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It remains a big challenge to fabricate biodegradable and recyclable soy protein (SP)-based composite films with
great toughness, high strength, and large ductility. In this work, a facile strategy was proposed for preparing
advanced SP-based films by simple solution casting of SP and hydroxyl and primary amine-containing hyper-
branched polysiloxane (HPSA). The developed SP/HPSA2 film exhibited a high toughness of 17.63 MJ m~> and a
high tensile strength of 15.19 MPa, which was, respectively, 424.70% and 551.93% increase compared with that
of the neat SP-based film. Additionally, the SP/HPSA2 film possessed a large strain at failure of 151.01%. The
advanced mechanical properties can be interpreted by the toughening and reinforcing mechanism associated
with the strain-induced deformation of HPSA as well as the multiple interfacial hydrogen-bonding interactions
within the interphase. The composite films exhibited great recyclability due to the reversibility of non-covalent
interactions confined in the matrix. Moreover, owing to the incorporation of the heat-resistant and fluorescent
HPSA, the SP/HPSA films also possessed high thermal stability and great fluorescent properties. This work offers
a simple methodology for the design of mechanically robust, recyclable, and biodegradable composite films,
which have potential applications in the fabrication of high-performance, high-transparency, and anti-
counterfeiting packaging materials.

1. Introduction and strong SP-based composite films have been prepared by chemical

cross-linking  strategies, biomimetic structure designs, and

The past few decades have witnessed such a consumption explosion
in polymeric films, as they play an increasingly vital role in modern
manufacturing owing to their advanced properties. Unfortunately, the
rapid accumulation of non-biodegradable plastic waste has posed a
pervasive threat to human health and the environment [1-4]. Accord-
ingly, it is of permanent significance for global sustainability to prepare
mechanically robust, recyclable, and biodegradable polymeric films
from renewable materials.

Soy protein (SP), as the byproduct of protein industry, has drawn
great attention for advanced polymeric materials due to its renewable,
biodegradable, low-cost, and easily processable merits [5-7]. Ultra-stiff

* Corresponding author.

organic-inorganic nanohybrids [8-10]. For instance, Zhang et al. pre-
pared mechanical strong protein-based films by using cellulose nano-
crystal as reinforcement and ethylene glycol diglycidyl ether as
crosslinker [11]. However, the strength and ductility of polymeric films
are generally mutually exclusive owing to different mechanical mech-
anisms. Hence, the reinforced protein-based films possessed a high
tensile strength of about 5.57 MPa and a relatively low elongation at
break of about 78.4%, resulting from the restraint of polymer chains
mobility. Moreover, the developed composite films were unrecyclable
because of the existence of covalent chemistry within the protein matrix.
Therefore, it remains a long-term challenge for the fabrication of
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recyclable SP-based composite films with integrated high strength, large
ductility, and great toughness.

Previous works have revealed that incorporating dynamic non-
covalent interactions, such as metal-ligand interactions [12,13],
hydrogen bonding [14,15], and hydrophobic associations [16,17], into
polymers can realize the construction of recyclable composites with high
strength and large extensibility. The dense non-covalent bonds can
endow composites with high stiffness and strength. The dynamic rupture
and re-form of such non-covalent bonds can contribute to external load
energy dissipation under stress, endowing composites with good
toughness and recyclability. Specifically, multiple hydrogen-bonding
interactions have been proven to be the key factor to the remarkable
strength and toughness of many biological materials, such as collagen
fibrils and spider silk [18,19]. Super tough, strong, and remalleable
polymeric films based on multiple hydrogen bonds have been reported
by using poly (vinyl alcohol) (PVA) as a matrix [20]. Therefore, con-
structing cross-linked networks with dynamic hydrogen-bonding in-
teractions is highly expected to be an effective strategy to prepare tough,
strong, and recyclable SP-based composite films. Recently, Chang et al.
adopted polyethyleneimine as plasticizer and dopamine as reinforcing
agent to construct dynamic hydrogen-bonding interactions within SP
matrix [5]. The developed SP-based composite films exhibited high
tensile strength of 10.61 MPa, high toughness of 9.09 MJ m?, and good
self-healing properties. Nevertheless, the films were unrecyclable
because of the existed covalent interactions in the protein matrix, not to
mention the additives incorporated were either toxic or expensive,
which goes against the tenet of green and sustainable development.

To fabricate advanced SP-based films that confined multiple sacri-
ficial hydrogen bonds, hyperbranched polymer (HBP) with dense func-
tional terminal groups and highly mobile external branch units is highly
desirable. The flexible external segments with various end groups are
highly expected to destroy the inter-/intro-molecular interactions
within the SP molecules, leading to the formation of multiple hydrogen-
bonding interactions between HBP and the protein matrix, as well as the
increase of extensibility of the developed nanocomposites [21,22].
Additionally, both the branched structures and the internal cavities
could contribute to the toughening of polymeric materials [23,24].
Amongst various HBPs, hydroxyl and primary amine-containing
hyperbranched polysiloxane (HPSA) has high thermal stability, fluo-
rescent properties, and the advantages of conventional HBP and poly-
siloxane [25]. Moreover, the Si-O bonds are easily rotatable, which can
significantly increase the flexibility of polymer chains and facilitate the
improvement of ductility. The dense hydroxyl and primary amine
groups can favor the formation of multiple hydrogen bonds within the
matrix, which is promising to enhance both the strength and toughness.

In this work, we propose a mechanically robust, recyclable, and
biodegradable SP-based films with integrated high thermal stability and
fluorescent properties simply designed by using HPSA as a toughening
and strengthening agent. By solution blending HPSA with SP, cross-
linked network systems confined multiple intermolecular sacrificial
hydrogen bonds were formed. SP-based films with high tensile strength
of 15.19 MPa, high toughness of 17.63 MJ m >, great ductility of
151.05% were fabricated. Importantly, such advanced composite films
exhibited good recyclability due to the incorporated reversible non-
covalent chemistry, as well as high thermal stability, fluorescent prop-
erties, and biodegradability. This work presents a facile strategy for
fabricating mechanically robust, biodegradable, recyclable, and photo-
luminescent SP-based composite films, which can be used for preparing
high-performance, high-transparency, and anti-counterfeiting pack-
aging materials.

2. Materials and method
2.1. Materials

(3-Aminopropyl) triethoxysilane (APTES) (98.0%), 2-methyl-1,3-
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propanediol (MPD) (98.0%), glycerol (Gly) (99.0%), and sodium hy-
droxide (NaOH) (95.0%) were purchased from Aladdin Industrial Co.,
Ltd. (Shanghai, China), and used as received without any further
treatment. SP (95% protein content) was provided by Yuwang Ecolog-
ical Food Industry Co., Ltd. (Shandong, China). Deionized (DI) water
was used in all experiments.

2.2. HPSA fabrication

HPSA was fabricated in accordance with the procedure reported in
previous work [25]. Firstly, 1.0 mol of APTES and 1.9 mol of MPD were
added into a three-necked flask with a mechanical stirrer and a ther-
mometer under nitrogen condition. Then the mixture was heated to
about 110 °C for a certain time till some distillate was distilled off. After
that, the mixture was continuously heated to around 160 °C, and kept
the distillate temperature below 78 °C. Finally, the hydroxyl and pri-
mary amine-containing hyperbranched polysiloxane was obtained after
the distillate temperature dropped below 55 °C (Scheme 1). The ob-
tained HPSA had a M,, of 38,577 g mol ™! and a PDI of about 4.32.

2.3. SP-based films preparation

Firstly, certain amount of HPSA and 1.0 g of SP powder were added
into 19.0 g of DI water and stirred for 30 min. Then the pH of the SP/
HPSA solution was adjusted to around 10.0 with NaOH solution (10 wt
%). Next, the SP/HPSA solution was heated at 85 °C for another 30 min.
After that, the SP/HPSA solution was poured into a Teflon plate (980
mm x 980 mm) and vacuum-dried at 45 °C. Finally, the films were
stored in a constant temperature and humidity test chamber (25 °C and
55% relative humidity). For comparation, a neat glycerol-plasticized SP
film was prepared according to previous work [5]. The preparation
process was the same as that of the HPSA-modified films. The compo-
sition of the developed films is presented in Table 1. Notably, although
APTES has low toxic to human health, HPSA is a relatively safe hyper-
branched polymer for preparing HPSA-modified films. This is because
during the fabrication of HPSA, APTES has reacted with MPD, gener-
ating ethanol as a byproduct, and the prepared HPSA possessed high
molecular weight and high thermal stability. Additionally, HPSA can
interact with the SP chains through multiple intermolecular in-
teractions, leading to the formation of stable cross-linked network
structures, hence HPSA couldn’t migrate from the protein matrix.

2.4. Characterizations

Fourier transform infrared (FTIR) spectra of the samples were
collected using a Nicolet iS50 FTIR spectrometer (Thermo Fisher Sci-
entific, USA) ranging from 4000 to 500 cm ™!, aiming to characterize the
changes in chemical structure of the films.

Aiming to verify the surface chemical structures of the films, X-ray
photoelectron spectroscopy (XPS) was performed on an AXIS Ultra DLD
instrument (Shimadzu, Japan), and Al Ka radiation was used as the X-
ray source.

X-ray diffraction (XRD) patterns were obtained to characterize the
conformation structures of protein, using a Rigaku Ultima IV diffrac-
tometer equipped with Cu Ka radiation source (40 kV, 40 mA), and
scanned in the range of 5°~60° with a speed of 5° min".

Dynamic mechanical analysis (DMA) spectra of the films were
measured on a TA Instruments Q800 DMA system in tensile mode at a
frequency of 1 Hz. The temperature was in the range of 40-240 °C at a
heating rate of 5 °C min .

Differential scanning calorimetry (DSC) curves were measured on a
TA instruments DSC250 system to characterize the glass transition
temperature (Tg) of the HPSA and films. The temperature was in the
range of —80—180 °C at a heating rate of 20 °C min~..

Thermomechanical analysis (TMA) analysis was performed to char-
acterize the coefficient of linear thermal expansion values of the films,
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Scheme 1. The synthetic route to HPSA.

Table 1

Experimental formulations of the SP-based films.
Samples SP (g) DI water (g) HPSA (g) Gly ()
SP/HPSA1 1.0 19.0 0.1 -
SP/HPSA2 1.0 19.0 0.2 -
SP/HPSA3 1.0 19.0 0.3 -
SP/HPSA4 1.0 19.0 0.4 -
SP/HPSAS5 1.0 19.0 0.5 -
SP/Gly 1.0 19.0 - 0.5

using a TA instruments TMA Q400 system. The temperature was in the
range of 30-140 °C at a heating rate of 2 °C min~'.

2.5. Mechanical performance

The mechanical properties of the films (about 150 pm in thickness)
were determined according to the ASTM D882-12 standard using an
AGS-X-10KkN electric universal testing machine (Shimadzu, Japan) at a
speed of 20 mm min~! [26].

2.6. Recycling performance

Firstly, the as-fabricated films were cut into pieces using a pair of
scissors. Then the film pieces were redissolved in DI water by heating at
85 °C for 4 h. After a 30 min of ultrasonic treatment, the obtained so-
lutions were poured into a Teflon plate and vacuum-dried at 45 °C to
remove the water.

2.7. Thermal performance

Thermogravimetric analysis (TGA) and derivative thermogravi-
metric (DTG) curves were recorded on a TA instruments TGA 50 system
to investigate the thermal properties of the HPSA and films. The tem-
perature was in the range of 30-600 °C at a heating rate of 10 °C min™'.

2.8. Fluorescent performance

The fluorescence intensity spectra of the films were measured using a
LS-55 luminescence spectrometer (PerkinElmer, Leeds, UK). The exci-
tation wavelength was set at 375 nm with a 10-nm slit width. For the test
of 5 wt% SP solution, the excitation wavelength was set at 375 nm with a
2.5-nm slit width; the emission wavelength was set at 485 nm with a 10-
nm slit width. For the test of 5 wt% HPSA solution, the excitation
wavelength was set at 375 nm with a 12-nm slit width; the emission
wavelength was set at 440 nm with a 12-nm slit width.

2.9. Biodegradable performance

Aqueous soil culture liquid method was used to determine the
biodegradability of the prepared films according to previous works [5,
22]. In brief, some outdoor soil at a depth of 2-8 cm below the ground
was carefully collected and placed at a well-ventilated place for about 7
days. Next, the soil was crushed and screened through a 200-mesh sieve
to remove debris. After that, 0.01 g ml™! soil inoculation source was
prepared by mixing certain amount of soil powder and DI water. After
the films (20 mm x 20 mm) were oven-dried to constant weight, the film
samples were wrapped by plastic mesh and immersed in the soil inoc-
ulation source. Finally, the weight residue of the films based on the
weight ratio of the degraded film to the original film was calculated.

2.10. Statistical analysis

The statistical analyses of the data were conducted using analysis of
variance (ANOVA) in the SPSS 24.0 statistical software. Differences
between pairs of means were assessed using Duncan’s multiple range
tests (p < 0.05).

3. Results and discussion
3.1. Physical cross-linking network within the films

SP-based films with high optical transmittance (Fig. S1) were facilely
fabricated by solution casting of HPSA and SP, as illustrated in Scheme
2. HPSA possessed a low Ty of about —60.3 °C (Fig. S2), which was
positive for the increase of extensibility of the developed film [26]. The
hydroxyl and primary amine groups in HPSA were highly expected to
form multiple non-covalent interfacial interactions with the protein
matrix, hence solving the problems of the films associated with the
tradeoff between tensile strength and fracture toughness.

FTIR spectra (Fig. 1a) were used to investigate the intermolecular
interactions between SP and HPSA within the films. For the FTIR spec-
trum of SP powder, the absorption peaks at 3274, 2929, 1633, 1515,
1394, 1234, and 1073 cm~! were related to O-H and N-H bending,
—CHj3 stretching, C=O0 stretching (amide I), N-H bending (amide II),
COO- bending, C-N and N-H stretching (amide III), and C-O bending,
respectively [24,27,28]. For the SP/HPSA films, the emergence of new
absorption peaks at 1031 cm ™!, corresponding to the Si-O-C bonds
[29], indicated the presence of HPSA molecules. After the introduction
of HPSA, the peaks at 1633 cm™! and 1394 cm™! shifted to 1624 cm™!
and 1397 cm™! respectively; the peaks at 1515 cm ™}, 1234 cm ™, and
1152 cm™! shifted to 1534 ecm ™!, 1238 cm™), and 1191 cm™ for
SP/HPSA1, and further shifted to 1540 cm™?, 1235 em™', and 1195
em ™! for the rest SP/HPSA films respectively. The absorption peaks
corresponding to C-N and N-H stretching of amide III and COO-
bending decreased in intensity as the addition of HPSA. These results
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Fig. 1. (a) FTIR spectra of SP powder, SP/HPSA1, SP/HPSA2, SP/HPSA3, SP/HPSA4, and SP/HPSAS5 films. Deconvolution curves of C 1s XPS spectra for (b) SP/

HPSA1, (c) SP/HPSA2, (d) SP/HPSA3, (e) SP/HPSA4, and (f) SP/HPSAS films.

were caused by the fact that the functional groups of HPSA formed
multiple intermolecular hydrogen-bonding interactions with the oxy-
gen- and amide-containing functional groups of the protein chains [27,
30,31]. Additionally, the absorption peak related to the C-O bending
shifted from 1073 cm ™! towards 1100 em ™! for SP/HPSA1, and shifted
towards higher wavenumbers as the increase of HPSA loading content,
which further indicated that strong interfacial interactions occurred
between the HPSA and SP molecules through dense non-covalent
cross-linking interactions.

XPS spectra were further used to verify the surface chemical struc-
tures of the films. As shown in Fig. 1b-f and Fig. S3, there was no new
peak appeared in the deconvolution curves of C 1s and N 1s XPS spectra
for the developed films after the incorporation of HPSA. Additionally, all
the films had a similar -NH5/-NH- ratio. These results confirmed that
there were no covalent intermolecular interactions formed within the
films [28]. The FTIR and XPS results led to the conclusions that the
incorporation of HPSA into the films resulted in the formation of phys-
ical cross-linking networks, which comprised multiple interfacial
hydrogen-bonding interactions.

3.2. Characterization of the films

The conformation structures of SP in the films were changed after the
incorporation of HPSA, as shown in Fig. 2a. Compared with the SP
powder, the a-helix conformation in the XRD patterns of SP/HPSA films
shifted towards a lower degree and decreased in intensity, indicated the
destroy of a-helix and the unfolding of the random coil in SP chains [4,
28]. Additionally, the sharp diffraction peaks assigned to the p-sheet
conformation became broader and the crystallinity degrees continu-
ously decreased (Fig. S4a) as the increase of HPSA loading content.
These phenomena revealed that the highly branched structures of HPSA
have destroyed the crystal structures of SP molecules and interrupted
the protein chains, leading to the formation of a uniform structure [28].

DSC analysis was used to investigate the changes of glass transition
temperature of the developed films. The DSC curve of the SP powder
exhibited two distinct glass transitions (Fig. S4b), i.e., Tg1 = 52.26 °C
and Ty = 112.84 °C, which can be interpreted by the movement and
denaturation of the 7S and 118 proteins [32]. For the DSC curves of the
SP/HPSA films (Fig. 2b), only one endothermic transition could be
observed, indicating that the added HPSA was uniformly dispersed in
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the SP matrix and a homogeneous phase

system was formed [28].

Importantly, the glass transition temperatures for the SP/HPSA films
decreased with the HPSA loading content, which can be interpreted by
the low T, of HPSA as well as the increased flexibility of SP-based films.
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the as-fabricated composite films by increasing the mobility of the SP
chains [26]. In addition, the loss tangent (tan &) peaks shifted towards a
lower temperature with the HPSA loading content increased (Fig. 2d),
further indicating the increased number of mobile SP chains [33]. It can
be clearly seen that the full width at half-maximum of tan § became
broader as the increase of HPSA content, which confirmed the formation
of a more uniform network structure [26]. Generally, the superhigh
stiffness and brittleness of SP-based polymeric materials are mainly
caused by the dense inter-/intro-molecular interactions confined in the
protein molecules, and the destroy of such inter-/intro-molecular in-
teractions can effectively increase the extensibility and toughness of the
obtained nanocomposites [22]. Therefore, these results led to the con-
clusions that the incorporated HPSA with highly branched structures
and dense terminal hydroxyl and amino groups can effectively increase
the toughness and ductility of the developed SP-based composite films.

3.3. Mechanical performance

Fig. 3a gives the engineering stress-strain curves of the developed
composite films and the characteristic results are listed in Table S1.
Different contents of HPSA had significant effects on the mechanical
properties of the films (p < 0.05). Compared with the SP/Gly film
(control), the tensile strength and Young’s modulus of the SP/HPSA
films were remarkably increased. For the SP/HPSAL film, the tensile
strength and Young’s modulus significantly increased to 21.00 MPa and
471.69 MPa from 2.33 MPa to 14.61 MPa for the SP/Gly film, respec-
tively, and then decreased as the increase of HPSA loading content
(Fig. 3b). Unfortunately, the strain at failure and toughness of the SP/
HPSAL film was, respectively, 6.92% and 0.67 MJ m’g, which was lower
than that of the SP/Gly film. These results could be caused by the low
loading content of the flexible HPSA [26]. As seen in Fig. 3c, the strain at
failure of the SP/HPSA films gradually increased with the HPSA loading
content, which gave a strong evidence to support the plasticizing ca-
pacity of HPSA. The toughness of the fabricated films increased first and
then decreased as the increase of HPSA content. The SP/HPSA2 film
exhibited the highest toughness of 17.63 MJ m 5, as well as a high
tensile strength of 15.19 MPa and a high Young’s modulus of 174.63
MPa, which was 424.70%, 551.93%, and 1095.27% increase compared
with the 3.36 MJ m 3, 2.33 MPa, and 14.61 MPa of the SP/Gly film,
respectively. Moreover, the SP/HPSAZ2 film still possessed a high strain
at failure of 151.01%. The remarkable mechanical properties obtained
in the SP/HPSA2 film probably benefited from the physical cross-linking
networks confined in the protein matrix, as well as the unique structural
characteristics of HPSA.

Fig. 3d compares the tensile strength and strain at failure of the SP/
HPSA2 film with other SP-based composite films. The prepared SP/
HPSA2 film exhibited a far higher tensile strength and better stretch-
ability than the other SP-based films. Although SP-based composite films
with a high tensile strength of ca. 13.4 MPa and a high breaking strain of
ca. 127.6% have been previously reported by integrating dopamine-
containing hyperbranched poly (amino ester)-pyrrole (HPPy) deco-
rated cellulose nanofibril (CNF) and SP [34]. Nevertheless, not to
mention the tedious fabrication process, the additives incorporated were
either expensive (dopamine and CNF) or toxic (dimethyl sulphoxide). In
comparison, the SP/HPSA2 film was prepared via a facile and
cost-effective strategy without the use of any organic solvents or other
toxic reagents. Moreover, the SP/HPSA2 film also had a much greater
fracture toughness (17.63 MJ m~>) than the previously reported
SP-based films. The comparison of tensile strength and strain at failure
of the SP/HPSAZ2 film with other polymeric materials is shown in Fig. 3e.
The developed SP/HPSA2 film exhibited higher ductility than the
gelatin-, cellulose-, and CS-based composite films. Although the tensile
strength of the SP/HPSA2 film was inferior to other commercial plastics,
its mechanical properties still met the requirements of packaging ma-
terials [5,22].
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3.4. Recycling performance

The fabricated SP/HPSA2 film was taken as an example to demon-
strate its recyclability according to previous work [26], as shown in
Fig. 4a. First, the SP/HPSA2 film was cut into pieces using a pair of
scissors. Next, certain amount of the film pieces were redissolved in DI
water to form a homogeneous film-forming solution by heating at 85 °C
for 4 h. Finally, the recycled transparent film (SP/HPSA2-R) was ob-
tained by solution casting method. The mechanical properties of the
SP/HPSA2-R film is presented in Fig. 4b and c. As can be seen, although
the mechanical properties of the SP/HPSA2-R film were inferior to that
of the SP/HPSA film, it still exhibited a high tensile strength of 10.12
MPa, high toughness of 10.78 MJ m~>, and large stretchability of
132.35%. Overall, the prepared SP-based composite films in this
approach possessed complete recyclability under a mild redissolution
condition as well as remarkable mechanical properties. The good recy-
clability of the developed composite films benefited from the multiple
intermolecular reversible hydrogen-bonding interactions formed within
the protein matrix [20,26]. The complete recyclability of the films could
facilitate the sustainable development of polymeric materials and the
settlement of environmental and energy issues arised from the
increasing consumption of non-renewable fossil resources.

3.5. Toughening and reinforcing mechanism

Polymers with high molecular weight generally have large space
volumes and high steric hindrance, hence they possess poor extensi-
bility. By the incorporation of additives with larger free volumes, the
polymer chain segments can occupy more free space for movement,
rotation, and/or distortion, which can increase the plasticity and
toughness of polymers [48]. According to the free volume theory, the
free volume fraction of polymeric materials is proportional to the dif-
ference in the coefficient of volumetric thermal expansion values be-
tween the rubbery and glassy states [26]. In addition, as for an isotropic
material, the coefficient of linear thermal expansion (CLTE) is about one
third of the coefficient of volumetric thermal expansion [22]. Therefore,
it can be concluded that the free volume fraction of polymeric materials
is proportional to the difference (Aa) in the coefficient of linear thermal
expansion values between the rubbery (a;) and glassy (ay) states [22].
TMA analysis was used to determine the CLTE values of the prepared
films, and the results are shown in Fig. 5 and Fig. S5. As can be seen, the
ar, ag, and Aa values of the SP/HPSA2 film were higher than that of the
SP/Gly film. This result indicated that the free volume fraction of the
developed composite films increased as the incorporation of HPSA.

In light of the aforementioned results, a toughening and reinforcing
mechanism of strain-induced deformation and 3D enmeshment effect of
HPSA on SP matrix was proposed, as shown in Fig. 6. The incorporated
HPSA was homogeneously dispersed in the protein matrix and formed
multiple intermolecular hydrogen bonds with the peripheral SP chain
segments. When the SP-based films were under stretching, the external
load energy transferred rapidly from the protein chains to the HPSA via
the dense interfacial interactions. Owing to the highly branched struc-
tures of HPSA, the stress concentrations were effectively retarded. The
scattered HPSA molecules began to deform before the deformation of
the SP matrix due to their higher flexibility and free volume fraction
compared to the latter, and the SP chain segments that surrounded the
HPSA started to rotate simultaneously. These behaviors could dissipate
much external load energy and impede the emergence of microcracks. In
addition, the multiple intermolecular sacrificial hydrogen bonds began
to dynamically rupture and re-form, which can further absorb much load
energy and enhance the fracture tolerance of the films. Under further
stretching, the microcracks generated within the SP matrix and diffused
towards the interfaces. Subsequently, the internal cavities of the HPSA
can passivate the crack tips, and then the propagation of microcracks
was blocked and terminated. Finally, when the strain extended to the
breaking strain, the stretched composite films fractured.
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Fig. 4. (a) Illustration for the recycling performance of the as-fabricated films. (b) Engineering stress-strain curves of SP/HPSA2 and the recycled SP/HPSA2 (SP/
HPSA2-R) films. (c) Toughness, strain at failure, tensile strength, and Young’s modulus of SP/HPSA2 and SP/HPSA2-R films.
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3.6. Thermal performance

The thermal performance of the developed films was investigated by
TGA, as shown in Fig. 7 and Fig. S6. For the SP/HPSAL1 film, the tem-
perature at the maximum thermal decomposition rate (Tpax) increased
to 275.7 °C from 271.2 °C for the SP/Gly film, and further increased with
the HPSA loading content. The SP/HPSA5 film possessed the highest
Tmax of 291.0 °C, which was 19.8 °C increase compared with that of the
SP/Gly film. The SP/Gly film possessed a low carbon yield at 600 °C
(CYg00) of ca. 18.5%, while the SP/HPSA films exhibited higher CYgoo of
28.5-29.8%, which was more than 10% higher than that of the SP/Gly
film. The high thermal stability of the SP/HPSA film can be caused by
the high heat-resistance properties of HPSA (Fig. S6) as well as the
formation of strong interfacial interactions between HPSA and the
protein matrix.

3.7. Fluorescent performance

Fig. 8a gives the photographs of 5 wt% SP and 5 wt% HPSA solutions
under 365 nm UV illumination. As can be seen, the prepared HPSA was
completely water soluble and the obtained HPSA solution can emit
bright blue fluorescence. Conversely, the SP solution exhibited a very
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Fig. 6. The schematic representation of the toughening and reinforcing mechanism of HPSA in the SP matrix.
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Fig. 8. (a) Photographs giving the fluorescence of 5 wt% SP and 5 wt% HPSA solutions under 365 nm UV illumination. Photoluminescence excitation (EX) and
emission (EM) spectra of (b) 5 wt% SP solution and (c) 5 wt% HPSA solution. (d) Photographs giving the fluorescence of SP/Gly, SP/HPSA1, SP/HPSA2, SP/HPSA3,
SP/HPSA4, and SP/HPSAS films under 365 nm UV light. (e) Fluorescence spectra of SP/Gly, SP/HPSA1, SP/HPSA2, SP/HPSA3, SP/HPSA4, and SP/HPSAS films.

light blue color inherent to the SP chains [5], revealing it possessed
weak fluorescent properties. The photoluminescence excitation (EX) and
emission (EM) spectra of the SP and HPSA solutions were acquired to
further study their fluorescent properties (Fig. 8b and c). The SP and
HPSA solutions possessed the EX bands at about 350-450 nm and
325-425 nm, and meanwhile held the EM bands at about 425-575 nm
and 400-550 nm, respectively. The blue fluorescence emitted from
HPSA was possibly caused by the emergence of hydroxyl group-rich
nanocluster and electron-hole recombination processes corresponding
the correlated electron-hole exciton states, or the radiative tunneling
betwixt delocalized electrons and holes [25]. As shown in Fig. 8d, the
SP/Gly film exhibited a light blue fluorescence, while the developed
SP/HPSA films exhibited bright blue colors. In addition, the SP/Gly film
exhibited a relatively weak fluorescence intensity, as can be seen in the
fluorescence spectra (Fig. 8e). Nevertheless, strong EM bands concen-
trated at about 485 nm emerged in the fluorescence spectra of the
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SP/HPSA films, further confirming that the developed SP/HPSA films
possessed strong blue fluorescence. Notably, the fluorescence intensity
slightly decreased as the HPSA loading content, which was probably
caused by the luminescence concentration quenching.

3.8. Biodegradable properties

Aqueous soil culture liquid method was used to determine the
biodegradable properties of the prepared films according to previous
works [5,22]. The weight residue profiles of different films after
degradation are shown in Fig. 9a. As can be seen, the weight residue of
all the films decreased dramatically over time, and decreased by more
than 80% after 28 days, indicating that the developed films possessed
great biodegradability. Moreover, the degraded films were seriously
eroded and became fragmented (Fig. 9b), which further confirmed the
excellent biodegradability of all the films. The solid content percentage

Fig. 9. (a) Weight residue profiles of SP/Gly, SP/HPSA1, SP/HPSA2, SP/HPSA3, SP/HPSA4, and SP/HPSAS films degraded using aqueous soil culture liquid method.

(b) Photographs of the fragmented films after degradation.
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(SCP) of each component before degradation and the average total
degraded weight percentage (TDWP) after degradation in different films
were calculated to further investigated the biodegradable properties of
the films (Table S2). For the films with HPSA loading content over 20%,
the TDWP was higher than the SCP of HPSA and SP before the degra-
dation, and the final weight residue was lower than the SCP of both
HPSA and SP, which demonstrated that HPSA and the protein matrix
must have been degraded [5]. For the SP/Gly film, the TDWP was higher
than the SCP of glycerol and SP before the degradation, revealing that
glycerol and the protein matrix must have been degraded [5]. In the
light of the above results, the hybrid of HPSA and SP offers an effective
and simple strategy for fabricating mechanically robust, recyclable, and
fluorescent composite films with high thermal stability and good
biodegradability. These merits make the developed composite films can
be used to prepare high-performance, high-transparency, and
anti-counterfeiting composites, which have promising applications in
packaging materials.

4. Conclusions

A facile method was presented for fabricating tough, strong, recy-
clable, and biodegradable films with high thermal stability and fluo-
rescent properties by simple solution casting of SP and HPSA. The
fabricated SP/HPSAZ2 film possessed a high toughness of 17.63 MJ m™>
and a high tensile strength of 15.19 MPa, which was 424.70% and
551.93% increase compared with the 3.36 MJ m ™~ and 2.33 MPa of the
SP/Gly film, respectively. In addition, the SP/HPSA2 films also
possessed a large strain at failure of 151.01%. A toughening and rein-
forcing mechanism associated with the strain-induced deformation and
3D enmeshment effect of HPSA on SP matrix was proposed. Incorpo-
rating the heat-resistant HPSA in SP significantly increased the CYgoo
and the Tpax from 18.5% to 190.0 °C to 29.8% and 291.0 °C, respec-
tively. Additionally, the developed composite films exhibited good
recyclability due to the reversibility of the dynamic hydrogen bonds
confined in the interphase, as well as great fluorescent properties
because of the presence of fluorescent HPSA. This work offers a facile
and effective strategy for fabricating mechanically robust, recyclable,
and fluorescent composite films with high thermal stability and good
biodegradable properties, which can be used for many promising ap-
plications like high-performance, high-transparency, and anti-
counterfeiting packaging materials.
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