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Biomimetic layered, ecological, advanced,
multi-functional film for sustainable
packaging

Puneet S. Dhatt1,2, Acadia Hu 1, Cheng Hu3,4, Vincent Huynh 1,2,
Susie Y. Dai 2,3,4 & Joshua S. Yuan 1,2

Plastic pollution is one of most daunting sustainability challenges. Multi-
functional and biodegradable plastics are critical for both desirable end-of-life
outcomes and petrochemical plastics replacement. Current bioplastics are
either: short of mechanical properties, like polyhydroxybutyrate (PHB); lack
room temperature biodegradability, like polylactic acid (PLA); or lack the
functionality to create additional values. Here, we present the bioinspired
Layered, Ecological, Advanced, and multi-Functional Film (LEAFF), for sus-
tainable plastic packaging. This biomimetic composite, based on the structure
of the natural plant leaf, synergistically improves mechanical strength while
empowering PLA for rapid ambient soil biodegradability, achieving complete
degradation in 5 weeks. The film is also highly transparent and water stable,
and achieves high gas barrier properties to improve food shelf life and reduce
waste. The biomimetic design showcases the synergistic advantage leveraged
by the LEAFF’s multilayer structure to enhancemechanical performance while
simultaneously retaining biodegradability and achievingmultifunctionality for
broad applications.

Plastics are indispensable to the everyday functioning of the modern
world.However, their ubiquitous usepresents significant sustainability
challenges due to their high carbon emissions and persistent envir-
onmental pollution1–4. Since their industrial adoption in 1950, plastic
production has exponentially increased from 2Mt. in 1951 to over
459Mt. in 20195–7. Globally, nearly half of all of the plastic waste gen-
erated annually is due to single-use plastic (SUP) packaging, the vast
majority ofwhich are not biodegradable8. Today, 91%of plasticwaste is
landfilled or incinerated, with only 9% being recycled1. This landfilled
or incinerated waste fragments into microplastics that find their way
into humans through our water, food, and air8–11. Consumption or
inhalation of microplastics has been associated with increased risk for
numerous pathologies such as cardiovascular and respiratory disease
and lung cancer10,12–15. Additionally, non-degradable plastic waste finds

its way into the world’s waterways and oceans, severely negatively
impacting marine life2,7,16. Even though recent policies advocate for
interdictions on single-use plastic manufacturing, or seek to imple-
ment recycling programs for repurposing plastic packaging materials,
these efforts are not effective due to low recovery rates17,18. Further-
more, it has been estimated that an SUP ban alone will not be enough
to solve the plastic waste problem18,19. Thus, sustainable material
alternatives are necessary to replace petroleum plastic use cases.

Today’s $23.5 billion plastic packaging market is dominated by
polyethylene and polypropylene, accounting for more than half of
non-fiber plastic production20. These polymers are utilized for their
high tensile strength (polyethylene: 20-45MPa; polypropylene:
35MPa) and water resistance21,22. In recent years, numerous designs
for biomaterial alternatives have been realized8,23. These material
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syntheses often utilize blending approaches to create biopolymeric
composites comprised of polylactic acid (PLA), polyhydroxyalk-
anoate (PHA) such as polyhydroxybutyrate (PHB), starch, or
cellulose22,24. However, thesematerials are limited in theirmechanical
performance or water resistance and thus have challenges in indus-
trial adoption25. Additionally, the bioplastics that have the best
mechanical properties, are the hardest to biodegrade26. For example,
PLA has a high tensile strength around 65MPa but is recalcitrant to
biodegradation in soil and marine environments, often requiring
industrial composting conditions22,27,28. For this reason, PLA is con-
sidered compostable, instead of biodegradable29. Designing biode-
gradable PLA has been a well-sought goal for bioplastics
advancement23. As compared to PLA, PHB films are more readily
biodegradable, though PHB is much less mechanically robust than
PLA30–32. Alternative synthetic strategies have emerged to enhance
biodegradability, such as electrospinning. However, these materials
demonstrate a significant decrease in mechanical performance, and
increased gas and liquid permeability33. Aside from mechanical
strength and biodegradability, other highly sought-after features of
plastic materials include: water stability, air impermeability, trans-
parency, and printability. It is highly challenging to achieve broad
multi-functionality in a single material to address all these needs. The
LEAFF composite addresses these challenges through its layered film
structure, which combines the individual advantages of CNF and PLA
materials, while minimizing their disadvantages by leveraging the
synergistic effects that emerge through the interfacial crosslinking of
the two polymers. The LEAFF overcomes the previous paradigm of
biomaterials engineering where a material can either be strong or
biodegradable, achieving both robust mechanical performance and
high biodegradability in ambient condition soil.

To create a biodegradable and mechanically robust plastic
alternative, with the aforementioned important features, we turned to
nature to look for a biomimetic material design. For centuries, cul-
tures around the world have used plant leaves as amaterial for food in
cooking, packaging, and storage34. The plant leaf is a complex com-
posite material composed of an intricate network of water (xylem)
and sugar (phloem) transport vasculature, photosynthetic cells, and a
strong internal structure from cellulose-rich cell walls, all covered by a
thin wax-like coating called cutin35. Inspired by the use of natural
materials for food packaging and the natural leaf’s attributes, we
reconstituted the material morphology of plant leaves using sustain-
able polymers. This resulted in engineering the biomimetic Layered,
Ecological, Advanced, multi-Functional Film (LEAFF) comprised of a
strong core cellulose nanofiber (CNF) structure, a polylactic acid
(PLA) coating, and a hexamethylene diisocyanate (HMDI) crosslinker
to compatibilize their interface. HMDI is a safe cross-linker utilized in
tissue engineering, drug delivery, and biomedical implant
applications36–42. Additionally, all of these materials have individually
been used in FDA-approved food packaging applications38,43–46.
Leveraging this crosslinking approach, we coated CNF films in PLA to
synergistically leverage the mechanical strength of CNF films and the
gas barrier properties and water stability of PLA27,47–49. The resulting
film exhibits greater tensile strength and modulus than biopolymeric
materials, and even surpasses those of polyethylene and poly-
propylene, the most used petrochemical materials22. Furthermore,
this mechanical advantage comes at no cost to biodegradation,
instead driving PLA to completely biodegrade in soil at ambient
conditions. Furthermore, the LEAFF design also achieves multi-
functionality including water stability, gas impermeability, and oth-
ers. The multilayer film design of LEAFF represents a broadly applic-
able strategy to manufacture mechanically robust and rapidly
biodegradable films utilizing synergistic multi-functionality. Thus, the
biomimetic LEAFF represents a new paradigm of sustainably derived,
engineered bioplastics.

Results
The bioinspired design of the LEAFF
Evolved overmillions of years to sustain photosynthesis and biological
life cycle reproduction, the natural plant leaf is structured to: provide
large surface area to receive light and split water; control barrier
properties to transport CO2 into leaf structure, remove O2 and H2O
from the plant organelle; and degrade within the seasonal life cycle
timeframe35,50. All these attributes, including water barrier and biode-
gradability, are highly desirable properties for plastics films. From
materials perspective, these features are enabled by a multilayer film
design comprised of a porous core layer of plant cells and cellulose
fibers coated in a wax-like material called cutin35.

However, natural leaves have limitations in their ability to package
food due to lowmaterial properties, with a tensile strength between 1-
6MPa and low transparency51. We have improved upon these limita-
tions in a newbiomimeticmaterial– the LEAFF. To coat a PLA layer on a
core CNF film, dip-coating was chosen as it a common technique in
food packaging material synthesis and allows for uniform layer
deposition52–54. The coating parameters were optimized experimen-
tally (Note S1). The as-prepared films ranged from 20-40 μm, in the
expected range for their real application. Additionally, LEAFFs are
comprised of 98%CNF, 2% PLA, and0.02%HMDI bymass (Fig. S6). The
choice of PLA as a coating material was made to ensure high
mechanical performance, highfilm transparency,water resistance, and
decent vapor barrier transport properties. As summarized in Fig. 1, the
LEAFF was designed not only to have the properties relevant to food
packaging applications but to be rapidly biodegradable (Fig. 1).

LEAFF’s multilayer morphological characterization
First, themorphology of the filmwas characterized to validate that the
designed material architecture was actualized (Fig. 2A). Through
Fourier transform infrared (FTIR) spectroscopy, the PLA coating on the
surface of the CNF film is observed as a new absorbance peak at
1760 cm−1, which corresponds to the ester group carbonyl of the PLA
polymer. Additionally, after crosslinking there is a slight increase in the
absorbance of the carbamate associated peaks between
1640–1680 cm−1, signaling the appearance of the carbamate functional
group from successful HMDI crosslinking (Fig. 2B). To verify that the
PLA coating is covering the surface of the composite films, contact
angle analysis was conducted (Fig. 2C, D). Neat CNF films present a
contact angleof 48.8°± 3.3°, as expected for a hydrophilicmaterial and
in agreement with literature for these materials55. Contact angles of
both the PLA-coatedCNFfilm and the crosslinked PLA-coatedCNF film
were comparable to that of the neat and crosslinked PLA films. At an
average of 71.9° ± 3.0, the LEAFF’s contact angles closely agree with
that of neat PLA obtained experimentally and from literature37. The
addition of the crosslinker does not further increase the contact angle.

To understand the thermal properties of the LEAFF, differential
scanning calorimetry (DSC) and thermogravimetric (TGA) analyses
were carried out (Fig. 2E–G). From the DSC thermograms, the glass
transition temperature for all of thefilms falls in a similar range, around
58 °C, in agreement with literature for the Tg of PLA56. There is a
marked decrease in the cold crystallization temperature (Tcc) due to
crosslinking from 115 °C to 111 °C for the CNF/PLA and LEAFF, respec-
tively (Fig. 2E). The same trend is observed for the neat PLA and
crosslinked PLA films. Interestingly, this decrease in the Tcc is con-
comitant with a decrease in overall PLA crystallinity in both cases.
There are two observed melt peaks in the CNF/PLA composites, Tm1

between 147.8 °C and 149.0 °C and Tm2 between 154.9 °C and 155.3 °C
(Figs. S1–2). The more thermodynamically stable crystal structure is
due to the α-crystal structure and the less stable structure is the result
of the α’-crystal57. In the crosslinked LEAFF, there is a significant
increase in the more thermodynamically stable α-crystal content seen
in the increased melt enthalpy contributing to the appearance of a
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secondmelt peak at 155 °C on theCNF/PLA composites’ thermograms58.
The same trend is observed in the neat PLA and crosslinked PLA sam-
ples (Fig. 2E). The presence of the CNF allows a location for preferable
PLA crystallization into the α-crystalline structure, representing 23.2%
of the total PLA crystal structures (Table 1). Furthermore, the presence
of the crosslinker compatibilizes the CNF and PLA interface, increasing
theα-crystal content to 45.2% (Table 1). Thus, the crosslinked LEAFF has
more crystal content of the more thermodynamically stable α-crystal
than the un-crosslinked CNF/PLA film. The TGA and derivative ther-
mogravimetric (DTG) curves reveal a similar thermal degradation pro-
file for all the CNF based films, with an increase in the temperature of
maximum degradation rate from 337.1 °C to 338.9 °C with the PLA
coating, and a further increase to 339.3 °C following crosslinking
(Fig. 2F, G; Table 2). X-ray diffraction (XRD) was conducted on the
composite films to understand the effect of PLA coating and cross-
linking on the crystallinity of CNF and PLA composites (Fig. 2H). The
XRD reveals a decrease in CNF crystallinity index (CI) of the CNF film
from 76.5% to 74.6% due to PLA coating, but an increase to 82.0%due to
crosslinking-driven densification of the film.

Finally, scanning electronmicroscopy (SEM)was used to visualize
the morphology of the LEAFF. The natural plant leaf’s core fibrous
structure was recapitulated as fibrous bundles, seen in the LEAFF’s
coreCNF layer (Figs. 2I, S3–4). Additionally, the PLAcoating is visible as
a separate layer coating the CNF film (Fig. 2J). The LEAFF also showed
the least prevalence of holes on the film surface compared to the non-
crosslinked CNF/PLA and neat PLA films (Fig. S5). SEMwas also used to
estimate the film thickness, which ranged from 20-40 µm, with a PLA
coating thickness ranging from 100-200nm (Fig. S6). Together, these
data showcase the successful coating of the CNF film and achievement
of the architecture of the material design of the LEAFF.

The LEAFF shows stablemechanical performance in wet and dry
conditions
The key property of food packaging material is tensile strength. In the
LEAFF, the synergistic interplay and crystal contents of the crosslinked
CNF and PLA composite are realized in its robust mechanical perfor-
mance. The tensile strength of the LEAFF composite is 118.1 ± 8.6MPa,
far surpassing those of any of its constituent materials (Fig. 3A, D; and
Table 3). The elastic modulus (or Young’s modulus) of the LEAFF is
10.6 ± 1.2 GPa, notably higher than CNF or PLA composite films
(Fig. 3A, F; and Table 3). The tensile strength andmodulus of the LEAFF
surpass those of the conventional petrochemical packaging plastics
used today (Table S1)22,59.

In addition to general material properties, the LEAFF was also
characterized for applications specific to food packaging. One such
application is that of water resistance for storage ofmoist foodstuffs.
The LEAFF meets this criterion as its mechanical properties show
great resistance to water after 36 h water submersion (Fig. 3B–G). Up
to 14 d of water submersion performance was tested for LEAFF films
with no further decrease in tensile strength (Fig. S7). LEAFF’s
increased water stability is also observed in its decreased swelling
due to 24 h water submersion, which approaches that of neat PLA
(Fig. 3C). The LEAFF retains a tensile strength of 91.1 ± 6.9MPa under
these conditions, representing 77% of its dry mechanical strength.
Neat CNF and CNF/PLA films degrade more significantly in their
tensile strength, showing 51% and 68% retention, respectively
(Fig. 3D–G). This phenomenon is due to the surface morphology of
the LEAFFs compared to the CNF/PLA films. SEM imaging reveals that
the CNF/PLA films have holes on their surface which can facilitate
water to transport through the more hydrophobic PLA coating and
dissolving the core CNF layer (Fig. S5). The neat PLA films show

Fig. 1 | Representation of LEAFF life cycle. Depicted is the synthetic route of
LEAFF synthesis from sustainably derived cellulose fibers coated with the biopo-
lymer polylactic acid. The LEAFF film shows exceptional barrier properties to

oxygen and water along with high transparency and a high tensile strength. At the
end of its life, LEAFF can rapidly biodegrade due to microbial digestion in less than
5 weeks. Created in BioRender. Dhatt, P. (https://BioRender.com/gvyekxr).
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higher strength retention percentage, but at only 65.0 ± 1.8MPa, the
wet LEAFF are similar to or stronger than all other films tested in any
condition (Fig. 3D). The elastic moduli of the composite films display
a similar trend. Thewet LEAFF has an elasticmodulus of 6.7 ± 0.7 GPa,
which is a similar or greater modulus than all samples’ dry perfor-
mance (Fig. 3F). Thus, together with the hydrophobicity measure-
ment by contact angle (Fig. 2C, D) our results suggest that LEAFF
would have broad applicability for wet and dry packaging applica-
tions, though is not applicable for oil-type applications. LEAFF

applications could includemoisture sensitive products and products
with humid contents.

Multifunctionality of the LEAFF
Along with its mechanical performance, food packaging materials
demand high oxygen and water vapor transmission resistance and
high transparency8. Compared to petrochemical plastics, the LEAFF
has high resistance to oxygen and water transmission (Fig. 4A, and
Table S1). Through ASTM E96 testing of our films at 95% humidity and

Fig. 2 | LEAFF Film Design and Characterization. A The LEAFF composite film
consists of a porous CNF core (white) coated in PLA (light blue). The HMDI cross-
linker (brown) is then cured to allow for interfacial bonding between the CNF and
PLA layers. Created in BioRender. Dhatt, P. (https://BioRender.com/411y44v).
B Fourier transform infrared spectra of composite and control films. C Contact
angle 1μL water droplet images on film surface. D Water contact angle results for
control and composite films, N = 5. Individual data points are shown as black dots.
E Differential scanning calorimetry second heating thermograms for composite

films. Exothermy read as positive values. H X-ray diffractometry curves for com-
posite films. F Thermogravimetric analysis in weight change (%) for composite
films.GDerivative thermogravimetric analysis inweight changepermin (%/min) for
composite films.H XRD curves for composite and control films. I ESEM imaging of
CNF control film cross-section. J ESEM image of LEAFF composite cross-section.
Films: Neat CNF (C, gray), CNF/PLA (CP, blue), LEAFF (L, green), neat PLA (P, pur-
ple), PLA/HMDI (PH, orange). Data: mean ± SEM.
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25 °C, it is shown that the LEAFF water vapor permeability (WVP) is
0.794 gmmm−2 d−1 which is significantly lower than the neat CNF, neat
PLA, and un-crosslinked CNF/PLA films which are 1.146, 1.162, 1.382 g
mm m−2 d−1, respectively. For oxygen barrier evaluation, the oxygen
transmission rates (OTR) andoxygenpermeance (OP) of thefilmswere
characterized (Fig. 4A–C). Due to the densification of the film after
crosslinking, LEAFFs have an OTR of 0.772 cm3m-2 day−1 atm−1 and OP
1.37 cm3mm m-2 day−1 atm−1. The neat PLA films show the most per-
meability to oxygen with an average OTR of 108.5 cm3m-2 day−1 atm−1

and OP of 630.31 cm3mm m−2 day−1 atm−1, agreeing with literature for
neat PLA films8. The neat CNF and CNF/PLA composite films show
similar OTR averages of 1.8 and 1.97 cm3m−2 day−1 atm−1, respectively.
The oxygen permeability of the CNF/PLA composite film is slightly
elevated from the neat CNF film due to the immiscibility of the two
polymers leading to structural defects at their interface, allowing for
more oxygen to transfer through the film. In terms of oxygen trans-
mission, LEAFF films present a much higher barrier to oxygen than the
commonly used neat polyolefin-based packaging films. Additionally,
thewater vapor barrier of LEAFFfilms are aboveolefin-derivedplastics,
in the range of other biopolymeric materials. Overall, the gas barrier
properties position LEAFF films well for applications in packaging due
to comparable gas barrier properties with commercially relevant
polymer films such as polyethylene, polypropylene, and polystyrene
(Table S1).

The LEAFF also exhibits high transparency with a percent trans-
mittance of approximately 49% compared to 33% and 29% for CNF and
CNF/PLA films, respectively (Figs. 4D, S8). This increase in film trans-
parency was engineered by controlling for three physical properties of
the film. The first two factors are both caused by the chemical cross-
linking used in this systemwhich compatibilizes the CNF/PLA interface
and changes the PLA crystal structure. Additionally, PLA and CNF have
very similar indices of refraction allowing for minimal light
scattering60–62. The similarity in the transparency of the LEAFF com-
pared to neat PLA films was observed as text is entirely legible through
both films (Fig. 4E). LEAFF shows similar performance to the neat PLA
film for readability. Finally, the printability of the LEAFFs was com-
pared with conventional A4 printing paper and imaged at various
resolutions to understand the printing fidelity of the film material at
the consumer level. The LEAFF showcases surface printability showing

less smearing or drifting of ink when compared to conventional
printing paper (Fig. 4F).

Biodegradation
One of the major limitations of PLA use as a commodity bioplastic is
that it is not soil biodegradable. PLA degradation has to be achieved
through composting at an elevated temperature27,28. This substantially
complicates its end-of-life (EOL) treatment. There is increasing atten-
tion on the end-of-life (EOL) impact for new materials that are used in
high-quantity applications such as packaging materials4. This focus
comes as bans are increasingly placed on plastic products due to their
negative environmental impacts18. One recent study achieved PLA
biodegradability through enzyme compositing, though the cost of
enzyme production remains high23. LEAFF was designed to be entirely
soil biodegradable throughmuchsimpler design andyet achieves both
stronger mechanical properties and multi-functionality.

The biodegradability of LEAFF was investigated in soil under
ambient conditions to mimic the true EOL conditions for the end-user
of this material. The LEAFF is confirmed to have no significant toxicity
on microbial growth and a reduced degree of microbial surface
adhesion than control CNF film (Fig. S9). The biodegradation results
show that neat CNF films completely biodegrade in 5 weeks under
ambient condition temperature (25 °C) and humidity (40-60% RH).
However, surprisingly both the CNF/PLA films and LEAFF also show a
large degree of degradation in 5 weeks while control neat PLA films
show no sign of biodegradation under ambient conditions (Figs. 5A–C;
and S10–15). The biodegradative performance was also measured
under high humidity conditions, to model humidity during the sum-
mer, which resulted in LEAFF complete biodegradation in 3 weeks
(Figs. S16–19). This result showcases the incredible advantage of LEAFF
over both the conventional petrochemical plastics, which degrade on
theorder of hundreds to thousands of years, and the current bioplastic
alternatives, which degrade on the order of years to decades22,63. The
surfaces of the degrading films were imaged after 2 weeks and there is
clear colonization in the cases of the CNF, CNF/PLA, and LEAFF but
none for the PLA film (Fig. 5D, E).

To better understand themicrobial community that is fostered in
the LEAFF biodegradation microenvironment, whole genome
sequencing (WGS) was conducted in a shotgun metagenomics
approach with species-level identification. Notably, the microbial
community that develops during LEAFF degradation is markedly dif-
ferent from that of the native soil. The LEAFF film fosters a more
microbially diverse microenvironment (Figs. 5F, and S20; Table S2).
This result is encapsulated in the Shannon, an alpha diversity index
that includes both richness (species diversity) and evenness (uni-
formity of species prevalence). Larger Shannon values are associated
with greater species diversity. The Shannon values for soil and LEAFF
are 6.5 and 7.1, respectively. This increase in diversity is driven by an
increase in the evenness of the microbial population, as the Pielou
evenness index is greater for LEAFF than soil with no notable differ-
ence in Simpson’s diversity (Table S2). This increase in microbial
diversity likely helps facilitate LEAFFs biodegradation. Though, mostly
the same set of genera and species are dominant in both conditions.
One difference in species composition of note is the enhanced pre-
valence of the organism Planctoellipticum variicoloris in the LEAFF
condition compared to the control. This organism is a Planctomycete
and has recently been isolated from waste-water samples64. Interest-
ingly, members of the Planctomycetaceae, such as Planctopirus lim-
nophila, have been shown to have the rare ability for endocytosis-like
macromolecular import65. We hypothesize that the emergence of the
prevalence of this species due in the LEAFF biodegradation micro-
environment may be due to this macromolecular import that could
facilitate biopolymer degradation.

Our hypothesis is that the challenge of ambient condition PLA
biodegradation is two-fold: one is a chemical limitation of energy

Table 1 | Composite film crystal content analysis

Sample Tg (°C) Tm1 (°C) Tm2 (°C) ΔHm (J/g) χPLA, α

CNF

CNF/PLA 58.5 149.0 155.3 1.8 23.2%

LEAFF 57.6 147.8 154.9 1.5 45.2%

PLA 59.0 151.6 24.2

PLA/HMDI 57.8 149.8 22.9

The results forCNF crystallinity are calculated fromXRDcurveswhile the PLA crystallinity results
are calculated from DSC thermograms. Tg glass transition temperature, Tcc cold crystallization
temperature, ΔHcc enthalpy of cold crystallization, Tmi melting temperature of peak of i, ΔHm

enthalpy of melting, χPLA,α crystal content of the α cystalline structure in PLA.

Table 2 | Thermogravimetric analysis results

Sample T5% T50% T95% Tmdr Residue (%)

CNF 243.7 341.8 535.1 337.1 0.013

CNF/PLA 263.0 342.3 536.2 338.9 0.377

LEAFF 251.3 342.1 527.4 339.3 0.001

PLA 323.7 357.3 375.4 363.5 0.971

PLA/HMDI 323.1 356.7 375.0 361.9 1.545

TX% Temperature at X% degradation, Tmdr temperature at the maximum rate of degradation,
Residue – weight percentage at 600 °C.
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balance, and the other is a physical limitation imposed by the crystal
structure of PLA. The breakdown of PLA consists of an initial energy
input of ester bond hydrolysis followed by the released low-energy
lactide monomer conversion to pyruvate before being shunted into
central metabolism. Thus, we hypothesized that with the colocaliza-
tion of high energy content cellulose fuels this energy deficient
microbial metabolic process to increase PLA degradation. This is
confirmed by the proliferation of the soil microbiome onto the LEAFF
films but not neat PLA films. Additionally, we engineered the film to
allow for cells and excreted hydrolytic enzymes to better access PLA
polymer chains. Furthermore, the fibrous internal structure of CNF
allows the soil microbes to grow and concentrate near the PLA mate-
rial, further enhancing its biodegradation over that of neat PLA.

Discussion
The biomimetic LEAFF exhibits multifunctional performance in terms
of its vapor barrier properties,mechanical strength, and transparency.
PLA is the most widely used biopolymer, with significant avenues to
scale-up, but it’s main challenge of a lack of ambient condition bio-
degradability remained. LEAFFs overcome these challenges through
engineering of PLA crystallinity. This microstructural design informs

broadly of themethods toovercome the challenges of PLA and achieve
high performance multifunctional materials that can still be biode-
gradable at ambient conditions.

However, some challenges remain to be addressed. For indus-
trial adoption as a packagingmaterial, LEAFF production needs to be
scaled up. The industry already employs large-scale multilayer film
extruders and laminators that could be used to scale up LEAFF pro-
duction, though more work is still needed to understand how to
recapitulate the structure of LEAFF.One additional benefit of scale up
is this lamination can be done solvent-free, as PLA is a common
thermoplastic for extrusion-based applications, especially in 3D
printing. This would eliminate the usage of chlorinated solvents in
PLA solvation.

Another of the remaining challenges in the field of bioplastics is
the costs of raw materials66. Recent technological innovations in bio-
processing can produce CNF around $2,000/tonne66,67. Additionally,
PLA is estimated to be produced at scale at $1,000-2,000/tonne68.
These prices are now beginning to approach those of virgin poly-
ethylene and polypropylene ($800-2,400/tonne)69,70. Taking into
account that oil production is often governmentally subsidized, the
costs trend yet closer toward parity22. Therefore, the LEAFF presents a
multifunctional packaging film that can be a true sustainable replace-
ment for a broad range of petrochemical plastic packaging materials
while surpassing their mechanical performance and overcoming
inherent challenges of biodegradability.

Method
Materials
Cellulose nanofibrils (CNF-slurry-SMC, prepared by supermass colloi-
der, 20% wt) were purchased from Cellulose Lab (NB, Canada).
Polylactic acid (PLA; GF45989881) with a 3–5mmnominal granule size
and average molecular weight (Mw) 193.3 kDa, Hexamethylene

Fig. 3 | Mechanical properties of LEAFF films in wet and dry conditions.
Monotonic stress-strain curves for (A) dry film and (B) wet films after 36 h water
submersion. C Swelling ratio of composite films after 24-36 h water submersion,
N = 2. D Comparison tensile strength elastic modulus of dry (red) and wet (blue)
composite films after 36h water submersion, N ≥ 3. E Retention % of tensile

modulus (wet/dry) after 36h water submersion, N = 3. F Comparison of dry (red)
and wet (blue) elastic modulus (GPa), N ≥ 3.G Retention % of elastic modulus (wet/
dry),N = 3. Films: Neat CNF (C, gray), CNF/PLA (CP, blue), LEAFF (L, green), neat PLA
(P, purple), crosslinked PLA/HMDI (PH, orange). Individualdata points are shownas
black dots. Data: mean ± SEM.

Table 3 | Mechanical Properties of Composite Films

Sample E (GPa) σ (MPa) ε (%)

CNF 7.6 ± 0.9 83.7 ± 6.7 2.1 ± 0.2

CNF/PLA 7.3 ± 0.4 92.2 ± 1.6 1.8± 0.3

PLA 2.9 ± 0.2 67.4± 8.3 2.8 ± 0.6

PLA/HMDI 3.1 ± 0.3 76.3 ± 2.9 3.7 ± 0.4

LEAFF 10.6± 1.2 118.1± 8.6 2.1 ± 0.6

E Elastic modulus, σ Ultimate tensile strength, ε Elongation at break. Data: mean ± s.d.
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diisocyanate (HMDI; 8.22066, purity: > 99.0%), and dichloromethane
(DCM; 650463-4 L, purity: > 99.9%) were purchased from Sigma-
Aldrich (Saint Louis, MO). All materials were used as received without
any further chemical modification. Ultrapure water was filtered by a
Synergy® UV Water Purification System (EMD Millipore).

Preparation of films
Neat CNF films were prepared by preparing a 0.75% (w/v) CNF sus-
pension in ultrapure water. Then, 30mL of the suspension was cast
into a petri dish and dried under ambient pressure, humidity, and at
room temperature. Neat PLA films were prepared by pouring 25mL of
a pre-prepared 5% (w/v) solution of PLA in DCM into a 1 L borosilicate
glass beaker, covering with a glass petri dish, and letting evaporate
overnight. Composite films were synthesized from neat CNF films by
dip coating the CNF films in 250mL 5% PLA in DCM solution, with 0.8%
(wHMDI/wPLA) HMDI crosslinker for CNF/PLA/HMDI films. Dip coating
was conducted using a 40mm/min speed with 5 s of full immersion of
thefilm in the PLAcoating solution and a 60 s drying time, for a total of
3 coatings. All films underwent the 80 °C thermal treatment for 4 h in
an oven for crosslinking. Following thermal treatment, films were heat
pressed at 50 °C for 30min.

Material characterization
For all material characterizations, replicates represent distinct sam-
ples. Mechanical properties including ultimate tensile strength,

Young’s modulus, and elongation at break, were measured using a
Mark-10 Tensile Tester with a 250N load cell using IntelliMEASUR
v2.3.3 software (Mark-10 Corp. Copiague, NY, USA). Samples were
cut into Type V using a die and tested according to ASTMD638with a
traction speed of 25mmmin−1. Sample thickness ranged from 20 -
40μm. All tests were conducted at room temperature under ambient
pressure and humidity. Mechanical properties after water retention
were tested under the same conditions after 36 h submersion of the
films in DI water.

Contact angle was analyzed using an OCA 15EC contact angle
goniometer equipped with 6.5X zoom lens using dpiMAX
v2.4.142 software (DataPhysics, Charlotte, NC). A water droplet size of
1μLwas placed onto the film surface and once the droplet has reached
its equilibrium position, it was imaged. The contact angle was calcu-
lated using OCA software.

Fourier transform infrared spectroscopy (FTIR) was conducted on
composite film samples using a Thermo Scientific Nicolet iS20 (Wal-
tham, MA). Spectra were recorded for the range of 4000–400 cm−1.

An HP color LaserJet ProM545Dn was used to print onto films for
surface printability analysis. Films were prepared by cutting them into
3cm-by-3cm squares and taping the excess film on to a standard
printer paper. Then, a standardized complex image (the Washington
University in St. Louis logo) was printed onto this square and imaged
under a Swift SW380t optical microscope using Swift imaging
3.0 software.

Fig. 4 | Evaluation of LEAFF films food packaging-specific properties.
A Comparison of conventional petrochemical plastic oxygen and water vapor
transmission rates compared to composite films. B Oxygen permeability (OP)
analysisof compositefilms,N = 2.CWater vaporpermeability analysisof composite
films, N = 2. D Transparency (%Transmittance) of light through composite films at
600nm, N = 3. E Readability of text through films, N = 2. F Printability assay

conducted on conventional A4 printer paper and LEAFF films. Films are imaged
under a microscope at 100X and 250X magnifications, N = 2. Films: High density
polyethylene (HDPE), Low density polyethylene (LDPE), polypropylene (PP), Poly-
ethylene terephthalate (PET), Polyhydroxybutyrate (PHB), Neat CNF (C, gray), CNF/
PLA (CP, blue), LEAFF (L, green), neat PLA (P, purple), PLA/HMDI (PH, orange).
Individual data points are shown as black dots. Data: mean± SEM.
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ATecan InfiniteM200NanoPlus plate readerwith Tecan i-Control
v3.9.1.0 software was used to measure transparency. Samples for each
filmwere cut tofill the bottomof a 96-well clearbottompolypropylene
plate. Measurements were taken from 300 to 1000nm with a 10 nm
step size.

Thermogravimetric Analysis (TGA) was performed using TA
Instruments Q5500 (TA Instruments) to evaluate thermal degradation
of samples in the range of 30–600 °C at a rate of 10 °Cmin−1 under an

air flow rate of 25mLmin−1. Derivative Thermogravimetric (DTG) plots
were collected using TA Universal Analysis 2000 Software.

Differential calorimetric analysis (DSC) of films was conducted by
using a TA DSC 2500 system using TA Instruments Trios v5.1.1.46572
(TA Instruments, New Castle, DE). The samples were analyzed using a
heat-cool-heat cycle where samples are heated from room tempera-
ture to 250 °C at a heating rate of 10 °C min−1, cooled to −50 °C, then
heated to 250 °C. The first heat cycle is used to analyze degree of PLA
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Fig. 5 | Rapid biodegradation of LEAFF films in soil. A Image of LEAFF film
packaging application of an apple slice. Scale bar: 1 cm. B Representation of bio-
degradation of bioplastic films. Scale bar: 1 cm; bacteria not to scale. Created in
BioRender. Dhatt, P. (https://BioRender.com/gu7gqlt). C Soil biodegradation pho-
tos for timepoints weeks 1, 3, and 5, showing their respective week 0 control. The

biodegradation of control CNF and PLA are compared to the LEAFF. Scale bars:
1 cm. D SEM images of the degrading films at 2 weeks. Scale bar: 10μm. E Weight
percentage remaining of composite films over the course of biodegradation. Films:
Neat CNF (C, gray), CNF/PLA (CP, blue), LEAFF (L, green), neat PLA (P, purple),N = 3.
Data:mean± SEM. F Top 10 genera ofmicrobial community by relative abundance.
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crystallinity using Eq. (1):

χPLA =
ΔHm

ΔH0
m ×wPLA

ð1Þ

Where χPLA is the degree of crystallinity of PLA,ΔHm is the measured
value of PLA melting enthalpy, calculated by integrating of the area of
the appropriate melting peak(s), ΔH0

m is the melting heat of pure
crystalline PLA (assumed to93.6 J g−1)71. It is assumed that themelt peak
is entirely due to PLAmelting.Using the third cycle, crystal contentwas
calculated by Eq. (2):

χα =
α

α +α0 ð2Þ

Where α is the PLA α-crystal content, α0 is the PLA α’-crystal content.
The surface and cross-sectional morphologies of composite films

were analyzed using Environmental Scanning Electron Microscopy
(Thermofisher Quattro S ESEM) with Thermo Scientific User Interface
v15.2.2 software. The ESEM was operated in secondary electron mode
with an accelerating voltage of 2 kV. Samples were sputter coated with
a thin layer (6 nm)of gold before imagingusing aHighVacuumSputter
Coater (Leica ACE600). Cross section samples were prepared by
freeze-cracking after liquid nitrogen submersion for 10min.

The X-ray diffraction (XRD) patterns of the CNF, PLA, CNF/PLA,
and full LEAFF samples were analyzed by a DMaxB X-ray Dif-
fractometer (Rigaku, Japan) using MDI Datascan 5 software. The
instrument is equipped with a Cu-Kα radiation source (λ = 0.154 nm)
with a 2θ range of 10-30° and the operation voltage and current were
maintained at 35 kV and 30mA respectively with a step size of 0.05,
and a dwell time of 7 s. For PLA only and LEAFFs the dwell time was
raised to 15 s. The CNF film crystallinity index (CI) was then calculated
by Eq. (3)72:

CI =
I002 � IAM
� �

I002
× 100 ð3Þ

Where IAM is the minimum between the (002) and (101) crystalline
peaks at 2θ = 22.3° and 2θ = 18.5° respectively, and I002 is the intensity
of the (002) peak.

Water Vapor and oxygen transmission assay
Water Vapor Transmission Rate measurements were recorded fol-
lowing ASTM E96. Briefly, a 20mL glass vial was filled with 10mL of
water and film samples were fixed to the top of the vial. Then, the glass
vials were left in an environmentally sealed oven at 95% humidity and
25 °C. After 24 h, the vials were removed and theweight loss of the vials
were measured using a balance precise to 0.0001 g (Sartorius; Göt-
tingen, Germany). This result yields water vapor transmission rates
(WVTR), which were then normalized by the film thickness to yield
water vapor permeability (WVP).

For oxygen transmission rate (OTR), films were sent out for
measurement following ASTM D3985 using an Illinois Instrument
Model 8001 (Flex-Pack Engineering, OH, USA). Briefly, 25 cm2 samples
were cut from each film to be tested. The results were normalized by
film thickness to yield oxygen permeability (OP) results.

Microbial growth and adhesion assays
To assess microbial toxicity, growth curves with and without the pre-
sence of 2 cm2 LEAFF film presence were conducted using Escherichia
coli BL21(DE3) (New England Biolabs, MA, USA). For growth experi-
ments E. coli were seeded into 50mL Luria-Bertani (LB) media in a
250mL baffled flask using an initial seeding density of OD600 = 0.02
from overnight LB preculture. The growth curve was quantified by
OD600 measurements taken every 30min.

To assess microbial adhesion, Pseudomonas putida KT2440
(ATCC 47054) was cultured overnight in LB to a final OD600 of 3. Then,
1 cm2 LEAFF film squares were cut and dipped into the culture media
for 30 s. Films were air dried for 30min and then sputter coated in
6 nm of gold before SEM imaging.

Soil biodegradation
All films are cut to 2.5cm-by-2.5 cm rectangles and placed onto a
fiberglass mesh with a pore size <0.5 mm2. The mesh is included to
allow for the film to maintain its position in the soil for imaging, while
retaining contact with the soil. Then, 65 g of FoxFarm Ocean Forest
potting soil (CA, USA) is added to 7cm-by-7cm square plastic planting
pots and the films are buried 2 cm below the soil surface. Samples are
kept in a closed chamber at 25 °C, and either 40–60% or 60–80%
relative humidity (%RH). Every other day, 8mL ofwater is gently added
to each sample. Each week, three distinct films were sampled without
replacement and photographed to measure biodegradation. Soil was
gently removed from the top of each pot, making sure to not damage
or dislodge the film underneath. After two weeks, films were
imaged by SEM.

Microbial community profiling
Following biodegradation, genomic DNA was extracted from soil
samples for untreated and LEAFF biodegradation soil sampled using a
DNeasy PowerSoil Pro Kit (Qiagen, USA), following manufacturer’s
protocols. Genomic DNA was then sent to Novogene (CA, USA), to
perform whole genome sequencing (WGS) for microbial community
identification with a depth of 1 Gbp. Taxonomic classification was
conducted using the Kraken2 software.

Visualization and software analysis
All calculations were conducted in Microsoft Excel. All graphs were
constructed in GraphPad Prism 10. Graphic schematics and repre-
sentations were designed with BioRender. All figures are published
with permission from BioRender.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data used to generate main text and Supplementary Figs. is avail-
able upon request from the corresponding author. All data needed to
evaluate the conclusions in the paper are presented the paper, the
supplementary materials, or Source Data file. Shotgun metagenomics
data was deposited to NCBI SRA under BioProject PRJNA1249046 at
http://www.ncbi.nlm.nih.gov/bioproject/1249046. Source data are
provided with this paper.
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