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Incorporating nanoscale filler materials into polymers usually enhances mechanical properties, alters barrier
characteristics, and enhances the visual appeal of consumer polymers. The growing recognition of the
imperative to shift away from fossil-based, non-biodegradable polymers in single-use plastics and
packaging materials toward fully renewable, recyclable, and/or biodegradable alternatives like PLA or
PHBV has underscored the urgent need for the development of new, cost-effective, and scalable filler
materials. Here, we demonstrate that the utilization of simple oligo-lactic acid modified bacterial
cellulose (OLLA-g-BC) enhances the overall properties of commercial PLA and PHBV to a degree where
it can directly compete with established conventional food packaging polymers. The key factor driving
this enhancement lies in the uniform dispersion of the nanofiller throughout the bulk polymer, as
visualized and confirmed through innovative 3D serial block face SEM analysis. The addition of 5% OLLA-
g-BC increased the biodegradation rate of the nanocomposites without compromising their mechanical
performance, leading to a ~12% increase in Young's modulus for PLLA and a ~14% decrease for PHBV.
Filler incorporation resulted in a ~23% and ~45% decrease in oxygen permeability for PLLA and PHBY,

Received 8th April 2024 respectively, while a ~12% increase in water vapor permeability was observed for PLLA. Intensive
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investigations into the performance of nanocomposites clearly indicate that OLLA-grafted bacterial
DOI: 10.1039/d4su00168k cellulose compound materials could significantly contribute to the realization of a fully circular, zero-

rsc.li/rscsus waste economy.

Sustainability spotlight

Humanity’s ever-increasing demand for single-use plastics poses a significant threat to the natural world. Our research presents an economically viable method
to create biodegradable alternatives using cellulose-reinforced industrial nanocomposites derived from agricultural waste. We believe that the technology
described is capable of moving the entire field of polymer packaging in a more sustainable direction. This article describes for the first time a simple, cheap and
environmentally friendly way to overcome most of the problems encountered when using cellulose as a filler, and not only suggests new ways to use it, but also
discusses why this material/approach is worth developing further. Bacterial cellulose, derived from the fermentation of agricultural waste, represents an
innovative solution for the production of composites in the manufacturing sector, meeting UN SDGs 9 and 12 and reducing the solid waste. Our goal is to
produce biodegradable composites with improved performance that can be integrated into the environment, meeting UN SDGs 14 and 15. Our work contributes
to the circular economy by using renewable resources and provide a solution for sustainable food packaging.

Introduction

Moving away from fossil fuel-based polymers, especially in food
and beverage packaging, is essential for a sustainable future.
Rising plastic consumption, largely from single-use packaging,
is increasing CO, emissions and exacerbating (micro)plastic
pollution, which is having a devastating impact on ecosystems
worldwide.' With packaging accounting for 31% of plastic
production, most of which is derived from fossil fuels,** there is
an urgent need for action. Current recycling efforts are
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hampered by contamination with food waste, resulting in large
amounts of plastic waste.® Replacing fossil-based polymers with
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renewable alternatives, especially biodegradable and/or recy-
clable polymers such as polylactic acid (PLA) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), is promising.””
These renewable resources offer environmentally friendly
options that align with sustainability goals and minimize
ecological damage.'*"

State-of-the-art scientific advancements provide a promising
approach to tackle challenges associated with renewable and
biodegradable polymers in food packaging. Innovative modifi-
cations, including the incorporation of nanofiller materials,
enhance biodegradable polymers to meet precise requirements
while surmounting obstacles such as cost, mechanical limita-
tions, gas barrier inefficiencies, and narrow processing
windows.”*™ Green nanocomposites are instrumental in this
enhancement by ameliorating mechanical, thermal, and barrier
properties, and accelerating biodegradation rates."*” Effective
dispersion and favourable interaction between nanofiller and
polymer matrix are essential for optimal composite
performance.'®**

Cellulose fillers have emerged as a potential avenue for green
composites;**** however, their reinforcing effectiveness is often
hampered by uneven distribution, especially during industrial
polymer processing methods.”>** Insufficient data exists
regarding the dispersion state of cellulose-based fillers due to
low contrast with the polymer matrix, thermal sensitivity, and
limitations in sample analysis techniques. Current character-
ization methods primarily focus on surface distribution,
potentially misrepresenting the overall 3D dispersion.

Utilizing nanocellulose, reduced to nano-scale dimensions,
enhances dispersibility and boosts the interfacial area between
the polymer matrix and cellulose reinforcement.'* However,
hydrophilic cellulose nanoparticles struggle to uniformly
disperse in hydrophobic polymer matrices, leading to clustering
and decreased mechanical and barrier properties in renewable
polymer composites like poly-r-lactic acid (PLLA) and PHBV.*
Research focuses on reducing interfacial energy between
cellulose nanoparticles and hydrophobic biodegradable poly-
mer matrix, primarily through chemical surface modifica-
tions."*** Grafting polymer chains onto nanocellulose surfaces
shows promise, initiating polymerization of matrix-compatible
polymers from cellulose sites* to create a cellulose core with
a grafted polymer shell, enhancing dispersion of filler within
the polymer matrix.

Wood pulp is a common source of nanocellulose; however,
extracting nanocellulose from plant matrices, where cellulose
intertwines with other biopolymers like lignin, pectin, and
hemicellulose, proves uneconomical for applications such as
food packaging due to high energy and chemical require-
ments.””*® Bacterial cellulose (BC) emerges as a promising
alternative due to its natural abundance, high crystallinity, and
the ease of forming BC nanoparticles, devoid of other biopoly-
mers present in wood pulp.?*-** While BC is currently produced
in limited quantities and is relatively expensive,**** emerging
circular economy practices utilize millions of tons of food
waste, including fruit waste directly sourced from farms, to
produce various products with the aim of achieving zero waste,
including BC as a viable option.>*¢
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Many proposed methods in literature for modifying cellulose
with biodegradable polymers involve unstable intermediates
and prove complex, making upscaling impractical.>”*® Studies
predominantly focus on grafting polymer brushes onto micro-
and nanocrystalline cellulose,”* demanding higher energy
inputs than intrinsically nanoscale BC production. Limited
investigations exist on modifying nanosized BC with biode-
gradable polymers like PLLA. Moreover, the industrial applica-
bility of methods explored is hindered by reliance on solvent
casting in most of the existing studies, which lacks potential for
industrial implementation.*>**

We present a simple and scalable process for the production
of BC nanoparticles from kombucha and its grafting with oligo-
t-lactic acid (OLLA) (Fig. 1). The integration of these composites
into renewable and biodegradable polymer matrices enhances
the biodegradability and barrier properties of PLLA and PHBV,
making them suitable for food packaging applications. Using
conventional polymer processing methods such as extrusion,
compression and injection molding, nanocomposites were
produced. These nanocellulose green nanocomposites were
investigated using advanced 3D block surface SEM, which
highlights the importance of surface functionalization of the
filler by visualizing and quantifying the nanoscale dispersion
achieved in the polymer blend. Our comprehensive evaluation
included mechanical properties, gas permeability and biodeg-
radation rate, highlighting the central role of nanoscale
dispersion in creating environmentally friendly nano-
composites for sustainable food packaging industry.

Nano-filler materials frequently prompt discussions
regarding food safety and end-of-life considerations, such as
microplastics. The cellulose-OLLA nanofiller described in this
study exhibits safety in all known aspects. Cellulose particles,
abundant in nature, are fully biodegradable and extensively
researched, while PLA itself is approved by major food and
health organizations including the FDA and European regula-
tory bodies. These investigations aim to demonstrate the
potential of current methods and the utilization of economi-
cally viable bio-based, biodegradable, and fully recyclable
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Fig. 1 Representation of the concept explored in this paper.
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polymers (such as PLA) to demonstrate the feasibility of green
nanocomposites as potential alternatives for food packaging
materials. This paves the way for the complete substitution of
fossil-based, non-biodegradable, and largely non-recyclable
conventional polymers with sustainable alternatives.

Experimental

Materials

PLLA was purchased from Biomer (L9000, MW = 150 kg mol %,
D-content 1.5%). PHBV was purchased from Tianan Biological
Materials (ENMAT Y1000P, HV content 3%, injection molding
grade, with <0.5% boron nitride as nucleating agent and about
1% antioxidant Irganox 1010). 1,4-Dioxane and chloroform
(Sigma-Aldrich, =99% purity) were used as the solvents for
PLLA and PHBV respectively. Lactic acid (Aldrich, solute
concentration: 85 wt%), sodium hydroxide (Aldrich, pellets,
=98% purity), tin(u) 2-ethylhexanoate (Sn(Oct),, Aldrich, =85%
purity), dichloromethane and alcohol were purchased from
Sigma-Aldrich. The raw bacterial cellulose material was SCOBY,
a by-product of fermentation during kombucha production.

SCOBY production

100 mL of fully fermented kombucha tea (sucrose content <5%)
and approximately 10v% of previously produced SCOBY were
mixed with 10 g L ™" of agricultural waste obtained after boiling
of leaves and mixed biowaste for 10 min. The fermentation was
carried out for 15 d at RT, resulting in SCOBY production.

BC extraction from SCOBY

The extraction and purification of BC from SCOBY was per-
formed as follows:"* BC was extracted from 800 g of SCOBY,
which was blended for 1 min using a laboratory blender. The
blended BC was homogenized at 25 000 rpm in 3 L of distilled
water for 2 min using a homogenizer (IKA T18 basic ULTRA
TURRAX, Staufen, Germany), centrifuged to remove excess
water and re-dispersed in 0.1 M NaOH solution at 80 °C for
20 min. The purified BC was washed to neutral pH and freeze
dried.

Introduction of lactic acid into the inside of BC

Experimental design for the introduction of lactic acid into the
inside of BC and the synthesis of OLLA-g-BC was developed by
optimizing the procedures previously reported for microcrys-
talline cellulose.?***** 4 g of dry BC was added to 107.6 mL of
water at room temperature and homogenized at 25000 rpm
using a homogenizer (IKA T18 basic ULTRA TURRAX, Staufen,
Germany). 10 g of NaOH was dissolved in the mixture, which
was then frozen at —24 °C for 48 h. Then the flask with tight
solid mass was transferred from the freezer to room tempera-
ture to thaw, and 82.4 mL water was added followed by
mechanical homogenization of the thawing mixture to produce
the suspension of solubilized and size-reduced BC. The partial
disruption of the hydrogen bonds between the nanofibrils
increased the accessibility of the OH groups. BC fibrils were
subjected to solvent exchange with 250 mL of lactic acid (LA).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The resulting mixture was centrifuged, washed with LA one
more time and freeze dried.

Synthesis of OLLA-g-BC

The reaction mixture (BC/LA = 1/50 wt%) was transferred to the
three-neck flask equipped with a mechanical stirrer (Lab Mixer
Overhead Stirrer PWR CV S1, IKA Werke, Germany) and
a temperature controller. The reaction mixture under vacuum
was heated to 120 °C for 2 h. After 1.6 mL Sn(Oct), was added
and stirred for 30 min under N, atmosphere. The pressure was
then reduced to 20 mbar and polymerisation was carried out by
increasing the temperature: 130 °C for 2 h, 140 °C for 2 h, 150 °C
for 2 h and 160 °C for 4 h. After the reaction was finished, the
mixture was dissolved in dichloromethane and centrifuged.
Thereafter, ethanol was added. The precipitate was washed with
dichloromethane 4 times and freeze-dried.

Preparation of nanocomposites

3 g of OLLA-g-BC was premixed with 57 g of PLLA and PHBV in
700 mL of dioxane and chloroform, respectively, which were
subsequently freeze-dried. Prior to extrusion, both premixed
composites were ground in a blender (Nutri-Blender MAX
Hochleistungsmixer 2000W, Munich, Germany). The compos-
ites with OLLA-g-BC (5 wt%) were fed into a twin-screw micro-
extruder (5 cm®, Xplore MC 5, Xplore Instruments B.V., Neth-
erlands) and kept in a closed loop for 2 min at 180 °C and screw
rotational speed of 100 rpm. The extrudates were compression
molded into films using a hot press (George E Moore and Sons,
Birmingham, UK) at 180 °C and a pressure of 7.6 MPa for 2 min.
The dumbbell-shaped tensile specimens were produced using
an injection molding system (HAAKE MiniJet, Thermo Scien-
tific, Netherlands) and a mold (557-2298, ISO 527- 2-5A)* with
a barrel temperature of 180 °C and a mold temperature of 45 °C.

Methods/characterization

Serial block face (SBF) SEM. The fragments of nano-
composite films were trimmed with a glass knife on a UC-7
ultramicrotome (Leica Microsystems, Vienna, Austria) to 500
um x 500 pm x 500 um, coated with a 10 nm gold layer in an
EM SCDO005 sputter coater (Leica Microsystems) and mounted
on the microtome of the Apreo SEM (Thermo Fisher Scientific,
Netherlands). Scans were acquired at 1.18 kV, 100 pA, and 3 ps
dwell time. The resulting stacks were processed in Image]
software. Calculations of filler volume fraction and particle size
as well as 3D reconstruction were performed in Amira software.

NMR. "H NMR spectra were recorded on a Bruker AV III 300
MHz spectrometer (BrukerCompany, Switzerland) in dimethyl
sulfoxide-ds (DMSO-d,) solvent. The samples were measured at
25 °C and a solute concentration of 6 mg mL™~". The sample was
dispersed in DMSO-ds and sonicated in an ultrasonic bath for 5
minutes. The calculations of the molar substitution (MS), the
degree of lactyl substitution (DS), the average degree of poly-
merisation of a OLLA side chain (DP), and the mass fraction of
OLLA (Woy ) are the averages of at least three measurements.

TEM. Transmission electron microscopy (TEM) images were
recorded with an FEI Tecnai G2 (FEI Europe B.V., Austria) with
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160 kV acceleration voltage. BC and OLLA-g-BC samples were
dispersed in Milli-Q water and DMSO, respectively, sonicated
for 10 minutes, and dried on carbon grids under ambient
conditions.

Dynamic light scattering (DLS). The modified and regen-
erated BC were dispersed in DMSO and lactic acid, respectively,
and sonicated for 10 minutes. Then DLS measurement was
carried out on a Malvern Zetasizer Nano-ZS dynamic light
scattering device (Malvern Panalytical Ltd, Malvern, UK). The
concentration of particles in DMSO and lactic acid was 1 mg
mL ', and the measurements were performed at 25 °C and at
least three times.

Thermogravimetric analysis (TGA). TGA was performed on
a Mettler Toledo TGA/DSC (Mettler Toledo GmbH, Vienna,
Austria) (80 mL min ' nitrogen). The measurement was carried
out in a temperature range from 25 to 650 °C with a heating rate
of 10 °C min . The calculations of Wqy;4 are the average of at
least five measurements.

FTIR. The molecular structures were confirmed by Fourier
Transform Infrared Spectroscopy (FT-IR) using a FT-IR ATR
spectrometer (Vertex 70, Bruker Austria GmbH, Vienna, Aus-
tria), 32 scans at the wavelength range of 650-4000 cm ™" in the
transmission mode. Substances were directly mounted on the
ATR unit and measured with the pressure stamp.

Mechanical test. Tensile tests were performed following
ASTM D638 (ref. 44) using a universal dual column testing
frame (Series 5969, Instron Ltd., Norwoord, UK). The strain was
recorded using a video extensometer (IMT-CAMOO018, camera:
GigE PoE, IMETRUM, UK) tracking black dots, which were
painted on “dog-bone” specimens using opaque black perma-
nent marker. The testing rate was 0.5 mm min . At least five
replicates were tested for each material and Student's t-test was
used to examine the statistical significance of the difference
between the pure polymers (PLLA or PHBV) and their respective
composites.

Oxygen transmission rate. The oxygen transmission rate
(OTR) was measured in a gas permeability tester (VAC-VBS,
Labthink Instruments Co. Ltd., China) according to the stan-
dard GB/T1038-2000.* The tested area was a circular shape with
a diameter of 80 mm. The test was performed using a propor-
tional mode with a 10% pressure difference. Prior to the test,
the specimens were conditioned in the machine for 4 h under
vacuum. At least five replicates were tested for each material
and Student's t-test was used to examine the statistical signifi-
cance of the difference between the pure polymers (PLLA or
PHBV) and their respective composites.

Water vapor transmission rate. Water vapor transmission
rate (WVTR) was recorded using a WVTR Tester W3/031 (Lab
think Instruments Co., China) according to the standard GB/T
1037-1988.%¢ The relative humidity (RH) was fixed to 100% in
the wet chamber and 10% in the dry chamber, yielding a driving
force of 90% RH. The film of 33.18 cm?® area was analyzed at the
atmospheric pressure and at a temperature of 38 °C. WVTR was
determined gravimetrically by weighing the dishes with films
every 90 min for 10 cycles. At least five replicates were tested for
each material and Student's t-test was used to examine the
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statistical significance of the difference between the pure poly-
mers (PLLA or PHBV) and their respective composites.

Biodegradation tests. A four-stage research scheme was
implemented according to the standard EN 13432 (ref. 47) and
OECD 301B*® (modified Sturm test). The test volume included
400 mL, 10 mL of mixed bacterial inoculum, and the test
substance equivalent to ca. 0.3 to 0.6 g of carbon. Each test
setup consisted of a blanc, a reference substance and test
substances in threefold replicates. The carbon content was
determined by element analysis with the photo-oxidation
principle. For additional detailed information, please refer to
the ESL.{

Results and discussion

Synthesis, chemical and structural characterization of r-lactic
acid-grafted bacterial cellulose

The process described in this study was optimized to funda-
mentally investigate the role of pure OLLA-grafted BC synthe-
sized from kombucha-derived BC, which represents
a promising biomaterial for high-performance sustainable
applications.” This fundamental study aimed to characterize
the properties of the pure OLLA-g-BC filler, which required the
implementation of a purification process to remove any free
PLA generated during synthesis. For this purpose, dichloro-
methane, a well-known solvent for PLA that is easily recyclable
but neither biobased nor harmless, was used. It is also impor-
tant to note that for industrial applications, this purification
step is not necessary, allowing for the avoidance of
dichloromethane.

The preparation of OLLA-grafted nanocellulose was qualified
by FTIR and quantified by NMR and TGA by comparing OLLA-g-
BC to BC, OLLA and PLLA. ATR-FTIR spectra of these
compounds are presented in Fig. 2A. The IR spectrum of OLLA-
¢-BC showed the characteristic PLLA bands at 1750, 1450, and
1200 cm ', which were assigned to C=O stretching mode,
methyl asymmetric deformation, and symmetric C-O-C
stretching modes of the ester, respectively.> The characteristic
BC band at 890 cm ™" was observed, corresponding to C-O-C
stretching in the B-glycosidic linkage.**

The structure of the OLLA-g-BC was determined by 'H-NMR
(Fig. 2D). By comparing the peak area of denoted peaks in
Fig. 2C, we calculated the degree of lactyl substitution (DSoy14),
representing the average number of hydroxyl groups per anhy-
droglucose repeating unit substituted by OLLA using eqn (1),
the degree of polymerization of the OLLA side chains (DPorpa)
and the average number of lactyl units per anhydroglucose
repeating unit (MSqop14) using eqn (2) and (3). The mass fraction
of OLLA in the sample (Wqoria) was estimated using the
molecular weights of 162 g mol ™" for anhydroglucose (MW agy)
and 72 g mol " for lactyl (MWiacty1) by eqn (4).

In/3

DS = ——x3 1
OLLA Ie 1 In/3 X ( )
Ip + I
DPoria = DI < (2)
D

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Analytics of OLLA grafted BC; (A) FTIR spectra of OLLA-g-BC, BC, and PLLA, showing the successful grafting of OLLA to BC nanoparticles.
(B) Derivative thermogravimetry data for BC, OLLA, and OLLA-g-BC. (C) Chemical structure of OLLA-g-BC marking the allocation of the NMR

peaks in (D) *H-NMR spectra of OLLA-g-BC.

MSoria = DPoria X DSoLra 3)

MWlactyl X MSoLra
MWagu — DSoria x MWy + MWlactyl x MSorra

(4)

WOLLA =

This resulted in DPgo =6 & 1.2, DSora = 1.4 = 0.2, MSo114
=8+ 1.7 and Wq14 = 77 £ 4.3%. The observed DP correlates
with previous studies, whereas the DS and MS are higher than
that reported for the microcrystalline cellulose-graft-poly(r-lac-
tide) produced by melt polycondensation of LA catalysed by
Sn2+_39,51

The DTG curves for OLLA-g-BC (Fig. 2B) exhibited two
distinct peaks, indicating that the thermal degradation of the
sample proceeded in two steps. We attributed the low-
temperature peak to the decomposition of the OLLA chains
grafted to BC and the high-temperature peak to the BC. The
decomposition temperatures roughly coincide with those of the
pure substances and literature values®»** but they are shifted to
lower temperatures for the core-shell nanocellulose. Fitting the
DTG spectra with two Gaussian functions assuming a linear
background over the temperature range of the fit and inte-
grating the areas of the respective Gaussians resulted in an
estimate of the OLLA mass fraction of 68 + 2.9 wt%.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Size and morphology of OLLA-grafted bacterial cellulose

We used dynamic light scattering (DLS) and transmission
electron microscopy (TEM) to quantify the size of OLLA-g-BC
particles. Fig. 3A shows the number-weighted size distribution
of OLLA-g-BC forming stable dispersions in DMSO. In contrast,
unmodified BC aggregated and precipitated in DMSO; there-
fore, the measurements on unmodified BC were performed in
LA and revealed that the generated BC consisted of nanoscale
particles with a diameter of 66 & 10 nm and aggregates of 1.4 +
0.4 um in size. The OLLA-grafted core-shell particles were
predominantly nanoscale with 50 + 10 nm in diameter. Aggre-
gates or particles larger than 100 nm nonetheless comprised
~92% of the particle volume (Fig. S87).

An analysis of 97 seemingly quasi-cylindrical and round-
shaped particles using TEM, exemplified in Fig. 3(B)-(D), yiel-
ded diameters of 76 + 32 nm, which is consistent with the DLS
size distribution for the generated BC and OLLA-g-BC particles.
The observed size range and morphologies correlate with the
diameter of BC nanofibers®****** and concur with previous
studies, where nanocellulose was treated with aqueous NaOH
solutions.?>*

Aggregates with collapsed diameters between 98 and 345 nm
for OLLA-g-BC and between 365 nm and 1675 nm for generated
BC were observed on the TEM grids (Fig. 3B and D). The

RSC Sustainability, 2024, 2, 2367-2376 | 2371
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Fig. 3 Size determination of BC and PLLA grafted BC: (A) number-
weighted size distributions measured by DLS for OLLA-g-BC in DMSO
and regenerated BC in LA. (B) TEM micrographs of aggregates of
regenerated BC nanoparticles, (C) quasi-cylindrical OLLA-g-BC
nanoparticles, (D) aggregates of OLLA-g-BC nanoparticles.

aggregates sizes observed on the grids only correlated weakly
with the dimensions and fractions measured by DLS; this is
expected as aggregates are mainly formed on the grid due to
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drying effects. The formation of aggregates by drying of
suspensions that contained individually dispersed particles is
also indicated by the apparent gaps between individual OLLA-g-
BC particles arranged in 2D (Fig. 3D), which indicate the OLLA
shell.

Polymer/i-lactic acid-grafted bacterial cellulose
nanocomposites

We chose a filler loading of 5 wt%, at or above the high end of
filler concentrations that are typically used in nanocellulose
composites.’>*® We hypothesized that the core-shell nature will
improve the interfacial compatibility between nanofiller and
polymer matrix and dispersibility, which would allow us to
achieve enhanced barrier properties without impairing the
mechanical performance.

Nanocellulose dispersion

The mechanical,*® gas barrier," and decomposition properties
of the nanocomposites thus produced were expected to corre-
late strongly with the quality of nanocellulose dispersion in the
polymer matrix. Hence, we characterized the size and distri-
bution of (OLLA-g-)BC in the nanocomposites.

The improved dispersibility of OLLA-g-BC nanoparticles
compared to unmodified BC nanoparticles in PLLA or PHBV
was already evident in a visual inspection of the films (Fig. 4A
and D). Millimeter-sized aggregates are visible for pure BC
nanocomposites. Films produced with unmodified BC using

—
5 pum

5um

Fig. 4 Films produced by compression molding of (A) PLLA/OLLA-g-BC (5 wt%) and (D) PLLA/unmodified BC (5 wt%) (visual size images). 3D
reconstructed SEM images of PLLA composites with (B) OLLA-g-BC and (E) unmodified BC particles. (C) and (F) Schematically show the
equivalent volume of each aggregate as the volume of a sphere calculated with the program AMIRA™.
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extrusion followed by compression molding at 180 °C were
often discolored and variable in texture and thickness, while the
OLLA-g-BC nanocomposites were homogeneous and optically
transparent. The OLLA-g-BC nanocomposites displayed
a rougher surface than the pure matrix polymer but no visible
aggregates on cryogenic fracture surfaces (Fig. S27).

We used serial block-face scanning electron microscopy
(SBF-SEM) to visualize the 3D dispersion of BC nanoparticles in
PLLA nanocomposites. The commercially available PHBV
Enmat Y1000P contains boron nitride and antioxidant additives
in the form of nanoparticles. We could not distinguish additive
nanoparticles from the cellulose particles (Fig. S1 and S2Df).
Therefore, our results are limited to PLLA nanocomposites, but
we expect similar results for PHBV produced following the
protocol for unmodified vs. OLLA-grafted BC nanoparticles.

For both PLLA nanocomposites, the scanning electron micro-
graphs revealed an imperfect dispersion of two phases, corre-
sponding to the continuous polymer matrix and the filler particles
- OLLA-g-BC versus unmodified BC in Fig. 4B and E, respectively.
In the 3D images, the colored areas represent the filler.

Our nanocomposites contained a filler volume fraction of 4.2
+ 0.9% according to density measurements (Table S17). The
volume fractions found by SBF-SEM were 1.8 + 0.9% and 6 +
1.9% for BC and OLLA-g-BC, respectively. The difference
between nanocomposites containing unmodified BC, evident in
Fig. 4D, and the volume fraction found using this method are
explained by the limitations of SBF-SEM. This method could
only produce an image of an area of 500-750 pum® of the
nanocomposites with sufficient contrast between filler and
matrix areas, which limited the volume we could observe. The
higher-than-expected volume fraction of OLLA-g-BC filler
material is mainly explained by the gaps between these particles
in aggregates (Fig. 3D) or when they are unevenly distributed.
Small gaps were not recognized by the SEM and the AMIRA™
software used to annotate the agglomerates, leading to
a systematic overestimation of the volume fraction within
observed sections.

Summarizing the optical and microscopic inspection, OLLA-
grafting of BC suppressing macroscopic aggregation and
improved its dispersibility. Although it does not guarantee
perfect distribution of the nanoparticles within the matrix, the
observed aggregates are micro- and nanoscale but small clusters
were evenly distributed throughout the PLLA matrix. Hence, we
limited materials testing to OLLA-g-BC nanocomposites and
compared them to pure PLLA and PHBV. Unmodified BC
nanocomposites did not display the optical properties and
sample homogeneity required of packing materials.

Barrier properties of nanocomposites

One of the most essential properties of food packaging mate-
rials is the oxygen permeability (OP) and water vapor perme-
ability (WVP). OP can be assessed by determining the oxygen
transmission rate (OTR). WVP can be calculated from measured
water vapor transmission rates (WVTR). The gas transmission
rates of the nanocomposites were measured and compared to
pure PLLA and PHBYV in Fig. 5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Comparison of oxygen and water permeabilities: (A) oxygen
and (B) water vapor permeability of PLLA, PLLA/OLLA-g-BC, PHBYV,
and PHBV/OLLA-g-BC.

The OP for PLLA was found to be 18.3 cm® mm m™2 d™*
atm™', and was reduced by ~23% to 14.1 cm® mm m~> d~*
atm ™" after adding 5 wt% of OLLA-g-BC nanofiller to the matrix.
A similar effect was observed when incorporating of OLLA-g-BC
into PHBV - the measured OP for pure matrix was found to be 5
em® mm m~?> d ™" atm ™" and reduced by ~45% to 2.8 cm® mm
m~> d' atm™'. The reduction in OP could be attributed
predominantly to the increased crystallinity of polymer matrix,
from 6.2% to 12%, which was confirmed by the DSC for PLLA
(Table S21). However, the crystallinity of PHBV exhibited a slight
decrease after adding OLLA-g-BC, from 52% to 50.1% (Table
S2t), which leads us to assume that the diffusion of oxygen
molecules was also reduced by the increased tortuous diffusion
pathway for oxygen through the nanocomposite.*

The WVP for the PLLA nanocomposite slightly increased by
~12% compared to pure PLLA, from 1.06 gmm m >d " kPa '
to 1.19 g mm m > d~ "' kPa~'. A similar trend was observed for
PHBV, for which WVP increased by ~31% from 0.13 g mm m >
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d " kPa " for pure PHVB to 0.17gmmm >d " kPa ' for PHBV/
OLLA-g-BC. However, the difference in WVP between PHBV and
PHVB nanocomposite was statistically insignificant. The water
permeability can increase because the presence of cellulose
fillers contributes to water transport, which was confirmed by
water uptake measurements (Fig. S31). The addition of OLLA-g-
BC to PLLA and PHBYV increased the amount of sorbed water to
1.3 0.1 wt% and 1.1 + 0.3 wt% compared to 0.8 + 0.1 wt% and
0.5 £ 0.1 wt% for the pure polymer matrices, respectively.
WVTR was measured in accordance with standard GB/T 1037-
1988 at 38 °C, which accelerates the hydrolysis of OLLA due to
its temperature dependence,” causing structural defects in the
polymer matrix and promoting water vapor penetration.

Mechanical properties of nanocomposites

The effect of OLLA-g-BC on the mechanical properties of PLLA
and PHBV was investigated using tensile tests (Table 1). The
effect of OLLA-g-BC nanofillers on the tensile modulus differed
for the two polymer matrices. The Young's modulus of the PLLA
nanocomposite increased by ~12%, whereas a 14% decrease in
Young's modulus was observed for the PHBV nanocomposite.
The observed changes in the Young's moduli of the nano-
composites correlate with the crystallinity of the polymer matrix
(Table S27). The slight decreases observed in tensile strengths of
the nanocomposites were statistically insignificant, given the
variability of the measurements.

Table1 Mechanical properties of PLLA, PLLA/OLLA-g-BC, PHBV, and
PHBV/OLLA-g-BC*

Tensile modulus Tensile strength Elongation at

Sample (GPa) (MPa) break (%)
PLLA 1.7 £ 0.2 61 + 2.4 42403
PLLA/OLLA-g-BC 1.9 + 0.1° 58 + 2.4™ 3.7+03"
PHBV 2.2+ 0.1 31+ 3.2 1.9+ 0.2
PHBV/OLLA-g¢-BC 1.9 + 0.1° 28 £ 2.3 2.0+£0.2"

“ Statistical significance: “***”: 0-0.001, “**”: 0.001-0.01, “*”: 0.01-0.05,
“ns”: 0.05-1.0. Statistical significance was evaluated for the differences
between the pure polymers (PLLA or PHBV) and their respective
composites.
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Furthermore, the effect of filler was shown in the elongation
at break for the PLLA nanocomposite, which slightly reduced,
whereas PHBV/OLLA-g-BC did exhibit insignificant changes.
The reduced elongation at break of the nanocomposites is
commonly observed in thermoplastic composites in which the
addition of stiff reinforcements causes stress concentrations.™

Biodegradation of nanocomposites

To evaluate the biodegradation of the filler and nanocomposites
the CO, evolution of BC, OLLA-g-BC, PLLA and PLLA/OLLA-g-BC
was measured (Fig. S471). As expected, PLLA showed almost no
biodegradation potential under environmental conditions®®
shown in Fig. 6A and a similar trend was observed for OLLA-g-
BC in contrast to biodegradable BC. The decreased biodegrad-
ability of BC under mesophilic conditions after modification
with oligolactic acid may indicate the formation of OLLA-g-BC
core-shell particles for which the OLLA shell inhibits access
of bacterial cellulases to the cellulose core. This interpretation
is consistent with structural and grafting evaluations based on
TGA and NMR data.

PLLA demonstrated biodegradability under thermophilic
conditions (Fig. 6B) but is resistant to enzymatic attack, leading
to very long biodegradation times (Fig. S51). Nevertheless,
OLLA-g-BC exhibited a similar biodegradability rate as cellulose
at thermophilic conditions, which might be attributed to the
temperature-accelerated hydrolysis of short-chain OLLA®” with
subsequent exposure of BC.

The biodegradation rate of PHBV nanocomposites has
a predictable downward trend due to the similar behavior of
OLLA and PLLA under mesophilic conditions and higher
biodegradation rate of PHBV than cellulose and OLLA under
thermophilic conditions.” Therefore, the influence of nano-
particles on the biodegradability of a polymer matrix was shown
only for PLLA/OLLA-g-BC in an aquatic setup at thermophilic
conditions (Fig. 6C). After the addition of OLLA-g-BC to PLLA,
the nanocomposite showed a shorter lag phase and degraded
faster than pure PLLA. This result may be attributed to the
improved access of hydrolases to the material due to the
increased surface roughness as shown by SEM (Fig. S21).
Furthermore, the addition of cellulose-based fillers decreased

BC Cellulose Cellulose
A

i—e—PLLA A —e— PLLA (B) —e— PLLA ©
& |—=— OLLA-g-BC| 80 |—=— OLLA-g-BC| 80 |—=— PLLA /OLLA-g-BC|
5 g 3
] ) )
< < <
F S i
8 1 < 601 < 60
g § 5
3 40 2 40 2 40
3 3 3
g g g
O 20 O 54 [SIP

. " e e
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Time (d) Time (d) Time (d)

Fig. 6 CO, evolution of nanomaterials and pure PLLA in an aquatic test (A) under mesophilic (22 °C) aerobic conditions because of biodeg-
radation by a mixed bacterial inoculum deriving from sewage sludge, (B) under thermophilic (58 °C) aerobic conditions because of biodegra-
dation by a mixed bacterial inoculum deriving from biowaste compost. (C) CO, evolution of PLLA and PLLA/OLLA-g-BC in an aquatic test under
thermophilic (58 °C) aerobic conditions as a result of biodegradation by a mixed bacterial inoculum deriving from biowaste compost. Cellulose
(Fluka, Nr.: 22181) was used as reference material.
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the hydrophobicity of the nanocomposite and consequently
enhances the water and moisture absorption, which leads to
a higher biodegradability rate of the polymer matrix.”* In
addition, the increased biodegradation rate of the nano-
composite might result from temperature-induced chemical
hydrolysis of PLLA into oligomers, which are more available for
bacterial hydrolases.

Conclusions

This study demonstrates that the simple grafting-from poly-
merization of OLLA onto the surface of nanoscale bacterial
cellulose significantly enhances the dispersibility of the nano-
particles and improves the homogeneity of the resulting poly-
mer blends. Incorporating 5 wt% OLLA-g-BC reduces oxygen
permeability of PLLA and PHBV by approximately 23% and
45%, respectively. While the water permeability of PLLA
increased by approximately 12%, the observed changes in PHBV
were negligible. Enhancing the oxygen barrier aids in prevent-
ing oxidative spoilage, while regulating water vapor perme-
ability mitigates food perishability and extends shelf life.*® The
introduction of filler had no significant impact on mechanical
properties, resulting in only minor changes in the Young's
moduli of the nanocomposites and a slight decrease in the
elongation at break of PLLA.

By incorporating OLLA-g-BC into the polymers, the hydro-
lytic degradation rate of the nanocomposites was significantly
increased under thermophilic conditions. The OLLA shell,
which is responsible for the improved dispersibility, leads to
greatly enhanced functional properties while hindering access
to the filler during degradation processes. Despite the use of
short-chain oligomers to achieve interfacial compatibility, the
impact on degradation remains significant. An exciting area for
further investigation could be if dispersibility and other prop-
erties could be improved by grafting shells with different poly-
mer lengths, resulting in stronger repulsion between particles
and more similar rheological properties to the bulk polymer.

In summary, combining efficient methods to modify pure as-
produced bacterial cellulose with oligo-lactic acid and standard
polymer processing methods to produce nanocomposites can
result in low-cost and sustainable alternatives to conventional
fossil-based plastics for the food packaging industry. We have
already demonstrated that sufficient performance can be ach-
ieved using even an imperfect core-shell cellulose-based filler,
indicating that the key to success is further improving the dis-
persibility of nano-sized bacterial cellulose core-shell
nanoparticles.
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