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arent and heat-sealable films of
cellulose nanoworms via ethanol triggered swelling
of esterified cellulose†

Matias Lakovaara, a Juho Antti Sirviö, a Luyao Wang,b Terhi Suopajärvi,a

Feby Pratiwi,d Hao Zhang, b Jouko Peltonen,c Chunlin Xu b

and Henrikki Liimatainen *a

This study introduced a new and unique design of cellulose nanomaterials called cellulose nanoworms,

which exhibit alluring properties for creating sustainable and advanced film structures. These

nanoworms, which are being reported for the first time to the best of our knowledge, were obtained

from wood-based cellulose pulp using an ethanol-induced swelling method of cellulose fibers, which

were esterified with 2-octenylsuccinic anhydride in a deep eutectic solvent comprising imidazole and

triethylmethylammonium chloride. When the hydrophilized fibers were exposed to ethanol, an intense

ballooning phenomenon occurred, leading to the disintegration of the swollen fibers into an entangled

network of cellulose nanoworms through ultrasonication. The cellulose nanoworms were further used as

building blocks for the formation of films with advanced optical, surface, and thermal properties, as well

as heat-sealable wrapping with desirable barrier and water resistance performance. Through the densely

packed arrangement of nanoworms, the films exhibited high transparency of 92–93% without haziness

or light scattering, water vapor permeability of 2.34 g mm m−2 d−1 kPa−1, ultra-low root-mean-square

roughness (Rq) of 2.5 nm, and good liquid water resistance, as indicated by their high mechanical

strength in wet states (13.1 MPa). Thus, cellulose nanoworms served as multifunctional biomaterials with

advanced and tailorable properties, making them suitable for sustainable packaging, and electronic and

optic applications.
Introduction

Translucent lms with a green origin that meet stringent
sustainability requirements are highly desired for various
emerging bioeconomy applications. For this purpose, cellulose
nanomaterials, such as cellulose nanocrystals (CNCs) and
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nanobers (CNFs), have attracted considerable research
interest because of their intrinsic ability to create uniform and
continuous planar two-dimensional structures such as lms,
substrates, and nanopapers, with superior mechanical and
barrier properties, and promising optical features.1–6 Therefore,
nanocelluloses have been intensively studied as sustainable
alternatives for advanced packaging materials5 and a greener
option for electronic production. For example, nanocellulose
lms have been harnessed in solar cells, printable electronics,
organic light-emitting diodes, and antennas.2,7,8

Despite many intriguing features attributed to nanocellulose
lms, they lack thermoformability and are difficult to shape to
complex three-dimensional designs or be heat-sealed. For
packaging materials, heat sealability is an important property
that enables keeping microbes and other contaminants outside
the package.9,10 Typically, heat sealability is achieved using
multilayered structures, in which nanocellulose barrier lm is
sandwiched between thermoplastic outer layers. The thermo-
plastic layers enable heat-induced sealing, while the nano-
cellulose lm serves as a gas barrier.5 However, this approach
usually incorporates fossil-based plastics into the design.
Alternatively, other biomaterials such as long-chain cellulose
esters can be used as coatings for nanocellulose surfaces to
This journal is © The Royal Society of Chemistry 2023
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facilitate the heat sealability and water vapor barrier properties
of multicomponent lm structure.11

The superior mechanical and oxygen barrier properties of
nanocellulose lms are closely related to interbrillar hydrogen
bonding, although other interactions also contribute to lm
cohesion.3,5,12–14 When water is present, the interbrillar
hydrogen bonds are affected by water molecules, causing
cellulose swelling and looser lm structure. Consequently, the
mechanical and barrier properties of the lm are signicantly
reduced,1,5,15,16 and a plethora of approaches have been used to
enhance the hydrophobicity and water resistance of cellulose
structures. Several techniques have been reported to decrease
the water sensitivity of CNF lms, including direct surface
modication using esterication in liquid and gas phases,17–20

solvent exchange of water to toluene21 and N,N-dimethylaceta-
mide (DMAc),22 and surface coating with paraffin wax and
cellulose esters.4,11

Cellulose nanomaterial lms possess many attractive optical
properties, such as high light transmittance and transmission
haze (a measure of scattered transmitted light).23 However,
random light scattering is a drawback for many electronic
applications such as touchscreens and displays and must be
minimized to achieve lms with a super clear appearance.24 The
size of individual nanoentities is a critical parameter inu-
encing the optical performance of nanocellulose, and harsh
chemical treatments are usually used to obtain nano-objects
with small lateral dimensions and narrow size distributions.
For example, regioselective oxidation based on 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO) – mediated or
periodate oxidation has commonly been used to isolate cellu-
lose nanobers with diameters of just a few nanometers.25–32

Esterication16,21 and silylation19,33 have been widely studied
for enhancing hydrophobicity and water resistance of cellulose
structures. However, these chemical modications oen
require complicated or slow processes and volatile organic
solvents, such as DMAc.34 In this study, cellulose esterication
was performed using a deep eutectic solvent (DES) comprising
imidazole and triethylmethylammonium chloride (TEMACl) as
an alternative approach to promote cellulose hydrophobicity
and thermoformability (specically heat sealability) and release
cellulose nanoentities with superior optical properties. DES can
be formed from a binary or ternary combination of commonly
used bulk chemicals by simple mixing and heating, allowing for
the tailoring of their properties to be used as solvents, reactants,
and catalysts.35–37 Typically, DES comprises a hydrogen bond
acceptor and hydrogen bond donor, which together form a uid
with a lower melting point than its components and a lower
eutectic point temperature than an ideal eutectic liquid
mixture.38 Some DESs are even liquids at room temperature.36,37

Due to the low vapor pressure and potential nontoxicity and
biodegradability, DESs are attractive option for sustainable
modication of biomaterials. The DES composed of imidazole
and TEMACl used in this provides a nonderivatizing and
nonreactive medium for cellulose esterication, as well as fast
reaction kinetics and lower volatility than typical organic
solvents.39,40
This journal is © The Royal Society of Chemistry 2023
This study introduces a new and unique form of cellulose
nanomaterials called cellulose nanoworms, which have attrac-
tive features for creating sustainable and advanced lm struc-
tures. The nanoworms were obtained from wood-based
cellulose pulp using an ethanol-induced swelling of cellulose
bers, which were esteried with 2-octenylsuccinic anhydride in
DES comprising imidazole and TEMACl. When the hydro-
philized bers were exposed to ethanol, they underwent intense
ballooning, leading to the disintegration of the swollen bers
into an entangled network of cellulose nanoworms through
ultrasonication. The cellulose nanoworms were further har-
nessed as building blocks to form self-standing, hierarchical,
and nanostructured lms with advanced optical, surface, and
thermal properties, and heat-sealable wrapping with desirable
barrier and water resistance performance.

Experimental
Materials

Bleached sowood kra pulp sheets fromMetsä Fibre (Finland)
were used as cellulose raw materials (77% of cellulose, 21% of
hemicellulose, and 1.4% of lignin). Reference plastic lms, i.e.,
low-density polyethylene (LDPE) and polyethylene (PE), were cut
from commercial plastic bags and wraps, respectively. Imid-
azole (purity > 98.0%), triethylmethylammoinum chloride
(TEMACl) (purity > 98.0%), and 2-octenylsuccinic anhydride
(OSA) (purity > 95.0%) were obtained from Tokyo Chemical
Industry Co (Japan). Ethanol (purity > 96%), hydrochloric acid
(HCl) (1.0 mol L−1, accuracy 0.2%), and sodium hydroxide
(NaOH) (0.5 mol L−1, accuracy 0.2%) were obtained from VWR
International (France). Calcium chloride (anhydrous powder,
purity > 93%) was from Acros Organics (Belgium).

Preparation of deep eutectic solvent

DES comprising imidazole and TEMACl (molar ratio of 7 : 3) was
prepared by weighing the components into a beaker glass (100
g) and heating the mixture in an oil bath at 80 °C with magnetic
stirring to speed up the formation of DES. Aer forming a clear
liquid, DES was used as a reaction medium to modify the
sowood pulp.

Modication of cellulose pulp in the DES

Approximately 2 g of dry sowood pulp was ripped into small
pieces and submerged into the DES. The pulp was allowed to
disintegrate into the DES for approximately 10 min while
continuously mixing with a magnetic stirrer. Aer this, the OSA
reagent was added to the suspension at a molar ratio of 10 : 1
(reagent to anhydroglucose unit, AGU) and a reaction temper-
ature of 80 °C. Aer 2 h, 125 mL of ethanol was added to the
system to stop the reaction. The mixture was then ltered
through a lter paper (pore size 4–12 mm and diameter of 90
mm) using a Büchner funnel under a vacuum pressure of −80
mbar. An additional 200 mL of ethanol was used to wash the
pulp during the ltration process. Then, the pulp cake was
dispersed in 250 mL of ethanol for 10 min and ltered again to
remove any traces of the DES and reagent. Finally, the pulp was
J. Mater. Chem. A, 2023, 11, 26000–26010 | 26001
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washed three times with 300 mL of water–ethanol mixture in
a 1 : 1 (v/v) ratio, following a similar procedure, and then dried
overnight in an oven at 40 °C.
Fabrication of cellulose nanoworms and lms of nanoworms

Approximately 0.3 g of modied pulp was mixed with 6 g of
ethanol in a small glass vial (consistency of 5 wt%) and the
suspension was sonicated for 20 min to individualize cellulose
nanoworms. Hielscher UP 400s (Germany) ultrasonicator
equipped with a titanium tip (diameter of 7 mm) with an
amplitude of 100% and a cycle of 0.5 was used. The vial was kept
in an ice-water bath during sonication to ensure proper cooling.
The yield of nanoworms was analyzed by pouring a nanoworm
suspension (0.3 g of dry modied pulp in ethanol with
a consistency of 5 wt%) into a centrifuge tube with ethanol and
centrifuging at 1300 G at 20 °C for 20 min. The yield was
calculated based on eqn (3).

Yield of nanowormsð%Þ ¼ mCNW

mCNW þ mC

� 100 (1)

where mCNW is the mass of dried nanoworms in the superna-
tant, and mC is the mass of the coarse fraction in the sediment.
The results were reported in duplicate.

The cellulose nanoworm lms were prepared from ethanol
suspensions of cellulose nanoworms using the casting method.
The sonicated suspension was poured into a Petri dish (70 mm
diameter) and placed inside a desiccator with an ethanol bath at
the bottom. The top valve of the desiccator was kept open, and
the lid was ajar to allow the ethanol in the suspension to
evaporate. The lm was carefully peeled off the Petri dish aer 3
days.
Analysis of the degree of substitution

The degree of substitution (DS) of esteried cellulose was
determined using a modied titration method.41,42 Before the
titration, the cellulose pulp was washed with 1.0 M HCl to
change carboxylic acids to acid form, and then with water to
remove any traces of HCl from the dried pulp. For the titration,
0.1 g of modied pulp was immersed in a 10 mL mixture of
ethanol and 0.5 M NaOH (1 : 1 v/v) and allowed to react with
constant mixing for 24 h. Thereaer, 5 mL of water and 5 mL
1.0 M HCl were added to the suspension and stirred for 30 min.
Finally, the suspension was back-titrated with 0.5 M NaOH
using phenolphthalein as an indicator of the equivalent point of
titration. The percentage number of ester groups (%substit-
uent) was calculated using eqn (2).

%substituent

¼ ½ðVbi þ VbtÞmb � ðVa � maÞ�Mðester groupÞ � 100

mc

�
2 (2)

where Vbi is NaOH volume (L) added to the system; Vbt is NaOH
volume (L) spent in titration; mb is NaOH concentration
(0.5 mol L−1); Va is the volume (L) of HCl added to the system; ma
is HCl concentration (1.0 mol L−1); M (ester group) is the molar
weight of the substituted group (210 g mol−1), and mc is the
weight (g) of the dry modied cellulose.
26002 | J. Mater. Chem. A, 2023, 11, 26000–26010
The %substituent values were further converted to DS values
using eqn (3).

DS ¼ MðAGUÞ �%substituent

Mðester groupÞð100 �%substituentÞ (3)

where M(AGU) is the molar weight of anhydroglucose unit
(162 g mol−1). The results were calculated based on two repet-
itive titrations.

ATR-FTIR spectroscopy

Attenuated total reection Fourier transform infrared (ATR-
FTIR) spectroscopy was used to analyze the chemical charac-
teristics of original and DES-modied cellulose. The spectra
were recorded using Bruker Hyperion 3000 (USA), with a wave-
length range of 4000–600 cm−1, and 32 scans at a resolution of
4 cm−1.

Optical microscopy

An optical microscope equipped with a CCD 3MP camera (Leica
DFC320, Germany) was used to reveal the morphology of the
original cellulose pulp, esteried cellulose in ethanol and in dry
form.

Field emission scanning electron microscopy

The structural details of cellulose nanoworms and the surface
and cross-sections of the lms were observed using eld emis-
sion scanning electron microscopy (FESEM) (JEOL JSM-7900F,
Japan) at an accelerating voltage of 5.0 kV. Platinum was used
to sputter the specimens (High-Resolution Sputter Coater, Agar
Scientic, UK) before analysis with a sputtering time of 30 s and
a current of 40 mA.

Transmission electron microscopy

The dimensions of the cellulose nanoworms were analyzed
using transmission electron microscopy (TEM, JEOL JEM-
2200FS, Japan). The nanoworm suspension was rst diluted
with water to around 0.01 wt% andmixed at 10 000 rpm with an
Ultra-Turrax mixer (IKA T25, Germany) for 1 min to achieve
a homogeneous suspension. The sample was then stained with
2 wt% uranyl acetate on carbon-coated copper grids.

AFM

Atomic force microscopy (AFM) measurements were performed
in ambient air at room temperature (T = 22.3 °C ± 2 °C, relative
humidity (RH) = 60% ± 5%) using a MultiMode 8 AFM (Bruker,
Santa Barbara, CA) equipped with a Nanoscope V controller.
Gold-coated silicon probes (NSG03 AFM probe, NT-MDT, Rus-
sia) were used in a tapping mode. The scan size used was 5 × 5
mm2 with a resolution of 1024 × 1024 pixels. The scanning
speed was 1 Hz. Nanoscope Analysis (version 1.5, Bruker) was
used for data analysis.

UV-vis spectrometry

The optical transmittance of the nanoworm lms was measured
using a UV-vis spectrometer (Shimadzu, Japan) at a wavelength
This journal is © The Royal Society of Chemistry 2023
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of 200–800 nm. The lm was placed between two quartz glass
slides to ensure that the lm was perpendicularly aligned
against the incoming beam and avoided wrinkling. The
absorption coefficient was calculated using the Beer–Lambert
law:

I

I0
¼ e�mx (4)

where the transmittance (ratio of transmitted [I] and incoming
[I0] ux) depends on the absorption coefficient m and the path
length of the light x (m).
Contact angle measurements

Contact angle measurements were performed using Krüss
DSA25 Drop Shape Analyzer (Germany). A drop of water (4 mL)
was carefully placed on top of the lm sample, and the drop
behavior was recorded using a high-speed camera, which was
analyzed using drop analyzing soware. The Young–Laplace
tting method was used to extract the contact angle values 10 s
aer the drop was placed. For each sample, three replicates at
different locations were analyzed.
Water vapor permeability analysis

The water vapor permeability (WVP) of the lms was deter-
mined according to ASTM Standard E96/E96M. The measure-
ments were done in a separate room with controlled conditions
(23 °C ± 1 °C and 50% ± 2.5% RH) and the samples were
conditioned in the same room 24 h before measurement. The
lm sample was rst adjusted between two aluminum masks
with a 5 cm2 spherical hole in the center, and then the masked
lm was used to cover a 100 mL Schott Duran© glass bottle that
had one-fourth of its volume lled with water. Finally, the bottle
was capped (with a perforated cap) and a plastic seal was used to
ensure a tight seal. The weight loss of the bottles was recorded
at 1 h intervals for 8 h on two consecutive days to determine the
weight loss–time curve. The water vapor transmission rate
(WVTR) was calculated by dividing the curve slope by the
exposed lm area. The WVP was calculated as follows (eqn (5)):

WVP = (WVTR/S × (R1 − R2)) × h (5)

where S is the saturation vapor pressure at the test temperature
(2800 Pa at 23 °C), R1 is the RH in the bottle expressed as
a fraction (1), R2 is the RH in the room expressed as a fraction
(0.5), and h is the thickness of the lm sample (m). Two
measurements per lm were performed.
Mechanical testing

Mechanical tests were performed on both dry (exposed to
humidity at ambient conditions only) and wet lms using
a universal testing machine (Zwick Roell, Ulm, Germany) with
a 2 kN load cell. The samples were prepared by cutting the dry
lm into strips with a width of 5 mm and a length of 50–70 mm.
The dry lms were conditioned under controlled conditions of
23 °C ± 1 °C and 50% ± 2.5% RH in the same room for 24 h
before analysis. For the wet state tensile measurements, the
This journal is © The Royal Society of Chemistry 2023
strips were immersed in water for 24 h, with excess water
removed with tissue paper before testing. The thickness of the
strips was measured as an average of three random measuring
points using a thickness gage (FT3, Hanatek Instruments, UK).
During the tensile testing, a gage length of 40 mm was used and
the strain was controlled at a speed of 5 mm min−1, with
a prestrain value of 0.1 and 1 MPa for dry and wet lms,
respectively. Young's modulus was calculated using the slope of
the initial linear region of the stress–strain curve, while the
ultimate tensile strength was determined as the stress at spec-
imen fracture. The results were reported as an average of ve
measurements.

Differential scanning calorimetry

The glass transition temperature (Tg) of modied cellulose was
determined using a differential scanning calorimeter (DSC)
(Mettler Toledo DSC821e, Switzerland). The sample (2 mg) was
placed in a small aluminum cup with a pierced lid and heated
under nitrogen gas ow from 20 °C to 200 °C at a heating rate of
20°C min−1. The sample was then cooled to 20 °C and heated
again to 200 °C with a cooling/heating rate of 20 °C min−1. The
sample was maintained at the same temperature for 2 min
before cooling and the second heating phase. Tg was deter-
mined using the second heating phase curve.

Heat-sealability testing

The heat sealability of the lms was analyzed by measuring the
moisture absorption of calcium chloride from the bottles covered
with heat-sealed nanoworm lms. First, 5.0 g of calcium chloride
was placed in a 100 mL Schott Duran© glass bottle, which was
then heat-sealed with the nanoworm lm by pressing the lm on
the top of the heated bottle. As a reference, another Schott
Duran© bottle (100 mL) was lled with 5.0 g of calcium chloride,
but without any lm sealing. Both bottles were placed into
a desiccator, where water-absorbing silica gel was replaced with
deionized water. The weight of the bottle was recorded once per
day and cumulativemoisture absorption was calculated. The heat
sealability was also demonstrated by packing rise between two
nanoworm lm which were heat-sealed together.

Results and discussion
Cellulose esterication in DES and ethanol triggered swelling
of esteried cellulose bers

Cellulose wood pulp was rst esteried using OSA, with DES of
imidazole and TEMACl serving as a reaction medium and
catalyst.43–45 Typically, organic solvents, such as pyridine are
used as solvents for cellulose succinylation, but the reactions
are oen slow and complicated.46–50 However, DES based on
imidazole and TEMACl offers a fast (reaction time of 2 h) and
simple reaction medium, which is less volatile than pyridine
(vapor pressures of pyridine and imidazole are 2.4 kPa at 20 °C
and 0.3 Pa at 20 °C, respectively). Previous studies39,40 have
shown that DES based on imidazole and TEMACl acts as
a nonderivatizing medium, meaning that neither imidazole nor
TEMACl reacts with cellulose, but the imidazolium cation
J. Mater. Chem. A, 2023, 11, 26000–26010 | 26003
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Fig. 1 (a) Esterification reaction between OSA and hydroxy groups of cellulose in DES of imidazole and TEMACl. (b) ATR-FTIR spectra of original
and esterified cellulose. (c) Visual appearance of original fibers (left), DES-modified fibers (middle) and cellulose nanoworms (right).
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formed as a side product is electrostatically associated with the
anionic OSA chain (Fig. 1a).

Unlike the original pulp, the modied cellulose pulp showed
a slightly yellowish tint aer washing and drying (Fig. 1c), and it
had a brittle and mechanically weak structure, which was easy
to tear into smaller pieces. The esteried pulp was also highly
hydrophobic; it could not be submerged in water but oated on
the surface (Fig. S1†). Moreover, the reaction resulted a high DS
value of 1.2.

The chemical characteristics of the pristine and modied
cellulose were investigated using ATR-FTIR (Fig. 1b). The orig-
inal pulp had a typical cellulose spectrum, whereas the modi-
ed pulp had a new peak at a wavenumber of 1733 cm−1, which
is associated with the O–C]O bond of the ester group,46 con-
rming the successful esterication reaction between the OSA
reagent and hydroxy groups of cellulose in DES medium. In
addition, the modied pulp showed an alteration in the C–H
stretching peak at wavenumber 2900 cm−1, indicating the
presence of the OSA's alkyl chain. Interestingly, the modied
pulp did not show any O–H stretching at wavenumber
3300 cm−1, and the typical C–O–C, C–O, C–H, C–O–H vibrations
of cellulose between 1200 and 800 cm−1 were signicantly
altered. These ndings suggested that the hydroxy groups of
cellulose were esteried to a large extent, and the other char-
acteristic vibrations at 3300 cm−1 and between 1200 and
800 cm−1 were not as strong as in the original pulp.

Furthermore, the visual appearance and behavior of pristine
and esteried cellulose bers were revealed in dry state, and
26004 | J. Mater. Chem. A, 2023, 11, 26000–26010
ethanol suspensions (Fig. 2) using optical microscopy. The
original bers in dry form had a typical, slightly transparent
brous structure (Fig. 2a, average diameter of∼32 mm), whereas
dry modied bers were opaque and thicker (Fig. 2b, average
diameter of ∼44 mm). Because of the hydrophobicity of modi-
ed cellulose bers and the difficulty in dispersing them in
water (Fig. S1†), ethanol was revealed to be an alternative
suspension medium with lower polarity. Interestingly, when the
modied pulp was submerged in ethanol (Fig. 2c), the bers
were easily dispersed and swelled rapidly, resulting in an
intense ballooning phenomenon.51,52 Simultaneously, the
maximum diameter of modied bers increased from 48 to 158
mm. The heterogeneously swollen bers, which consisted of
balloons separated by thin, less swollen sections, retained their
brous structure without visible dissolution and formed
a stable suspension. The original pulp bers could not be
dispersed in ethanol and formed large aggregates. As previously
demonstrated with carboxymethylated bers, the heterogenous
swelling (ballooning) in water is attributed to a damaged S1
layer of the ber wall,51,52 indicating that OSA esterication
weakened the structural integrity of the interbrillar assembly
of hydrophilized bers when using ethanol as a suspension
medium.
Isolation of cellulose nanoworms

The modied, swollen bers were exposed to ultrasound treat-
ment in ethanol to elucidate whether the weakened ber
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Microscope images of (a) original and (b) esterified cellulose fibers in a dry form, (c) swollen esterified fibers in ethanol, and (d) residues of
sonicated ethanol suspensions of esterified cellulose. (e) TEM image showing the cellulose nanoworms obtained from ethanol triggered swelling
of esterified cellulose and subsequent sonication.
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structure could be disintegrated into smaller, nanosized enti-
ties, similar to water-swollen bers induced, for example, by
carboxymethylation.52 Aqueous heterogeneous (e.g., carbox-
ymethylation) and homogeneous (e.g., periodate–chlorite
oxidation) swelling of derivatized cellulose combined with
mechanical treatments such as ultrasonication or micro-
uidization can liberate cellulose nanobers or cellulose
nanocrystals depending on the degree of modication and
cellulose dissolution.

Fig. 2d presents the residues of ethanol suspension aer the
ultrasonication, which converted the turbid ber suspension to
a clear, yellowish solution, with only a minor fraction of the
larger ber fragments remaining and visible with the naked eye
(Fig. 1e). Evidently, the sonication promoted the structural
deformation of swollen bers and the formation of smaller
cellulose entities. Ultrasonication creates acoustic cavitation,
which is the formation of microscopic vapor bubbles (cavities)
in liquid media because of the local pressure drop. As the
surrounding pressure increases, the cavities collapse quickly,
resulting in high temperature and pressure spots in microsec-
onds. Thus, the energy from the collapse of cavities causes ber
disintegration.53–55

TEM analysis was performed to reveal more closely the
inuence of ultrasonication on the structural alteration of
esteried bers, and to determine whether the cellulose was
mainly dissolved or formed nanoscale particles (Fig. 2e). The
sample comprises nanosized objects, but unlike the typical
elongated and exible structure of CNF or rod-like stiff
appearance of cellulose nanocrystals (CNC), the sonicated
ethanol suspension of DES-esteried cellulose consisted of an
entangled network of short and relatively thick nanoscale
entities, with an average lateral dimension of 18.5 nm and being
linked longitudinally together. To the best of our knowledge,
this kind of worm-like nanocellulose, termed here as cellulose
nanoworms, has never been reported before. The cellulose
This journal is © The Royal Society of Chemistry 2023
nanoworms have a swollen structure similar to esteried pulp
bers in ethanol but on a smaller scale. The cellulose was
covered by esteried, relatively hydrophobic OSA groups, which
then interacted with ethanol resulting in a swollen surface layer
and determining particle morphology on a nanoscale. In addi-
tion, the nanoworm sample contained aminor fraction of larger
debris of partially disintegrated bers (Fig. S2†). The mass yield
of nanoworms was high, because 82% of the modied bers
disintegrated into nanoworms.
Films of cellulose nanoworms

The hydrophobic cellulose nanoworms were further investi-
gated as building blocks for self-standing, hierarchical, and
nanostructured lms. The hydrophobicity of esteried cellulose
can improve the water resistance of the lms and potentially
result in thermoplasticity for the cellulose. Different
approaches were used in the production of lms, and many
attempts failed to produce a uniform lm with the desired
mechanical features. For example, drying the lm in a room
temperature, resulted in a wrinkled lm surface due to exces-
sively rapid ethanol evaporation. Finally, casting ethanol
suspensions of cellulose nanoworms on a Petri dish, followed
by slow drying in the presence of an ethanol atmosphere,
produced homogeneous and self-standing lms. Fig. 3a shows
cross-sectional FESEM images of a nanoworm lm consisting of
similar highly swollen nano entities but more densely packed in
a layered structure than observed in the dilute nanoworm
suspension. More TEM and FESEM images can be found in ESI
(Fig. S2–S10†).

The surface topography of the lms was further analyzed
using AFM imaging. The general appearance of the nanoworm
lms was similar to that of typical plastic lms, and LDPE lm
was used as a reference. In addition, the surface morphology of
nanoworm lms was similar to that of LDPE lms (Fig. 3b), but
the nanoworm lm exhibited drastically better surface
J. Mater. Chem. A, 2023, 11, 26000–26010 | 26005
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Fig. 3 (a) FESEM cross-sectional images of films of cellulose nano-
worms. The images 1 and 2 are images from same the film with
different magnifications (b) AFM topography images of the surface of
nanoworm film (top) and LDPE films (below) from the area of 5 mm× 5
mm.
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smoothness, with a root-mean-square roughness (Rq) of 2.5 nm,
i.e., in the scale of individual nanoworms, whereas the surface
roughness for LDPE lm was 14.6 nm based on the analyzed
area of 5 × 5 mm. Typically, higher surface roughness values of
8–14 nm have been reported for nanocellulose lms.19,56 Hence,
the nanoworm lms exhibited a very dense and extremely
smooth structure, which can be used in some applications, such
as high-quality substrates in printed electronics.

Optical properties of the lms

Fig. 4 shows that the lms of cellulose nanoworms exhibit
excellent optical properties with glass-like transparency and no
haziness. Extremely high optical transmittance of >90% was
measured over a wide wavelength range of ∼400–800 nm, with
a maximum transmittance of 93% at 600 nm. Previously,
nanocellulose lms have to exhibit optical transmittance
between 42% and 90%.25,40,57–59 Some resonance or waviness was
observed in the optical spectrum at 500–800 nm, presumably
because of reection caused by the quartz glasses used in the
measurement. The nanoworm lms did not cause any signi-
cant light scattering, and the lm background was visible when
the lm was laying ∼15 cm above the object (Fig. 4b). These
26006 | J. Mater. Chem. A, 2023, 11, 26000–26010
good optical properties of nanoworm lms could be attributed
to the small, nanoscale diameter of individualized nanoworms
and the high density/low porosity of the lm structure.60 As
previously stated, a small fraction of large ber fragments were
still visible among the nanoworms, but they could be removed
using a separate centrifugation step to further improve the
optical attributes of the lms.

Wettability and water barrier properties of the lms

The wettability and hydrophobicity of the lms were evaluated
using static contact angle measurements (Fig. 5a). The contact
angle of the esteried nanoworm was 62.6°, while the LDPE lm
had a 95.7°, which was consistent with the value reported in the
literature.61–63 Despite the high DS of the nanoworms and their
apparent poor interaction with water (Fig. S9†), the contact
angle of the lms was surprisingly low. However, the contact
angle was almost doubled compared with that of the neat CNF
lm (37.8°).39 The relatively low contact angle was related to the
very low surface roughness of the lms, which was signicantly
lower than that of LDPE (2.5 nm vs. 14.6 nm). For hydrophobic
surfaces, the increase in surface roughness increases the
contact angle because of the air pockets trapped in the
surface.64,65 For both lms, the contact angle decreased slightly
as the measurement proceeded (Fig. S11†) because of a tiny
spreading of the water droplet on the surface. However, the
nanoworm lm remained intact during the measurements,
indicating that no swelling of the lm was observed because of
a water droplet.

The water barrier performance of the lms was evaluated
using water vapor transmission measurements. The WVP of
nanoworm lms and reference CNF, LDPE, and PE lms are
shown in Fig. 5b.39 The nanoworm lm outperformed the neat
CNF lm in terms of water barrier performance (WVP of∼18.7 g
mmm−2 d−1 kPa−1 vs.∼2.3 g mmm−2 d−1 kPa−1), but the plastic
LDPE and PE lms still exhibited signicantly lower vapor
permeability (WVP values of 0.099 and 0.077 g mm m−2 d−1

kPa−1, respectively).5 The low WVP of nanoworm lm could be
attributed to the high amount of hydrophobic OSA groups
attached to the cellulose structure. Water in neat CNF lm
breaks the tight and dense hydrogen-bonded structure, causing
ber swelling and a bulkier lm structure. The OSA groups of
nanoworms decrease water affinity, thereby preventing the
water molecules from penetrating the lm and reducing water
transmission.16,66

Mechanical properties of the lms

The mechanical properties of the nanoworm lms were
measured in both dry (50% RH) and wet conditions. The stress–
strain curves of the lms are shown in Fig. 5c, and Table 1
summarizes the tensile strength (at break), strain, and modulus
values. In dry conditions, the tensile strength of the nanoworm
lm was 13.6 MPa, which is similar to that of the LDPE lm (7–
25 MPa).63,67 However, the tensile strength was signicantly
lower than that of the CNF lm measured in our previous study
(175 MPa)39 because of the relatively high DS of hydrophobic
OSA groups on the cellulose surface. The high mechanical
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Visual appearance of the nanoworm film laying on top of the background and (b) ∼15 cm above the background, (c) optical trans-
mittance of two nanoworm films made from different batches of nanoworms, (d) and the film on the Petri dish.
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strength of the CNF lm is attributed to the abundance of
interbrillar hydrogen bonds between hydroxy groups of cellu-
lose,1,15 and the carbon chain of OSA reduced this interaction by
replacing hydrogen bonds with weaker intermolecular bonds of
OSA groups, thereby lowering the tensile strength of the lm. In
addition, the random orientation and short length of nano-
worms may have decreased the lm capacity to carry the load
when subjected to stress.16,68

However, aer exposing the dry nanoworm lm to water
(tensile strength in a wet state being 13.1 MPa), the tensile
strength remained constant, in contrast to neat nanocellulose
lms, which are strongly affected by water. For example, the
tensile strength decreased from 175 to 9.6 MPa with unmodied
CNF lm.39 The hydrophobic interactions of the OSA side chain,
which are less inuenced by water than hydrogen bonds, could
be attributed to the cohesion of nanoworm lm in wet states.16

The strain of lms also increased at wet conditions because
water acts as a plasticizer, allowing the cellulose entities to
stretch more under stress.68,69
Thermal properties and heat sealability of the lms

The thermal behavior of esteried cellulose was analyzed using
DSC, which revealed a glass transition temperature (Tg) at 152 °
This journal is © The Royal Society of Chemistry 2023
C (Fig. S10†). Because esterication introduced a high amount
of so and bulky alkyl chains into the cellulose structure, the
material's performance under heating was signicantly altered
compared with intact cellulose, which has no thermoplasticity
or melt-processability. The OSA chains increased cellulose's free
volume and inter-chain distance, allowing intermolecular
chains to slide past each other.70 As a result, a modied cellu-
lose glass transition was observed (Fig. S12†).

The melt-processability of nanoworm lms was demon-
strated with heat-sealing tests by analyzing moisture absorption
of calcium chloride in bottles covered with heat-sealed nano-
worm lms (Fig. 5d). When heat and pressure were applied
during the heat-sealing process, the nanoworm lm partially
melted and the polymer chains diffused into each other to form
a tight seal during cooling.11 Compared with a reference without
any sealing, the nanoworm lm effectively decreased calcium
chloride moisture uptake. Aer eight days, the nonsealed
calcium chloride absorbed 60% of moisture relative to its
original weight, while the sealed calcium chloride absorbed
only 16%. Therefore, the melt-processability of nanoworm lms
combined with their good moisture barrier performance
demonstrated their potential as adjustable, highly transparent,
and bio-based packaging materials. To further demonstrate the
feasibility of lms as bio-derived packaging, two lms were
J. Mater. Chem. A, 2023, 11, 26000–26010 | 26007
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Fig. 5 (a) Water contact angles of films of cellulose nanoworms and LDPE films (at 10 s). (b) Water vapor permeability of films of nanoworms,
CNF,39 LDPE, and PE in log10 scale. (c) Stress–strain curves of dry and wet films of nanoworms. (d) Moisture absorption in a reference bottle and
bottle covered with a heat-sealed film of nanoworms. (e) Heat-sealed package created from two nanoworm films.

Table 1 Mechanical properties of the nanoworm film at dry and wet
conditions

Tensile strength (MPa) Strain (%) Modulus (MPa)

Dry 13.6 � 0.6 6.3 � 0.8 465.1 � 18.9
Wet 13.1 � 0.8 8.8 � 0.5 266.3 � 50.4
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heat-sealed together and lled with rice to form a self-standing,
sealed wrapping (Fig. 5e).

Conclusions

This study introduced cellulose nanoworms, which are worm-
like cellulose nanomaterials that have never been reported
26008 | J. Mater. Chem. A, 2023, 11, 26000–26010
before, as far as we know. The esterication of cellulose with 2-
octenylsuccinic anhydride, OSA, in DES, converted the cellulose
pulp hydrophobic, resulting in intense ballooning when
submerged in ethanol. The sonication of ethanol suspension of
swollen modied cellulose bers created an entangled network
of short and relatively thick nanoworms with an average lateral
dimension of 18.5 nm that were linked longitudinally together.
The nanoworms were further assembled into lms with an
extremely smooth surface structure (root-mean-square rough-
ness of 2.5 nm) and a contact angle of 63°. The lms exhibited
excellent optical properties with a transparency of 92−93% at
600 nm and WVP of 2.34 g mm m−2 d−1 kPa−1. Even in the wet
state, the lms had a tensile strength of 13.1 MPa, which was
similar to the dry state (13.6 MPa). The lm also exhibited
This journal is © The Royal Society of Chemistry 2023
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a glass transition temperature (Tg) of 152 °C and could be heat-
sealed to form a tight sealing. Therefore, the combination of
melt-processability and excellent moisture barrier performance
of nanostructured nanoworm lms demonstrated their poten-
tial as adjustable, multifunctional biomaterials with advanced
tailorable properties that could be used in sustainable pack-
aging, electronics, and optics applications.
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