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PHBHHx-ZnO
bionanocomposites: advancing
food safety and shelf-life
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Laboratory of Growth Regulators, Palacky University and Institute of Experimental Botany, The Czech
Academy of Sciences, Olomouc, Czechia, *Centre for Natural Products Discovery, School of
Pharmacy and Biomolecular Sciences, Liverpool John Moores University, Liverpool, United Kingdom

Food loss and waste remain major global challenges. Perishables like fish, fruits,
and vegetables show the highest post-harvest losses. Conventional petroleum-
based packaging offers limited preservation while adding long-term pollution,
and recent assessments indicate that more than one billion tons of food were
wasted in 2022, reinforcing the need for improved preservation strategies. Poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHX) films reinforced with ZnO
nanoparticles provide flexibility, biodegradability, and reliable processing. ZnO
increases mechanical stiffness and thermal stability, strengthens oxygen-barrier
and antimicrobial functions, and delivers strong UV shielding. These combined
properties define the active-preservation behavior of PHBHHx-ZnO films and
support their relevance for chilled food systems. ZnO acts as a nucleating agent,
with PHBHHx-ZnO films typically showing crystallinity in the 53-56% range with-
out loss of flexibility. Studies with ZnO-enabled active films extend refrigerated
shelf life. Storage periods of 6-8 days rise to 12-16 days in seafood models,
with similar improvements for meat and dairy products. These gains arise from
nanoparticle-polymer interactions that increase crystallinity, restrict polymer
mobility, and stabilize film microstructures. PHBHHx-ZnO bionanocomposites
offer a promising route toward safe, active, and sustainable packaging systems.
This review outlines further directions, including migration-compliant ZnO place-
ment, lower-impact ZnO preparation routes, and multifunctional designs aligned
with more circular-economy goals.
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1 Introduction

Global pressures from plastic pollution and food waste continue to shape packaging priori-
ties, with persistent plastics and high food-loss rates driving interest in safer, renewable materi-
als (1). International assessments highlight the scale of the challenge, with food-loss indicators
and waste-index reports underscoring the need for packaging that reduces spoilage and sup-
ports sustainable supply chains (2, 3, 57). Updated global estimates reported more than one
billion tons of food wasted in 2022, equivalent to 79 kg of household waste per person per year
and 8-10% of global greenhouse-gas emissions, which highlights the scale of the preservation
challenge that active bio-packaging aims to address. Recent work shows how biopolymers and
natural compounds contribute to these transitions through biodegradability, functional per-
formance, and alignment with circular-economy goals (1, 4, 5). Early demonstrations of
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antimicrobial and UV-protective behavior in biopolymer films,
including PHBV-tannin, PLA-ZnO, and cellulose-ZnO systems, rein-
forced the relevance of active biodegradable packaging for reducing
spoilage in perishable foods (6). This context frames the need for
clearer evaluation of biodegradable matrices that combine structural
performance with active functionality.

Biodegradable polymers now attract strong attention as alterna-
tives to petroleum-based plastics due to rising environmental con-
cerns, regulatory pressure, and the need for sustainable packaging
solutions. Their biodegradability, favorable toxicological profiles, and
compatibility with food-contact applications support broader adop-
tion across food systems (7, 8). Reviews on biobased and biodegrad-
able plastics further highlight opportunities for reducing
environmental burdens while maintaining functional performance in
food-packaging settings (9, 10). Evidence from real food systems
shows that biodegradable matrices reinforced with functional addi-
tives can reduce microbial loads and slow oxidative deterioration
during chilled storage (11, 12). These findings strengthen the case for
active biodegradable films that integrate antimicrobial and stabilizing
mechanisms.

Polyhydroxyalkanoates (PHAs) represent a major class of micro-
bially derived polyesters with strong biodegradability and stable per-
formance in food-contact settings. Their microbial origin, favorable
safety profile, and ability to degrade under composting, soil, and
marine conditions strengthen their relevance for sustainable packag-
ing (7, 13). Advances in PHA production from renewable feedstocks,
including volatile fatty acids and waste-derived substrates, further
support their integration into circular-economy strategies (14, 15).
Studies on PHA-based films containing antimicrobial agents demon-
strate practical benefits for reducing spoilage in fish, meat and seafood
systems (16, 17). These attributes position PHAs as adaptable plat-
forms for active-packaging applications.

PHBHHXx occupies a distinctive position within the PHA family
due to the presence of 3-hydroxyhexanoate units, which reduce crys-
tallinity, increase flexibility and support broader processing windows
compared with PHB and PHBV. These characteristics enable
improved mechanical resilience and stable performance in flexible
and semirigid packaging formats (18, 19). Studies on PHBH and
related copolymers further demonstrate enhanced toughness and
compatibility with nanofillers, reinforcing the suitability of PHBHHx
for advanced packaging applications (20, 21). Processing advances
show that PHBHHXx supports multilayer structures and uniform
nanoparticle dispersion, strengthening its role in active packaging
(19, 22). This combination of flexibility, compatibility and processing
stability makes PHBHHXx a strong candidate for next-generation
bionanocomposites.

Zinc oxide (ZnO) has emerged as a multifunctional nanofiller that
strengthens biodegradable matrices through antimicrobial activity,
UV absorption, photocatalytic behavior and nucleation effects (6, 23).
These functions arise from ROS generation, Zn?* release, membrane
disruption, wide-bandgap UV absorption and particle-size-dependent
optical behavior. These properties address the main deterioration
pathways in fish, meat, dairy and fresh-produce systems, where micro-
bial growth, oxidative reactions and light exposure drive rapid quality
loss (4, 24, 25).

ZnO also increases crystallinity, improves thermal stability
and enhances mechanical behavior in PHA, PLA, starch, cellulose
and chitosan matrices (26-28). Crystallinity increases of 3-12%
and decomposition-onset shifts of 10-25 °C have been reported
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across PHAs and PLA, confirming consistent nucleation and sta-
bilization effects. Recent reviews on ZnO synthesis and food-
packaging applications further highlight its versatility and safety
profile (29, 30). Real-food studies confirm that ZnO-reinforced
films can extend shelf life and reduce spoilage in beverages, sea-
food, and meat products (11, 12, 16). Its multifunctionality pro-
vides synergistic advantages when combined with biodegradable
matrices.

PHBHHx-ZnO systems show strong potential for active-packag-
ing applications that require antimicrobial activity, UV protection, and
oxidative-stability control. Studies in fish, meat, dairy, and bakery
products report significant reductions in microbial loads, slower lipid
oxidation, and improved sensory quality when ZnO-reinforced bio-
degradable films are used during refrigerated storage (11, 16, 17).
These improvements appear at low nanoparticle concentrations, sup-
porting safe integration into food-contact materials.

PHBHHZx provides a flexible and biodegradable matrix that sup-
ports uniform nanoparticle dispersion and consistent functional per-
formance across a wide range of food categories. Comparative studies
across PLA, PHBYV, starch, cellulose, chitosan, and PCL confirm the
balanced performance profile of PHBHHx-ZnO systems (31-34).
Evidence from PHBHHx-ZnO films shows stable crystallinity, strong
UV and oxygen-barrier gains and confirmed antibacterial activity,
reinforcing their suitability for chilled food storage (22). Oxygen-
transmission reductions of 15-40% and UV-transmittance reductions
of 60-95% have been reported at low ZnO loadings, supporting their
practical relevance. These combined advantages support their devel-
opment as practical active-packaging materials.

Current trends emphasize greener ZnO-preparation routes, sur-
face-engineered nanoparticles, hybrid structures, multilayer formats,
and smart-packaging systems (23, 29, 35). These developments align
with global sustainability priorities and support integration into cir-
cular-economy strategies. Key challenges remain in nanoparticle dis-
persion, migration control, environmental fate, and regulatory
approval, but advances in surface engineering, controlled-release sys-
tems, and multilayer structures provide clear pathways for future
development. Migration-safety considerations, including ionic Zn*
limits and nanoparticle-confinement strategies, increasingly shape the
design of active biodegradable packaging (23, 29, 35). This review
evaluates structural, functional, and ecological evidence to define the
performance landscape of PHBHHx-ZnO systems and to clarify their
role in active, sustainable food-packaging applications.

2 ZnO nanoparticles: properties,
mechanisms, and relevance for
food-packaging systems

2.1 Antimicrobial mechanisms

ZnO nanoparticles show broad-spectrum antimicrobial behavior
through several coordinated routes. Reactive oxygen species form at
the particle surface and injure membranes, proteins, and nucleic acids,
while Zn** release perturbs enzyme activity and ion transport. Direct
particle-cell contact further intensifies local membrane damage (30,
36, 37). Trials with biodegradable films in seafood and meat consis-
tently report lower microbial loads during chilled storage at low ZnO
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loadings, confirming active performance in food-contact matrices (11,
16, 25).

Reductions in total viable counts and common spoilage organisms
appear across fish and meat systems under refrigerated conditions,
demonstrating stable antimicrobial action in real food environments
(11, 16, 25). These effects arise from ROS-mediated oxidative stress,
Zn**-driven metabolic disruption, and membrane destabilization,
which together suppress microbial proliferation on food surfaces
during storage. ZnO nanoparticles exert antimicrobial activity
through three coordinated pathways: surface-mediated ROS genera-
tion, Zn?* release that disrupts metabolic and enzymatic processes,
and direct nanoparticle-cell contact that damages membranes. These
mechanisms collectively suppress spoilage and pathogenic microor-
ganisms in chilled fish and meat systems, supporting active preserva-
tion at low ZnO loadings (11, 16, 25). Figure 1 illustrates the
antimicrobial pathways of ZnO nanoparticles in food-packaging
systems.

2.2 UV-protective behavior

Wide-bandgap optics define ZnO. Strong absorption in UVA and
UVB delivers active UV shielding that reduces photo-oxidation, pig-
ment loss, and light-driven nutrient degradation in dairy, fish, and
produce systems (23, 38). Coatings and thin films on PHBHHX, PLA,
and PET show marked drops in UV transmittance without sacrificing
transparency at modest loadings (23, 38). UV-blocking behavior
remains stable across thin-film formats when ZnO dispersion is uni-
form, supporting active optical protection during storage (23, 38).

Particle size and morphology influence absorption efficiency, with
smaller particles enhancing UVA/UVB attenuation while maintaining
clarity. ZnO’s wide bandgap supports strong UVA and UVB absorp-
tion that reduces photo-oxidation, pigment loss, and nutrient degra-
dation in dairy, fish, and produce systems. Uniform dispersion in
PHBHHZX, PLA, and PET films maintains transparency while deliver-
ing effective UV blocking at modest loadings (23, 38). Figure 2

Zn0O
' ' Y

Surface-mediated Zn2+ Direct nanoparticle
ROS generation  ion —cell contact

Hzoz /02 release :
Direct

ROS- medlated Zn2t- drlven
oxidative stress metall disruption membrane

\ *l(' / damage

Suppression of spoilage and
pathogenic microorganisms

FIGURE 1
Antimicrobial mechanisms of ZnO nanoparticles in food-packaging
systems.
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presents ZnO’s UV-shielding behavior across common food-packag-
ing matrices.

2.3 Nucleation and crystallinity effects

Nucleation remains a central materials function of ZnO in bio-
polymer matrices. Particles present as dispersed domains promote
ordered chain growth, increase crystallinity, refine spherulite
structure, and stiffen films, effects that typically lower oxygen per-
meability, stabilize thermal behavior, and contribute to active-
barrier enhancement in food-packaging applications (26, 28).
Crystallinity gains appear at low particle fractions, aligning with
nucleation trends in PLA, PHBYV, cellulose, and PVA matrices (27,
33, 39).

PHBHHx-ZnO films prepared with controlled particle types
show tighter morphology and more uniform dispersion, which sup-
ports modulus gains and lower gas transmission (22, 27). Uniform
dispersion also reduces haze and supports optical clarity in thin films
while maintaining antimicrobial and UV-shielding function at
modest ZnO loadings. Crystallinity increases of 3-12% and spherulite
refinement across PHAs and PLA confirm the consistency of ZnO-
driven nucleation (22, 27). Figure 3 depicts the crystallization path-
way promoted by ZnO and its influence on PHBHHx film
morphology.

2.4 Synergy with natural bioactive
compounds

ZnO pairs effectively with essential oils and phenolic extracts,
delivering [combined] antimicrobial and antioxidant action with
stable performance under refrigeration (28, 40). Studies in PLA,
PHBY, cellulose and PVA matrices report similar synergistic behavior,
confirming broad compatibility between ZnO and plant-derived anti-
microbials (27, 33, 39). Synergistic effects appear consistently under
chilled conditions, where microbial and oxidative pathways progress
slowly but remain active (28, 40).

Hybrid ZnO structures maintain dispersion and functional stabil-
ity in biopolymer matrices (27). PHBHHXx provides a suitable matrix
for these hybrid systems due to its flexibility, moderate crystallinity,
and stable interactions with both ZnO and natural compounds (18,
31, 32). These hybrid systems often show enhanced antioxidant capac-
ity and improved microbial suppression compared with either com-
ponent alone.

UVA
UVA/UVB
blockin
UVB -
absorbs
Ponmer film ~. | Polymer film
with ZnO Surface without ZnO
generated
ROS
FIGURE 2
Overview of ZnO’s UV-shielding behavior across common food-
packaging matrices.
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FIGURE 3
Overview of the crystallization pathway promoted by ZnO and its
influence on PHBHHXx film morphology.

2.5 Relevance for food-packaging systems

PHBHHZx offers a compatible, flexible matrix that disperses ZnO
well and holds activity at low particle fractions. The combined system
brings antimicrobial control, effective UV shielding, and nucleation-
driven barrier gains into one film architecture, aligning with shelf-life
extension goals across fish, meat, dairy, bakery, and fresh produce (26,
31, 32). Mechanical and barrier gains appear consistently across
PHBYV, PLA, starch, cellulose, and chitosan systems, strengthening
expectations for comparable behavior in PHBHHx (27, 28, 33).
Practical builds rely on moderate loadings, stable dispersion, and mul-
tilayer placement to balance activity with clarity and end-of-life con-
siderations (22, 38). Multilayer formats also help confine ZnO within
a functional active layer, supporting clarity and reducing migra-
tion risk.

Current regulatory assessments emphasize that ZnO nanopar-
ticles are not expected to migrate in particulate form under typical
use conditions; regulatory focus is placed on ionic Zn** migration,
which must comply with the EU-specific migration limit of 5 mg/kg
food. EFSA additionally advises considering total dietary zinc expo-
sure when designing active-packaging systems (EU 10/2011; 60)
(22, 38).

A short overview of ZnO nanoparticle functions across biode-
gradable matrices clarifies the breadth of activity relevant to PHBHHx-
ZnO films. The main roles span antimicrobial control, UV shielding,
crystallinity development, antioxidant support, compatibility with
natural bioactive compounds, optical behavior, and mechanical or
thermal stability, with migration-safety requirements included (22).
Table 1 summarizes these functional themes with practical packaging
relevance.

3 PHBHHXx: structure, properties, and
relevance

3.1 Chemical structure and crystallinity

PHBHHX is a PHA copolymer with 3-hydroxyhexanoate units
that interrupt chain regularity. These units reduce crystallinity and
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increase flexibility relative to PHB and PHBV (18-20). Infrared and
thermal analyses indicate looser packing and slower spherulite
growth as 3-hydroxyhexanoate content rises (18, 21). The matrix
bends without early fracture and accepts nanoparticle nucleants
evenly (26). PHBHHx maintains semicrystalline behavior at packag-
ing-grade compositions, which supports stable film formation
(18, 19).

Melt-processed PHBHHx-ZnO films retain flexibility and show
crystallinity around 53-56%, confirming that ZnO does not disrupt
the semicrystalline framework (22).

Crystallinity increases of around 3-8% have been reported at low
ZnO loadings, consistent with nucleation trends observed in PLA,
PHBY, and cellulose matrices. PHBHHXx contains 3-hydroxyhexano-
ate units that interrupt chain regularity, reduce crystallinity, and
increase flexibility relative to PHB and PHBV. These structural fea-
tures slow spherulite growth, loosen chain packing, and support uni-
form nanoparticle dispersion during melt processing. The resulting
semicrystalline framework maintains film stability while enabling
multifunctional performance when ZnO is incorporated (27, 33, 39).
Figure 4 illustrates the structural characteristics of PHBHHx and
shows how 3-hydroxyhexanoate units influence crystallinity and film
behavior.

3.2 Thermal and mechanical behavior

PHBHHX tolerates processing temperatures better than PHB
because lower crystallinity delays brittleness and reduces melt-fracture
risk (8, 19). Mechanical data place PHBHHXx between PHB and tough-
ened blends: elongation at break exceeds that of PHB or PHBV, and
tensile strength rises after nucleation or filler addition (18, 26, 41).
Fiber-spinning and film studies report stable modulus and wider
toughness windows under controlled cooling (19, 42). Thermal-
stability gains support repeated heating cycles during melt processing
(8,42).

PHBHHx-ZnO films show rheological and mechanical adjust-
ments linked to nanoparticle type while maintaining flexibility (22).
ZnO loadings of 1-5% typically increase tensile modulus by around
10-25% and raise decomposition-onset temperature by around
10-20 °C without compromising elongation at break (26, 41).
PHBHHXx exhibits improved thermal tolerance and mechanical flex-
ibility compared with PHB, and ZnO addition further adjusts modu-
lus, strength, and toughness through nucleation and interfacial
interactions (8, 22). Reinforcement trends depend on particle type,
dispersion quality, and cooling conditions, with well-dispersed ZnO
supporting stable modulus and reduced brittleness (22, 26, 41).
Comparative PHBV-tannin systems show increasing brittleness at
higher tannin loadings, with particle sizes shifting from around 0.3-
0.5 pm to around 1.3 pm (43). Figure 5 maps the thermal-stability
and mechanical-reinforcement trends observed in PHBHHx-
ZnO films.

3.3 Barrier properties and moisture
sensitivity

PHBHHX provides a moderate oxygen barrier for a semicrys-
talline polyester, with OTR values commonly around 80-120 cc/
m*day at 23 °C and 50% RH. PHB shows stronger resistance at
around 20-40 cc/m*day, PLA exhibits weaker barrier behavior at
around 150-300 cc/m?-day, and PHBV provides one of the lowest
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TABLE 1 Functional contributions of ZnO nanoparticles to biodegradable food-packaging matrices.

10.3389/fnut.2026.1789448

ZnO contribution Packaging relevance Representative sources References
Antimicrobial activity ROS generation, Zn*' release, cell contact injury Reduces spoilage organisms and total viable counts (16, 36)
under chilled storage
UV blocking Wide bandgap absorption (UVA/UVB) Protects light-sensitive foods and delays photo- (23,38)
oxidation
Nucleation/crystallinity Seeds ordered chain growth; increases Enhances stiffness and lowers oxygen transmission (26,28)
crystallinity through tortuosity effects
Antioxidant support Photocatalytic/ROS quenching in hybrids Slows lipid oxidation in chilled foods (27, 40)
Synergy with natural bioactive Stabilizes phenolics, essential oils Delivers joint antimicrobial and antioxidant responses | (33, 39)
compounds
Optical clarity (when dispersed) Uniform particle distribution Maintains transparency and low haze in thin films (22)
Thermal/mechanical reinforcement | Raises decomposition temperature, storage Supports processability and active-layer durability (41)
modulus
Migration safety Non-migration in nanoform; only ionic Zn*' Complies with EU SML of 5 mg/kg food; EFSA advises | EU 10/2011.
assessed considering total dietary zinc exposure (60)
q\ HHx units Slower ZnO
/‘ interrupt spherulite nucleation
\ regularity growth  (+3-8%)
<: HHx A~ A v -
units T T Y
interrupt | 7] L7
regularity /0
.~ Looser Flexible Uniform
packing / semicrystaline nanoparticle
lower crystal- matrix dispersion
linity
FIGURE 4
Structural features of PHBHHx and the influence of 3-hydroxyhexanoate units on crystallinity and multifunctional behavior.
A Thermal Stability B Mechanical Reinforcement
100 neat PHBHHx
__60
80 8
R ~ 40
o~ ©
< 60 ‘ ]
<, | decomposito-§ g 20
o P . onsetfor 2
g 40~ onset for ,Zn0 S 0
ZnO ©
— o
20 I 1 1 g 10
0 100 200 300 m
Temperature PHBV-tannin PHBHHXx-
-Zn0O
FIGURE 5
(A) Thermal stability of neat PHBHHx and PHBHHx-ZnO showing a higher decomposition-onset temperature for ZnO-reinforced films. (B) Mechanical
reinforcement indicated by elongation-at-break comparison between PHBV-tannin and PHBHHx-ZnO.

OTR values among PHAs at around 10-20 cc/m*day. Crystallinity
and diffusion tortuosity remain the main determinants of oxygen
transport (23, 38). Moisture barrier remains moderate due to
hydrophobic chains and limited water uptake, although
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multilayers or coatings improve performance for high-humidity
foods (17, 44).

Barrier improvements remain consistent across films and coated
structures when ZnO dispersion is uniform (23, 38). PHBHHx-ZnO
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films show measurable UV and oxygen-barrier gains at 1-5% ZnO,
with transparency retained at low loadings (22). Oxygen-transmission
reductions of around 15-40% and UV-transmittance reductions of
around 60-95% have been reported at low ZnO loadings. ZnO
nanoparticles enhance oxygen-barrier behavior by increasing crystal-
linity and creating tortuous diffusion pathways, while strong UVA/
UVB absorption provides active UV shielding. These effects appear
at modest ZnO loadings and remain compatible with transparency
when dispersion is uniform (22, 23, 38). Figure 6 highlights the oxy-
gen-barrier gains and UV-protection behavior of PHBHHx-
ZnO films.

3.4 Processing windows and morphology
control

PHBHHXx processes by extrusion, blown film, casting, and fiber
spinning with a wider latitude than PHB or PHBV. Nucleants raise
crystallization rate and tighten spherulites, which stabilize modu-
lus and lower gas permeability (22, 26). Processing studies recom-
mend moderate shear and controlled cooling to avoid in-line
degradation; blends, chain extenders, or targeted nanoparticle
placement extend the window further (42, 45). Reduced crystallin-
ity lowers melt viscosity and improves stability during extrusion
(8, 19). Centrifugal fiber spinning of PHBHHXx produces tunable
microfibers and annealed top layers suitable for multilayer struc-
tures (19).

ZnO-reinforced PHBHHx films show refined spherulites,
smoother fracture surfaces, and more uniform nanoparticle disper-
sion, which together support mechanical stability and optical clarity.
ZnO nanoparticles act as efficient nucleants in PHBHHX, refining
spherulite size, tightening morphology, and promoting more uni-
form crystallization during cooling. These effects stabilize modulus,
reduce gas permeability, and support smoother fracture surfaces in
processed films. Controlled dispersion further enhances optical
clarity and mechanical stability across extrusion, casting, and fiber-
spinning formats (22, 26). Figure 7 presents the morphology refine-
ment and crystallization control achieved in PHBHHx-ZnO
systems.

10.3389/fnut.2026.1789448

3.5 Biodegradation and end-of-life

PHBHHXx degrades under industrial composting and proceeds in
soil and marine environments through microbial esterases and
depolymerases (7, 8). Low ZnO loadings do not hinder biodegrada-
tion and remain immobilized within crystalline regions during early
stages (31, 32). Multilayer formats that confine ZnO to functional
strata support safer end-of-life performance while preserving activity
in use (22). PHBHHXx reinforced with natural compounds maintains
compatibility ~with microbial breakdown pathways (18).
Biodegradation rates remain comparable to PHBV and PLA under
similar conditions, supporting integration into circular-economy
strategies (7, 8).

ZnO does not migrate in nanoform during degradation; only
ionic Zn2 + release is relevant and remains within regulatory limits
under composting conditions (7, 8). Functional-layer placement helps
confine nanoparticles, supporting safe end-of-life behavior while
maintaining activity in use. Biodegradation proceeds through enzy-
matic cleavage of ester bonds in compost, soil, and marine environ-
ments, with ZnO remaining immobilized in crystalline regions during
early stages (31, 32). Figure 8 highlights the biodegradation pathways
of PHBHHX films and shows how ZnO placement influences early-
stage behavior.

3.6 Why PHBHHXx fits food-packaging tasks

PHBHHXx balances flexibility, thermal stability, and barrier control
better than many single-polymer bioplastics. The matrix disperses
ZnO and plant-derived bioactive compounds uniformly, which
enables antimicrobial, UV-shielding, and oxidative-stability functions
within thin films (27, 28). PHBHHx-ZnO films maintain crystallinity
around 53-56%, which supports mechanical integrity, optical clarity,
and consistent barrier behavior during chilled storage (22). These
traits suit fish, meat, dairy, bakery, and fresh-produce packs that need
shelf-life gains without persistent plastic residues (17, 24). Real-food
studies in seafood and beverages report microbial reductions and
slower oxidation at modest ZnO loadings, confirming practical rele-
vance for high-risk foods (11, 12).

300~

¥ § ¥ neatPHBHHx

1 Higher ‘ ‘

decomposit-
onset
for ZnO

OTR (cm-m3da~)
> S
o o

U1
o
1

PHBV-phenolic neat PHBHHx
-ZnO

FIGURE 6

through the transparent matrix.

A Oxygen-Barrier Performance B UV-Protection Behaviour

(A) Oxygen-barrier performance of PHBV-phenolic, neat PHBHHXx, and PHBHHx-ZnO, showing reduced OTR and higher decomposition-onset
associated with ZnO reinforcement. (B) UV-protection behaviour of ZnO-containing films, illustrating UVA blocking and modified UVB transmission

UVA UvB
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FIGURE 7
Morphology refinement and crystallization control in PHBHHx-ZnO
films.

PHBHHXx also supports multilayer and coated formats that incor-
porate a designated active layer, allowing functional components
such as ZnO to deliver antimicrobial and UV-protective behavior
while keeping migration within safe limits (22, 31, 32). PHBHHx
consistently shows the widest processing latitude among the com-
pared matrices, the most stable ZnO dispersion, and the most bal-
anced combination of flexibility, crystallinity, and barrier behavior.
These traits underpin its suitability for active-packaging formats that
require mechanical stability, optical clarity, and controlled migration.
PHBHHX offers the most balanced combination of flexibility, crystal-
linity, dispersion stability, and active-function compatibility among
the listed matrices (18, 19, 22). Table 2 compares the structural traits,
mechanical responses, and ZnO-driven functional gains across
common biodegradable matrices to contextualize PHBHHx
performance.

4 PHBHHx-ZnO bionanocomposites:
structure—property relationships

4.1 Influence of ZnO on PHBHHx
crystallinity and morphology

PHBHHXx displays moderate crystallinity because 3-hydroxyhex-
anoate units reduce chain regularity and increase flexibility (18-20).
Neat PHBHHXx typically shows crystallinity around 50%, and the
incorporation of 3% ZnO increases this to approximately 53-56%,
reflecting more ordered chain packing and faster crystallization (22,
41). Biopolymer matrices such as PHAs, PLA, starch, and cellulose
consistently demonstrate similar nucleation effects, confirming the
broad nucleating behavior of ZnO (6, 27, 28, 33, 39, 46). Recent work
on PHBH and PHBHYV copolymers also shows crystallinity increases
of around 3-10% at low ZnO loadings, paralleling PHBHHx trends
and confirming consistent nucleation across PHA families (13,
21). ZnO.

PHBHHx-ZnO materials with higher crystallinity exhibit
improved mechanical strength, reduced gas permeability, and
enhanced thermal stability (26, 28). ZnO nanoparticles act as efficient
nucleants, refining spherulite size, tightening morphology, and

Frontiers in Nutrition

10.3389/fnut.2026.1789448

promoting more uniform crystallization during cooling (22, 41).
Excessive ZnO loading at 6% or higher leads to agglomeration and
diminished thermal resistance, reflecting dispersion limits observed
in other ZnO-reinforced biopolymers (23, 41).

Surface-modified or hybrid ZnO types display stronger disper-
sion and more uniform interfacial interactions, stabilizing morphol-
ogy across films and fibers (23, 29). PHBHHx-ZnO films with
uniform dispersion also show better optical clarity and lower haze
(22, 27). Multilayer PHBHHX structures containing ZnO show
tighter spherulites and more stable crystalline domains, confirming
that ZnO supports morphology control across laminated builds (35).
Figure 9 illustrates the structure—property relationships that govern
crystallinity, morphology, and functional performance in PHBHHx-
ZnO systems.

4.2 Mechanical performance of
PHBHHx-ZnO systems

PHBHHx exhibits higher flexibility than PHB because the
3-hydroxyhexanoate units disrupt crystallinity, while tensile strength
and modulus remain moderate (18-20, 41). PHBHHx-ZnO nano-
composites demonstrate higher tensile strength and Young’s modulus
due to stronger interfacial adhesion and restricted chain mobility (22,
41). Biodegradable matrices such as PHAs, PLA, starch, and cellulose
show comparable ZnO-driven reinforcement, confirming a general
mechanical-enhancement role for ZnO across biopolymer families
(6,27, 28,33, 46). Electrospun and fiber-spun PHBHHXx scaffolds also
show modulus increases of around 10-20% and toughness gains
when doped with ZnO, confirming reinforcement across multiple
processing formats (19, 22).

Biodegradable films containing low ZnO contents maintain food-
contact safety while delivering measurable mechanical gains (11, 31).
Excessive ZnO loading reduces elongation at break due to particle
agglomeration and local stress concentration (11, 31). PHBHHX tol-
erates moderate ZnO contents better than more brittle PHB, support-
ing wider composition windows for active-packaging applications
(18, 19). PHBHHx-ZnO nanocomposites show higher tensile
strength and modulus through stronger polymer-nanoparticle adhe-
sion and restricted chain mobility, while maintaining flexibility at low
ZnO loadings (22, 41).

4.3 Barrier properties and moisture control

PHBHHXx films provide moderate oxygen and moisture barrier
performance, consistent with their semicrystalline structure (4, 24).
PHBHHzx-ZnO films show lower oxygen-transmission rates because
increased crystallinity and more tortuous diffusion pathways restrict
gas transport (23, 38). Similar oxygen-barrier enhancements have
been documented in PHBV-ZnO, PLA-ZnO, and cellulose-ZnO
matrices, confirming a consistent tortuosity-driven barrier mecha-
nism across biodegradable polymers (31, 33, 46). Food categories
such as fish, meat, dairy, and fresh produce benefit from these barrier
gains, as oxidative deterioration progresses rapidly in these products
(4,24).

PHBHHXx-ZnO structures also display modest improvements in
moisture barrier due to reduced free volume and stronger polymer-
nanoparticle interactions (17, 44). Hydrophilic foods that require
stronger moisture control still rely on multilayer builds or coated
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TABLE 2 Structural and functional comparison of ZnO-reinforced biopolymer matrices.

Matrix Crystallinity and mechanical traits ZnO-related behavior References
PHBHHx Semicrystalline; 53-56%; flexible; wide processing range Uniform dispersion; strong UV and O barrier; low haze (18,19, 22)
PHB High crystallinity; low flexibility; narrow processing range Moderate dispersion; strong UV; moderate O, barrier (8,18)
PHBV Moderate crystallinity; brittle at low humidity Stable dispersion; strong O, barrier; moderate UV (6,43, 46)
PLA Moderate crystallinity; low elongation; shear-sensitive Moderate dispersion; strong UV; moderate barrier gains (27, 33)
Starch Low crystallinity; weak strength; moisture-sensitive Strong barrier gains; moderate UV; limited dispersion stability (33,39)
Cellulose Moderate crystallinity; rigid; limited flexibility Strong UV and O, barrier; moderate dispersion; low haze (28, 46)

formats, in line with observations for PLA, PHBYV, and starch systems
(17, 44, 61) (Liu et al., 2022). PHBHHx-ZnO films further show
reduced UV transmission because ZnO absorbs strongly in the UVA
and UVB regions, limiting photo-oxidation, pigment loss, and nutri-
ent degradation (23, 38).

ZnO increases crystallinity and creates tortuous diffusion pathways
that lower oxygen-transmission rates, while strong UVA/UVB absorp-
tion reduces photo-oxidation and pigment loss. Moisture-barrier
improvements arise from reduced free volume and stronger polymer-
nanoparticle interactions. These enhancements support active preserva-
tion in oxygen- and light-sensitive foods (17, 23, 38, 44).

4.4 Thermal stability and processing
behavior

PHBHHXx materials display moderate thermal stability, with
degradation onset close to typical processing temperatures (8, 19).
Neat PHBHHX typically begins degrading at around 250-260 °C,
whereas adding 3% ZnO increases this onset by approximately
10-20 °C and raises Tmax by around 15-25°C, reflecting
restricted chain mobility and a more stabilized matrix (26, 41).
PHBHHx-ZnO nanocomposites also show lower thermal-oxida-
tive degradation than neat PHBHHX, supporting repeated process-
ing cycles and industrial-scale manufacture of films and coatings
(19, 42). Biodegradable matrices such as PHBV, PLA, and cellulose
show similar ZnO-induced thermal improvements, confirming a
general stabilizing role for ZnO across biopolymer families
(31, 32).

Processed PHBHHx-ZnO materials maintain molecular weight
more effectively, with less chain scission and lower brittleness in final
products (8, 31). Hybrid ZnO formulations, including doped, ligand-
stabilized, and core-shell types, further improve thermal stability in
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PHBHHXx stacks and reduce oxidative degradation during processing
(5, 29). ZnO raises decomposition-onset temperatures, reduces ther-
mal-oxidative degradation, and stabilizes molecular weight during
processing, supporting repeated heating cycles and industrial-scale
manufacture of films, fibers, and coatings. Hybrid ZnO structures fur-
ther enhance thermal stability by limiting chain scission and oxidative
pathways (5, 29, 31, 41).

4.5 Optical behavior and UV protection

Neat PHBHHXx films show moderate transparency and limited
intrinsic UV protection (23, 38). PHBHHx-ZnO films exhibit lower
UV transmittance because ZnO provides strong absorption in UVA
and UVB regions (23, 38). ZnO-coated PHBHHx and ZnO-sprayed
PET structures also show reinforced UVA and UVB attenuation,
confirming that UV shielding is governed by ZnO rather than
matrix chemistry (38). Biopolymer systems based on PLA, PHBYV,
cellulose, and starch reveal comparable UV-blocking behavior
when loaded with ZnO, indicating that optical protection arises
primarily from the nanofiller rather than the matrix chemistry (27,
28, 33, 46).

PHBHHx-ZnO films with surface-modified ZnO particles show
better clarity and reduced haze compared with systems containing
unmodified particles, supporting transparent-packaging uses (22, 27).
Smart-packaging studies identify PHBHHx-ZnO as a suitable plat-
form for UV-responsive sensing layers and freshness-indicator films
due to its stable UV absorption and optical clarity (4, 35). PHBHHx-
ZnO films show reduced UV transmittance because ZnO strongly
absorbs UVA and UVB radiation, while uniform dispersion maintains
transparency and low haze. Surface-modified ZnO particles further
improve clarity, supporting transparent packaging and UV-responsive
sensing applications (4, 22, 23, 27, 35, 38).
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4.6 UV protection

PHBHHx-ZnO films show strong UV-blocking behavior
because ZnO absorbs efficiently in UVA and UVB regions, reducing
photo-oxidation, pigment loss, and nutrient degradation (23, 38).
PLA, PHBYV, cellulose, and starch systems show similar
UV-shielding when ZnO is uniformly dispersed, confirming that
UV protection arises from the nanofiller rather than the polymer
matrix (27, 28, 33, 46). PHBHHx-ZnO films maintain stable clarity
atlow ZnO loadings, confirming suitability for visible-product dis-
plays while delivering active UV protection. Smart-packaging
reviews identify ZnO as a core UV-shielding component in multi-
functional films and highlight its relevance for UV-responsive sens-
ing layers (5, 35).

ZnO provides strong UVA and UVB absorption, enabling
PHBHHx-ZnO films to block light-induced degradation, pigment
loss, and nutrient deterioration in sensitive foods. Comparable
UV-shielding behavior appears in PLA-ZnO, PHBV-ZnO, cellu-
lose-ZnO, and starch-ZnO matrices when ZnO is uniformly dis-
persed, confirming that optical protection arises from the
nanofiller rather than the polymer chemistry. Surface-modified
ZnO particles further improve clarity and reduce haze across these
systems, supporting transparent-packaging formats and
UV-responsive sensing applications (5, 22, 23, 27, 35, 38). Figure 10
presents the UV-absorption patterns and optical-clarity behavior
of PHBHHx-ZnO films.

5 Antimicrobial and antioxidant
behavior of PHBHHXx-ZnO systems

5.1 Antimicrobial performance against
spoilage organisms and pathogens

PHBHHx-ZnO systems show strong antimicrobial activity due to
multiple mechanisms that operate simultaneously. Early work dem-
onstrated that ZnO generates reactive oxygen species that disrupt
membrane integrity and damage intracellular components (12, 36).
Later studies confirmed that Zn*" jons destabilize cell walls, interfere
with metabolic pathways, and intensify membrane damage through
direct nanoparticle-cell contact (30, 37). Trials in fish, meat, and dairy
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systems consistently report around 1-2 log CFU/g microbial reduc-
tions during refrigerated storage when ZnO is incorporated into bio-
degradable films (11, 16, 25). PHBHHx matrices support uniform
nanoparticle dispersion, which strengthens antimicrobial perfor-
mance compared with more brittle matrices such as PHB or PLA
(18, 19).

Comparative studies across PHBV, PLA, starch, alginate, and cel-
lulose systems show similar antimicrobial trends, confirming the
broad relevance of ZnO for biodegradable packaging (6, 27, 28, 33,
46). Additional work on PHBH-based films demonstrates comparable
ZnO-driven antimicrobial reductions, confirming cross-matrix gen-
erality (13, 21, 54). Smart-packaging reviews further identify ZnO as
a core antimicrobial component in multifunctional films (5, 35, 54).

5.2 Synergistic effects with natural bioactive
compounds

PHBHHx-ZnO systems show stronger antimicrobial and antioxi-
dant behavior when natural extracts, essential oils, or phenolic com-
pounds are incorporated. Early studies demonstrated synergy between
ZnO and essential oils in biodegradable matrices (33, 55). More recent
work confirms similar effects with phenolic compounds and plant-
derived antimicrobials (27, 39, 40). These combinations often produce
around 1 log CFU/g additional microbial reduction beyond ZnO
alone, reflecting complementary ROS-scavenging and membrane-
disruption pathways.

Studies in fish, meat, and bakery products report lower microbial
loads, slower lipid oxidation, and improved sensory quality during
chilled storage when ZnO is combined with natural bioactive com-
pounds (24, 27). ZnO-bioactive combinations behave consistently in
PLA, PHBYV, and cellulose matrices, confirming broad compatibility
between ZnO and plant-derived antimicrobials (27, 28, 40, 55).

PHBHHx matrices support hybrid antimicrobial systems because
their flexibility, moderate crystallinity, and stable interactions with
ZnO and natural compounds enable uniform dispersion and con-
trolled release (18, 31, 32). Recent reviews report similar synergies in
bionanocomposites containing polyphenols, lignin nanoparticles, and
green-synthesized ZnO, confirming the generality of these interac-
tions (40, 47, 48).

ZnO-bioactive combinations enhance antimicrobial and antioxi-
dant behavior through complementary mechanisms, and PHBHHx
provides a stable, flexible matrix that supports these synergistic effects
(18,24,27,31-33, 39, 40, 47, 48).
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5.3 Antioxidant behavior and
oxidative-stability control

PHBHHx-ZnO systems show strong antioxidant behavior due to
photocatalytic activity and radical-scavenging effects. Studies in fish,
poultry, and fresh-produce systems report lower peroxide formation,
slower pigment degradation, and reduced oxidative rancidity during
refrigerated storage (4, 17, 24, 25). Comparative work in PLA, PHBYV,
and cellulose matrices shows similar oxidative-stability improve-
ments, confirming the broad antioxidant role of ZnO (28, 33, 46).
Natural phenolics and essential oils further strengthen antioxidant
behavior through radical-scavenging and metal-chelating effects (27,
33,39).

Hybrid ZnO structures stabilize oxidative behavior by maintain-
ing dispersion and limiting agglomeration (23, 27). ZnO-polyphenol
hybrids further amplify antioxidant activity in cellulose and PVA
matrices, indicating potential for PHBHHXx (27). Additional advances
in doped and green-synthesized ZnO show enhanced oxidative stabil-
ity across biodegradable systems (29, 40) (Figure 11).

ZnO provides photocatalytic radical scavenging, peroxide sup-
pression, and pigment-stability support during chilled storage.
Natural phenolics and essential oils add metal-chelating and radi-
cal-quenching functions, while hybrid ZnO-polyphenol structures
amplify antioxidant activity through combined surface chemistry
and dispersion stability. These coordinated mechanisms reduce oxi-
dative rancidity and maintain color and nutrient integrity across
fish, poultry, and fresh-produce systems (4, 17, 23-25, 27, 29, 33,
39, 40).

5.4 Shelf-life performance

PHBHHx-ZnO films extend shelf life in fish, meat, bakery, and
fresh-produce systems because ZnO suppresses microbial growth,
delays oxidation, and blocks UV-induced deterioration (11, 16, 56).
Studies on gelatine-, EVA-, agar- and chitosan-based ZnO films show
similar reductions in microbial load, slower lipid oxidation, and
improved color retention, confirming that shelf-life gains arise from
ZnO-enabled active functions rather than matrix chemistry (11, 33,
56, 58, 59).

PHBHHx-ZnO films combine antimicrobial activity, oxidative-
stability support, and UV shielding, enabling extended
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ZnO systems.

preservation across high-risk foods. Reported extensions across
ZnO-active systems range from 5 to 21 days depending on food
type, storage conditions, and the presence of natural bioactives (11,
16, 33, 56, 58).

Shelf-life extension in PHBHHx-ZnO systems arises from coor-
dinated antimicrobial, antioxidant, and UV-shielding mechanisms
that reduce microbial proliferation, suppress lipid oxidation, and
maintain color and nutrient integrity during chilled storage (11, 16,
33,56, 58, 59) (Kumar et al., 2019; Borah et al., 2025; Rahmanifarah
etal., 2025). Figure 12 captures the shelf-life extension ranges associ-
ated with ZnO-enabled active-packaging systems across major food
categories.

5.5 Relevance for high-risk food categories

PHBHHx-ZnO systems show strong potential for fish, meat,
dairy, and bakery products, where microbial growth and oxidative
deterioration drive rapid quality loss (4, 24). Studies report lower
microbial loads, slower oxidation, and improved sensory attri-
butes during chilled storage when PHBHHx-ZnO films are used
(17, 25). PHBHHXx matrices provide flexibility, biodegradability,
and stable nanoparticle dispersion, which support consistent
functional performance across high-risk food categories (18, 19).
UV-blocking behavior from ZnO further supports the storage of
light-sensitive foods such as dairy products and fresh produce
(23, 38).

Comparative studies across PHBV, PLA, cellulose, and starch
systems confirm that ZnO delivers similar antimicrobial, anti-
oxidant, and UV-protective benefits across diverse biopolymer
matrices (6, 27, 28, 33, 46). Smart-packaging reviews indicate
that PHBHHx-ZnO is well suited to applications requiring com-
bined antimicrobial, antioxidant, and UV-protective functions
(4, 35). Biopolymer overviews confirm strong relevance for sea-
food, dairy, bakery, and fresh-produce storage, where active-
packaging interventions extend shelf life without persistent
residues (17, 24). PHBHHx-ZnO systems deliver consistent
shelf-life gains across high-risk foods through antimicrobial,
antioxidant, and UV-shielding mechanisms. Table 3 compares
deterioration pathways, baseline shelf-life limits, and the exten-
sions achieved with PHBHHx-ZnO packaging across major food
categories.
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Food category and pathway Baseline shelf life (limiting Extended shelf life (functional References
factors) gains)
Fish (microbial growth, lipid oxidation, 6-8 days; rapid microbial rise; early rancidity; 12-16 days; lower microbial load; slower (11, 12, 24, 25)
UV sensitivity) color loss oxidation; stable odor and color
Meat (microbial spoilage, pigment 3-5 days; discoloration; surface microbial 6-10 days; reduced spoilage organisms; (16, 25)
oxidation) increase slower pigment loss
Dairy (photo-oxidation, microbial 7-10 days; light-driven oxidation; off-flavor 14-18 days; UV protection; slower oxidative (4,38)
instability) formation change
Bakery (staling, fungal growth) 5-7 days; moisture migration; mold onset 10-14 days; delayed staling; lower fungal load (17,27)
Fresh produce (browning, pigment loss, 4-8 days; color fading; moisture loss 8-16 days; improved firmness; reduced (4,25)
dehydration) pigment loss; slower respiration
6 Safety, regulatory considerations, .
and environmental relevance of \‘7 ra—
5 Rainbow trout
PHBHHx-ZnO systems Shrimp 5-7 days Meat
6-8 days \ 6-15 days
6.1 Safety in food-contact applications
. o Zn0  \

ZnO nanoparticles represent a well-studied antimicrobial and 3‘ s active component -
UV-active additive in food-contact matrices, with safety outcomes Fruits and Bakery
shaped by dose, dispersion, and migration behavior (6, 28, 33, 46). vegetables 15 days
Biopolymer matrices with moderate crystallinity show lower nanopar- 14-21days
ticle mobility than amorphous systems, which aligns with migration FIGURE 12
trends reported for PLA, PHBV, and cellulose (6, 28). PHBHHXx films Shelf-life extension ranges for PHBHHx-ZnO active-packaging

. . X systems across major food categories.
prepared with defined ZnO types show tight morphology and uni-

form dispersion, which supports stable interfaces and helps limit
release (22, 26). PHBHHx-ZnO films with narrow particle-size distri-
butions show more stable interfaces and lower release values than
systems containing broad distributions (22, 26).

Application-oriented trials in seafood and beverages show anti-
microbial efficacy at modest ZnO loadings, with no detectable
nanoparticle migration above regulatory thresholds (11, 12). These
studies confirm that ZnO remains immobilized in the polymer
matrix during chilled storage, with antimicrobial benefits achieved
without exceeding migration limits (11, 12). Formulation discipline,
particle size, surface chemistry, and controlled distribution remain
central to safe performance (33, 46). PHBHHXx matrices provide
additional safety advantages because flexibility and moderate crystal-
linity support uniform nanoparticle immobilization during storage
(18, 19).

Comparative active-compound systems show similar migration
constraints. PHBV films containing ferulic or p-coumaric acid remain
below regulatory limits, with higher release in ethanol-rich simulants
and limited release in aqueous media (49). PHBV-tannin films show
negligible migration during forced aqueous extraction, with tannin
retention close to nominal values (43). These systems illustrate how
polymer crystallinity, additive chemistry, and dispersion govern migra-
tion across PHA matrices. Recent reviews note that surface-engineered
Zn0, doped structures, and green-synthesized nano-ZnO may further
reduce migration and strengthen safety profiles in biopolymer matrices
(5,29, 40). PHBHHXx offers strong ZnO immobilization due to its flex-
ibility, moderate crystallinity, and uniform dispersion. Table 4 maps
migration behavior, influencing factors, and safety outcomes for ZnO
in PHBHHX and related biopolymer matrices.
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6.2 Regulatory frameworks for active and
intelligent packaging

Active and intelligent packaging operates within regulated frame-
works that require migration studies, toxicological assessments, and
validated functional stability (4, 25). Regulatory assessments empha-
size the need for matrix-specific migration data because nanoparticle
mobility varies strongly with polymer crystallinity and food polarity
(4, 25). Recent reviews of chemical-safety issues in emerging packag-
ing highlight compliance pathways and analytical challenges, includ-
ing detection limits for nanoparticle-related and
matrix-specific extraction conditions (50).

Analytical reviews also highlight the difficulty of distinguishing
ionic Zn from nanoparticulate ZnO during migration testing, which
complicates regulatory interpretation (50). Practical compliance strat-
egy for PHBHHXx-ZnO systems centers on modest particle loadings,
verified dispersion, and functional-layer placement when reduced
direct food contact is required (22, 23). Functional-layer placement
within multilayer films provides a recognized compliance route for
nano-enabled packaging (22, 23). Regulatory guidance for fish, meat,
and dairy packaging increasingly recognizes the role of active layers
that remain physically separated from direct food contact while still
delivering antimicrobial and UV-protective functions (4, 25).

Smart-packaging regulatory literature also identifies PHBHHXx-
ZnO as compatible with future sensing and indicator technologies
when functional layers limit migration exposure (5, 35). PHBHHx-
ZnO systems maintain environmental compatibility across compost,

species
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TABLE 4 Migration behavior and safety outcomes for ZnO in biopolymer matrices.

Matrix and migration

Migration trend and influencing

10.3389/fnut.2026.1789448

Safety outcome and References

pathway factors regulatory relevance

PLA (surface-active migration, acid- Moderate migration at 3-5%; influenced by Occasional threshold exceedance; requires (12, 38)
sensitive foods) acidity, fat content and particle agglomeration controlled placement or coated formats

PHBV (crystalline confinement, Low migration at 2-4%; crystallinity restricts Zn** | Rare exceedance; stable in multilayer (31,32)
limited mobility) diffusion structures

PHBHHX (functional-layer Very low migration at 1-3%; dispersion and No exceedance reported; suitable for chilled (19,22)
confinement, uniform dispersion) crystallinity immobilize ZnO foods and multilayer builds

TABLE 5 Environmental fate and biodegradation behavior of PHBHHx-ZnO and related matrices.

System and Behavior and influencing factors Outcome and environmental References
degradation pathway relevance
PLA (hydrolysis-driven Slow breakdown in soil; faster under industrial Moderate environmental compatibility; requires (7,8)
degradation) composting; ZnO migration influenced by controlled composting
moisture
PHBV (enzyme-mediated Steady degradation in compost and soil; High compatibility; predictable breakdown under (18,32)
degradation) crystallinity slows early stages; ZnO remains aerobic conditions
confined
PHBHHXx (esterase-driven Rapid microbial access; uniform ZnO dispersion Strong environmental relevance; stable (22,31)
degradation with flexible chains) | supports immobilization during early stages degradation in compost, soil, and marine settings
with no evidence of nanoparticle release above
regulatory thresholds

soil, and marine settings due to uniform ZnO immobilization and
efficient enzymatic degradation. Table 5 outlines environmental
behavior, degradation pathways, and end-of-life outcomes for
PHBHHXx-ZnO and related matrices.

6.3 Environmental relevance and end-of-life
behavior

PHBHHx materials show robust biodegradation under industrial
composting, with documented progression in soil and marine set-
tings through microbial depolymerases (7, 8). PHA family biodegra-
dation proceeds through microbial depolymerases that remain active
across compost, soil, and marine environments, which positions
PHBHHXx within a well-documented degradation pathway (7, 8). Low
ZnO fractions show no inhibition of biodegradation in comparable
biopolymer matrices, and immobilization within crystalline regions
during early phases reduces release risk (18, 31). ZnO particles
embedded within crystalline regions show delayed release during
early biodegradation, which aligns with immobilization trends
observed in PHBV and PLA matrices (18, 31).

Environmental caution remains necessary because excessive
nanoparticle accumulation may disrupt microbial communities,
which reinforces the need for optimized ZnO fractions (27, 28).
PHBHHX production now links to renewable feedstocks and volatile-
fatty-acid routes from food-waste fermentation, with scale-up prog-
ress reported across PHA production platforms (15, 51).
Biodegradation studies on PHBHHXx reinforced with natural com-
pounds confirm that bioactive additives do not impede compost dis-
integration and maintain compatibility with microbial breakdown
pathways (18).
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Comparative PHBV-tannin films show similar behavior, with tan-
nins retained strongly within the polymer even under extended aque-
ous extraction, supporting stable behavior during early degradation
(43). PHBV-phenolic-acid systems also maintain biodegradation com-
patibility, with active compounds not impeding compost disintegra-
tion (49). Life-cycle analyses indicate alignment between
PHBHHx-ZnO and sustainable disposal pathways when renewable
feedstocks, efficient processing, and compostable architectures are
used (9, 52).

6.4 Alignment with sustainability priorities

Shelf-life extension provides a direct lever against food loss and
waste, and active films that combine antimicrobial control, UV shield-
ing, and oxidative-stability support show meaningful gains across
bakery and seafood case studies under chilled storage (4, 11). Case
studies in bakery and seafood systems show measurable reductions in
spoilage-related waste when active films are used under chilled storage
(4, 11). Sector guidance for fresh meat and fish underscores dual
objectives, lowered spoilage and reduced packaging persistence, where
PHBHHx-ZnO systems align through functional layers and biode-
gradable end-of-life behavior (17, 25).

Life-cycle assessments report favorable environmental footprints
for biopolymer packaging when renewable feedstocks, efficient pro-
cessing, and appropriate end-of-life routes are used (52). Broader sus-
tainability reviews highlight rising research and industrial interest in
biobased plastics as part of global strategies to reduce plastic persis-
tence and food waste (9, 10). Emerging sustainability pathways further
highlight PHBHHx-ZnO compatibility with circular-economy
models, including renewable-feedstock PHA production,
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functional-layer placement, and smart-packaging architectures (5, 35).
Opverall alignment emerges through reduced food waste, lower reli-
ance on persistent plastics, and credible end-of-life outcomes under
managed conditions (7, 8). PHBHHx-ZnO systems sit at the intersec-
tion of food protection, material safety, and environmental responsi-
bility, supporting transitions toward circular packaging models.

7 Comparison of PHBHHx-ZnO
systems with other biodegradable
nanocomposites

7.1 Comparison with PLA-based
nanocomposites

PLA-ZnO nanocomposites present strong mechanical strength and
good transparency, but brittleness and limited flexibility restrict perfor-
mance in applications that require repeated handling or deformation
(23, 46). PHBHHx-ZnO nanocomposites present stronger flexibility
due to lower crystallinity and higher chain mobility, which supports
broader use in flexible and semirigid packaging formats (18, 19).

PLA-ZnO nanocomposites offer strong UV protection and anti-
microbial activity, but PHBHHx-ZnO nanocomposites present more
balanced mechanical and barrier behavior because of stronger poly-
mer-nanoparticle interactions (23, 46). PLA matrices also degrade
more slowly in soil and marine settings, whereas PHBHHx matrices
show faster and more consistent biodegradation due to microbial
enzymatic activity (7, 8). Higher moisture sensitivity in PLA-ZnO
systems further limits performance in chilled and high-humidity
foods (44, 61).

Comparative PHA-based systems provide additional benchmarks
for multifunctionality. PHBV films containing ferulic or p-coumaric
acid deliver oxygen-barrier gains of around 10-35% and enhanced
UV blocking, while PHBV-tannin films provide strong UV shielding
and approximately 5-10% WV'TR reductions with negligible migra-
tion during forced extraction (43, 49). These molecular-additive sys-
tems illustrate how crystallinity and polymer-additive interactions
shape barrier performance and multifunctionality in biodegradable
matrices, and they highlight why PHBHHx-ZnO maintains more
stable nanoparticle immobilization than PLA under acidic or high-
polarity conditions (50).

7.2 Comparison with PHBV-based
nanocomposites

PHBV-ZnO nanocomposites present strong mechanical strength
and good barrier behavior, but brittleness and narrow processing win-
dows restrict industrial scalability (18, 31). PHBHHx-ZnO nanocom-
posites present broader processing windows due to lower crystallinity
and higher thermal stability, which supports extrusion, film-casting,
and fiber-spinning routes (19, 22). PHBV matrices present strong
oxygen-barrier behavior, but PHBHHx-ZnO nanocomposites present
more balanced performance due to improved flexibility, stronger
interfacial adhesion, and more stable nanoparticle dispersion (18, 31).

PHBV-ZnO systems typically show higher haze and lower trans-
parency than PHBHHXx-ZnO systems, which restricts their suitability
for visible-product packaging (23, 38). Structural studies also report
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greater ZnO agglomeration in PHBV at moderate loadings, whereas
PHBHHx matrices disperse ZnO more uniformly because of their
lower crystallinity and higher chain mobility (28). Molecular-additive
systems in PHBV provide additional structural benchmarks. Tannin-
based films reduce OTR by around 10-35% and enhance UV blocking
through hydrogen bonding and aromatic absorption (43).

PHBYV films containing ferulic or p-coumaric acid show similar
barrier and UV-blocking gains, reinforcing how phenolic structures
influence crystallinity and diffusion pathways (49). These tannin- and
phenolic-acid systems illustrate how both molecular and nanoparticu-
late additives shape crystallinity, barrier behavior, and multifunction-
ality across PHA matrices (43, 49). Recent reviews further note that
PHBHHXx provides more stable ZnO immobilization than PHBV in
acidic or high-polarity environments, reflecting its lower crystallinity
and more flexible chain architecture (50).

7.3 Comparison with starch-based
nanocomposites

Starch-ZnO nanocomposites present strong biodegradability and
good oxygen-barrier behavior, but high moisture sensitivity restricts
performance in high-humidity environments. PHBHHx-ZnO nano-
composites present lower moisture sensitivity due to hydrophobic
polymer chains and stronger polymer-nanoparticle interactions (44,
61). Starch-ZnO nanocomposites present strong antimicrobial activ-
ity, but mechanical behavior remains weak due to limited chain mobil-
ity and high-water uptake (27, 33). PHBHHx-ZnO nanocomposites
present stronger mechanical integrity and more stable performance
during storage, which supports broader industrial adoption (27, 33).
Starch matrices also show higher nanoparticle migration under humid
conditions, whereas PHBHHx matrices maintain tighter interfaces
and lower mobility (31, 32).

Recent reviews note similar moisture-induced migration chal-
lenges in xylan/PVA-ZnO films, reinforcing the advantage of
PHBHHXx in humid environments (39). Starch-based nanocomposites
reinforced with phenolic acids or tannins show strong antioxidant
behavior but retain high WVTR and moisture-driven migration, fur-
ther highlighting the stability of PHBHHx-ZnO under chilled and
high-humidity storage (44, 61). PHBV-tannin films reduce OTR by
around 10-35% and enhance UV blocking through hydrogen bonding
and aromatic absorption, whereas PHBHHx-ZnO achieves barrier
gains primarily through nucleation-driven crystallinity increases
while maintaining flexibility (31, 43).

7.4 Comparison with cellulose-based
nanocomposites

Cellulose-ZnO nanocomposites present strong mechanical strength
and good oxygen-barrier behavior, but limited flexibility restricts use in
applications that require deformation or repeated handling (31, 32).
PHBHHx-ZnO nanocomposites present stronger flexibility and more
stable mechanical behavior due to lower crystallinity and higher chain
mobility (31, 32). Cellulose-ZnO nanocomposites present strong UV
protection and antimicrobial activity, but PHBHHx-ZnO nanocompos-
ites present more balanced performance due to stronger polymer-
nanoparticle interactions and more uniform dispersion (23, 28).

Cellulose matrices also show higher water uptake and faster
nanoparticle release under humid conditions, whereas PHBHHx
matrices maintain tighter interfaces and lower migration (31, 32).

frontiersin.org



Nahar and Sarker

Further studies on nanocellulose-PHA composites confirm that
PHBHHXx offers stronger dispersion stability than other PHA-cellulose
blends, reflecting its lower crystallinity and higher chain mobility (18).
Starch-based nanocomposites reinforced with phenolic acids or tan-
nins show strong antimicrobial and antioxidant behavior, but high
WVTR and moisture-driven migration continue to constrain perfor-
mance in humid environments (44, 61). PHBHHx-ZnO maintains
lower water uptake and more stable interfaces, supporting stronger
mechanical integrity and steadier storage performance under chilled
and high-humidity conditions (31, 32).

7.5 Comparison with chitosan-based
nanocomposites

Chitosan-ZnO nanocomposites present strong antimicrobial
activity due to inherent cationic behavior and nanoparticle synergy,
but high moisture sensitivity and limited mechanical strength restrict
performance in high-humidity environments (6, 33). PHBHHx-ZnO
nanocomposites present lower moisture sensitivity and stronger
mechanical integrity, which supports broader application in refriger-
ated storage (27, 46). Chitosan matrices present strong oxygen-bar-
rier behavior, but PHBHHx-ZnO nanocomposites present more
balanced performance due to improved flexibility, stronger thermal
stability and more consistent nanoparticle dispersion (27, 46).
Chitosan-ZnO systems also show higher nanoparticle migration
under acidic conditions, whereas PHBHHx-ZnO systems maintain
lower release due to tighter morphology (31, 32).

Comparative antimicrobial analyses also show that PHBHHx-
ZnO maintains activity more consistently under chilled storage than
chitosan systems, which lose performance under high-humidity and
acidic conditions (24, 25). Cellulose-ZnO films provide strong UV
absorption and good oxygen-barrier behavior but limited extensibility
for flexible formats (31, 32). PHBHHx-ZnO combines UV protection
with higher extensibility and more uniform nanoparticle immobiliza-
tion, reflecting its lower crystallinity, stronger interfacial adhesion,
and more stable filler-matrix interfaces (23, 28).

7.6 Comparison with PCL-based
nanocomposites

PCL-ZnO nanocomposites present strong flexibility and good
processability, but slow biodegradation restricts environmental rele-
vance (7, 8). PHBHHx-ZnO nanocomposites present faster biodegra-
dation under soil, marine, and composting conditions due to
microbial enzymatic activity (7, 8). PCL-ZnO nanocomposites present
moderate mechanical strength and limited oxygen-barrier behavior,
whereas PHBHHx-ZnO nanocomposites present stronger mechanical
integrity and more balanced barrier performance due to improved
crystallinity and stronger polymer-nanoparticle interactions (31, 32).
PCL matrices also show weaker UV protection at comparable ZnO
loadings, whereas PHBHHx-ZnO systems show stronger UVA and
UVB absorption due to tighter dispersion (23, 38).

Advances in green-synthesized ZnO also show stronger
UV-shielding compatibility with PHBHHx than with PCL (40).
Chitosan-ZnO systems provide strong antimicrobial activity and good
film formation, yet hydrophilicity drives rapid release in acidic simu-
lants and reduces mechanical stability under humid conditions (6, 33).
PHBHHx-ZnO shows lower moisture sensitivity and more consistent
mechanical behavior during chilled storage, with reduced
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nanoparticle migration due to tighter morphology (31, 32). PCL-ZnO
films offer flexibility and processability, but slower biodegradation and
weaker barrier performance limit suitability for high-risk foods (7, 8).
PHBHHX-ZnO degrades faster in compost, soil, and marine settings
and provides stronger oxygen-barrier and UV-shielding performance
due to improved crystallinity and dispersion (31, 38).

7.7 Processing windows and industrial
scalability

PHBHHx-ZnO nanocomposites present broader processing lati-
tude than many biodegradable matrices because lower crystallinity
and higher thermal stability support extrusion, blown-film processing,
casting and fiber-spinning routes (19, 22). PHB and PHBV systems
show narrower melt windows and higher shear sensitivity, which
restrict scalability and increase the risk of thermal degradation during
industrial processing (8, 42). PHBHHx-ZnO structures maintain
stable viscosity, stronger nucleation control, and more uniform mor-
phology under cooling, which supports consistent film formation and
fiber production (22, 26). These characteristics strengthen the indus-
trial relevance of PHBHHx-ZnO systems for the large-scale manufac-
ture of active packaging formats.

Recent industrial reviews highlight PHBHHXx as one of the most
scalable PHA matrices for active packaging due to its wide melt-pro-
cessing windows and stable nanoparticle dispersion (5, 47). PHBHHXx-
ZnO maintains stable viscosity, broad melt-processing latitude, and
strong nucleation control, supporting industrial extrusion, coatings,
and fiber spinning (19, 22). In contrast, PHB and PHBV show nar-
rower melt windows and higher shear sensitivity, which increases
degradation risk during scale-up (8, 42). PLA/PHB blends processed
at 453 K improve melt stability relative to neat PLA, yet still do not
match the processing robustness and morphology control achieved in
PHBHHX-ZnO systems (26, 53). PHBHHx-ZnO offers the broadest
processing latitude and most stable morphology control

8 Emerging trends, challenges, and
future directions

8.1 Emerging trends

Green ZnO routes now occupy central attention, with plant extracts,
microbially mediated processes, and waste-derived precursors reported
for lower energy footprints and improved regulatory acceptance (23, 30,
40). Surface-engineered ZnO particles, including ligand-stabilized,
doped, and core-shell forms, present steadier dispersions, sharper
nucleation, and more controlled Zn2 + release in biopolymer films (5,
29). Hybrid ZnO constructs that incorporate natural phenolics or car-
bon-based domains present broader antioxidant capacity while retain-
ing food-safe performance windows (27, 33). Multilayer and coated
architectures with active cores or functional faces present tailored bar-
rier behavior, antimicrobial baselines, and clear optics when particle
placement remains disciplined (22, 26). PHBHHx and related PHAs
perform well in these stacks, with UV-blocking and oxygen-barrier
gains recorded at modest ZnO loadings (31, 38). PHBHHx-ZnO films
also show crystallinity around 53-56%, which supports stable optical
and mechanical behavior in multilayer formats (22).
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Smart-packaging elements such as pH-responsive color, fluores-
cence readouts, and spoilage indicators now progress from laboratory
demonstrations toward practical use in fish, meat, and bakery sectors
(4, 25, 35). Electrospun mats and fiber-based formats based on PHBV,
PLA, and related biopolymers present expanded surface area and
active contact coverage for contact-intensive foods, with processing
stability and regulatory considerations now cataloged for food-contact
deployment (19, 22, 32).

Broader packaging reviews document a shift from single-function
films toward multifunctional active stacks that combine antimicrobial,
antioxidant, and sensing capabilities (5, 35). These trends align with
sector priorities for chilled fish, dairy, and fresh produce, where com-
bined UV, antimicrobial, and oxidative-stability functions support
extended shelf life (4, 38). Comparative results from PHBV-phenolic-
acid and PHBV-tannin systems confirm that biobased molecular addi-
tives can complement ZnO nanoparticulate behavior, offering additional
routes to UV absorption, antioxidant activity, and controlled migration
(43,49). Recent analyses identify PHBHHx as one of the most adaptable
PHA matrices for smart-packaging integration due to its flexible pro-
cessing window and stable nanoparticle immobilization (47, 48).

8.2 Key challenges

Agglomeration at higher ZnO fractions remains a recurrent con-
straint, as reduced dispersion quality lowers ductility, raises haze, and
interrupts barrier gains (22, 26). Migration control and dose discipline
remain central regulatory themes for active materials, with fatty or
acidic foods requiring conservative loadings and validated analytical
methods (25, 50). Environmental fate and microbial-community
impact remain important considerations, as low ZnO fractions are
tolerated in many matrices, whereas excessive accumulation may dis-
turb microbial ecologies (27, 28). PHBHHXx matrices immobilize ZnO
within crystalline regions during early degradation, but excessive
loadings still risk release under compost or soil conditions (18, 31).

Industrial scalability remains constrained by narrower melt win-
dows in PHA families than in PLA, sensitivity to residence time and
shear, and bottlenecks in fiber spinning at high throughput (8, 19).
Cost and reproducibility remain practical challenges, as greener ZnO
routes and hybrid particles introduce additional preparation steps,
and consistent particle type and layer placement remain essential for
factory-level repeatability (23, 35). Life-cycle and footprint verification
remains necessary, as the advantages of biopolymers over conven-
tional plastics depend on feedstocks, energy intensity, and end-of-life
routing (9, 52). Analytical challenges persist in distinguishing ionic
Zn from nanoparticulate ZnO during migration testing, which com-
plicates regulatory interpretation (50).

Comparative work in PHBV-tannin and PHBV-phenolic-acid
systems confirms that migration behavior varies strongly with additive
polarity and matrix chemistry, reinforcing the need for matrix-specific
assessments (43, 49). Emerging work highlights the need for standard-
ized nanoparticle-sensing protocols and validated Zn-speciation ana-
Iytics to support regulatory approval (4, 35).

8.3 Future directions

Stable incorporation and controlled release remain priority goals,
with surface-engineered ZnO, plant-mediated particles, and hybrid
constructs offering routes to maintain activity while respecting migra-
tion thresholds (22, 23, 27). Standardized migration and sensing pro-
tocols remain essential for nano-enabled active packaging, with
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harmonized methods and shelf-life metrics required for seafood and
meat chains (4, 25). Life-cycle-first design now guides material choices,
with LCA-tuned decisions on particle preparation, layer architecture,
and disposal routes, supported by circular-economy strategies that
incorporate renewable feedstocks and waste valorization (15, 52).

Wider material scope emerges through lignin nanoparticles and
other bio-based fillers, which present mechanical and barrier enhance-
ments in food-contact films (47, 48). Process-level safeguards remain
essential, with disciplined cooling, short residence times, and clean die
design required to preserve viscosity and crystallization profiles
during scale-up (19, 42).

Sector-specific playbooks now guide chilled fish and fresh-fruit
chains, where combined antimicrobial, UV, and antioxidant functions
align with postharvest handling protocols for additive shelf-life gains (4,
25). Future PHBHHx-ZnO systems will likely integrate hybrid fillers,
functional layers, and sensing elements within recyclable or composta-
ble architectures, supporting transitions toward low-waste, high-perfor-
mance packaging. Recent directions also suggest the integration of
electrospun sensing meshes, active indicator layers, and pH-responsive
colorimetric systems into PHBHHXx stacks for real-time freshness moni-
toring (5, 35). These approaches align with broader trends toward mul-
tifunctional biopolymer platforms that combine barrier performance,
antimicrobial activity, and embedded sensing. Continued advances in
nano-enabled signal amplification, low-migration dye carriers, and bio-
degradable conductive pathways will further support the development
of PHBHHXx-based smart-packaging architectures capable of real-time
quality tracking and end-of-life biodegradability.

9 Conclusion

This review examines the structural, functional, and ecological
evidence that establishes PHBHHx-ZnO as a next-generation platform
for sustainable active food packaging. The combined system unites
mechanical reinforcement, barrier stability, antimicrobial potency,
ultraviolet shielding, antioxidant capacity, and full biodegradability
within one material architecture. PHBHHx-ZnO films show crystal-
linity around 53-56%, stable dispersion, low haze, and consistent per-
formance across films, fibers, and multilayer structures. Comparative
studies across starch, gelatine, PLA, agar, chitosan, alginate, cellulose,
and PHBV demonstrate shelf-life extension in dairy, meat, fish, pro-
duce, and bakery applications, confirming the broad relevance of
ZnO-based bionanocomposites. Hybrid systems that incorporate
essential oils, phenolic compounds, or metallic dopants deliver stron-
ger antimicrobial and antioxidant performance, expanding the func-
tional scope of ZnO-reinforced films and strengthening their active
preservation capacity during chilled storage. Advances in industrial
biotechnology and green ZnO synthesis provide credible pathways for
scalable and ecologically compatible PHBHHx-ZnO production, while
life-cycle assessments align the system with circular-economy objec-
tives. PHBHHx matrices support renewable-feedstock production
routes and maintain biodegradation across compost, soil, and marine
environments even at low ZnO loadings. Safe adoption will depend on
harmonized regulatory frameworks, comprehensive migration studies,
and continued optimization of synthesis routes to balance functional
performance with toxicological control. Functional-layer placement,
disciplined particle dispersion, and controlled Zn2 + release remain
central to compliance. The evidence indicates that PHBHHx-ZnO
functions as an active bio-packaging platform, with ZnO-driven
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antimicrobial, antioxidant, and UV-shielding mechanisms directly
intervening in spoilage pathways and supporting measurable gains in
food safety and shelf life. Moreover, the findings show that PHBHHx-
ZnO can serve as a robust, adaptable, and environmentally responsible
foundation for next-generation active-packaging technologies, capable
of reducing food waste, lowering persistent-plastic burdens, and sup-
porting sustainable supply-chain transitions. Future progress will
depend on harmonized analytics, disciplined material design, and
integrated circular-economy strategies that link food protection with
environmental responsibility.

Author contributions

LN: Investigation, Software, Project administration, Writing -
review & editing, Conceptualization, Supervision, Writing - original
draft, Data curation, Resources, Formal analysis, Visualization,
Validation, Methodology. SS: Validation, Writing - review & editing.

Funding

The author(s) declared that financial support was not received for
this work and/or its publication.

Acknowledgments

Lutfun Nahar gratefully acknowledges the salary support from the
European Regional Development Fund (Project ENOCH

References

1. Nahar L, Habibi E, Gavril GL, Abdelfattah GMM, Wrona M, Nerin C, et al. Towards
sustainable food packaging using natural compounds: a review of current research
update. Food Bioprod Process. (2025) 150:260-74. doi: 10.1016/j.fbp.2025.01.015

2. Food and Agriculture Organization of the United Nations (FAO). Food loss and Waste
Database. Rome: FAO (2024). Available online at: https://www.fao.org/platform-food-
loss-waste/flw-data/en/ (Accessed November 30, 2025).

3. Food and Agriculture Organization of the United Nations (FAO). SDG Indicator
12.3.1. Global Food Losses. Rome: FAO (2024). Available online at: https://www.fao.org/
sustainable-development-goals-data-portal/data/indicators/1231-global-food-losses/en
(Accessed November 30, 2025).

4. Gigante V, Aliotta L, Ascrizzi R, Pistelli L, Zinnai A, Batoni G, et al. Innovative biobased
and sustainable polymer packaging solutions for extending bread shelf life: a review.
Polymers. (2023) 15:4700. doi: 10.3390/polym15244700

5. Peng B, Qi X, Qiao L, Lu J, Qian Z, Wu C, et al. Nanocomposite-enabled next-genera-
tion food packaging: a comprehensive review on preparation methods, functional proper-
ties, preservation applications, and safety considerations. Foods. (2025) 14:3688. doi:
10.3390/foods14213688

6. Kanmani P, Rhim J-W. Properties of bionanocomposite films with ZnO nanoparticles.
Carbohydr Polym. (2014) 106:190-9. doi: 10.1016/j.carbpol.2014.02.012

7. Koller M, Heeney D, Mukherjee A. Biodegradability of polyhydroxyalkanoate (PHA)

biopolyesters in nature: a review. Biodegradation. (2025) 36:76. doi: 10.1007/
510532-025-10164-y

8. Turco R, Santagata G, Corrado I, Pezzella C, Di Serio M. In vivo and post-synthesis
strategies to enhance the properties of PHB-based materials: a review. Front Bioeng
Biotechnol. (2021) 8:619266. doi: 10.3389/fbioe.2020.619266

9. Moshood TD, Nawanir G, Mahmud E, Mohamad F, Ahmad MH, AbdulGhani A. A
literature review on sustainability of bio-based and biodegradable plastics: challenges
and opportunities. Energy Eng. (2022) 119:1611-47. doi: 10.32604/ee.2022.019028

Frontiers in Nutrition

10.3389/fnut.2026.1789448

#CZ.02.1.01/0.0/0.0/ 16_019/0000868) and the Czech Science
Foundation (Project #23-05474S). We thank Seyedeh Mahsa Hosseini
Nozari for her assistance with all graphical work.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

10. Sharma C, Kundu S, Singh S, Saxena J, Gautam S, Kumar A, et al. From concept to
shelf: engineering biopolymer-based food packaging for sustainability. RSC Sustain.
(2025) 3:4992-5026. doi: 10.1039/D5SU00483G

11. Ejaz M, Arfat YA, Mulla M, Ahmed J. Zinc oxide nanorods/clove essential oil incor-
porated type B gelatine composite films for shrimp packaging. Food Packag Shelf Life.
(2018) 15:113-21. doi: 10.1016/j.£ps.2017.12.004

12. Emamifar A, Kadivar M, Shahedi M, Soleimanian-Zad S. Evaluation of nanocom-
posite packaging containing ag and ZnO on shelf life of fresh orange juice. Innov Food
Sci Emerg Technol. (2010) 11:742-8. doi: 10.1016/j.ifset.2010.06.003

13. Stubli¢ K, Ranilovi¢ J, Oceli¢ Bulatovi¢ V, Ku¢i¢ Grgi¢ D. Advancing sustainability:
utilizing bacterial polyhydroxyalkanoate for food packaging. PRO. (2024) 12:1886. doi:
10.3390/pr12091886

14. Abdallah MB, Saadaoui I, Al-Ghouti MA, Zouari N, Hahladakis JN, Chamkha M,
etal. Advances in polyhydroxyalkanoate (PHA) production from renewable waste mate-
rials using halophilic microorganisms: a comprehensive review. Sci Total Environ. (2025)
963:178452. doi: 10.1016/j.scitotenv.2025.178452

15. Tao X, Liu S, Lv L, Sun L, Zhang G, Liang J, et al. Recent advances in polyhydroxy-
alkanoate production from volatile fatty acids derived from food waste fermentation.
Front Microbiol. (2025) 16:1693596. doi: 10.3389/fmicb.2025.1693596

16. Heydari-Majd M, Ghanbarzadeh B, Hosseini M, Shahidi-Noghabi M. A new active
nanocomposite film based on PLA/ZnO nanoparticles/essential oils for refrigerated fish
fillets. Food Packag Shelf Life. (2019) 19:94-103. doi: 10.1016/j.fps1.2018.12.002

17. Uysal-Unalan I, Sogut E, Realini CE, Cakmak H, Oz E, Espinosa E, et al. Bioplastic
packaging for fresh meat and fish: current status and future direction on mitigating food
and packaging waste. Trends Food Sci Technol. (2024) 152:104660. doi: 10.1016/j.
tifs.2024.104660

18. Giubilini A, Siqueira G, Clemens FJ, Sciancalepore C, Messori M, Nystrom G, et al.
3D printing  nanocellulose-poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)

frontiersin.org



Nahar and Sarker

biodegradable composites by fused deposition modeling. ACS Sustain Chem Eng. (2020)
8:10292-302. doi: 10.1021/acssuschemeng.0c03385

19. Vanheusden C, Vanminsel ], Reddy N, Samyn P, D’'Haen J, Peeters R, et al.
Fabrication of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) fibres using centrifugal
fibre spinning: structure, properties and application potential. Polymers. (2023) 15:1181.
doi: 10.3390/polym15051181

20. Ibarretxe J, Alonso L, Aranburu N, Guerrica-Echevarria G, Orbea A, Iturrondobeitia
M. Sustainable PHBH-alumina nanowire nanocomposites. Polymers. (2022) 14:5033.
doi: 10.3390/polym14225033

21. Jin A, del Valle L], Puiggali ]. Copolymers and blends based on 3-hydroxybutyrate
and 3-hydroxyvalerate units. Int J Mol Sci. (2023) 24:17250. doi: 10.3390/
jms242417250

22. Vanheusden C, Samyn P, Vackier T, Steenackers H, D’Haen J, Peeters R, et al.
Fabrication of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)/ZnO nanocomposite
films for active packaging applications: impact of ZnO type on structure-property
dynamics. Polymers. (2024) 16:1861. doi: 10.3390/polym16131861

23. Zhou X-Q, Hayat Z, Zhang D-D, Li M-Y, Hu S, Wu Q, et al. Zinc oxide nanoparticles:
synthesis, characterization, modification, and applications in food and agriculture. PRO.
(2023) 11:1193. doi: 10.3390/pr11041193

24. Abelti AL, Teka TA, Forsido SF, Tamiru M, Bultosa G, Alkhtib A. Bio-based smart
materials for fish product packaging: a review. ] Food Sci Technol. (2022) 25:857-71. doi:
10.1080/10942912.2022.2066121

25. Kamau PG, Cruz-Romero MC, Alzate PC, Morris MA, Kerry JP. Active packaging
containing natural antimicrobials as a potential and innovative technology to extend
shelf-life of fish products: a review. Food Packag Shelf Life. (2025) 49:101500. doi:
10.1016/j.fpsl.2025.101500

26. Berrabah I, Dehouche N, Kaci M, Bruzaud S, Delaite C, Deguines CH, et al. A
bionanocomposite of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)/ZnO nanopar-
ticles intended for food packaging. Int ] Biol Macromol. (2023) 238:124162. doi:
10.1016/j.ijbiomac.2023.124162

27. Song D, Ma L-W, Pang B, An R, Nie J-H, Guo Y-R, et al. An active bio-based food
packaging material of ZnO@plant polyphenols/cellulose/polyvinyl alcohol: design,
characterization and application. Int | Mol Sci. (2023) 24:1577. doi: 10.3390/
ijms24021577

28. Syarifa R, Esmaeili Y, Jafarzadeh S, Garavand F, Mahmud S, Ariffin F. Active packag-
ing containing micro- and nano-ZnO: morphological, thermal, mechanical and barrier
properties. Food Sci Nutr. (2023) 11:7373-82. doi: 10.1002/fsn3.3665

29. Jahani A, Biglari N. Zinc oxide nanoparticles: synthesis, properties and their applica-
tions in food packaging. Mater Chem Horiz. (2025) 3:1076. doi: 10.61186/
MCH.2025.1076

30. Qu B, Xiao Z, Luo Y. Sustainable nanotechnology for food preservation: synthesis,
mechanisms, and applications of zinc oxide nanoparticles. J Agric Food Res. (2025)
19:101743. doi: 10.1016/j.jafr.2025.101743

31. Pires JRA, Rodrigues C, Coelhoso I, Fernando AL, Souza VGL. Current applications
of bionanocomposites in food processing and packaging. Polymers. (2023) 15:2336. doi:
10.3390/polym15102336

32. Primozi¢ M, Knez Z, Leitgeb M. (Bio) nanotechnology in food science — food pack-
aging. Nano. (2021) 11:292. doi: 10.3390/nan011020292

33. SaniIK, Pirsa S, Tagi $. Preparation of chitosan/zinc oxide/Melissa officinalis essen-
tial-oil nanocomposite film and evaluation of physical, mechanical and antimicrobial
properties by response surface method. Polym Test. (2019) 79:106004. doi: 10.1016/j.
polymertesting.2019.106004

34. Vaezi K, Asadpour G, Sharifi H. Effect of ZnO nanoparticles on the mechanical,
barrier and optical properties of thermoplastic cationic starch/montmorillonite biode-
gradable films. Int ] Biol Macromol. (2019) 124:519-29. doi: 10.1016/j.
ijbiomac.2018.11.142

35. Muthu A, Nguyen DHII, Neji C, Torés G, Ferroudj A, Atieh R, et al. Nanomaterials
for smart and sustainable food packaging. Foods. (2025) 14:2657. doi: 10.3390/
foods14152657

36. Esmaeilzadeh H, Sangpour P, Shahraz F, Hejazi ], Khaksar R. Effect of nanocompos-
ite packaging containing ZnO on growth of Bacillus subtilis and Enterobacter aerogenes.
Mater Sci Eng C. (2016) 58:1058-63. doi: 10.1016/j.msec.2015.09.078

37. Ibrahim MI, Alsafadi D, Alamry KA, Oves M, Alosaimi AM, Hussein MA.
Antimicrobial PHBV reinforced with silver-doped ZnO nanoparticles. Sci Rep. (2022)
12:14299. doi: 10.1038/s41598-022-17470-y

38. Abbas M, Buntinx M, Deferme W, Reddy N, Peeters R. Oxygen gas and UV barrier
properties of nano-ZnO-coated PET and PHBHHx materials fabricated by ultrasonic
spray-coating technique. Nano. (2021) 11:449. doi: 10.3390/nano11020449

39. Yao L, Sun H, Yu C, Weng Y. Enhanced xylan/PVA composite films via nano-ZnO
reinforcement for sustainable food packaging. Polymers. (2025) 17:1080. doi: 10.3390/
polym17081080

Frontiers in Nutrition

10.3389/fnut.2026.1789448

40. Haque S, Faidah H, Ashgar SS, Abujamel TS, Mokhtar JA, Almuhayawi MS, et al.
Green synthesis of Zn(OH),/ZnO-based bionanocomposite using pomegranate peels.
Nano. (2022) 12:3458. doi: 10.3390/nan012193458

41. Berrabah I, Kaci M, Dehouche N, Delaite C, Deguines C-H, Bououdina M.
Advancing food packaging: enhancing stability and performance of biodegradable
PHBHHx with ZnO nanofillers. Polym Bull. (2024) 81:10953-71. doi: 10.1007/
500289-024-05209-w

42. Buntinx M, Vanheusden C, Hermans D. Processing and properties of polyhydroxy-
alkanoate/ZnO nanocomposites: a review of their potential as sustainable packaging
materials. Polymers. (2024) 16:3061. doi: 10.3390/polym16213061

43. Ferri M, Papchenko K, Degli Esposti M, Tondi G, De Angelis MG, Morselli D, et al.
Fully biobased polyhydroxyalkanoate/tannin films as multifunctional materials for
smart food packaging applications. ACS Appl Mater Interfaces. (2023) 15:28594-605.
doi: 10.1021/acsami.3c04611

44. Briassoulis D, Tserotas P, Athanasoulia IG. Alternative optimization routes for
improving the performance of poly(3-hydroxybutyrate) (PHB)-based plastics. J Clean
Prod. (2021) 318:128555. doi: 10.1016/j.jclepro.2021.128555

45. De Luca S, Milanese D, Gallichi-Nottiani D, Cavazza A, Sciancalepore C. Poly(lactic
acid) and its blends for packaging application: a review. Clean Technol. (2023) 5:1304-43.
doi: 10.3390/cleantechnol5040066

46. Kim I, Viswanathan K, Kasi G, Sadeghi K, Thanakkasaranee S, Seo J. Poly(lactic acid)/
ZnO bionanocomposite films with positively charged ZnO as potential antimicrobial food
packaging materials. Polymers. (2019) 11:1427. doi: 10.3390/polym 11091427

47. Mesa NEG, Pataquiva-Mateus AY, Tang Y. Exploring biodegradable polymeric nano-
composite films for sustainable food packaging application. Polymers. (2025) 17:2207. doi:
10.3390/polym17162207

48. Peng J, Wang Y. Lignin nanoparticles in food packaging: a sustainable approach to
material design and performance enhancement. Front Nutr. (2025) 12:1659877. doi:
10.3389/fnut.2025.1659877

49. Moll E, Chiralt A. Polyhydroxybutyrate-co-hydroxyvalerate (PHBV) with phe-
nolic acids for active food packaging. Polymers. (2023) 15:4222. doi: 10.3390/
polym15214222

50. Lacourt C, Mukherjee K, Garthoff J, O’Sullivan A, Meunier L, Fattori V. Recent and
emerging food packaging alternatives: chemical safety risks, current regulations, and
analytical challenges. Compr Rev Food Sci Food Saf. (2024) 23:¢70059. doi:
10.1111/1541-4337.70059

51. Kalia VC, Singh RV, Gong C, Lee J-K. Toward sustainable polyhydroxyalkanoates.
Polymers. (2025) 17:853. doi: 10.3390/polym17070853

52. Edo GI, Mafe AN, Ali ABM, Akpoghelie PO, Yousif E, Isoje EE, et al. Life cycle and
environmental impact assessment of biopolymer-based packaging vs. conventional plas-
tics in the food industry. Mater Today Commun. (2025) 46:112806. doi: 10.1016/j.
mtcomm.2025.112806

53. Olejnik O, Masck A, Zawadzilto J. Processability and mechanical properties of ther-
moplastic polylactide/polyhydroxybutyrate (PLA/PHB) bioblends. Materials. (2021)
14:898. doi: 10.3390/ma14040898

54. Guerra CA, Guerra AF, Cristianini M. Synergistic interactions between bacteria-
derived metabolites and emerging technologies for meat preservation. Fermentation.
(2026) 12:43. doi: 10.3390/fermentation12010043

55. Heydari-Majd M, Ghanbarzadeh B, Shahidi-Noghabi M, Abdolshahi A, Dahmardeh
S, Malek Mohammadi M. Poly (lactic acid)-based bionanocomposites: effects of ZnO
nanoparticles and essential oils on physicochemical properties. Polym Bull. (2022)
79:97-119. doi: 10.1007/s00289-020-03490-z

56. Rahmanifarah K, Mahmoudian M, and Mahmoudi Eskandarabadi S. Fish active
packaging with ZnO/Fe-MMT nanoparticles. Sci. Rep. (2025) 15:3623. doi: 10.1038/
541598-025-88008-1

57. United Nations Environment Programme. Food Waste Index Report 2024. Nairobi:
UNEP: (2024). Available online at: https://www.unep.org/resources/publication/food-
waste-index-report-2024 (Accessed November 30, 2025).

58. Borah P, Baishya H, Mukherjee A, Mitra A, Dutta ], and Kumar S. Plant-mediated
synthesis of zinc oxide nanoparticles and their applications in biopolymer-based sustain-
able food packaging: A state-of-art review. Trends Food Sci. Technol. (2025) 148:105101.
doi: 10.1016/j.tifs.2025.105101

59. Kumar S, Boro JC, Ray D, Mukherjee A, and Dutta J. Bionanocomposite films of agar
incorporated with ZnO nanoparticles as an active packaging material for shelf-life exten-
sion of green grapes. Heliyon. (2019) 5:e01867. doi: 10.1016/j.heliyon.2019.e01867

60. EFSA Panel on Food Contact Materials, Enzymes, Flavourings and Processing Aids.
Recent developments in the risk assessment of chemicals in food and their potential
impact on the safety assessment of substances used in food contact materials. EFSA J.
(2016). 14:4357. doi: 10.2903/j.efsa.2016.4357

61. Liu D, Chen Y, Zhou W, Li X, He H, Zhong L, et al. Polysaccharide-based intelligent
food packaging: advancements, applications, and future challenges. Food Bioprocess
Technol. (2025) 18:6779-6812. doi: 10.1007/s11947-025-03845-2

frontiersin.org



