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Soy protein isolate (SPI) has garnered researchers' attention due to its abundance, cost-
effectiveness, excellent biocompatibility, hemo-compatibility, and biodegradability. However,
SPI faces limitations in application due to poor processability and weak mechanical strength.
Substantial efforts have been made to address these challenges. In this preliminary study,
glycerol and biofibers were added to SPI to improve the mechanical properties and film
forming, and glyoxal was employed to crosslink SPI molecules. The microstructure and
mechanical properties of the resulting SPl/composite films were evaluated. A 15% addition of
glycerol proved sufficient for good film formation. Among the biofibers, short SF microfibers
were the most effective in enhancing breaking strength, while TEMPO-oxidized CNF (cellulose
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Introduction

The by-products of the soy oil industry, soy protein, are available
in three forms: defatted soy flour/flakes, soy protein concentrate
(SPC), and soy protein isolate (SPI). Among these, soy protein
isolate (SPI) stands out with a high protein content (85-90%) due
to the removal of oil, carbohydrates, insoluble carbohydrates, and
dietary fibers (Preece ef al., 2017). SPI, characterized by abundance,
cost-effectiveness, excellent biocompatibility, hemo-compatibility,
and biodegradability (Wang ef al., 2021; Zhao et al., 2018), has been
extensively researched in various forms such as emulsion, fiber,
film, hydrogel, and sponge, not only in the food industry but also in
cosmetics and medical fields.

Despite its advantageous properties, soy protein faces
limitations in applications due to poor processability and weak
mechanical strength resulting from weak interactions between
hydrophilic groups in the soy protein chains. Therefore, to
improve the film formability and flexibility as well as mechanical
properties of SPI, glycerol and CNF have been used, respectively
(Gonzalez et al., 2019; Qin et al., 2019).

However, in case of glycerol, too high amount has been used
[>25% on the weight (0.w.f) of SPI] to deteriorate pure SPI’s
properties (Gonzalez et al., 2019; Qin et al., 2019). In case of
CNF, although there were many kinds of CNFs, a comparative
study on the effect of type of CNF on SPI has not been conducted
(Martelli-Tosi et al., 2018; Qin et al., 2019; Wang et al., 2022).
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Scheme 1. Illustration of the preparation process of the SPI composite films.

In a meanwhile, a short silk fiber can be prepared relatively
easily than silk nanofiber because it can be obtained by grinding
degummed silk fiber with optimized condition. However, it has
not been used to improve the mechanical properties of SPI.

Therefore, in this study, as a preliminary study on the
improvement of mechanical properties of SPI composite film,
low amount of glycerol (15% or less) was added to SPI. Also,
three kinds of CNF (TEMPO-oxidized, Mechanical grinded,
and Enzymatic hydrolyzed) and short SF microfiber were added.
Finally, glyoxal was used to crosslink SPI molecule to enhance
mechanical properties of SPI. Finally, mechanical properties and

microstructure of SPI composite films were examined.

Materials and Methods

Materials

Soy protein isolate powder was purchased from Korea
Beauty & Healthcare Co., Ltd (Natural Box Soy Protein Isolate
Powder, Seoul, Republic of Korea). Sodium hydroxide and
glycerol were purchased from Duksan Pure Chemicals Co.,
Ltd (Ansan, Republic of Korea). Glyoxal was purchased from
Daejung Chemicals & Metals Co., Ltd (Siheung, Republic of
Korea). Three types of CNF (TEMPO-oxidized, Mechanical
grinded, and Enzymatic hydrolyzed) were provided by the Korea
Textile Machinery Convergence Research Institute (Gyeongsan,
Republic of Korea). Bombyx mori Backokjam silkworm cocoons
were supplied by the National Institute of Agricultural Science
(Wanju, Republic of Korea). The silkworm cocoons were dried
for 4 hours at a high temperature (90 °C) to kill the pupa.

Preparation of the SF microfiber
Non-protein components of silkworm cocoons were removed
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using the reported method (Kim and Um, 2014). The silkworm
cocoons were degummed using purified water at 120 °C for 10
minutes in an autoclave (JSAT-65, JSR, Gongju, Republic of
Korea). The cocoon-to-water ratio was 1:50 (w/v). Subsequently,
the degummed SF fibers (fibroin) were rapidly frozen by
immersion in liquid nitrogen and ground using a universal
cutting mill (PULVERISETTE 19, FRITSCH, Germany) at
the Korea Institute of Industrial Technology (Ansan, Republic
of Korea). Finally, the short SF microfibers were obtained by
filtering with a 200 um mesh. Finally, the short SF microfibers
were obtained by filtering with a 200-um mesh.

Preparation of soy protein composite films with
nano- and micro-scale biofibers

Scheme 1 illustrated the preparation process of the SPI
composite films. The 5 wt% SPI suspension was combined with
the three types of CNF or SF (0, 3, 5, 7, and 10% on the weight
of SPI), followed by magnetic stirring for 20 min. All mixtures
were homogenized in an Ultrasonic Processor (VC 750, Sonics
& Materials, Inc., Newtown, USA) for 20 min. Next, glycerol (0,
5, 10, 15, and 25% on the weight (0.w.f) of SPI) was added as a
plasticizer, and 5% glyoxal on the weight of SPI was added as
a cross-linker. The pH was adjusted to 9.0+0.2 using a 10% (w/
v) NaOH solution, and the mixtures were agitated at 80°C for 20
min. A 10 ml SPI mixed solution was poured into a 40-mm X 95-
mm silicon mold and solidified at 45°C for 8 hours in the drying
oven (HQ-FDO 260, Coretech Korea Co., Anyang, Republic of
Korea) to obtain the SPI composite films. Table 1 showed the
sample codes used in this study.

Measurement and characterization
SPI film images were captured with a digital camera (iPhone
13 Mini, Apple Inc., Cupertino, CA, USA).



Table. 1. The sample codes used in this study.
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Sample code SPI (%) Glycerol (%) CNF (%) SF microfiber (%) Glyoxal (%)
SPI 100 0 0 0 0
T-CNF 0 0 TEMPO—-oxidized CNF 100% 0 0
M-CNF 0 0 Mechanical grinded CNF 100% 0 0
E-CNF 0 0 Enzymatic hydrolyzed CNF 100% 0 0
SF 0 0 0 100 0
SGC(15,25) 100 15,25 0 0 0
SGC15SF(3~10) 100 15 0 3~10 0
SGC15T(3~10) 100 15 TEMPO-oxidized CNF 3~10% 0 0
SGC15M(3~10) 100 15 Mechanical grinded CNF 3~10% 0 0
SGC15E(3~10) 100 15 Enzymatic hydrolyzed CNF 3~10 0 0
SGC1505T(3~10) 100 15 TEMPO-oxidized CNF 3~10% 0 5
SGC1505M(3~10) 100 15 Mechanical grinded CNF 3~10% 0 5
SGC1505E(3~10) 100 15 Enzymatic hydrolyzed CNF 3~10 0 5
SGC1505SF(3~10) 100 15 0 3~10 5

The mechanical properties of the SPI composite films were
assessed using a universal testing machine (OTT-003, Oriental
TM, Ansan, Republic of Korea) with a 3-kgf load cell. The
extension speed and gauge length were set at 10 mm/min and
30 mm, respectively. SPI composite films, preconditioned at
20°C and 65% RH for over 24 h, were cut into 50-mm X 5-mm
pieces. Seven samples were tested for each condition, and the
measurement results' average and standard deviation were
calculated after excluding the highest and lowest values from the
five results (Choi ef al., 2023; Kim et al., 2022).

The molecular conformation of the SPI composite films was
analyzed using Fourier transform infrared spectroscopy (FTIR;
Nicolet 380, Thermo Fisher Scientific, Waltham, MA, USA) with
the attenuated total reflection (ATR, Smart iTR ZnSe) method.
The parameters were set at a scan range of 4000-650 cm ', 32
scans, and a resolution of 8 cm™' (Bae and Um, 2022; Lee et al.,
2021).

Results and Discussion

Effect of glycerol on the film forming of SPI
composite
Plasticizer plays a crucial role in improving the processability

and flexibility of SPI films (Rani and Kumar, 2019), and glycerol
is the most widely used plasticizer in SPI films (Rani and Kumar,
2019). Therefore, in the present study, glycerol was added to SPI
to improve its flexibility.

Fig. 1A-D presents digital images of SPI films
manufactured with different amount of glycerol addition. In
case of pure SPI film (i.e., no addition of glycerol), it is too
brittle and was broken during the drying (Fig. 1A). This result
is consistent with that of previous reports (Choi et al., 2011;
Denavi et al., 2009). This brittleness was enhanced by adding
glycerol and SPI film with 15% glycerol showed a good film
formation without any crack or breakage of film (Fig. 1D).
At 10% glycerol addition, the film does not cut smoothly
(Fig. 1E). However, SPI film with 15% glycerol showed a
smooth cut-out picture indicating the flexibility of SPI was
quite improved by adding 15% glycerol (Fig. 1F). Also, Fig.
1G showed that the SPI film with 15% glycerol can be bent
without breakage confirming the improvement of flexibility
of this film.

The previous studies reported the flexibility of SPI film with
25% glycerol addition could be quite improved and they used
25% glycerol added SPI in their studies (Gonzalez et al., 2019;
Jensen et al., 2015; Martelli-Tosi et al., 2018; Qin et al., 2019).

However, a use of too much amount of glycerol may deteriorate
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Fig. 1. Photographic images of (A-D) SPI films added with different
amount of glycerol (A: 0, B: 5%, C: 10%, D: 15% on the weight
of SPI), (E-F) cut-out pictures of SPI films added with glycerol (E:
10% and F:15% glycerol on the weight of SPI), and (G) bent SPI
films added with 15% glycerol on the weight of SPI. The white bars
in A-D represent 1-cm.

the advantage of pure SPI. As can be seen in Fig. 1, because the
addition of 15% glycerol resulted in significant improvement of
flexibility of SPI film, in the present study, we used SPI film with
15% glycerol in the subsequent study.

Table. 2 Diameter and length of biofibers used in this study

Effect of biofibers on the structure and properties
of SPI composite films

In this study, CNFs and short SF microfiber were added to
glycerin/SPI to improve its mechanical properties. Table 2
showed diameter and length of CNFs and short SF microfiber
used in this study.

Fig. 2 showed mechanical properties of SPI composite film
added with glycerol and biofibers. Because most previous studies
used addition of 25% glycerol, SPI film with 25% glycerol was
prepared for comparison. As the amount of addition of glycerol
decreased from 25% to 15%, the breaking strength of SPI film
increased two fold and the elongation at break decreased 2.2
fold. In case of addition of 15% glycerol, as the amount of
biofibers addition increased to 10%, the breaking strength of
biofiber/glycerol/SPI composition film increased. However, the
degree of increasement of breaking strength depends on the type
of biofiber added. That is, the addition of short SF microfiber
was the most effective in increase of the breaking strength of SPI
composite film among the biofibers. Also, TEMPO—-oxidized
CNF was the most effective in increase of breaking strength of
SPI composite film among the CNFs.

On the other hand, TEMPO-oxidized CNF was the most
effective in increase of elongation of SPI composite film. That
is, as the amount of TEMPO-mediated oxidized CNF increased
to 7%, the elongation at break of film increased from 21.8% to
42%. After the 7%, the elongation of film decreased. This might
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Fig. 2. (A) Breaking strength and (B) elongation at break of the biofiber/glycerol/SPI composite films.
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be due to that the extra amount of TEMPO-oxidized CNF (i.c.,
10%) reduces its contribution on the increase of elongation
of SPI film. The other two types of CNF (mechanical grinded
CNF and enzymatic hydrolyzed CNF) showed a similar effect
on the elongation behavior of SPI composite film. That is, the
elongation of SPI film decreased until 5% and then increased
after that. On the other hand, the elongation of SPI added with
short SF microfiber decreased constantly with increasing amount
of SF microfiber.

It is noteworthy that the addition of short SF microfiber is
more effective in increase of breaking strength of SPI composite
film than the addition of CNFs. Considering the higher specific
surface area and larger aspect ratio of CNF than the SF
microfiber, this result was unexpected. Although the exact reason
for it cannot elucidate in this study, it is assumed that a similar
molecular structure of SF fibroin and SPI (i.e, the both are a
protein polymer) favors the molecular interaction of SF and SPI
and this might result in a better surface adhesion between the
micro SF fiber and SPI matrix than the cellulose and SPI leading
to a more increase of breaking strength of SPI film. The higher
breaking strength of SPI composite film added with TEMPO-
oxidized CNF than mechanical grinded CNF and enzymatic
hydrolyzed CNF might be due to its fineness of fiber. That is,
as can be seen in Table 2, TEMPO-oxidized CNF has a much
lower diameter of fiber (5-10 nm) than mechanical grinded CNF
(< 500 nm) and enzymatic hydrolyzed CNF (< 30 nm). The
lower diameter of TEMPO-oxidized CNF result in the much
higher specific surface area than mechanical grinded CNF and
enzymatic hydrolyzed CNF resulting in more effect of increase
of breaking strength. Kim et al., 2021 also reported similar
results in their study. That is, the breaking strength of TEMPO-
oxidized CNF film was higher than that of enzymatic hydrolyzed
CNF film.

Fig. 3 showed ATR-FTIR spectra of SPI composite films. SPI
showed IR absorptions at 1630 cm ', 1530 cm ', and 1235 cm™'
attributed to amide bond of SPI (Bai et al., 2023). The short SF
fiber showed absorptions at 1620 cm ™', 1515 cm ™', and 1230
cm ! attributed to [-sheet crystallite (Kim ef al., 2023; Lee et al.,
2022; Um et al., 2001). CNFs showed IR absorptions at 1160
cm ' (C1-O—Cs stretching), 1110 cm™', 1025 cm™' (Ci—O—Ca
stretching) (Poyraz et al., 2017; Wang et al., 2020). Additionally,
TEMPO-oxidized CNF showed broad absorption at 1600 cm™'
(carboxylic acid sodium salt group) (Huang et al., 2019). When
15% glycerol was added into SPI (i.e., SGC15), IR absorptions at
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Fig. 3. ATR-FTIR spectra of SPI composite film added with
glycerol, SF microfiber, and cellulose nanofiber.

1110 cm™" and 1045 cm ™' due to secondary and primary alcohol
group of glycerol, respectively were shown (Maquirriain ef al.,
2022). SPI composite films (SGC15, SGC15T10, SGC15M10,
SGCI15E10, and SGC15SF10) showed characteristics IR peaks
of each polymer confirming all component polymers exist in
the SPI composite film. No additional peak due to the specific
interaction between the component polymers was appeared.

Effect of the glyoxal on the mechanical properties
of SPI composite films

The various biofibers were added to improve mechanical
properties of SPI film. The limited mechanical properties of SPI
film might also be overcome by employing crosslinking agents
to react with the reactive groups (e.g., -NH2, -OH, -COOH, and
—SH) in SPI (Choi et al., 2011). Glyoxal is a crosslinking agent
with relatively low toxicity (Peles and Zilberman, 2012) and has
been proven effective in enhancing mechanical properties of SPI
(Choi et al., 2011; Peles and Zilberman, 2012). Therefore, in this
present study, SPI/glycerol/biofibers mixtures were crosslinked
by treating with glyoxal to enhance the mechanical properties of
SPI.

Fig. 4 showed the effect of biofiber addition on the mechanical
properties of SPI composite film crosslinked with glyoxal.
Breaking strength of glycerol(15%)/SPI film (SGC15) was
increased from 4.5 MPa to 8.5 MPa by crosslinking with glyoxal.
With addition of biofibers the breaking strength was more
increased to 11.6~12.3 MPa, as the amount of biofibers increased
to 10%.

It is noteworthy that the type of biofiber did not affect the
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Fig. 4. Effect of amount of addition of biofibers on the (A) breaking strength and (B) elongation at break of SPI composite films crosslinked

with glyoxal.

mechanical properties of SPI crosslinked with glyoxal. Although
the exact reason cannot elucidate in this study, it is assumed that
the effect of crosslinking on the breaking strength of crosslinked
SPI composite films overwhelms the effect of the filler on the
breaking strength of them.

A different result was shown in elongation at break of
crosslinked SPI composite film. That is, as the amount of SF
microfiber, mechanical grinded CNF, and enzymatic hydrolyzed
CNF increased, the elongation at break decreased. On the other
hand, in case of TEMPO-oxidized CNF, the elongation at break
of crosslinked SPI composite film increased significantly to
39.8~46.9% until 3% addition and it kept constant until 7%.
After that, it decreased to 29.7%. This indicates that TEMPO—
oxidized CNF contributes the improvement of elongation of
crosslinked SPI composite film. Although the exact reason for
these results cannot elucidate in this study, it is assumed that the
effect of crosslinking is more dominant in breaking strength of
SPI composite films than the type of biofiber addition and that
the fiber diameter of bio-filler (i.c., biofiber) strongly affects the
elongation of SPI films.

To exmaine the introduction of crosslink among the mixed
components (i.e., glycerol and SPI) and biofibers (SF microfibers
and CNF) and their structural change by treating with glyoxal,
FTIR measurement was conducted on the glyoxal treated SPI
composite films and the results was shown in Fig. 5. Compared
to untreated SPI/glycerol compoiste film (SGC15), glyoxal
treated SPI/glycerol compoiste films (SGC1505, SGC1505T10,
SGC1505M10, SGC1505E10, and SGC1505SF10) showed
a new weak IR absorption peak at 1160 cm . This peak is
attributed to C-O-C stretching by ester group resulted from

30

SGC15
\V/\/\semsos
\'\/ SGC1505T10
\\\//\/_\SGCHOSM‘IO

\\/\ﬁ/\SGC1SOSSF1O
1160

1600 1400 1200 1000
Wavenumber (cm™")

Transmittance

1800 800

Fig. 5. ATR-FTIR spectra of SPI/glycerol/biofiber composite films
crosslinked with glyoxal.

crosslinking reaction of glyoxal and SPI. That is, Wu et al.,
2021 reported that -NH> and -COOH groups of SPI and -OH
of glyoxal react result in crosslink between SPI molecules. All
glyoxal treated SPI/glycerol compoiste films showed the IR
absorption peak at 1160 cm’ indicating SPI molecules were
crosslinked.

Conclusions

In the present study, glycerol and biofibers (short silk fiber
and CNF) were added to soy protein isolate (SPI), and glyoxal
was used to crosslink SPI molecules to enhance mechanical
properties of SPI film. The addition of 15% glycerol significantly
improved film forming ability and flexibility. Among biofibers,

short SF microfibers were the most effective in enhancing



breaking strength, while TEMPO-oxidized CNF excelled
among CNFs. Notably, TEMPO-oxidized CNF significantly
improved elongation at break until 7%, beyond which its impact
diminished.

Glyoxal crosslinking effectively addressed the mechanical
properties of SPI. Breaking strength of glycerol(15%)/SPI film
(SGC15) increased from 4.5 MPa to 8.5 MPa with glyoxal,
reaching 11.6-12.3 MPa with biofiber additions. The type of
biofiber minimally affected the mechanical properties of the
crosslinked SPI composite films, suggesting the dominant role of
crosslinking.

This study, at a preliminary stage, presents research findings
at a basic level for SPI/composite films. However, these initial
results can serve as foundational data for developing high-
performance SPI/composite films using biofibers in the future.
To apply SPI materials in areas such as food packaging and
biodegradable films, further systematic research is deemed

necessary.

Acknowledgment

This study was supported by the National Research Foundation
of Korea Grant funded by the Korean government (Ministry of
Science and ICT) (No. 2021R1A2C1006921).

References

Bae CH, Um IC (2022) Fabrication of silk nanofibril-embedded
regenerated silk fibroin composite fiber by wet spinning. Int J Indust
Entomol 45, 70-77. http://dx.doi.org/10.7852/ijie.2022.45.2.70

Bai M, Zhang Y, Bian Y, Gao Q, Shi SQ, Cao J, et al. (2023) A novel
universal strategy for fabricating soybean protein adhesive with
excellent adhesion and anti-mildew performances. Chem Eng J 452,
139359. https://doi.org/10.1016/j.cej.2022.139359

Choi HN, Lee TS, Yang JW, Lee SG (2011) Characteristics of Soybean
Protein Resin Modified by Plasticizers and Cross-Linking Agents. J
Adhes Interface 12, 73-80. https://doi.org/10.17702/j21.2011.12.2.073

Choi YY, Kim SW, Kim KY, Um IC (2023) Dissolution, crystallilnity,
and mechanical properties of silk sericin from Sericinjam silkworm
cocoons. Int J Indust Entomol 46, 9-15. http://dx.doi.org/10.7852/
1jie.2023.46.1.9

Denavi G, Tapia-Blacido DR, Afion MC, Sobral PJDA, Mauri AN,

Int. J. Indust. Entomol. Biomater. I IEB
Vol. 48, No. (1), pp. 25-32 (2024)

Menegalli FC (2009) Effects of drying conditions on some physical
properties of soy protein films. J Food Eng 90, 341-349. https://doi.
org/10.1016/j.jfoodeng.2008.07.001

Gonzalez A, Gastelu G, Barrera GN, Ribotta PD, Igarzabal CIA
(2019) Preparation and characterization of soy protein films re-
inforced with cellulose nanofibers obtained from soybean by-
products. Food Hydrocolloids 89, 758-764. https://doi.org/10.1016/
j.foodhyd.2018.11.051

Huang CF, Tu CW, Lee RH, Yang CH, Hung WC, Lin KYA
(2019) Study of various diameter and functionality of TEM-
PO-oxidized cellulose nanofibers on paraquat adsorptions.
Polym Degrad Stabil 161, 206-212. https://doi.org/10.1016/
j-polymdegradstab.2019.01.023

Jensen A, Lim LT, Barbut S, Marcone M (2015) Development and
characterization of soy protein films incorporated with cellulose
fibers using a hot surface casting technique. LWT-Food Sci Technol
60, 162-170. https://doi.org/10.1016/j.1wt.2014.09.027

Kim HJ, Roy S, Rhim JW (2021) Effects of various types of cel-
lulose nanofibers on the physical properties of the CNF-based
films. J Environ Chem Eng 9, 106043. https://doi.org/10.1016/
jjece.2021.106043

Kim HJ, Um IC (2014) Effect of degumming ratio on wet spinning
and post drawing performance of regenerated silk. Int J Biol Mac-
romol 67, 387-393. https://doi.org/10.1016/j.ijbiomac.2014.03.055

Kim YE, Bae YJ, Seok YS, Um IC (2022) Effect of hot press time
on the structure characteristics and mechanical properties of silk
non-woven fabric. Int J Indust Entomol 44, 12-20. http://dx.doi.
org/10.7852/ijie.2022.44.1.12

Kim YE, Kim CW, Um IC (2023) Comparison of sericin produced
through laboratory-and plant-scale extraction. Int J Indust Entomol
47, 63-71. http://dx.doi.org/10.7852/ijie.2023.47.1.63

Lee HG, Nho SK, Um IC (2021) Morphology and crystallinity of
silkworm cocoons with different rearing seasons. Int J Indust Entomol
43, 16-21. http://dx.doi.org/10.7852/ijie.2021.43.1.16

Lee HG, Bae DG, Um IC (2022) Effect of wet treatment on the structure
of various silkworm strain cocoons with different rearing seasons. Int
J Indust Entomol 44, 4-11. http://dx.doi.org/10.7852/ijie.2022.44.1.4

Magquirriain MA, Neyertz CA, Querini CA, Pisarello ML (2022) Crude
glycerine purification by solvent extraction. Braz J] Chem Eng 39,
235-249. https://doi.org/10.1007/s43153-021-00164-9

Martelli-Tosi M, Masson MM, Silva NC, Esposto BS, Barros TT,
Assis OB, et al. (2018) Soybean straw nanocellulose produced by
enzymatic or acid treatment as a reinforcing filler in soy protein
isolate films. Carbohydr Polym 198, 61-68. https://doi.org/10.1016/

31



I I EB Ye Eun Kim et al.
Effect of biofibers addition on soy protein composite

j-carbpol.2018.06.053

Peles Z, Zilberman M (2012) Novel soy protein wound dressings with
controlled antibiotic release: mechanical and physical properties. Acta
Biomater 8, 209-217. https://doi.org/10.1016/j.actbio.2011.08.022

Poyraz B, Tozluoglu A, Candan Z, Demir A, Yavuz M (2017) Influence
of PVA and silica on chemical, thermo-mechanical and electrical
properties of Celluclast-treated nanofibrillated cellulose composites.
Int J Biol Macromol 104, 384-392. https://doi.org/10.1016/
j.ijbiomac.2017.06.018

Preece K, Hooshyar N, Zuidam N (2017) Whole soybean protein
extraction processes: A review. Innov Food Sci Emerg Technol 43,
163-172. https://doi.org/10.1016/j.ifset.2017.07.024

Qin Z, Mo L, Liao M, He H, Sun J (2019) Preparation and
characterization of soy protein isolate-based nanocomposite films
with cellulose nanofibers and nano-silica via silane grafting. Polymers
11, 1835. https://doi.org/10.3390/polym11111835

Rani S, Kumar R (2019) A review on material and antimicrobial
properties of soy protein isolate film. J Polym Environ 27, 1613-1628.
https://doi.org/10.1007/310924-019-01456-5

Um IC, Kweon HY, Park YH, Hudson S (2001) Structural characteristics
and properties of the regenerated silk fibroin prepared from formic
acid. Int J Biol Macromol 29, 91-97. https://doi.org/10.1016/S0141-
8130(01)00159-3

Wang K, Li X, Peng H, Dong Y, Li Y, Liu X, et al. (2022) Tough
and strong soy protein film by integrating CNFs and MXene with
photothermal conversion and UV-blocking performance. Cellulose
29, 9235-9249. https://doi.org/10.1007/s10570-022-04828-8

Wang Z, Ke M, He L, Dong Q, Liang X, Rao J, et al. (2021)
Biocompatible and antibacterial soy protein isolate/quaternized
chitosan composite sponges for acute upper gastrointestinal
hemostasis. Regen Biomater 8, 1-12. https://doi.org/10.1093/rb/
rbab034

Wang Z, Zhu W, Huang R, Zhang Y, Jia C, Zhao H, et al. (2020).
Fabrication and characterization of cellulose nanofiber aerogels
prepared via two different drying techniques. Polymers 12, 2583.
https://doi.org/10.3390/polym12112583

Wu Z, Liang, J, Hong L, Zhang B, Xi X, Li L (2021) Study on the soy
protein-based adhesive cross-linked by glyoxal. ] Renew Mater 9,
205. https://doi.org/10.32604/jrm.2021.013655

Zhao Y, He M, Jin H, Zhao L, Du Q, Deng H, et al. (2018) Construction
of highly biocompatible hydroxyethyl cellulose/soy protein isolate
composite sponges for tissue engineering. Chem Eng J 341, 402-413.
https://doi.org/10.1016/j.cej.2018.02.046

32



