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Statement of Significance

Pectin is not a single reproducible macromer. Botanical source, extraction, galacturonic-acid content, molar-mass
distribution, degree of methyl esterification, acetylation, salt and counterion state define the parent polymer;
methacrylation or norbornene substitution defines a second identity; ionic and photo-crosslinking then create distinct
network and article states.
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Abstract

Photocurable pectin-derived systems include methacrylate-modified pectin combined with ionic pre-gelation,
norbornene-functionalised pectin crosslinked with thiolated peptides, and hybrid dressings or bioinks in which pectin
shares network ownership. Pereira et al. established a low-solids dual ionic-photo bioink and a separate thiol-norbornene
platform; Giron-Hernandez et al. linked cocoa-pod extraction and esterification to pectin methacrylate; Bozer et al.
studied a pectin/hyaluronic-acid hybrid. This review separates parent identity, derivatisation, formulation, network
attribution, optical process, hydration, degradation and biological evidence.

1. Scope and boundaries

ER-129 owns material-specific identity and qualification of chemically photocurable pectin derivatives. It covers
botanical source and extraction, pectin composition, methyl esterification, methacrylate or norbornene substitution, ionic
pre-crosslinking, photochemistry, printing, washing, hydration, degradation, mechanics and biological evidence.

ER-06 retains biological-response methodology; ER-10 geometric metrology; ER-15 degradation and mechanical
evolution; ER-27 conversion; ER-33 washing and drying; ER-67 generic dual-network architecture; ER-86 extractables;
ER-100 corpus architecture; and ER-121 to ER-128 neighbouring natural-polymer derivative families.
[C1,C2,C3,C4,C5,C6,C7,C8,C9,£10,C11,C12,C13,C14,C15,C16].

General AM characteristics and geometric test artefacts should follow the declared ISO/ASTM standards [S1,S3].

High- and low-methoxyl pectin are not interchangeable. Degree of methyl esterification is not degree of photoactive
substitution. Ionic pre-gelation is not covalent conversion, and a pectin/nanocellulose extrusion ink with no pectin-bound
photoactive group is not a photocurable pectin derivative. Methacrylate chain-growth and thiol-norbornene step-growth
networks require separate controls.

2. Controlled pectin-photoresin state chain

State Minimum identity Failure if omitted

Botanical source/part, extraction and purification, lot, galacturonic-acid content, molar-mass

Incoming pectin . e .
s p distribution, methyl esterification, acetylation, ash, salt and storage

Pectin name replaces feedstock identity

Methacrylate or norbornene route, feed basis, reaction, purification, measured substitution, Feed ratio or derivative acronym is treated as

Photoactive derivative . . .
residuals and storage identity

Pectin solids, counterions, co-polymers, peptides/cells, pH, ions, initiator, optical state,

Ink or precursor
P temperature and age

Formulation and network ownership disappear
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State Minimum identity Failure if omitted
Article Tonic/photo sequence, exposure, post-cure, wash, green/hydrated dimensions, conversion, soluble Pre-gelled, covalent, washed and hydrated states
fraction, residuals, mechanics and degradation are conflated

Table 1. Minimum state chain for photocurable pectin-derived networks.

This material and article chain is separate from process and production-site qualification under ISO/ASTM 52920:2023
[S2].

3. Primary evidence and controlled interpretation

3.1 Parent pectin identity begins before derivatisation

Giron-Hernandez et al. recovered pectin from cocoa pod husk by an optimised alkaline route at about 20% yield and
reported about 47% degree of esterification before methacrylation [3]. Pereira et al. instead used purified low-methoxyl
citrus pectin with 86% galacturonic-acid-unit content and 37% degree of methylation for norbornene functionalisation
[2]. Botanical source, extraction yield, galacturonic-acid content and esterification therefore remain explicit lot
coordinates, not generic pectin descriptors.

3.2 Methacrylated pectin enables a controlled ionic-photo sequence

Pereira et al. designed methacrylate-modified pectin bearing integrin-binding motifs and formed hydrogels by ionic
gelation followed by UV photopolymerisation [1]. Ionic crosslinking adjusted the rheology of a 1.5 wt% solution so
deposited filaments retained shape before post-print photo-crosslinking. The result is a pectin-based dual network:
calcium or other ionic state, photoactive substitution, conversion and sequence must all be reported before printability or
mechanics can be transferred.

3.3 Source-to-bioink traceability is experimentally achievable

Giron-Hernandez et al. confirmed conversion of extracted cocoa pectin to PECMA by FTIR-ATR and NMR, then
combined CaCO3 crosslinking with UV exposure [3]. UV changed porosity and improved compressive and rheological
responses relative to the compared condition, while chondrocytes remained viable over the reported six-day culture.
These outcomes belong to that waste source, extraction, esterification, derivatisation, ionic system, light history and cell
model; they are not universal PECMA values.

3.4 Norbornene substitution creates a different reaction and degradation logic

Pereira et al. converted the low-methoxyl pectin to its tetrabutylammonium salt, reacted it with carbic anhydride in
DMSO and measured 20.0 plus or minus 0.6% norbornene substitution by proton NMR [2]. A 2.5 wt% NorPEC
formulation with 0.25 wt% VA-086 and 4-6 mM MMP-cleavable peptide was exposed at 365 nm and 7 mW/cm?2 for 20
s. Changing peptide crosslinker shifted swollen shear modulus from about 70 to 447 Pa and altered collagenase-triggered
disintegration, demonstrating that linker identity and stoichiometry own degradability as well as network density.

3.5 Hybrid and non-photoactive pectin systems require explicit exclusion labels

Bozer et al. combined methacrylated pectin with methacrylated hyaluronic acid and oleuropein in a photocrosslinked
wound-dressing study [4]; its wound-healing and cytocompatibility results describe a hybrid network, not pectin alone.
Teixeira et al. bioprinted pectin, nanocellulose and lysozyme-nanofibril hydrogel bioinks [5]; unless a pectin-bound
photoactive group and its conversion are reported, such a system is a pectin-containing composite and not evidence of a
covalently photocurable pectin derivative. These classes stay outside neat-PECMA or NorPEC attribution unless
matched component and network controls are supplied.

4. Photochemistry, ionic state and process control

Pectin source, galacturonic-acid fraction, molar-mass distribution, methyl esterification, acetylation, salt, counterion, pH,
ionic strength and storage control solution and ionic-gel state. Photoactive substitution, initiator, wavelength, irradiance,
absorber, exposure, oxygen management and temperature control covalent cure. Both coordinate sets must be measured
on the production formulation over its use-life.

For dual-crosslinked PECMA, an ionic pre-gel can improve deposition yet obscure the contribution of photoconversion.
For NorPEC, thiol:norbornene stoichiometry, pendant ligand content and degradable-linker concentration are network
variables. Native pectin, ionic-only, photo-only, dual-network and hybrid-polymer controls are needed to assign
rheology, conversion, stiffness, swelling and degradation.

5. Hydration, degradation and biological boundaries

Evidence block What it can show What it cannot establish alone

Method-specific source, composition, molar mass, methyl esterification

Parent identity and salt state

Photoactive substitution, conversion or article performance
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Evidence block

What it can show What it cannot establish alone

Tonic/process window

Formulation-, counterion-, printer- and geometry-specific deposition and
cure behaviour

Transferable print settings or covalent conversion

Hydration/degradation

Medium-, ion-, enzyme- and time-specific mass, dimensions and
mechanics

Universal degradation mechanism or service life

Biological model

Response of the exact construct or extract in the stated model General safety, clinical efficacy or regulatory approval

Table 2. Evidence blocks that must remain separate for pectin-derived photoresins.

ISO 10993-12:2021/Amd 1:2025 and ISO 10993-18:2020/Amd 1:2022 anchor sample preparation and chemical
characterisation [S4,S5]. ISO 10993-1:2025 frames biological safety within risk management [S6]. Cell viability in one
construct, an extract assay or a scratch test does not establish universal biocompatibility, wound-healing efficacy or
regulatory approval.

6. Release matrix

Gate

Minimum evidence

Claim withheld

Parent identity

Botanical source/part, extraction, lot, composition, molar mass, methyl esterification,
acetylation, salt and storage

Generic pectin equivalence

Derivatisation

Reaction and purification record, measured photoactive substitution, residuals and stability

Feed or acronym as derivative identity

Process

Complete formulation, ionic sequence, printer/light hardware, wavelength, irradiance, exposure
and geometry

Transferable deposition or cure settings

Network attribution

Conversion plus native, ionic-only, photo-only, dual and matched hybrid controls

Unverified ionic, covalent or co-polymer ownership

Article state

Green, post-cured, washed, hydrated and dried x/y/z, mass, residuals, mechanics and
conditioning

Unqualified dimensions, mechanics or degradation

Biological boundary

Exact derivative, formulation, wash/extract, model, endpoint, duration and statistics

Universal biocompatibility or clinical suitability

Table 3. Minimum release architecture for photocurable pectin-derived constructs.

7. Failure-mode interpretation

The nominally same pectin solution pre-gels faster: check botanical lot, molar-mass distribution, methyl
esterification, free carboxylates, salt/counterion, calcium history, pH, ionic strength, temperature and age before
changing exposure.

More methacrylic anhydride gives no expected modulus gain: measure incorporated photoactive substitution and
conversion; methyl esterification, reagent feed, grafted functionality, ionic junction density and covalent network
density are distinct quantities.

A deposited filament holds shape but loses form after washing: separate ionic pre-gel strength from covalent
conversion, then quantify counterion exchange, soluble fraction, mass and x/y/z dimensions through the full wash
and hydration sequence.

A NorPEC gel is stiff but cells do not remodel it: verify thiol:norbornene balance, peptide identity, incorporation
and accessible cleavage sequence; high crosslink density can slow enzyme-triggered network loss even when initial
conversion is high.

A hydrated article softens or swells across lots: condition to equilibrium in the intended medium and report ion
composition, pH, time, temperature, mass, dimensions and mechanics; dry-state values do not qualify a hydrated
pectin network.

A cell-laden or wound-dressing model passes: retain the exact derivative, co-polymer, initiator, light dose, wash,
cell source, exposure duration and endpoint; do not infer clinical safety, efficacy or regulatory approval.

8. Minimum workflow and research priorities

Freeze botanical source, plant fraction, extraction and purification, lot, galacturonic-acid content, molar-mass
distribution, methyl esterification, acetylation, ash, moisture, salt and storage before derivatisation.

Report derivatisation reagent and feed basis, solvent, pH, time, temperature, atmosphere, purification, drying,
measured methacrylate or norbornene substitution and calculation method.

Map concentration, pH, ionic strength, calcium or other counterion, viscosity, yield stress, gel time, absorbance and
working curves over temperature, ageing and build duration.

Record printer and dispensing path, wavelength, irradiance, exposure, geometry, layer or filament conditions, delay
between ionic and photo steps, post-cure and wash sequence.

Measure photoactive conversion, insoluble and soluble fractions, residual initiator and derivatisation reagents,
counterion content and x/y/z dimensions in green, washed, hydrated and dried states.
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*  Use native-pectin, ionic-only, photo-only, dual-network and matched hybrid controls to assign deposition, covalent
cure, mechanical reinforcement and degradation.

¢  Test swelling, ion exchange, mass loss and mechanical retention in the intended medium; where degradable peptide
linkers are claimed, include enzyme-free and relevant-enzyme controls.

* Separate extract cytotoxicity, direct contact, cell-laden printing, scratch assay, tissue model and animal observations
from biological-safety, efficacy and regulatory conclusions.

9. Conclusions

Photocurable pectin materials are controlled botanical-feedstock, derivative, formulation, network, process and article
states. Methyl esterification and photoactive substitution are independent, and ionic and covalent crosslinking require
separate attribution.

Primary evidence supports dual ionic-photo PECMA bioinks, source-traceable cocoa PECMA, and peptide-crosslinked
NorPEC with tunable hydrated mechanics and enzyme-responsive degradation. Hybrid PECMA/HA-MA and non-
photoactive pectin composites are not neat-pectin evidence.

Release requires traceability through source, composition, esterification, derivatisation, ionic history, formulation,
optical process, conversion, washing, soluble fraction, residuals, hydration, dimensions, mechanics, degradation and
biological model.

Limitations

This paper is a qualitative engineering review, not a systematic meta-analysis. The cited studies use different botanical
sources, extraction routes, esterification and substitution definitions, formulations, crosslinking mechanisms, optical
processes, article states and biological models. Numerical values are study-specific evidence, not universal design
values.
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