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SUMMARY

Enhancing the weather resistance and reprocessability of soy pro-
tein-based (SP) adhesives poses a considerable challenge. Here,
we report an SP adhesive inspired by animal cutin, featuring dy-
namic covalent bonds and an organic-inorganic hybrid structure.
The soy protein isolate undergoes enzymatic hydrolysis and is
then combined with L-cysteine, which is subsequently grafted with
glycidol and sodium tetraborate to create disulfide bonds and
borate ester bonds, along with mineralized calcium phosphate.
This adhesive effectively bonds various substrates, enabling stain-
less-steel sheets to pulla 1,135 kg car. Additionally, the adhesive ex-
hibits remarkable weather resistance comparable to a phenolicresin
(PF) adhesive in an accelerated aging test. It showcases outstanding
reusability, surpassing commercial urea-formaldehyde resins and PF
adhesives in particleboard reprocessability. Furthermore, the adhe-
sive proves to be mildew resistant, flame retardant, degradable,
and eco-friendly. This study signifies a significant advancement in
reusable and weather-resistant adhesives derived from plant
proteins.

INTRODUCTION

Adhesives, polymers utilized to bond materials together, have broad applications in
various fields, such as biomedicine, electronics, aerospace, and architecture.' Syn-
thetic resin adhesives are commonly used due to their robust adhesion and easy
curing.* However, their reliance on non-renewable petroleum resources and emis-
sion of harmful volatiles pose significant environmental and health hazards.®’
Hence, there is a growing interest in exploring renewable natural substances as sub-
stitutes for synthetic resins. Soy protein-based (SP) adhesives, which are renewable,
easily accessible, and biodegradable, offer considerable potential for develop-
ment.®” These adhesives are extensively employed in wood processing for
manufacturing furniture plywood and joinery board products. Through modification

197" mold resistance,’? coating properties,’*'*

techniques, the water resistance,
and prepressing characteristics'® of SP adhesives have been enhanced, enabling
the creation of engineered wood products for indoor use. Engineered wood prod-
ucts provide benefits such as renewability, environmental compatibility, and ease
of mass production. With the increasing recognition of wood-based composites
as sustainable alternatives to metals and polymers, there is growing demand for
their extension beyond indoor environments. However, to expand their applica-
tions, it is essential to tackle challenges related to weather resistance and reprocess-

ability of wood-based composites. Enhancing these aspects is vital for efficient
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Figure 1. Preparation process and key properties of the BSPI/Cys/Gly/St/CaP adhesives

waste management from engineered wood products, conservation of wood re-
sources, improved wood recycling, and reduced carbon emissions to achieve sus-
tainable development. Nevertheless, soy protein, a natural material, exhibits inade-
quate weather resistance, rendering it susceptible to outdoor temperature
fluctuations and humidity variations. This leads to decreased adhesive performance
and premature aging. Furthermore, the crosslinked modification of soy protein im-
pairs its reusability, hindering its potential as a reusable adhesive.'® Developing a
weather-resistant and reusable soy protein adhesive presents significant challenges.

Animal cutin, primarily composed of keratin and a modest amount of inorganic min-
erals, exhibits exceptional weather resistance and s’cabili’cy.W The abundant amino
acid composition of keratin, notably cysteine content,'® facilitates the formation of
durable disulfide crosslinks, enhancing its stability.'? Additionally, the interaction
between keratin and inorganic minerals reinforces the strength, hardness, and dura-
bility of animal cutin.”” Leveraging the structure and composition of keratin and its
composites with inorganic minerals to enhance the weather resistance of SP adhe-
sives represents a promising advancement.

In this study, an SP adhesive is formulated utilizing soy protein isolate (SPI),
L-cysteine (Cys), glycidol (Gly), sodium tetraborate (St), and mineralized calcium
phosphate (CaP). By incorporating dynamic covalent bonds and mineralized inor-
ganic materials into the SP adhesive system, cutin-like composites are created (Fig-
ure 1), enabling the SP adhesive to exhibit three significant advantages. Firstly, it
demonstrates exceptional weather resistance comparable to phenolic resin (PF) ad-
hesives in an accelerated aging test. Secondly, it showcases outstanding reusability,
with an average residual rate of approximately 84% after five cycles, along with
the capacity of the adhesive film and particleboard to be reprocessed. The
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particleboard maintains a modulus of elasticity (MOE) and a modulus of rupture
(MOR) of 2,395.31 and 13.95 MPa, respectively, surpassing the requirements for
P2 particleboards (furniture particleboards for interior use) even after two
cycles. Finally, the adhesive exhibits remarkable versatility, including high bonding
strength, excellent mildew resistance (extending beyond 17 days for liquid adhe-
sives), flame retardancy (adhesive’s limiting oxygen index of 30.6%), superior de-
gradability, and eco-friendliness. These features position the developed SP adhe-
sive as a highly promising alternative to conventional weather-resistant disposable
adhesives in engineering applications.

RESULTS AND DISCUSSION

Formation and physicochemical characterization of SP adhesives

The synthetic route of the SP adhesive with a dynamic covalent network and an
organic-inorganic hybrid structure is depicted in Figure S1. Bromelain was utilized
to enhance the soy protein’s reactivity and expose more active groups, resulting
in bromelain-hydrolyzed SPI (BSPI). The incorporation of thiol groups into the SPI
chains was achieved through amidation reactions with BSPI by incorporating Cys.
Additionally, Gly and St were introduced to improve the bond strength and reus-
ability of the adhesives. After the ring-opening reaction between the epoxy group
of Gly and the amino group, carboxyl group, and hydroxyl group of BSPI, it was
exposed that the dihydroxyl group formed borate bonds with St, which provided
another dynamic covalent bond for the adhesive. The organic-inorganic hybrid ad-
hesive was constructed through the mineralization of micro-nano CaP using calcium
chloride (CaCly) and phosphoric acid (H3PO4).

The molecular weight of BSPI decreased from 3,067 to 1,738 g/mol, and the polydis-
persity decreased from 2.043 to 1.483 (Figure 2A). The viscosity of the BSPl adhesive
decreased from 34,150 to 27,710 mPa s (Figure 2B), and the contact angle
decreased from 68.7° to 62.4° (Figure 2C). Decreasing the molecular weight of
soy protein and exposing more active groups are beneficial for subsequent modifi-
cation. However, excessive enzymatic hydrolysis leading to the conversion of
proteins into amino acids can significantly impact the bonding performance of
the SP adhesive. Therefore, controlled enzymatic hydrolysis was achieved by con-
trolling the reaction endpoint through high-temperature inactivation, as well as by
observing the viscosity and determining the molecular weight.

The introduction of Cys into BSPI was confirmed by the appearance of new peaks at
1,345 and 774 cm™" in the attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectrum (Figure 2D), corresponding to the stretching bands of
C—N-C”" and C-S,”” respectively. Fourier self-deconvolution of the ATR-FTIR
data was conducted to analyze the changes in secondary structures after the amida-
tion reaction (Figures 2E and 2F). The relative contents of the B-sheet and random
coils in BSPI/Cys significantly increased compared to BSPI, while the relative con-
tents of the B-turn and a-helix decreased. These findings indicate that the introduc-
tion of Cys successfully reorganized the polypeptide chain (BSPI) through amide
bonds, resulting in alterations in the secondary structure of BSPI.

The incorporation of Gly into the BSPI/Cys adhesive was confirmed by the appear-
ance of a new ester bond peak at 1,735 cm™" and a decrease in the amide Il (N-H)
peak at 1,529 cm™'
between the epoxy groups on Gly and the carboxyl and amino groups on BSPI.

in the ATR-FTIR spectrum (Figure 2D), suggesting the reaction

The ultraviolet-visible (UV-vis) spectra (Figure 2G) demonstrated a redshift of the
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Figure 2. Formation and physicochemical characterization of SP adhesives

(A-C) Gel permeation chromatography curves, viscosity, and surface contact angle of SPI and BSPI adhesives (ANOVA, N = 6 for each treatment,
p < 0.05).

(D) ATR-FTIR spectra of the cured SP adhesives.

E and F) ATR-FTIR spectra deconvolution and peak assignment of BSPI and BSPI/Cys adhesives.

G) UV-vis absorption spectra of BSPI/Cys/Gly and BSPI/Cys/Gly/St adhesives.

H) B 1s XPS spectra of the BSPI/Cys/Gly/St adhesive.

1) XRD spectra of SP adhesives.

(
(
(
(
characteristic peaks of BSPI/Cys/Gly (from 297 to 318 nm) upon the addition of St.
Furthermore, the B 1s X-ray photoelectron spectroscopy (XPS) spectrum of dialyzed
BSPI/Cys/Gly/St adhesive exhibited a peak at 190.5 eV attributed to B-O bonds
(Figure 2H).?*> This suggests the formation of borate ester bonds through the
complexation of St with the exposed Gly diols after ring opening.?*** X-ray diffrac-
tion (XRD) analysis revealed the successful preparation of CaP, as the mineral inter-
mediate phase exhibited a broad diffraction peak (Figure 2I), confirming its amor-
phous characteristic.”®

Bonding performance of the SP adhesives

The bonding performance of SP adhesives in three-ply plywood bonding was evalu-
ated through dry and wet shear strength measurements (Figure S2). The BSPI/Cys/
Gly/St/CaP adhesive exhibited significant improvements in both dry and wet shear
strength, with values of 2.18 and 1.08 MPa, respectively. This represented a 31.33%
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increase in dry shear strength and a 107.69% enhancement in wet shear strength
compared to the SPI adhesive (1.66 and 0.52 MPa, respectively). The performance
of the BSPI/Cys/Gly/St/CaP adhesive surpassed that of commercial urea-formalde-
hyde resins (UFs)?” and various biobased adhesives, including gp,28-30 peanut meal-
based,®’ tannin-based,? |ignin—baseo|,33 and starch-based adhesives®* (Figure S3).
Scanning electron microscopy (SEM) image analysis revealed that the cross-section
of the BSPI/Cys/Gly/St/CaP adhesive appeared denser and smoother compared to
SPI, BSPI, and BSPI/Cys adhesives (Figure S4), indicating an increased crosslinking
density attributed to the incorporation of disulfide and borate ester bonds, which
improved resistance against water infiltration. Energy-dispersive X-ray spectroscopy
(EDS) analysis confirmed the uniform distribution of CaP within the adhesive network
without any phase separation or particle aggregation.®

The potential of the BSPI/Cys/Gly/St/CaP adhesive as a universal adhesive for
various substrates such as glass, aluminum (Al), stainless steel (SS), wood, and their
combinations was explored using a lap shear test (Figure S5). As shown in Figure 3A,
the average bond strengths of the adhesive on different substrates were deter-
mined: wood (1.44 MPa), glass (0.8 MPa), Al (0.89 MPa), and SS (1.57 MPa). Glass,
3637 exhibited the lowest bond
strength, while wood, providing both hydrogen bonds and mechanical interlocking,
showed higher bond strength. The highest bond strength on SS was attributed to the
enzymatic hydrolysis of soy protein, exposing more reactive groups that could coor-
dinate with metal ions on the SS surface. The lower bond strength on Al was due to

forming only hydrogen bonds with the adhesive,

surface oxidation effects” (Figure 3B). To further elucidate the adhesion mechanism
of the adhesive, molecular dynamics (MD) simulations were utilized to evaluate the
adhesive properties of BSPI/Cys/Gly/St/CaP adhesive molecules on glass and SS
substrates. The interfacial adhesion energy (Eaghesion) represents the interaction en-
ergy between the adhesive and the adherend substrate, while the cohesion energy
(Ecohesion) indicates the interaction energy among the adhesive molecules. At 25°C,
the Eadhesion Vvalues of BSPI/Cys/Gly/St/CaP on SS and glass surfaces were
—5,435,860 and —2,407,164 kcal mol™", respectively, as depicted in Figure 3C.
This could be attributed to the interaction between different substrates and adhe-
sive molecules, leading to changes in the conformation of the adhesive molecules,
including adjustments in bond angles, bond lengths, and other structural aspects.
Moreover, the E.ghesion Of BSPI/Cys/Gly/St/CaP on SS was calculated to be
—9,171,983 kcal mol ™", exceeding that of glass (—5,843,024 kcal mol™), suggesting
a higher interfacial adhesion force of BSPI/Cys/Gly/St/CaP on SS, consistent with lap
shear test results. Additionally, the E.gnesion of BSPI/Cys/Gly/St/CaP on the SS sur-
face significantly exceeded the Ecohesion, indicating that bond strength is primarily
governed by cohesion. Furthermore, the bond strength of the adhesive without
bromelain enzymatic hydrolysis (SPI/Cys/Gly/St/CaP) was lower than that of the
BSPI/Cys/Gly/St/CaP adhesive, emphasizing the significance of the hydrolysis step
(Figure S6). This is mainly due to the decrease in the molecular weight of soy protein
during bromelain enzymatic hydrolysis, facilitating easier penetration into micro-de-
fects and voids on the surface of the adherend during the bonding process, thereby
enhancing the physical anchoring effect. Additionally, enzymatic hydrolysis exposes
more reactive groups, such as carboxyl and amino groups, which boost the reactivity
of soy protein, resulting in higher bond strength.

The stability of the adhesive was evaluated through knocking and dropping tests on
glass, a challenging substrate for bonding. The BSPI/Cys/Gly/St/CaP adhesive
demonstrated excellent impact stability, exhibiting no failure (Figure 3D; Videos
S1, S2, and S3). Furthermore, the long-term bond strength (>90 days) of the
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Figure 3. Bonding performance of the SP adhesives

(A and B) Shear strength (A) and bonding mechanism (B) of the BSPI/Cys/Gly/St/CaP adhesive
(ANOVA, N = 6 for each treatment, p < 0.05).

(C) The BSPI/Cys/Gly/St/CaP adhesive adhered to the SS and glass at 25°C.

(D) Stability tests of the glass sheet bonded with BSPI/Cys/Gly/St/CaP adhesive, including drop
test, side knock test, and front knock test.

(E) Long-term shear strength test of the BSPI/Cys/Gly/St/CaP adhesive-bonded SS sheet (ANOVA,
N = 6 for each treatment, p < 0.05).

(F-H) Photos of the BSPI/Cys/Gly/St/CaP adhesive-bonded SS sheet (bonded area, 25 X 25 mm) to
(F) support a 95 kg adult male, (G) drag a 1,135 kg car, and (H) carry a weight of 2 kg at both ends.
(1) Weight (500 g) immersed in multiple conditions.

adhesive on SS substrates was assessed (Figure 3E). SS sheets bonded by the BSPI/
Cys/Gly/St/CaP adhesive displayed exceptional bond strength in various scenarios,
such as lifting a 95 kg adult male (Figure 3F; Video S4), pulling a car weighing
1,135 kg (Figure 3G; Video S5), and supporting a 2 kg weight at both ends
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(Figure 3H). To demonstrate the versatility of the adhesive, bonded SS sheets were
subjected to various conditions including water, artificial seawater, organic solvents
(N, N-dimethylformamide, dimethyl sulfoxide), alkaline solution (pH = 11), and
acidic solution (pH = 3). The SS sheets bonded by the adhesive suspended a weight
of 500 g for over 200 days in organic solvents and 15 days in aqueous solvents (Fig-
ure 31), underscoring the effectiveness of the dynamic covalent bond system and the
organic-inorganic hybrid structure in enhancing water resistance.

The weather resistance of the SP adhesives

The weather durability of adhesive-bonded wood products is crucial for their long-term
service life. To evaluate the weather resistance of the BSPI and BSPI/Cys/Gly/St/CaP
adhesives, accelerated aging and wet-hot aging tests were conducted. ATR-FTIR anal-
ysis was used to assess the chemical structure changes of the adhesives under different
aging conditions (Figures 4A and 4B). Accelerated aging treatment (A) resulted in a
reduced intensity of characteristic absorption bands associated with soy protein in
the untreated (S) BSPI adhesive, such as the C=0 stretching vibration (amide I) and
N-H bending vibration (amide Il). Additionally, the absence of the C-N peak at
1,312 cm™" suggests changes in the stability of its structural groups in the BSPI adhe-
sive.’® However, the influence of wet-hot aging treatments at 50°C and 70°C on the
BSPI adhesive was minimal. In contrast, the characteristic peaks of the BSPI/Cys/Gly/
St/CaP adhesive after accelerated aging and wet-hot aging treatments showed insig-
nificant changes, suggesting better weather resistance for this adhesive. To further
evaluate weather resistance, thermogravimetric (TG) analysis was performed on the ad-
hesives subjected to accelerated aging and wet-hot aging (Figures 4C and 4D). The
BSPI adhesive exhibited a high mass thermal loss rate of 74.23% due to its physical
entanglement of protein molecules and lower degree of crosslinking. However, after
the 70°C wet-hot aging treatment, the mass thermal loss of the BSPI adhesive was
reduced, indicating its improved stability due to enhanced intermolecular interactions
and crosslinking structures. Particularly, the mass thermal loss rate of the BSPI/Cys/Gly/
St/CaP adhesive remained relatively stable and lower than that of the BSPI adhesive af-
ter aging treatment, suggesting superior weather resistance.

The effect of the aging treatment on the bond strength of plywood specimens pre-
pared with the BSPI and BSPI/Cys/Gly/St/CaP adhesives was also investigated
(Figures 4E and 4F). The bond strength of both plywood specimens decreased after
artificial accelerated aging. Under the BS1 aging conditions, the bond strength of
the plywood specimens prepared with BSPI and BSPI/Cys/Gly/St/CaP adhesives
decreased the most, by 65.77% and 36.71%, respectively. Similarly, under the BS2
aging conditions, after three cycles of soaking, freezing, and drying, the bond
strength of the plywood specimens decreased by 46.98% and 18.84%, respectively.
These results indicate that the weather resistance of plywood prepared with the
BSPI/Cys/Gly/St/CaP adhesive significantly improved. To further compare the
weather resistance, commercial PF and UF adhesives were selected as controls.
Plywood specimens prepared with these adhesives were subjected to three cycles
of GB4-10 aging conditions (Figures 4G-4l). After three cycles, the UF-bonded
plywood exhibited no bond strength, while the bond strengths of BSPI/Cys/Gly/
St/CaP- and PF-bonded plywood are 0.77 and 0.85 MPa, respectively. Residual
rate tests conducted after three cycles of GB4-10 aging also confirmed the superior
weather resistance of the BSPI/Cys/Gly/St/CaP adhesive (Figures 4J-4L), with a re-
sidual rate of 44.06%, compared to the PF adhesive (49.1%) and the complete disso-
lution of the UF adhesive. These findings highlight that the BSPI/Cys/Gly/St/CaP ad-
hesive demonstrates excellent weather resistance comparable to PF adhesives and
superior to UF adhesives.
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Figure 4. The weather resistance of the SP adhesives

(A-D) ATR-FTIR spectra (A and B) and TG spectra (C and D) were conducted on both untreated BSPl and BSPI/Cys/Gly/St/CaP adhesives (S) and those
that underwent accelerated aging (A) and wet-hot aging treatments (H10-50°C, H10-70°C).

(E and F) Shear strength of wood bonded with BSPl and BSPI/Cys/Gly/St/CaP adhesives after accelerated aging tests (ANOVA, N = 6 for each treatment,
p < 0.05).

(G-I) Shear strength comparison of wood bonded with BSPI/Cys/Gly/St/CaP, UF, and PF adhesives after three cycles of accelerated aging using the
GB4-10 method (ANOVA, N = 6 for each treatment, p < 0.05).

(J-L) Residual rate of BSPI/Cys/Gly/St/CaP, UF, and PF adhesive powders after three cycles of accelerated aging (ANOVA, N = 6 for each treatment,
p < 0.05).

Reusability of BSPI/Cys/Gly/St/CaP adhesive and reprocessability of wood-
based panels

The achievement of reusability in thermosetting adhesives, such as SP adhesives, is
of utmost importance for enhancing the sustainability of applications. This includes
minimizing material waste, reducing environmental impact, and improving cost
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effectiveness and resource efficiency in various industries. In this study, the residual
rate of the cured BSPI/Cys/Gly/St/CaP adhesive was investigated through multiple
cycles of grinding, hot pressing into films, and regrinding into powder (Figure 5A).
The results exhibited consistent residual rates of approximately 84% for the adhesive
powder, even after undergoing five cycles (Figure 5B). These rates surpassed those
reported in the literature for other SP adhesives (Figure S7). Additionally, the reus-
ability of the adhesive was confirmed by preparing BSP1/Cys/Gly/St/CaP films using
the same raw material ratios (Figure 5C). Even after cutting the film into pieces and
subjecting it to hot pressing, a new film could still be formed, with the tensile
strength and elastic modulus remaining above 60% after two cycles (Figure 5D).
These findings indicate that the dynamic covalent bonds formed in the adhesive un-
dergo rearrangement during each hot-pressing cycle, enabling its reusability.
Notably, the adhesive powder transformed directly into a film after hot pressing,
and heating of the film did not cause melting (Video Sé). This observation suggests
that the adhesive remains a thermosetting adhesive and the change in form can be
attributed to the rearrangement of dynamic covalent bonds. To determine the spe-
cific temperature and pressure required for the rearrangement of dynamic covalent
bonds in the BSPI/Cys/Gly/St/CaP adhesive during hot pressing, cured adhesive
powder with a moisture content of 20% was coated on an SS sheet and dried under
varying temperatures for 2 h. It was observed that the shear strength of the SS sheets
increased from 60°C to 140°C. However, considering the minimal difference in shear
strength at 120°C and 140°C, and in the interest of ensuring the bonding quality and
cost effectiveness and minimizing energy consumption, a temperature of 120°C was
chosen as the optimal reaction. It is worth noting that the shear strength of SS sheets
remained relatively low throughout the temperature increase (Figure 5E), empha-
sizing the significance of pressure for the rearrangement of dynamic covalent bonds
during the hot-pressing process. Subsequently, increasing the hot-pressing pres-
sure from 1 to 5 MPa at 120°C initially increased and then decreased the shear
strength of the SS sheets bonded with the BSPI/Cys/Gly/St/CaP adhesive powder,
reaching its maximum value at 3 MPa (Figure 5F). The increase in the contact area
between the SS sheets and the adhesive powder under rising pressure was found
to facilitate better physical contact, promoting the formation of a uniform adhesive
layer and enhancing the shear strength. However, excessive pressure caused mate-
rial compression, generating significant internal stress that affected adhesion nega-
tively. Consequently, the optimal conditions for the rearrangement of dynamic co-
valent bonds in the BSPI/Cys/Gly/St/CaP adhesive during hot pressing were
determined to be 120°C and 3 MPa.

In addition to reusability, it is also crucial to achieve the reprocessability of wood-
based panels using the SP adhesive as a wood adhesive. In this regard, poplar
wood particles and BSPI/Cys/Gly/St/CaP adhesives were hot pressed to create
first-generation particleboards. Subsequently, only deionized water (without reglu-
ing) was applied to produce second- and third-generation particleboards (Fig-
ure 5G). The first-generation particleboard displayed high MOE and MOR values
of 3,133.05 and 19.25 MPa, respectively. Even after one cycle, the MOE and MOR
values of the second-generation particleboard accounted for 92.95% and 93.71%
of the values exhibited by the first-generation particleboard, respectively. After
two cycles, the MOR and MOE of the third-generation particleboard still reached
76.45% (2,396.31 MPa) and 72.47% (13.95 MPa) of the original values, respectively
(Figures 5H and 5I). These retained values comply with the requirements specified
for P2-type particleboards as per GB/T 4897-2015, where MOR > 11 MPa. The
decline in mechanical properties after two cycles can be attributed to the fact that
the wood particles in the particleboard approach a powdered state (Figure S8). In
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Figure 5. Reusability of BSPI/Cys/Gly/St/CaP adhesive and reprocessability of wood-based
panels

(A) Schematic representation of the cycling test for residual rate evaluation of adhesive powder.
(B) Residual rate of adhesive powder after undergoing five cycles of hot pressing (ANOVA, N = 6 for
each treatment, p < 0.05).

(C) Schematic illustration of the recyclability of SPI-based film.

(D) Tensile strength and elastic modulus of the SPI-based film after two cycles (ANOVA, N = 6 for
each treatment, p < 0.05).

(E and F) Shear strength of SS sheets bonded under different temperatures and pressures (ANOVA,
N = 6 for each treatment, p < 0.05).

(G) Preparation and recycling of wood-based panels.

(H and 1) MOE (H) and MOR (I) of particleboards prepared from poplar wood particles and BSPI/
Cys/Gly/St/CaP adhesives after three cycles (ANOVA, N = 6 for each treatment, p < 0.05).

(J and K) MOR and MOE of particleboards bonded with UF and PF adhesives after one cycle
(ANOVA, N = 6 for each treatment, p < 0.05).

(L) Mechanism diagram of the recyclability in wood-based panels.
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Figure 6. Additional properties of SP adhesives

(A and B) Images of mildew growth on (A) liquid and (B) cured SP adhesives (1: SPI, 2: BSPI, 3: BSPI/Cys, 4: BSPI/Cys/Gly, 5: BSPI/Cys/Gly/St, 6: BSPI/Cys/
Gly/St/CaP).

(C-F) TG (C), derivative TG curves (D), limiting oxygen index values (E) (ANOVA, N = 6 for each treatment, p < 0.05), and (F) burning pictures of the SPI
and BSPI/Cys/Gly/St/CaP adhesives.

(G) Weight residue profile of UF, PF, SPI, and BSPI/Cys/Gly/St/CaP adhesives after the degradation experiment (ANOVA, N = 6 for each treatment,
p < 0.05).

contrast, particleboards bonded with UF and PF adhesives experienced a significant
drop in MOR, with values falling to less than 20% of their initial values after only one
cycle (Figures 5J and 5K). The reprocessability of particleboards prepared using the
BSPI/Cys/Gly/St/CaP adhesive can be attributed to the heating and pressurization
during the preparation process. These conditions promote dynamic bond exchange
in the adhesive system, which causes the decomposition and reorganization of disul-
fide and borate ester bonds (Figure 5L). Additionally, the dynamic covalent bonds
present act as sacrificial bonds, facilitating energy dissipation and stress transfer un-
der external forces, thereby enhancing the mechanical properties and stability of the
particleboard.””

Additional properties of SP adhesives

Biomass water-based adhesives are prone to degradation and deterioration caused
by micro-organisms, leading to compromised bond strength and potential health
risks.’” To evaluate their resistance to mildew, samples of the SP adhesive were stored
under constant temperature (30°C) and humidity (100% relative humidity) conditions
in a controlled chamber. Liquid SPI and BSPI adhesive samples exhibited rapid mold
growth (Figure 6A), with numerous small white colonies appearing on the adhesive
surface within 2 days. However, the mildew resistance of the SP adhesives improved
when Cys, Gly, St, and CaP were incorporated. The liquid BSPI/Cys/Gly/St/CaP adhe-
sive did not show any color changes or mold growth even after 17 days, significantly
extending the adhesive’s pot life. Additionally, the mildew resistance of cured SP ad-
hesives was evaluated. Except for BSPI/Cys/Gly/St and BSPI/Cys/Gly/St/CaP
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adhesives, all cured adhesive samples exhibited mold growth within 26 days (Fig-
ure 6B). This improvement can be attributed to the synergistic enhancement of anti-
fungal efficacy provided by Cys, Gly, and St,***" which ensures the practical applica-
tion of SP adhesives in harsh temperature and humidity conditions.

TG analysis was conducted to evaluate the thermal behavior of the adhesives.
Compared to SPI, the residual mass of the BSPI/Cys/Gly/St/CaP adhesive increased
from 20.14 to 24.8 wt %, while the thermal degradation rate decreased (Figures 6C
and 6D). The limiting oxygen indices of the cured SPI adhesive and BSPI/Cys/Gly/St/
CaP adhesive were measured as 24.3% and 30.6%, respectively (Figure 6E). Further-
more, the flame retardancy of these two adhesives, with identical sizes, was intui-
tively evaluated through burning tests. Figure 6F and Video S7 demonstrate that
SPI continues to burn until complete combustion, whereas the BSPI/Cys/Gly/St/
CaP adhesive ignites and then self-extinguishes (Video S8). These results indicate
the improved thermal stability and flame retardancy of the BSPI/Cys/Gly/St/CaP ad-
hesive, primarily due to the synergistic effect of abundant sulfur and the formation of

a dense organic-inorganic composite system, *%43

The degradability of cured SPI, BSPI/Cys/Gly/St/CaP, and commercial adhesives (PF
and UF) was assessed by burying them in natural soil (Figure 6G). No changes in mass
were observed for petroleum-based PF and UF adhesives, whereas the SPl and BSPI/
Cys/Gly/St/CaP adhesives underwent degradation, resulting in 26.21% and 20.47%
of their original weights remaining, respectively, after 35 days of burial. Furthermore,
the cured BSPI/Cys/Gly/St/CaP adhesive powder, mixed with soil at a 2:1 ratio, was
used as soil for flowering plants such as Mozzie buster and sunflower. Successful
germination of these plants occurred after an 8 day incubation period (Figure S9),
indicating the environmentally friendly nature of the BSPI/Cys/Gly/St/CaP adhesive.
Additionally, a life cycle assessment (LCA) was conducted to evaluate the environ-
mental impact associated with the production of 1 kg of PF, UF, and BSPI/Cys/
Gly/St/CaP adhesives (Table S1). The environmental impact of the BSPI/Cys/Gly/
St/CaP adhesive was much lower than that of PF and UF adhesives, supporting
the sustainable development and clean production of the adhesive industry.

In summary, we have developed a strong and reusable adhesive inspired by cutin,
exhibiting excellent weather resistance comparable to that of commercial PF adhe-
sives in accelerated aging tests. The adhesive effectively bonds various substrates,
including wood, SS, glass, and Al, enabling SS sheets to pull a 1,135 kg car. Further-
more, the adhesive demonstrates outstanding reusability. The particleboard pro-
duced using the adhesive displays impressive mechanical properties, with an initial
MOR of 19.25 MPa and an MOE of 3,133.05 MPa. Even after two cycles, the particle-
board still meets the requirements for P2 particleboards (MOR > 11 MPa), outper-
forming UF and PF adhesives available in the market. Additionally, the adhesive ex-
hibits resistance to mold (>17 days), flame retardancy (limiting oxygen index:
30.6%), degradability, and environmental friendliness. These attributes position it
as a promising alternative to steel, plastic, and cement with biobased materials,
accentuating their reprocessability. However, further research is required to
comprehend the specific influence of different types of dynamic covalent bonds
and the construction of strong and weak networks on adhesive performance. Our
future goal is to investigate the mechanisms underlying the improved adhesive
properties through the manipulation of dynamic covalent bond types and quantities.
Additionally, exploring the room temperature curing of soy protein adhesives is
essential to cater to a broader range of application scenarios, address diverse indus-
trial requirements, and enhance the feasibility of adhesives on synthetic plastics.
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Table 1. Detailed parameters for the preparation of adhesives

Adhesive samples SPI (9) Br (9) EDC (g) NHS (g) Cys (9) Gly (9) St (9) CaCl; (9) H3PO, (g) Water (g)
SPI 15 - - - - - - - - 70

BSPI 15 0.1 - - - - - - - 70
BSPI/Cys 15 0.1 0.45 0.12 3 - - - - 66.43
BSPI/Cys/Gly 15 0.1 0.45 0.12 3 5 - - - 61.43
BSPI/Cys/Gly/St 15 0.1 0.45 0.12 3 5 0.6 - - 60.83
BSPI/Cys/Gly/St/CaP 15 0.1 0.45 0.12 3 5 0.6 0.3 0.18 60.35
SPI/Cys/Gly/St/CaP 15 - 0.45 0.12 3 5 0.6 0.3 0.18 60.45

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Qiang Gao (gaogiang@bjfu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data needed to evaluate the conclusions in the paper are present in the pa-
per and supplemental information.
e Additional data related to this paper may be requested from the lead contact.

Chemicals

SPIwith a protein content of 90%, Gly (96%), St (> 99%), N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC; 98%), N-hydroxysuccinimide (NHS; 98%),
Cys (99%), CaCl; (97%), H3PO4 (> 85%), potassium carbonate (K;CO3; 99%), sodium
hydroxide (NaOH; 97%), PFs (EO grade), UFs (EO grade), bromelain, and poplar ve-
neers were utilized without the need for further purification. Further detailed para-
metric information can be found in the supplemental information.

Synthesis of SP adhesives

A mixture of bromelain and SPI was dissolved in deionized water and stirred at 55°C
for 10 min. The mixture was then moved into a water bath set at 100°C for 5 min to
inactivate the bromelain, resulting in the enzymatically hydrolyzed SPI (BSPI) adhe-
sive. NHS and EDC were dispersed in deionized water and added to the BSPI adhe-
sive, followed by stirring for 15 min. Subsequently, Cys was added, and the mixture
was stirred at 25°C for 6 h. Gly and St solutions were then introduced and stirred at
25°C for 20 min. The CaCl, solution and H3PO, were sequentially added to the
mixture to obtain the BSPI/Cys/Gly/St/CaP adhesive. The SPI, BSPI, BSPI/Cys,
BSPI/Cys/Gly, BSPI/Cys/Gly/St, and SPI/Cys/Gly/St/CaP adhesives were prepared
using the same concentrations and conditions as the BSPI/Cys/Gly/St/CaP adhesive
(Table 1).

Characterization

Various analytical techniques were utilized to characterize the adhesives and their
raw materials. Gel permeation chromatography, zeta potential analyzer, UV-vis,
XPS, XRD, ATR-FTIR spectroscopy, Raman microscopy, SEM, EDS, TG analyzer, mi-
cro-scale combustion calorimeter, rheology, and LCA were employed for analysis.
Detailed test methods can be found in the supplemental information.
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Bond strength and lap shear tests

Bond strength tests were conducted to evaluate the shear strength of three-ply
plywood bonded with the synthesized adhesives. Lap shear tests were performed
to assess the adhesion between the adhesives and different substrates such as glass,
wood, aluminum, and SS. Refer to the supplemental information for specific test
methods.

Accelerated aging test of SP adhesives and plywood

Adhesive films of BSPl and BSPI/Cys/Gly/St/CaP were prepared by casting onto pol-
ytetrafluoroethylene sheets and allowing them to form films under specific condi-
tions. Accelerated aging of the adhesives was performed by subjecting the cured
adhesive films to boiling, freeze drying, and wet-heat aging cycles. ATR-FTIR and
TG analysis were used to assess chemical structural changes and thermal stability.
Detailed procedures are available in the supplemental information.

To evaluate the weather resistance of plywood bonded with SP adhesives, standard-
ized testing methods such as BS EN 13986:2004 (BS1), BS EN 321:2002 (BS2), and
GB/T17657-2013 (GB4-10) were used. These methods involve immersing the
plywood specimens in water, boiling them, and subjecting them to cycles of freezing
and drying. The shear strength of the specimens was then measured. Weather resis-
tance of the adhesives was also evaluated using bond strength tests and cyclic resid-
ual rate tests. Further experimental details can be found in the supplemental
information.

Preparation of particleboards and mechanical property tests

Residual rate tests were conducted on cured BSPI/Cys/Gly/St/CaP adhesive pow-
der, which was soaked in deionized water, dried, and hot pressed. The resulting films
were ground, and the residual rate was measured for multiple cycles.

The reusability of the BSPI/Cys/Gly/St/CaP film (SPl-based film) was evaluated by
preparing new films from the ground powder and measuring the tensile strength
and elastic modulus before and after the hot-press process.

The reprocessability of particleboards was assessed by breaking down previously
prepared particleboards and adding water for subsequent hot pressing. The MOR
and MOE were measured to determine the mechanical properties of the particle-
boards. UF-I, PF-I, UF-II, and PF-Il were used as comparison materials. More specifics
on the test methods can be found in the supplemental information.

Antimildew property tests

The resultant adhesives were loaded into Petri dishes and stored at 30°C with 100%
relative humidity, and visual and olfactory observations were made daily to monitor
any changes.

MD simulation

To explore the adhesion mechanism of the BSPI/Cys/Gly/St/CaP adhesive, MD sim-
ulations were conducted using the Materials Studio 2019 software program to inves-
tigate the adhesion and cohesion during the adhesive bonding process. More spe-
cifics on the test methods can be found in the supplemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2024.102024.
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