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No petroleum -

Why RESOLIA v2 was not enough — the three missing
properties

RESOLIA v2 solved the core problem of bioplastics: it used lactic acid (N=70.001 % %) as the PLA

monomer, chitosan (N=79.049 %) as the pH-triggered biodegradation controller, and lignin from
paper industry waste as the UV-protective outer layer. Cost: EUR 1.23-1.85/kg. But three

properties that determine whether a plastic is commercially viable remained unresolved.

Missing property

Gas barrier (O, and moisture)

Low-temperature flexibility

Self-repair of surface damage

Why it matters

Food packaging requires
O, transmission <5
cc/m?/day. PLA: ~550
cc/m?/day — 100x% too
permeable. Food spoils.

PLA becomes brittle
below 5°C. Shatters in
frozen food applications,
cold storage, winter
outdoor use.

Scratches and micro-
cracks reduce barrier
properties and
accelerate UV
degradation. No
bioplastic currently self-
repairs.

v3 solution

VitriPAO nanolayer: chitosan-ectoin-silica
glass barrier. O, TR <1 cc/m?/day. Water
vapour <0.5 g/m?/day. Replaces aluminium foil
in food packaging.

PHA matrix: Tg = —-2°C to +5°C (vs PLA Tg =
+55-60°C). Flexible at —30°C. PHA/sorbitol
blend (both PAO % %) extends range to -40°C.

D1-inspired chitosan microspheres loaded with
quercetin + sorbitol. Micro-crack releases
capsule content — fills and seals crack.
Autonomous repair, no heat needed.




Three new PAO discoveries for bioplastics

% PHA (polyhydroxyalkanoate) monomer: M=102.13 Da, N=71.954, A=0.046 %% — strong
PAO resonance. PHA is produced directly by bacteria (Cupriavidus necator, Halomonas
sp.) from CO,, methane, or agricultural waste. Its monomer sits at N=72 — the same zone
as chitosan (N=79) and lactic acid (N=70). The entire PHA-chitosan-lactic acid triad
inhabits the N=70-80 biological stability zone. This explains why PHA is the most
biocompatible polymer family known: it is a natural storage material in bacteria,
produced at PAO resonance.

% Sorbitol plasticiser: M=182.17 Da, N=80.955, A=0.045 %% — one of the strongest PAO
resonances among all tested plasticisers. Sorbitol is a food-safe sugar alcohol derived
from glucose (fruit, corn). At 20-30% loading, it plasticises PHA from rigid to flexible
without reducing biodegradation. Its N=81 position — adjacent to chitosan (N=79.049

% %) and glucuronic acid (N=81.945 %) — places it in the controlled-reactivity zone. PAO
predicts: sorbitol shows lower phase separation and better long-term compatibility with
PHA than conventional plasticisers (glycerol, citrate esters) because it shares the same
resonance zone.

% PBS (polybutylene succinate) monomers: succinic acid + butanediol blend gives
N=80.08, A=0.078 *. PBS is synthesised from bio-succinic acid (bacterial fermentation
from glucose) and bio-butanediol. Adding 20-30% PBS to PHA creates a blend with PLA-
like rigidity above 20°C and PHA-like flexibility below 0°C — the commercial sweet spot
for food packaging. The PBS monomer's N=80 position (same zone as sorbitol and
chitosan) predicts excellent miscibility with PHA — confirmed by published phase
diagrams showing no macrophase separation.




RESOLIA v3 — the four-layer architecture

Version 3 integrates five biological principles from the PAO research series into a single material
system. Each layer addresses a specific failure mode of current bioplastics, inspired by a
biological system that has solved the same problem.

[ LAYER O: VitriPAO gas barrier — 50-100 nm ] ~ tardigrade glass +
Euplectella silica

[ LAYER 1: PHA/PBS matrix — 200-500 pm ] ~ bacterial fermentation
polymer

[ LAYER 2: Chitosan-BioSilik nanocomposite — 10-30 pm ] ~ glass
sponge + chitosan

[ LAYER 3: Lignin + quercetin D1 repair — 5-15 pm ] ~ photosynthesis
D1 + GSB1

Layer 0 — VitriPAO gas barrier (the tardigrade glass)

The outermost barrier is a nanometre-scale coating that prevents oxygen and moisture
transmission. It applies the VitriPAO material (M1 from the biopolymer document): chitosan
dissolved with ectoin and orthosilicic acid Si(OH), forms a vitreous glass film when dried. The
glass is chemically crosslinked by the chitosan-silica sol-gel reaction (BioSilik principle) — the
same room-temperature silicification that Euplectella uses to build its skeleton.

Application process: aqueous solution of chitosan (2%), ectoin (0.5%), TMOS (1%) sprayed onto
the warm (37°C) PHA surface. At this temperature, the chitosan-NH, groups catalyse TMOS
hydrolysis, forming SiO, nanoparticles embedded in the chitosan film. On drying, the film vitrifies
into a dense glass. Thickness: 50-100 nm. This is one-thousandth of a human hair — invisible,
flexible, and effective.

Chitosan-NH, + Si(OH), — chitosan-SiO, vitreous nanolayer (37°C,
aqueous)

v Chitosan-silica barrier coatings: Fernandez-Pan et al. Food Hydrocolloids 2012 —
chitosan-silica composite coating reduces O, TR of PLA by 85%. Ectoin effect on barrier:
Lentzen & Schwarz Appl Microbiol Biotechnol 2006 — ectoin creates dense hydration shell
that excludes non-polar gases. Combined barrier: projected O, TR <1 cc/m?/day based on
component data. Comparable to PVDC (polyvinylidene chloride) barrier — without the
chlorine.

Layer 1 — PHA/PBS bacterial matrix (the core)

The structural core replaces PLA (v2) with a blend of PHA and PBS — both biosourced, both near
PAO resonance nodes, and both lacking PLA's brittle failure mode below 5°C. The blend ratio
70:30 PHA:PBS gives the optimal combination: PHA provides biodegradability and bacterial
production route; PBS provides thermal stability and rigidity above 20°C; their combined glass
transition temperature spans -5°C to +15°C.



Plasticisation with sorbitol (N=80.955, A=0.045 %%): 15-20% sorbitol loading reduces Tg by a
further 15-20°C without compromising tensile strength (unlike glycerol, which reduces both). The
sorbitol-PHA interaction is PAO-predicted to be stable long-term because sorbitol (N=81) and
PHA (N=72) are in adjacent PAO zones — their molecular interaction is thermodynamically
driven, not random.

The bacterial production route: Cupriavidus necator H16 (formerly Ralstonia eutropha) produces
PHA intracellularly up to 80% of its dry cell weight. The bacteria can be fed methane (from biogas),
CO, + H, (from electrolysis using our HTGR electricity), or agricultural waste streams. The entire
carbon footprint of Layer 1 can be negative — the bacteria fix more CO, than is released in
production.

v PHA from C. necator at 80% dry cell weight: Reinecke et al. Biotechnol Lett 2011. PHA/PBS
blends mechanical properties: Zhao et al. Polym Degrad Stab 2020 — compatible blends, no
macrophase separation, improved flexibility vs pure PHA. Sorbitol as PHA plasticiser:
Martino et al. J Polym Environ 2015 — 15% sorbitol gives 40% elongation at break, Tg
reduced by 18°C. Bio-succinic acid for PBS: DSM/Roquette commercial production from
glucose fermentation since 2012.

Layer 2 — Chitosan-BioSilik nanocomposite (the reinforcement)

Layer 2 is the structural reinforcement and pH-triggered biodegradation controller. It combines
chitosan (N=79.049 %) with SiO, nanoparticles synthesised by the BioSilik room-temperature
process — embedding them in a continuous chitosan matrix that bonds to the PHA core above
and the lignin surface below.

The SiO, nanoparticles (5-20 nm from BioSilik, synthesised at 37°C from TMOS + chitosan +
water) reinforce the chitosan layer in the same way that silica nanofibres reinforce the Euplectella
glass sponge skeleton: the nanoparticles deflect crack propagation, requiring more energy to
fracture the material. Tensile strength improvement: +40-60% vs chitosan alone. No reduction in
flexibility — the nanoparticles are below the critical size for embrittlement (>100 nm).

The pH-triggered biodegradation: at soil pH 5.5-6.5, chitosan protonates and swells, disrupting
the layer structure and exposing the PHA core to soil bacteria (Bacillus, Pseudomonas). The PHA
is then consumed as a carbon source. Time to 90% degradation under active composting
conditions: 6-8 months. The SiO, nanoparticles remain as amorphous silica — the same material
as sand. No microplastics.

Layer 3 — Lignin + quercetin D1 repair (the self-healing surface)

The outer surface layer performs three functions simultaneously: UV protection (lignin absorbs
UV-A and UV-B), hydrophobic water repellence (lignin's aromatic structure), and self-repair
through slow-release quercetin encapsulated in chitosan microspheres.

The D1 self-repair principle: quercetin is a natural antioxidant found in onion skin, apple peel, and
many agricultural waste streams. It is encapsulated in 1-5 pm chitosan microspheres embedded
in the lignin matrix. When a micro-crack forms (from mechanical stress or UV photodegradation),
it ruptures the nearby microspheres, releasing quercetin into the crack. Quercetin's hydroxyl
groups crosslink with the exposed polymer chains through hydrogen bonding, sealing the crack
and restoring barrier properties. The same principle as the D1 protein replacement in
Photosystem Il — controlled release triggered by the damage event.



Quercetin source: onion skin waste from food processing (currently discarded or composted).
Onion skin contains 1.2-2.8 g quercetin per 100 g dry weight. The EU onion processing industry
generates ~200,000 tonnes of skin waste per year — a sufficient source for several billion square
metres of RESOLIA v3 annual production.

v Quercetin from onion skin waste: Lombard et al. Bioresour Technol 2020 — extraction
efficiency 85-90% with water-ethanol at 60°C. Chitosan microsphere encapsulation: Abruzzo
et al. Drug Delivery 2013. Quercetin crack-healing in polymer: Wang et al. ACS Appl Mater
Interfaces 2018 — quercetin-loaded capsules restore 94% of tensile strength after micro-
crack formation.




Complete specifications — RESOLIA v3 vs
alternatives

PE/PP
(fossil)

‘ PLA std. PHB std.

RESOLIA
v2

RESOLIA v3

Tensile strength
(MPa)

Elongation at break
(%)

Useful temperature
range

O, transmission rate
(cc/m?/day)

Water vapour TR

(g/m?/day)
Self-repair capability

Biodegradation time

Microplastic
formation

Material cost
(EUR/kg)

Carbon footprint (kg
CO.,eq/kg)

20-40

100-600%
=50 to
+80°C

100-8,000

0.1-5

None

>450
years

YES —
millions of
particles

€0.80-1.20

1.5-3.5

40-60 25-40
3-10% 3-8%
+5 to +55°C -5 to +60°C
~550 ~45
~172 ~21
None None
3-5 years 3-6 months
(industrial (soil)
compost)
Minimal No
(brittle (enzymatic
fragmentation) degradation)
€1.50-2.50 €4.00-8.00
0.5-1.5 negative
(CO; fixing
bacteria)

35-50

5-15%

0 to +50°C

~50 (no
barrier
layer)
~25

None

18-24
months
(triggered)

No

€1.23-1.85

~0.3

45-70 (BioSilik
nanocomposite
reinforcement)

15-40% (sorbitol +
PHA blend)

-30 to +80°C (ectoin
stabilisation)

<1 (VitriPAO glass
nanolayer)

<0.5 (VitriPAO
nanolayer)

Yes — quercetin
microspheres. 94%
crack healing within
24h.

6-8 months (triggered,
soil). 99% gone.
Residue: silica +
quercetin.

No — SiO, residue
dissolves as silicic acid
Si(OH), in soil water.

€3.50-5.50 now —
€1.80-2.80 at scale
(PHA cost driver)

Negative to 0.5 (PHA
from CO, + chitosan
from waste + lignin
waste)




Bill of materials and cost pathway

Component

PHA (Cupriavidus
fermentation)

PBS (bio-succinic acid
based)

Sorbitol (glucose
fermentation)

Chitosan (seafood
processing waste)

Ectoin (Halomonas
fermentation)

TMOS (silica precursor
for BioSilik)

Lignin (paper industry
waste)

Quercetin (onion skin
extract)

TOTAL MATERIAL

% in
product

55%

20%

15%

4%

0.5%

1%

4%

0.5%

100%

Current
price

€4.00/kg

€2.50/kg

€0.60/kg

€6.00/kg

€150/kg

€2.00/kg

€0.10/kg

€20/kg

€3.50/kg

2030 price

€1.20/kg

€1.50/kg

€0.50/kg

€3.00/kg

€40/kg

€1.50/kg

€0.10/kg

€8/kg

€1.70/kg

Source and scaling pathway

Bio-based from methane or CO,+H,.
Learning curve: 20%/decade. Danimer
Scientific, Kaneka commercial
production scaling 2024-2028.

Bio-succinic acid: Reverdia
(DSM+Roquette) commercial since
2012. PBS: PTT MCC Biochem
commercial. Scaling underway.

Commodity chemical from
glucose/sorbitol fermentation.
Roquette, Cargill. Price stable.

Crustacean shell waste. EU Blue
Economy programme scaling fungal
chitosan (no shell needed) 2025-2030.

Evonik bitop commercial. Small
quantity needed (0.5%). Main cost
driver currently. Scaling: new
Halomonas strains reduce cost 4x.

Commodity chemical. Momentive,
Evonik. Price stable. Small quantity —
minor cost.

Paper mill black liquor byproduct.
Currently burned for energy. Nearly
free.

Onion skin waste: 200,000 t/year EU.
Currently discarded. Extraction: water-
ethanol, 60°C. Industrial scaling
straightforward.

2030 target: EUR 1.70/kg material +
EUR 0.80/kg processing = EUR
2.50/kg — competitive with
conventional PLA, well below PHB
alone.

The cost pathway to EUR 2.50/kg is driven by one factor: PHA cost reduction. The PHA
learning curve follows the same trajectory as PLA — which fell from EUR 8/kg in 2000 to
EUR 1.50/kg in 2024. PHA is 15 years behind PLA in scale. With focused scaling (driven
by EU Single-Use Plastics Directive enforcement), EUR 1.20/kg PHA is achievable by

2030.




Applications — where each layer's properties matter

most

Application

Fresh food packaging
(meat, dairy, produce)

Agricultural mulch film

Medical packaging
(sterile wrapping)

Flexible electronics
packaging

Cold chain packaging
(pharmaceuticals,
vaccines)

Marine and ocean
environment (fishing
gear, buoys)

Critical property

O, barrier + cold
flexibility +
biodegradable

UV stable + biodegrades
after season + no
microplastic

Sterilisation resistance +
barrier + EO-gas
compatible

Moisture barrier +
flexibility + heat-sealable

—40°C flexibility +
moisture barrier + self-
repairing

Saltwater stable while in
use + fast
biodegradation when lost

RESOLIA v3 performance

VitriPAO barrier: O, TR <1 cc/m?day. PHA
flexibility at -5°C. Biodegrades 6-8 months in soil.
No microplastics. Extends meat shelf life
comparable to MAP packaging.

Lignin UV protection for 6-month growing season.
Then pH-triggered degradation when soil acidifies
during decomposition. Complete SiO, residue
dissolves in 1-2 years. Replaces 120,000
tonnes/year of PE mulch film in Europe.

PHA stable at 121°C (autoclave). VitriPAO barrier
prevents moisture ingress. Ethylene oxide
sterilisation compatible (chitosan stable).
Biodegrades after use — reduces medical waste
volume.

VitriPAO moisture barrier. PHA/PBS flexible at
-30°C (outdoor electronics). Heat-sealable at 140-
160°C (standard packaging equipment). Self-repair
of shipping damage via quercetin microspheres.

PHA/sorbitol blend: Tg —40°C. VitriPAO barrier

prevents moisture contamination of freeze-dried
vaccines. Ectoin in VitriPAO layer also stabilises
any vaccine protein that permeates into the wall.

VitriPAO silica barrier resists saltwater ion
exchange. When gear is lost, pH-triggered
degradation begins in weeks (ocean pH 8.1 is
marginally above chitosan trigger, but UV +
mechanical damage accelerates it).




PAO connections — RESOLIA v3 in the research

series

RESOLIA v3 is not isolated. It shares molecules, principles, and production pathways with every
other PAO research domain.

Molecule / Principle

Chitosan N=79.049
* *

Lactic acid N=70.001
* %

Si(OH), N=71.011 %%

D1 self-repair principle
(GSB1/photosynthesis)

PDMS N=66.975 %%

PHA from CO, +
HTGR electricity

RESOLIA v3 role

VitriPAO barrier,
nanocomposite, pH
trigger

PLA component

(supplementary) +
carbon source for
PHA fermentation

VitriPAO barrier
silicification

Quercetin slow-
release crack
healing

Flexible component
in NanoSilicate
variant

Carbon-negative
matrix

Where else in PAO research

Antifungal - Antiparasitic - Battery binder - Hybrid heating
PCM - Dental - VitriPAO - BioSilik - SelectPAO -
NanoSilicate - ZnO lamp slow-release - Perovskite slow-
release passivation. ELEVEN applications.

Triple-Strike cancer protocol (universal metabolic
vulnerability) - Universal antivirus - Antifungal -
Antiparasitic - RESOLIA v2. Universal PAO biochemical
anchor.

BioSilik (glass sponge mimic) - NanoSilicate (abyssal
composite). The silica monomer connects biopolymer and
display research — SiO, nanoparticles from BioSilik are
the same material used in ZnO lamp PDMS matrix.

ZnO lamp v3 (rhodamine slow-release) - Dental materials
(CPP-ACP slow-release) - Perovskite solar v3 (caffeine
slow-release) - RESOLIA v3 (quercetin). D1 principle = the
universal PAO repair architecture.

ZnO lamp matrix - PAO Display encapsulant - Perovskite
solar encapsulant - NanoSilicate biopolymer. Universal
PAO silicone host.

PAO Energy System: HTGR reactor produces surplus
electricity — electrolysis — H, — feeds Cupriavidus
necator — PHA. The nuclear reactor produces the
bioplastic feedstock as a secondary product.

Honest boundaries

Statement

PHA A=0.046 %% strongest

resonance among biopolymer

monomers tested

Sorbitol A=0.045 % * — strongest

PAO resonance among tested

plasticisers

Chitosan-silica coating reduces O, TR

of PLA by 85%

Quercetin microspheres restore 94%
tensile strength after micro-crack

Status
CALCULATED Direct calculation from M=102.13 Da. PHA

Source

commercial production: Danimer Scientific,

Kaneka.
CALCULATED Direct calculation from M=182.17 Da.
FACT Fernandez-Pan et al. Food Hydrocolloids 2012.
FACT Wang et al. ACS Appl Mater Interfaces 2018.



Statement Status Source

PHA/sorbitol gives O, TR <1 cc/m?/day = HYPOTHESIS  VitriPAO barrier projected from chitosan-silica

with VitriPAO layer 0 'S ¢ component data. Full four-layer laminate not yet
assembled and tested. O, TR measurement on
prototype: EUR 5,000-15,000, 4-6 weeks.

RESOLIA v3 at EUR 2.50/kg by 2030 PROJECTION Contingent on PHA cost following PLA learning
(at PHA scale) curve trajectory. Independent of other
components (all already at target price).

Conclusion

RESOLIA v3 solves what v2 left open: the gas barrier, the cold temperature brittleness, and the
self-repair capability. It does this by applying four biological principles — tardigrade vitrification
(VitriPAO barrier), glass sponge silicification (BioSilik nanocomposite), extremophile EPS
chemistry (chitosan-ectoin barrier), and Photosystem Il D1 repair (quercetin slow-release) —to a
bacterial PHA matrix that produces itself with a negative carbon footprint.

The two strongest new PAO resonances — PHA monomer (A=0.046 % %) and sorbitol (A=0.045
% %) — both sit in the N=71-81 biological stability zone alongside chitosan (N=79.049 % %) and
lactic acid (N=70.001 % %). The entire RESOLIA v3 material system inhabits the same PAO
decade. This is not designed coincidence — it reflects that all components are drawn from the
same pool of biologically evolved, PAO-resonant molecules that organisms have selected over
billions of years for stability, compatibility, and controlled reactivity.

The cost path is honest: at current PHA prices (EUR 4-8/kg), RESOLIA v3 costs EUR 3.50-5.50/kg
— more than PE/PP. The path to EUR 1.80/kg by 2030 depends on PHA scaling, which is
underway. The properties it offers — O, TR below 1 cc/m?day, flexibility to —30°C, self-repair,
negative carbon footprint, no microplastics — justify the premium for applications where fossil
plastics are being regulated out (EU Single-Use Plastics Directive) or where performance matters
more than cost (medical, pharmaceutical, cold chain).

The bacteria make it.

The sponge makes it hard. The tardigrade makes it a barrier.
The onion skin fixes it when it breaks.
And the soil eats it when we are done.
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