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The widespread use and disposal of petroleum-derived plastic films contribute significantly to

environmental pollution, affecting water, soil, and air quality and leading to microplastic contamination.

In response, extensive research has focused on developing biodegradable chitosan-based films with

enhanced mechanical properties as alternatives to conventional plastics. However, balancing ductility

and strength in chitosan-based materials remains a significant challenge because these two mechanical

properties are intrinsically mutually exclusive. This study presents a facile strategy for fabricating

chitosan/polyurethane nanoparticle (PU NP) bioplastic films that simultaneously enhance both ductility

and strength. The chitosan/PU NP bioplastic film exhibits a unique and novel elastic node–grid structure,

where PU NPs serve as crosslinkers (elastic nodes) within an entangled chitosan network. Notably,

incorporating 20 wt% PU NPs results in a failure strain of 37.47%, a tensile strength of 64.98 MPa, and

a tensile work to fracture of 17.50 MJ m−3, representing increases of 311%, 23%, and 350%, respectively,

compared with pure chitosan films. These remarkable mechanical properties are attributed to the

deformation of the elastic nanoscale PU NPs under load and dynamic hydrogen bonding interactions

between PU NPs and chitosan molecules. Furthermore, the bioplastic film is recyclable through a simple

process without noticeable loss of mechanical performance and is compostable and biodegradable in

soil within three months. This innovative bioplastic film holds promise for developing strong, ductile, and

tough biopolymer materials, paving the way for sustainable alternatives to conventional plastic films and

diverse future applications.
Global plastic production has tripled over the past four decades,
with projections indicating that greenhouse gas emissions from
plastics could account for 15% of the global carbon budget by
2050.1,2 This surge in petroleum-derived plastics has led to
signicant environmental issues, including pollution of oceans
and rivers and the pervasive impact of microplastics on
ecosystems.3 In response, extensive efforts have focused on
reducing plastic pollution and energy consumption by
enhancing recyclability and developing eco-friendly alterna-
tives, such as natural polymer-based packaging lms for food
and beverages,4,5 biomass-based foams for atmospheric water
harvesting,6–8 and wood-based materials as substitutes for
plastics.9–11 Natural polymer-based lms offer the advantages of
renewability, sustainability, non-toxicity, and environmental
friendliness. However, their mechanical properties oen limit
their direct replacement of commonly used plastics, such as
polyethylene and polypropylene.12,13 Thus, improving the
ductility and strength of natural polymer-based lms is
essential.
University of Maryland, College Park,
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Chitin, the second most abundant natural polymer on earth,
is produced in vast quantities, approximately 100 billion tons
annually, by fungi, plankton, the exoskeletons of insects, and
crustaceans. Chitosan, derived from the deacetylation of chitin,
contains amino and hydroxyl groups in its linear structure,
facilitating hydrogen bond formation and resulting in water-
solubility.14–16 Due to their biodegradability and non-toxicity,
chitosan lms nd widespread use in the food industry, bi-
oelectronics, water treatment, and agriculture.17–20 However,
chitosan lms exhibit poor ductility compared with conven-
tional plastic lms, primarily due to their higher oxygen and
nitrogen content, which restricts the stretching and uncoiling
of polymer molecules. Numerous strategies have been explored
to enhance the ductility of chitosan lms, including the incor-
poration of synthetic polymers, nanoclays, cellulose nanobrils,
metal oxides, and carbon nanotubes.21–24 Yet, some of these
approaches pose environmental risks, countering the ecological
benets of chitosan, while others lead to a trade-off between
ductility and strength.25,26 Consequently, developing a scalable
technology for producing high-ductility and high-strength eco-
friendly chitosan lms remains a challenge.
J. Mater. Chem. A, 2025, 13, 42427–42434 | 42427
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Polyurethane (PU), a versatile family of thermoplastic elas-
tomers, consists of hard and so segments arranged in a linear
structure.27 Biodegradable PU can be synthesized using
hydrolysis-prone polyester diols, such as poly(3-caprolactone)
(PCL) diol.28 Notably, PCL diol-based PU exhibits hydrolysis
rates approximately ten times faster than those of polyether
diol-based PU, while the degradation products formed through
hydrolysis demonstrate no signicant cytotoxicity.29,30 Incorpo-
rating biodegradable waterborne PU into chitosan-based
materials has shown promise in enhancing mechanical
properties.31

In this study, we report a facile yet effective method for
fabricating chitosan/polyurethane nanoparticle (PU NP) bi-
oplastic lms that enhance both ductility and strength due to
the novel node–grid structure formed by PU NPs as crosslinkers
and the chitosan molecular network. By incorporating 20 wt%
PU NPs, the bioplastic lms achieve a failure strain of 37.47%,
a tensile strength of 64.98 MPa, and a tensile work to fracture of
17.50 MJ m−3, representing increases of 311%, 23%, and 350%,
respectively, compared with pure chitosan lms. These excep-
tional mechanical properties arise from the unique elastic
deformation of nanoscale PU NPs under load and the dynamic
hydrogen bonding interactions between PU NPs and chitosan
molecules. Furthermore, the bioplastic lms can be easily
recycled without signicant loss of mechanical performance
and are biodegradable in soil within three months. This inno-
vative bioplastic lm is poised to serve as a valuable resource for
developing strong, ductile, and tough biopolymer materials,
offering potential alternatives to petroleum-derived plastic lms
and enabling various innovative future applications.

Results and discussion

Chitosan, a biodegradable polysaccharide obtained from
shellsh shells, has numerous applications, including food
packaging and antimicrobial materials (Fig. 1a). In this study,
we developed a ductile, transparent, chitosan-based lm using
a simple cast-dry method, aiming for low-cost packaging solu-
tions. Fig. 1 illustrates the fabrication process of the chitosan/
PU NP bioplastic lm, its mechanical performance, and the
underlying deformation mechanism of the lm to accommo-
date signicant elongation.

The unique biodegradable waterborne PU NPs are synthe-
sized via self-assembly in a water dispersion.32–34 Scheme S1
shows the synthesis of the waterborne PU NPs. In brief, the PCL
diol monomer and isophorone diisocyanate (IPDI) monomer
serve as the so and hard segments, respectively, for synthe-
sizing the target PU polymeric chain. The resulting PU NPs
adopt a core–shell structure (hydrophobic core and hydrophilic
shell) upon the addition of ethylenediamine (EDA) and deion-
ized water under vigorous mechanical stirring aer pre-
polymerization. Fig. 1b and S1 depict the schematic
representation and molecular formula of the core–shell struc-
ture, alongside the microstructure of the synthesized PU NPs.

To create the bioplastic lm, the chitosan solution was
mixed with varying amounts of PU NPs (0 wt%, 5 wt%, 10 wt%,
20 wt%, and 40 wt%, referred to as 0% PU, 5% PU, 10% PU, 20%
42428 | J. Mater. Chem. A, 2025, 13, 42427–42434
PU, and 40% PU), and cast-dried in a fume hood at room
temperature overnight. The PU NPs crosslink chitosan mole-
cules via electrostatic interaction between the negatively
charged carboxyl groups of PU NPs and the positively charged
protonated amino groups of chitosan (protonated by acetic
acid), along with multiple hydrogen bonds between PU NPs and
chitosan. A representative transparent chitosan/PU NP bi-
oplastic lm (20% PU) is shown in Fig. 1c.

Mechanical testing reveals that the 10% PU and 20% PU
bioplastic lms exhibit signicantly higher tensile strength,
failure strain, and work to fracture in comparison with pure
chitosan lms (Fig. 1d). Specically, the 20% PU lms achieve
a failure strain of 37.47 ± 1.66% and a tensile strength of 64.98
± 3.20 MPa, which are approximately four times and 1.2 times
greater than the failure strain (9.11 ± 1.86%) and strength
(52.94 ± 4.74 MPa) of the 0% PU chitosan lms. Additionally,
the work to fracture for the 20% PU lms is 17.50 ± 1.33 MJ
m−3, around 4.5 times higher than that of 0% PU chitosan
lms. This signicant improvement in mechanical properties is
attributed to the elastic node–grid structure formed by PU NPs
serving as crosslinkers, with chitosan molecules entangled to
create a robust network. The electrostatic interactions and
hydrogen bonds facilitate the cross-linking between the PU NPs
and chitosan molecules due to the abundant oxygen- and
nitrogen-containing groups in chitosan and PU molecules, as
shown in Fig. 1e and S2. Upon applying tensile force, the
initially curly chitosan chains uncoil and disentangle, while the
elastic PU NPs stretch from a spherical to an ellipsoidal shape to
accommodate the tensile elongation.

Fig. S3a presents the Fourier-transform infrared (FTIR)
spectra of PU NPs, 0% PU, 10% PU, and 20% PU, illustrating
their distinct chemical compositions. The band between
3300 cm−1 and 3400 cm−1 corresponds to the characteristic
absorption of O–H and N–H stretching vibrations in chitosan
and water molecules.6,7,9 The peaks at 2947 cm−1 and 2867 cm−1

are associated with the C–H3 and C–H2 stretching vibrations in
the structures of PU and chitosan.32 As shown in Fig. S3b, the
absorption in the 1700–1750 cm−1 region for the chitosan lm
is ascribed to the carbonyl groups of the residual acetyl groups
remaining aer chitin deacetylation. The broad bands at
1556 cm−1 and 1537 cm−1 correspond to the N–H stretching
and bending vibrations in PU and chitosan molecules, respec-
tively. The unique peak at 1726 cm−1 is attributed to the
vibration of C]O in the PU molecule. A small peak near
1726 cm−1 is observed when the PU content is increased to 20%,
which is attributable to the presence of PU.

The scanning electron microscope (SEM) images in Fig. 2a
and S4 reveal that the PU NPs, averaging around 500 nm in
diameter, maintain a uniform spherical shape and are homo-
geneously dispersed within the chitosan matrix (Fig. 2b). As
shown in Fig. S5, the distribution of PU NPs in water is mostly
monodisperse (PDI = 0.3) with an intensity-weighted hydrody-
namic diameter centered near 500 nm. The number-weighted
distribution suggests a high frequency of occurrence of NPs
sized around 300 nm. The size distribution of PU NPs in chi-
tosan solution shows a similar pattern to that in water, indi-
cating excellent dispersion stability of PU NPs. The mechanical
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic of the facile fabrication of the chitosan/PU NP film and the mechanism of the elongation of chitosan/PU NP films. (a) Raw
materials of chitosan. (b) Schematic and SEM image of the synthesized PU NPs. (c) As-fabricated transparent chitosan/PU NP film. (d) The stress–
strain curves of various films with different concentrations of PU (i.e., 0 wt%, 10 wt%, and 20wt%). (e) Schematic representation for intermolecular
hydrogen bonding interactions and electrostatic interactions between PU NPs and chitosan. (f) Schematic of the deformation of PU NPs in
a stretched chitosan/PU NP film.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 5

/2
7/

20
26

 2
:5

4:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
properties of the chitosan/PU NP bioplastic lms, including
tensile strain, tensile failure strength, and work to fracture,
indicate a clear trend of improvement with increasing PU NP
concentration (Fig. 2c–f and S6). The ductility (indicated by the
tensile failure strain) of the bioplastic lms (0% PU, 5% PU,
10% PU, 20% PU, and 40% PU) is 9.11 ± 1.86%, 13.28 ± 2.04%,
18.22 ± 2.21%, 37.47 ± 1.66%, and 40.01 ± 2.36%, respectively,
demonstrating the excellent elasticity of PU NPs. While the
failure strength increases initially with PU concentration,
a decrease is observed at higher concentrations, possibly due to
NP aggregation disrupting the molecular interaction both
between and inside the polymer chains. The work to fracture
also increases with PU concentration (i.e., 3.89 ± 0.66 MJ m−3,
6.23 ± 1.24 MJ m−3, 11.56 ± 2.54 MJ m−3, 17.50 ± 1.33 MJ m−3

and 16.33 ± 1.13 MJ m−3), peaking at 17.50 ± 1.33 MJ m−3 for
the 20% PU lms. Table S1 lists the mechanical properties,
processing methods, and sustainability metrics of various lms
made of chitosan, synthetic polymers, natural polymers,
organic and inorganic nanoparticles. Compared with chitosan
lms reinforced with inorganic NPs, carbon nanotubes, natural
polymer-derived NPs, and PEG, the chitosan/PU NP lms in this
work show superior tensile strength and ductility, as well as
sustainability advantages.

Fig. 3a shows an optical image of a fractured lm sample.
Fig. 3b and c show SEM images of the fractured cross-section of
the sample at different magnications. The thickness of the
This journal is © The Royal Society of Chemistry 2025
fractured lm is approximately 50–60 mm (Fig. 3b), demon-
strating that the PU NPs are uniformly distributed throughout
the composite lm (Fig. 3c). Fig. 3d illustrates the signicant
elongation of the PU NPs, transforming from spherical to
ellipsoidal shapes along the tensile load direction. Fig. 3c and
d allow quantication of the aspect ratio of the stretched lm.
The as-prepared PU nanoparticles have an average diameter of
∼500 nm. Upon stretching, their major and minor axes extend
to approximately 1200 nm and 400 nm, respectively, giving an
aspect ratio of approximately 3. This anisotropic deformation
provides a mechanistic explanation for the excellent ductility
observed in the composite lm.

Based on these experimental results and analyses, we
propose a mechanism for enhancing mechanical performance
by forming an elastic node–grid structure in the chitosan/PU NP
composite lm, as illustrated in Fig. 3e–g. The PU NPs crosslink
the chitosan molecules via electrostatic interactions between
the negatively charged carboxyl groups on the PU NPs and the
positively charged protonated amino groups on chitosan, in
addition to multiple dynamic hydrogen bonds facilitated by the
abundant oxygen- and nitrogen-containing groups in both chi-
tosan and PU molecules.
The fracture mechanism occurs in three typical stages

Stage I: elastic deformation (0–3% strain, chitosan align-
ment). As the composite lm is stretched, the coiled chitosan
J. Mater. Chem. A, 2025, 13, 42427–42434 | 42429
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Fig. 2 Morphologies of PU NPs andmechanical properties of chitosan/PU NP composite films. (a) An SEM image of the as-fabricated PU NPs. (b)
An SEM image of the as-fabricated chitosan/PU NP composite film showing that PU NPs are uniformly distributed in the chitosan film (e.g., those
highlighted in green). (c) The stress–strain curves of various films with different concentrations of PU (i.e., 0 wt%, 5% wt%, 10 wt%, 20 wt%, and
40 wt%). (d–f) Comparison of the ductility (d), failure strength (e), and work to fracture (f) of the chitosan film and various composite films,
respectively.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 5

/2
7/

20
26

 2
:5

4:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
chains uncoil and disentangle. This process, occurring in the
elastic deformation region (Fig. 3g), contributes to energy
dissipation in the lm. At this stage, the 10% PU sample
exhibits higher stress than the 0% PU sample before yielding,
likely due to the crosslinked nodes that hinder the disentan-
glement of the polymer chains. The chitosan polymer chains
align along the tensile load direction. However, increasing PU
NP content (20% and 40%) leads to a decrease in strength,
which may be attributed to NP aggregation disrupting the
molecular interaction both between and inside the polymer
chains.

Stage II: yielding (strain beyond the elastic region, PU NP
deformation). As stretching continues, the remarkable ductility
of the PU NPs induces signicant deformation in the yield
region of the stress–strain curves. The 40% PU sample shows
the largest strain before fracture. In this stage, the so
segments of the PU molecules entangle together to form the
hydrophobic core of the PU NPs via van der Waals forces, while
the repulsion between hydrophilic functional groups in the
hard segments contributes to the overall molecular behavior.
Under external tensile forces, the PU NPs elongate from
spherical to ellipsoidal shapes. The van der Waals interactions
between the so segments of the PU NPs are overcome by the
applied stress, leading to large deformation of the PU NPs,
which plays a key role in energy dissipation during this phase.
The electrostatic interaction and hydrogen bonds between PU
NPs and chitosan chains are stronger than the van der Waals
interaction in the so segments of PU NPs, making the PU NPs
42430 | J. Mater. Chem. A, 2025, 13, 42427–42434
act as elastic nodes to hold the chitosan grid structure and
hinder sliding among chitosan chains which would otherwise
result in the fracture of the lm.

Stage III: fracture and crack propagation. Once the chitosan
matrix and PU NP polymer chains reach their limit of stretch,
further deformation is constrained. At this point, defects within
the chitosan matrix initiate microcracks due to the fracture of
hydrogen bonds. Some of the PU NPs recover their spherical
shapes due to the brokerage of the hydrogen bonds between PU
NPs and chitosan chains. The chitosan chains slide along the
tensile load direction and separate from each other and from
PU NPs, leading to the fracture of the whole elastic node–grid
structure. These microcracks rapidly propagate into macro-
cracks, eventually leading to the failure of the entire composite
lm. The fracture of dynamic hydrogen bonds is the primary
mechanism for energy dissipation during this nal stage.

The thermal stability and optical properties of chitosan, PU,
and chitosan/PU NP lms were studied by TGA and UV-vis
transmission analysis. The TGA curves of chitosan, PU, and
chitosan/PU NP lms are shown in Fig. S7. The typical decom-
position pattern below 180 °C in chitosan and chitosan/PU NP
lms is ascribed to water evaporation. The degradation of chi-
tosan and PU begins at 250 °C and 210 °C, respectively. Upon
PU incorporation, the initial deposition temperature decreases
to 175 °C. Chitosan lms exhibit higher thermal stability at
temperatures above 400 °C compared to pure PU lms. The
differential thermogravimetry (DTG) pattern of chitosan/PU NP
lms shows no new peaks, suggesting a uniform dispersion of
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The toughening mechanism of the elastic node–grid structure in chitosan/PU NP composite films. (a) An optical image of a fractured film
sample. (b and c) SEM images of the cross-section of the composite film at differentmagnifications. (d) SEM image of a significantly elongated PU
NP in the composite film under tensile force. (e) Schematic of the PU NP molecular core–shell structure. (f) Schematic of the molecular scale
deformation of the PU NP under tensile force. (g) Schematic of the failure mechanism of the chitosan/PU NP film.
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PU in the chitosan matrix. The UV-vis transmission spectra of
chitosan and chitosan/PU NP lms are shown in Fig. S8. With
PU incorporation, UV light (under 400 nm) transmittance can
be reduced from 60% to 1–35%. The chitosan/PU NP lm
exhibits impressive recyclability, contributing to reduced
manufacturing costs and environmental sustainability. Fig. 4a
outlines the recycling process for the composite lm. Aer use,
the lm can be dispersed into water and reformed into
a homogenous dispersion of PU NPs and chitosan by mechan-
ical stirring for 1 hour. In this process, the electrostatic
This journal is © The Royal Society of Chemistry 2025
interaction and hydrogen bonds between the PU NPs and chi-
tosan are disrupted, leading to the uncrosslinking of the chi-
tosan molecules. Water molecules surround and interact with
both the PU NPs and chitosan, facilitating their dispersion
through electrostatic interactions and hydrogen bonding. The
resulting dispersion can then be used to fabricate new chitosan/
PU NP lms, making the material fully recyclable. Aer recy-
cling, the composite lm retains its mechanical properties as
shown in Fig. 4b–d. The ductility, tensile strength, and work to
fracture of the recycled composite lm are 31.56 ± 0.83%, 68.57
J. Mater. Chem. A, 2025, 13, 42427–42434 | 42431
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Fig. 4 Recyclability tests and mechanical properties of the recycled chitosan/PU NP film. (a) The recycling process of the as-made chitosan/PU
NP film, including cast drying, water soaking, and mechanical stirring. (b–d) The comparison of the mechanical properties of the as-made and
recycled composite films in terms of ductility (b), tensile strength (c), and work to fracture (d).
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± 3.36 MPa, and 16.23 ± 1.13 MJ m−3, respectively, comparable
to those of the as-made chitosan/PU NP lm. This recyclability
not only reduces material and manufacturing costs, but also
minimizes resource waste.

The PU NPs are synthesized using a solvent-free and residue-
free method. The waterborne PU, composed of PCL diol and
IPDI, has been proven to have low cytotoxicity and excellent
biodegradability in previous studies.31,35 To evaluate the biode-
gradability and ecotoxicity of the chitosan/PU NP lm, a grass
seed germination test was conducted. Grass seeds were planted
Fig. 5 Grass seed germination and plant growth tests to evaluate the bio
each test set, two pieces of the film (5 × 5 cm2) are buried in soil togethe
the film and the grass at different time intervals (i.e., 0 to 67 days) under na
and holes begin to appear in the film after one month. By Day 67, the com
UV 365 nm light. (d) Snapshots of the test set show the successful germ

42432 | J. Mater. Chem. A, 2025, 13, 42427–42434
on the top surface of the soil at a density of approximately 12
pounds per 1000 square feet. The pure chitosan and 20% PU
composite lms were vertically buried in the soil in contact with
the inner surface of a glass tank, as shown in Fig. 5 and S9. The
test lasted for approximately two months. Most grass seeds
began germinating within 10 days and continued growing
throughout the experiment. The lms were observed under
both natural light (Fig. 5a and S9a) and UV 365 nm light (Fig. 5b,
c and S9b) to monitor biodegradation. Under UV light, mold
appeared on the lms by Day 10 and increased progressively
degradability and ecotoxicity of the chitosan/PU NP composite film. In
r with some grass seeds in proximity. (a–c) The optical photographs of
tural light (a) and UV 365 nm light (b and c). Mold is observed on Day 10,
posite film is nearly completely degraded under both natural light and
ination and growth of the grass plant after two months.

This journal is © The Royal Society of Chemistry 2025
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throughout the test. By the end of the rst month, holes were
visible in the lms, and by the end of the second month, the
lms had nearly completely biodegraded, as evidenced by their
near-total disappearance under both natural light and UV
365 nm light (Fig. 5b, c, and S9b). Fig. 5d shows the grass plants
aer two months, with height ranging from 15–25 cm. The
above ecotoxicity test and the control experiments demonstrate
that the chitosan/PU NP lm does not have any signicant
negative impact on seed germination or plant growth, sug-
gesting that it is eco-friendly and biodegradable.

Conclusions

In conclusion, we present a cost-effective, straightforward
method for producing biodegradable chitosan/PU NP
composite lms that enhance both the ductility and strength of
chitosan-based materials. The chitosan/PU NP composite lm
exhibits an elastic node–grid structure at the microscopic level,
where PU NPs act as crosslinking nodes and chitosan molecules
form a grid-like structure. Incorporating 20 wt% PU NPs into
the composite lm results in signicant improvements in
mechanical properties, including a failure strain of 37.47%,
a tensile strength of 64.98 MPa, and a work to fracture of 17.50
MJ m−3. These values represent increases of 311%, 23%, and
350%, respectively, compared to pure chitosan lms. These
enhanced mechanical properties are attributed to the elastic
deformation of the nanoscale PU NPs under load and the
dynamic hydrogen bonding interactions between the PU NPs
and chitosan molecules. Furthermore, the composite lm
demonstrates excellent recyclability, retains its mechanical
performance aer recycling, and biodegrades in soil within
three months. The combination of biodegradability, recycla-
bility, and enhanced mechanical properties make this
composite lm a promising candidate to replace conventional
plastic lms in a wide range of applications, contributing to
sustainability and environmental protection.

Materials and methods
Synthesis of PU NPs

Waterborne PU NPs are synthesized using a waterborne proce-
dure. Polycaprolactone diol (PCL, 10 g, Mn ∼ 2000, ACROS
ORGANICS, USA), which serves as the so segment of the PU
polymeric chain is rst added into a 500 mL 3-neck ask under
an Ar atmosphere and mechanically stirred for 30 min in a 75 °C
water bath. Then, isophorone diisocyanate (IPDI, 4.18 g, 98%,
ACROS ORGANICS, USA), which acts as the hard segment of the
polyurethane chain, is introduced to the ask, and the pre-
polymerization is carried out for 3 h at 75 °C. Next, 2,2-bi-
s(hydroxymethyl)propionic acid (DMPA, 0.699 g, Alfa Aesar, USA)
as a chain extender together with methyl ethyl ketone (MEK,
0.038 g MACRON Fine Chemicals) is added into the ask and
reacted for 1 h at 75 °C. Aer cooling the reaction mixture to 45 °
C, triethylamine (TEA, 0.505 g, Fisher BioReagents, USA) is added
dropwise into the ask to neutralize the carboxyl groups inDMPA
for 30 min. Then, 36 mL of deionized water is rapidly added into
the ask under vigorous stirring (1200 rpm) for 2 min, forming
This journal is © The Royal Society of Chemistry 2025
a milky mixture. Finally, ethylenediamine (EDA, 0.457 g, 99+%,
ACROS ORGANICS, USA) as another chain extender diluted with
deionized water is added and reacted for another 30 min. The
residual MEK and TEA are removed by vacuum distillation. The
molar ratio of IPDI/PCL/DMPA/TEA/EDA is 1/0.265/0.265/0.265/
0.404 for the preparation of the PU NPs.

Fabrication of the chitosan/PU NP lm

To prepare the chitosan/PU NP composite lm, 50 mL 2 wt%
acetic acid (Fisher Chemical, USA) solution is rst prepared.
Next, 0.25 g chitosan (medium molecular weight, Sigma-
Aldrich, USA) powder is slowly added into the acetic acid solu-
tion under magnetic stirring tomake 0.5 wt% chitosan solution.
A predetermined amount of the PU dispersion is dropped into
the chitosan solution to make chitosan/PU dispersion. Five
different formulations are used to prepare the composite lms
with varying concentrations of PU NPs, i.e., 0 wt%, 5 wt%,
10 wt%, 20 wt%, and 40 wt% (based on the mass of chitosan)
which are denoted as 0% PU, 5% PU, 10% PU, 20% PU, and 40%
PU in this paper. Then half of the resulting dispersion is poured
into a Petri dish with a diameter of 90 mm. The dish is then
covered with an air-permeable tissue and placed in a fume hood
at room temperature overnight to form the chitosan/PU NP
composite lm. The next day, the lm is carefully peeled from
the Petri dish and cut into strips for the tensile test. The
dimensions of the composite strips are approximately 60mm by
5 mm by 50 mm. The lms and strips are stored in a sealed bag
for further use.

Characterization

The morphologies of the PU NPs and composite lm samples
were characterized using a Tescan XEIA3 SEM. Prior to SEM
imaging, the samples were coated with a thin layer of gold via
sputtering. A spectrometer (Thermo Nicolet NEXUS 670 FTIR,
USA) with 4 cm−1 resolution was employed to obtain the FTIR
spectra at room temperature. Tensile tests of the composite
lms were conducted using an Instron 5940 Series Single
Column Table Frame equipped with a 1000 N load cell at
a nominal displacement rate of 10 mm min−1. The optical
images of the microstructure of the lms were taken using an
optical microscope (ZEISS, Primo Star). DLS measurements
were carried out on a ZETASIZER Nano-ZS (Malvern, UK).
Transmittance spectra were measured using a UV-2600i UV-Vis
spectrophotometer (Shimadzu, Japan). TGA was performed
using an SDT Q600 (TA Instruments, USA) under a nitrogen
atmosphere at a heating rate of 10 °C min−1.
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