifts are
reported in ppm.

SAXS

2D SAXS measurements were performed at beamline 12-ID-B of
the advanced photon source (Argonne National Laboratory). Hy-
drated PVA hydrogel samples were measured at room tempera-
ture in water. SAXS patterns were collected using an Eiger 9M
detector at an X-ray energy of 13.3 keV (wavelength, 0.932 A),
a sample-to-detector distance of approximately 1.99 m, and
an exposure time of 0.2 s, covering a g range of 0-0.876 AT
Multiple positions were measured for each hydrated sample.
Frames containing bubbles, sample-edge artifacts, beamstop
shadow, or detector artifacts were masked or excluded before
azimuthal averaging. Azimuthal intensity profiles were obtained
from the corrected 2D SAXS patterns by pyFAIl caking over q =
0.010-0.020 A" and plotted as normalized intensity versus
azimuthal angle.

For equilibrium water content measurements, hydrogel sam-
ples were equilibrated in deionized water for 24 h. Excess sur-
face water was gently removed before measuring the hydrated
mass (my,). The samples were then freeze-dried to obtain the
dry mass (mg), and water content was calculated as [(m,, —
mg)/m,,] x 100%. Error bars represent standard deviations
from replicate specimens.

Mechanical testing

The hydrogels were cut into dogbone-shaped specimens with a
gauge width of 5 mm, gauge length of 10 mm, and thickness of
0.8 mm. The force-displacement data were obtained using a
Cellscale Univert mechanical tester equipped with 50 and
200 N load cells. The stress-strain curves were obtained by
dividing the measured force by the initial gauge cross-section
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area and the measured displacement by the initial clamp dis-
tance. Five hydrogel specimens were tested for each condition,
and the specimens were loaded at a strain rate of 10% s~ '.° A
single freshly-excised rabbit lateral rectus muscle was tested un-
der the same uniaxial protocol within 1 h of explantation to obtain
the native extraocular muscle (EOM) stress-strain response
(Figures 1E and 3B).?”

For short-term cyclic loading tests, samples were subjected to
1,000 loading-unloading cycles at 100% strain (1 Hz) to evaluate
stress decay (Figures 2E, 2F, and 2I). To examine long-term
durability, extended cyclic loading was performed for 10,000 cy-
cles at 100% strain (1 Hz) on the optimized formulation, with
peak stress recorded throughout (Figure S5).

Fatigue testing was performed in a water bath to prevent dehy-
dration. Cyclic tensile tests were conducted using notched sam-
ples with an initial crack length smaller than one-fifth of the sam-
ple width. The energy release rate (G) was calculated as

G = 2k(2)cW(i,N)

where k(1) = % is the slowly varying geometric factor, A is the
applied stretch, c is the current crack length, and W(), N) is the
strain energy density of an unnotched sample at the Nth cycle
of applied stretch 1.%%%° The fatigue threshold I'y was deter-
mined as the intercept of the linear extrapolation of ng, versus G
with the abscissa.?”*%%¢

Finite element simulation

Three-dimensional finite element models of the rabbit eye-orbit
system were constructed in COMSOL Multiphysics 6.1. The
model comprised a globe (approximated as a sphere with
18 mm equatorial diameter; rabbit globe axial length is
~16.6 mm; the spherical approximation introduces less than
2% error in rotation angle predictions) and two pairs of antago-
nistic rectus muscles. The natural extraocular muscle and the hy-
drogel implant were modeled with a first-order Ogden hyperelas-
tic constitutive law:*°

o(d) = <27”> (/1" - ,12>

Parameters u and a were fitted to uniaxial tensile data using an
inverse finite element approach. For the native rabbit lateral
rectus muscle, u = 2.5 kPaand a = 10 (R? = 0.97); for the hydrogel
implant, 4 = 3.0 kPa and a = 9 (R? = 0.98), spanning the strain
range 0%-50% relevant to physiological eye rotation
(Table S1). Muscle activation was simulated by applying a con-
tractile strain to the medial rectus while monitoring the rotation
angle of the globe. Mesh convergence was verified by ensuring
less than 2% variation in predicted rotation angles upon
refinement.

Cell culture and cytocompatibility assessment

L929 cells were purchased from the American Type Culture
Collection (ATCC) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco). Cells were cultured at 37°C
with 5% CO, in an incubator.®’ Cell culture medium was
supplemented with 10% (v/v) fetal bovine serum (Gibco) and
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penicillin/streptomycin (100 U/ml; Invitrogen). Hydrogel samples
were sterilized with ethanol and equilibrated in culture medium
for 24 h before cell seeding. Cells were seeded onto
hydrogel surfaces at a density of 1 x 10* cells/cm? and cultured
for up to 4 weeks. Cell morphology was visualized by fluores-
cence microscopy (Zeiss Axio Observer). Cell density was quan-
tified by counting cells in five randomly selected fields per
sample.

In vivo animal model and ethical approval

All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee/Animal Research Committee at
the University of California, Los Angeles (UCLA ARC Protocol#
ARC-2021-084) in compliance with Animal Research: Report-
ing In Vivo Experiments (ARRIVE) guidelines and the NIH
Guide. Adult New Zealand White rabbits (Oryctolagus cunicu-
lus, strain Crl:KBL(NZW), body weight 2.5-3.1 kg, specific
pathogen-free (SPF); Charles River Laboratories) were housed
in the UCLA CHS Vivarium under standard conditions (20°C-
22°C, 30%-70% humidity, 12 h light/dark cycle) with ad libi-
tum food and water. Animals underwent acclimatization
(>10 days) prior to procedures. This pilot feasibility study uti-
lized n = 3 rabbits for sequential within-subject longitudinal
tracking (intact baseline, muscle extirpation defect, and hy-
drogel implantation) to validate functional restoration while
adhering to 3R principles. The individual rabbit was the exper-
imental unit. Animals were not randomly allocated to separate
groups because each rabbit underwent the same prespeci-
fied, irreversible sequence of intact baseline, lateral rectus
muscle extirpation, and hydrogel implantation; accordingly,
no allocation sequence was generated and allocation
concealment was not applicable. Treatment order was fixed
by design. Cage positions changed periodically as part of
routine vivarium husbandry and were not systematically as-
signed according to experimental condition.

Lateral rectus muscle extirpation

After adequate anesthesia was obtained, a conjunctival peritomy
was created at the temporal limbus. Relaxing incisions were
made to allow access to the posterior lateral rectus. The lateral
rectus muscle was isolated on a muscle hook. Careful dissection
was performed to ensure that the entire lateral rectus could be
visualized. Electrocautery was applied to minimize bleeding,
and the lateral rectus was extirpated as far back as possible.
Approximately 14 mm of the muscle was removed. After that,
the conjunctiva was closed using absorbable sutures and the
rabbit was allowed to recover for 4 weeks before the next
procedure.

Hydrogel implantation

After adequate anesthesia was obtained, forced duction
testing was performed to ensure that there was no restriction
from the prior surgery. No restriction was found in any case.
The original conjunctival peritomy was reopened using surgi-
cal scissors. Relaxing incisions were again fashioned. The
area where the prior extirpation was inspected and no remain-
ing muscle fibers could be found. Straight scissors were used
to dissect down to the lateral orbital rim of the rabbit. Once
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the lateral orbital rim could be visualized, a 5-0 Mersilene su-
ture was passed through the orbital periosteum. The same su-
ture was then passed through one end of the hydrogel. The
hydrogel was trimmed such that it was long enough to be su-
tured to the original lateral rectus muscle insertion with the
eye straight ahead in primary position. Using this length of
the hydrogel, a second suture was passed through the other
end of the hydrogel and that same suture was used to suture
the hydrogel to the original lateral rectus muscle insertion. The
sutures were trimmed, and the conjunctiva was closed using
absorbable sutures.

Eye movement tracking

Eye movements were recorded at 4 weeks post-surgery using a
custom head-mounted micro-camera system. The system
comprised a lightweight helmet secured to the rabbit’s head and
a micro-camera (30 fps) positioned to capture the eye. Pupil posi-
tion was extracted using automated tracking algorithms imple-
mented in MATLAB. Rotation angles were calculated using a cali-
brated geometric model relating pupil displacement to eye
rotation. Recording sessions lasted 5 min during free-viewing
behavior in an illuminated arena. Maximum rotation angles and
saccade velocities were extracted from the recorded trajectories.
Investigators performing the surgical procedures and video acqui-
sition were aware of the experimental condition because of the
sequential design. Before tracking, video files were coded and
their analysis order was randomized by an investigator who did
not participate in tracking or final statistical analysis. Experi-
mental-condition labels were concealed from personnel perform-
ing outcome assessment and statistical analysis until analyses
were completed.

Histological analysis

Animals were euthanized at 8 weeks post-implantation, and
implant sites (hind limbs and head) were harvested for histolog-
ical evaluation. Tissues were fixed in 10% neutral buffered
formalin. The head was decalcified in a solution of 50% formic
acid and 50% sodium citrate prior to sectioning. Tissues were
trimmed, paraffin-embedded, sectioned at 5 pm thickness, and
stained with hematoxylin and eosin (H&E). Histopathological
evaluation was performed by a board-certified veterinary pathol-
ogist (Diplomate ACVP) at IDEXX BioAnalytics who was blinded
to experimental groups. Microscopic changes were graded uti-
lizing the International Harmonization of Nomenclature and Diag-
nostic (INHAND) criteria standards. Fibrous capsule thickness
was measured at five locations per sample.*”

Statistical analysis

Data are presented as mean + SD (or mean + SEM where indi-
cated). Statistical analyses were performed using MATLAB
2023b. Normality of data distribution was confirmed using
the Shapiro-Wilk test. Comparisons between two groups
were analyzed using paired or unpaired two-tailed Student’s
t tests. Comparisons among three conditions (intact, extir-
pated, and implanted) were conducted using one-way
repeated-measures ANOVA followed by Tukey’s post hoc
multiple comparisons. Differences were considered statisti-
cally significant at p < 0.05.
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RESOURCE AVAILABILITY

Lead contact
Requests for further information, resources, and reagents should be directed
to and will be fulfilled by the lead contact, Prof. Ximin He (ximinhe@ucla.edu).

Materials availability
No novel and distinctive reagents were produced in this study.

Data and code availability

All data supporting the findings of this study are available within this paper and
the supplemental information. Any additional information required to reanalyze
the data reported in this paper is available from the lead contact upon request.
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