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Engineering enzyme-responsive network cleavage as a controlled materials transformation
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Abstract

Enzyme-programmed degradation uses cleavable network elements so that a biological catalyst changes a photopolymer structure after
cure. The observed degradation rate depends not only on enzyme kinetics but also on enzyme access, substrate density, swelling, network
topology and transport of soluble products. This review separates molecular cleavage from bulk mass loss and mechanical failure,
compares surface and bulk degradation, and defines qualification of degradation products, spatial progression and trigger specificity.
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1. Significance and scope

Enzyme-responsive photopolymers convert a biological signal into a network-level change by placing enzyme-cleavable substrates within
crosslinks or pendant groups. Aimetti, Machen and Anseth formed PEG hydrogels by thiol-ene photopolymerisation using elastase-
sensitive peptide crosslinks and demonstrated enzyme-triggered surface erosion and protein release [1]. This establishes the central
engineering principle: the enzyme must access the programmed substrate in the cured network.

Enzyme-responsive degradation should be distinguished from hydrolysis that would occur without enzyme and from nonspecific erosion
caused by medium changes. The experimental design therefore needs an enzyme-free control, and often a catalytically inactive or non-
cleavable control where the chemistry permits it. Otherwise a mass-loss curve cannot be attributed specifically to the programmed
cleavage mechanism.

2. Cleavage kinetics are not bulk degradation kinetics

Solution kcat or peptide cleavage data do not directly predict mass loss from a network. Crosslink density, substrate concentration,
swelling and enzyme diffusion determine how molecular events propagate to macroscopic erosion. Qualification should therefore
distinguish cleavage, modulus loss, swelling change, mass loss and released fragment concentration.

Accessibility is geometric as well as chemical. A cleavage sequence can be intrinsically susceptible yet inaccessible inside a dense or
hydrophobic network. Diffusion of enzyme into the gel, local partitioning and steric exclusion should therefore be considered alongside
the catalytic rate. Schultz and Anseth tracked an MMP-cleavable PEG-norbornene network through its gel-sol transition and showed that
the measured trajectory depends on degradable-crosslink fraction and enzyme exposure [2]. This supports reporting network composition
and enzyme boundary condition together whenever degradation kinetics are compared.

Wu and Schultz showed why bulk degradation and release cannot be assumed to track one another directly [3]. Network heterogeneity can
make accessibility evolve during degradation. Early cleavage may open pathways that accelerate later enzyme penetration, producing non-
linear kinetics even when enzyme activity is constant.

A single initial rate therefore cannot represent the whole process. Time-resolved measurements and, where possible, local imaging are
needed to distinguish reaction-limited from accessibility-limited stages.

3. Accessibility determines surface versus bulk response
If enzyme penetration is slow relative to bond cleavage, degradation can remain near the surface. If enzyme transport is fast, bulk
degradation can occur. Geometry and enzyme concentration must be stated because they can change the apparent mechanism.

A thin film and a thick printed lattice may therefore show different degradation profiles at the same chemistry. Degradation kinetics
should be reported with enzyme concentration, activity units, temperature, pH and replenishment schedule. Enzyme deactivation during
the test can make an initially rapid system appear self-limiting.

Conversely, repeated enzyme replenishment represents a different service condition and should not be compared directly with a single-
dose assay.

3Dresyns Engineering Publications - ER-437 - 2026 - Page 1



3Dresyns Engineering Publications - ER-437

4. Network chemistry can introduce competing degradation routes

Photopolymer networks can also hydrolyse, oxidise or undergo physical erosion. Enzyme-free controls are necessary to separate
programmed degradation from background ageing. The cure conversion and post-cure state affect initial crosslink density and thus the
threshold number of cleavages needed for macroscopic loss.

5. Product identity matters

Product identity matters when degradation is intended for biomedical, environmental or recycling use. Soluble fragments, residual
crosslinked material and released additives can have different downstream effects. Mass loss alone does not establish benign degradation,
and a network that fragments without molecular cleavage may retain essentially the same chemistry while changing only particle size.

Soluble degradation products should be linked back to the designed cleavage chemistry. Chromatography, spectroscopy or another
identity method can confirm that the intended bonds were cleaved rather than merely that material left the sample. This becomes
especially important when multiple degradable linkages or hydrolysable side reactions coexist in the same network.

A designed cleavage site does not by itself establish the identity or safety of all degradation products. Soluble polymer fragments, residual
monomers and peptide fragments should be considered where relevant. Wu and Schultz correlated molecular release with bulk
degradation in enzymatically degradable polymeric hydrogels, demonstrating the value of measuring release and rheological change
together [3].

Mechanical integrity should be tracked in parallel with chemical conversion because function can fail before large mass loss is visible. For
load-bearing or barrier applications, a modest number of bond cleavages at critical network junctions can cause a large property change.
The acceptance endpoint should therefore be tied to the intended function, not to an arbitrary percentage of remaining mass.

Axis Measurement Failure mode

Trigger chemistry enzyme/substrate identity and specificity hydrolysis misassigned to enzyme

Accessibility geometry, swelling, enzyme penetration solution kinetics treated as network kinetics
Network response modulus/swelling/mass loss cleavage inferred from one bulk metric

Products released fragments or marker species uncharacterised soluble products

Controls enzyme-free and non-target conditions background ageing credited as programmed response

Table 1. Domain-specific qualification matrix for enzyme-programmed degradation of photopolymer networks.

6. Device-level verification

Test the actual printed geometry under the intended enzyme concentration, temperature and medium. Monitor at least one structural
metric and one chemical or release metric. For multi-layer or gradient designs, spatial degradation should be measured because geometry
can be used intentionally to stage the response.

ER-434 treats immobilised enzymes that are intended to remain active on a printed support. ER-437 treats enzymes as external or
embedded triggers that intentionally alter the network. Leaching is therefore a failure in ER-434 but can be irrelevant or even expected in
an enzyme-triggered degradation design.

Spatial degradation should be documented when geometry matters. Surface erosion, bulk cleavage and channel formation can produce the
same overall mass loss but very different permeability and mechanical outcomes. Cross-sectional imaging or transport measurements can
therefore complement bulk gravimetry.

If degradation is intended to release a payload, release should be measured directly rather than inferred from network mass loss.

7. Minimum qualification framework

Report substrate sequence or cleavage chemistry, enzyme identity and concentration, network formulation, cure history, geometry,
swelling, degradation mechanism, mass or modulus change, soluble product measurement and enzyme-free controls. Claims of specificity
require comparison against relevant non-target enzymes or conditions. A minimum qualification set should include network composition
and conversion state, cleavable motif identity and concentration, enzyme identity/activity, diffusion geometry, medium, temperature,
time-resolved mass or molecular conversion, mechanical retention, soluble-product analysis and an enzyme-free control.

Claims of programmability require showing that changing the intended enzymatic input changes the degradation trajectory in the
predicted direction without an equivalent change in the control.

8. Engineering conclusions

Enzyme-programmed degradation is a coupled reaction-diffusion-network problem. The design objective is not simply to include a
cleavable bond but to control where enzyme can reach it, how many cleavage events are required to change connectivity, and what soluble
products result. A robust qualification therefore links molecular trigger, transport, network mechanics and product release.
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