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Dual dynamic bonds synergy for reusable bio-
based adhesive with superior mechanical
robustness, environmental reliability, and mildew
resistance
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Abstract
Introducing dynamics into bio-based adhesives shows many advantages on rendering mechanics and functions.
However, the efficient employment of dynamic chemistry in achieving robust, stable, and reusable bio-based
adhesives derived from low-value residues remains elusive. Here, we facilely develop a reused camellia meal-based
adhesive integrating excellent mechanical robustness, environment durability, and mildew resistance through the
cooperation of dual dynamic bonds. By deliberately harnessing dynamic covalent bonds as the first strong interlinking
and dynamic noncovalent bonds as the second weak interaction, our strategy allows the resulting adhesive with a
much-improved adhesion strength (2.1/1.06 MPa to wood in dry/wet condition) and remarkable adhesion
maintenance against harsh environmental factors (organic solvents, salt, acid, alkali, temperature, soaking time). By
virtue of these abundant dynamic bonds, this adhesive not only escapes from the inherent drawback of biomaterials
to display enlarged anti-mildew efficacy, but also is capable of reprocessing to gain reusability. Combining these
desirous characters with the simple two-step fabrication process, this study provides a great potential for the
development of high-performance bio-based adhesives sustainably and intelligently.

Introduction
Adhesives are essential for the integration and functio-

nalization of composite materials, showing broad appli-
cations in electronics, medicine, construction, labeling,
and furnishing1,2. Current adhesives are mainly composed
of fossil-derived resins3. Although the adhesive options
are greatly enriched, these fossil-based ones are subjected
to reliance of non-renewable resources accompanied with
environmental pollution, which pose immense challenges
in the green and low-carbon development1,4. By contrast,
bio-based adhesives, derived from natural biopolymers
(such as polysaccharides, proteins, and lignin), have gra-
dually drawn increasing attentions and developed as the
promising substitute of fossil-based counterparts, owning

to their source renewability, environmental friendliness,
and easy availability5,6. Nevertheless, pristine bio-based
adhesives usually suffer from poor mechanical properties,
as mainly imposed by the lack of reliable linkages in
biopolymers.
The past few decades have witnessed extensive efforts in

improving the mechanical performance of bio-based
adhesives by taking advantage of physical modifica-
tion7,8, micro/nano-particle strengthening9,10, or mole-
cular crosslinking11,12. Particularly, molecular crosslinking
is recognized as the most efficient solution to provide
reliable networks, which is commonly driven by static
covalent bonds (SCBs)13. For example, the covalent cross-
linkers containing epoxy or isocyanate groups have widely
employed into bio-based adhesives to form permanent
molecular linkages, which can remarkably enhance
mechanical strength14,15. But unfortunately, SCBs also
restrict the adhesive network to present rigid and
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inadaptable, making them to exhibit considerable limita-
tion in terms of the ever-increasing requirements for the
sustainable development of adhesives with reversible and
responsive properties13.
In contrast to the traditional SCBs-driven adhesives,

adhesives involving dynamic bonds possess more adap-
table networks to response to external stimulus (e.g.,
force, moisture, or temperature)16. Generally, the dynamic
bonds can be categorized as dynamic covalent bonds
(DCBs) and dynamic noncovalent bonds (DNBs). The
former is static at ambient conditions similarly to SCBs,
but undergoes reversible dissociation and reformation
under stimuli17–19. As such, DCBs enable to provide both
mechanical robustness and dynamic responsiveness,
which usually includes imine bonds20, disulfide bonds19,
acylhydrazone bonds21, Diels-Alder reactions22, and
borate ester bonds18. And the latter exhibits low asso-
ciation constants that can be easily broken and reformed
in response to external stimuli, thereby imparting
dynamic properties for the polymer network23. DNBs,
such as hydrogen bonds, electrostatic associations, π–π
complexations, and metal-coordination interactions, have
been commonly utilized as sacrificial bonds to enhance
the mechanical performance of polymeric adhe-
sives19,24,25. To data, dynamic chemistries have been
employed to strengthen bio-based adhesives, involving
imine bonds, borate ester bonds, multiple hydrogen
bonds, and coordination interactions26,27. Nevertheless,
the previous works mainly focus on elevating the adhesive
strength, and are confronted with complicated synthe-
sized method and elaborate molecular regulation. The
efficient utilization of dual dynamic bonds synergy on the
responsive function of bio-based adhesives, especially for
developing the low-value inedible agricultural wastes into
high-value functional materials, are still not well
understood.
Here, a high-performance bio-based adhesive from

inedible agricultural residue is developed by the coop-
eration of DCBs and DNBs in a two-step method, which is
capable of combining reliability and responsiveness
together. Such a dual-dynamic-bonds synergy design
allows the synthesized adhesive to display robust yet
multipurpose adhesion properties (2.1/1.06MPa to wood
in dry/wet condition), and simultaneously presents
remarkable endurance to various harsh conditions
(organic, salty, acidic, alkaline solutions, extreme tem-
perature, and long-term soaking time). Benefiting from
the dynamic chemistry, our adhesive is also demonstrated
to function much-improved mildew resistance and reu-
sable efficacy. Distinct from previous bio-based adhesives,
our designed adhesive has two significant advantages: (i)
inedible agricultural byproduct is utilized to get rid of the
issue on food competition; (ii) more excellent function-
alities can be successfully integrated via a facile and cost-

effective approach. Given these desired adhesive proper-
ties and design merits, our strategy endows bio-based
adhesive with potential in diverse engineering and intel-
ligent applications, as well as opens new opportunities for
the development of agricultural wastes into high-
performance functional materials.

Materials and methods
Materials
Camellia meal (CM) containing polysaccharide (41%),

protein (16%), tea saponin (14%) and crude fiber (14.7%)
was purchased from Tianzhiyuan biotechnology Co., Ltd
(Hunan, China). Sodium periodate (NaIO4) and poly-
ethyleneimine (PEI) were purchased from Aladdin Bio-
chemical Technology Co., LTD (Shanghai, China). Poplar
veneer with thickness of 1.5 mm were provided by Jiangsu
Vidwood Industry Co., Ltd (Jiangsu, China).

Methods
Preparation of OCM/PEI adhesive
The purchased CM was ground into 200 meshes and

then mixed in deionized water to form a solution with a
solid content of 35%. Then, an appropriate amount of
NaIO4 (oxidant) was added into CM solution and then
reacted 45 °C in dark environment to oxidize the hydroxyl
into aldehyde groups in polysaccharide. After the oxida-
tion of CM, certain weight of PEI was introduced into the
OCM solution with 35% solid content to form the
resulting OCM/PEI adhesives. For comparison, CM and
OCM adhesives were also fabricated.

Characterization
Fourier transform infrared (FTIR) spectra were per-

formed with a Nicolet380 FTIR spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) at a resolution of
4 cm−1 and 32 scans. 1H nuclear magnetic resonance (1H
NMR) spectroscopy were recorded on Bruker 400M by
using TMS as the solvent. Thermal stability of the adhe-
sive was carried out by thermogravimetric analysis (TGA,
TA Q600, USA). The samples were heated from 30 to
800 °C at a rate of 10 °C/min at a nitrogen flow rate of
10 mL/min. X-ray photoelectron spectroscopy (XPS)
analysis were conducted by using a Thermo Scientific
K-Alpha instrument (USA) with Al Kα radiation as the
X-ray source. X-ray diffraction (XRD) of the adhesive was
analyzed by Rigaku SmartLab SE diffractometer (Rigaku
International Corporation, Tokyo, Japan). XRD curves of
the adhesive samples were collected from 5° to 90° with a
step size of 0.02° under a Cu-Kα source with an accel-
eration voltage of 40 kV and a current of 40 mA. The
surface morphology of adhesive samples was observed by
scanning electron microscopy (SEM, Nova Nano SEM
230, USA).
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Residual rate measurement
The residual rate was evaluated by using the sol-gel test.

The absolutely dry adhesive samples with 40–60 meshes
were placed in the condition of 20 ± 1 °C and 70% RH for
24 h. 1 g of adhesive powder was immersed in 100mL of
deionized water at 100 °C for 3 h. The remaining solid
residue was then dried at 105 ± 3 °C until the constant mass
was achieved. The residual rate was calculated by Eq. (1):

Residual rate ¼ m2

m1
´ 100% ð1Þ

where m1 represented the initial mass of the adhesive
powder and m2 was the final mass of dried residue. Each
adhesive sample was performed for three times to obtain
the average value.

Mechanical properties
The adhesive was applied to poplar veneer surface with

a glue content of 225 g/m2 on each side to form three-
layer plywood. And hot-pressing parameters (120 °C,
1MPa, and 5min) of glued plywood were determined by
the reference of existing bio-based wood adhesives27–29,
ensuring sufficient crosslinking and solidification of
adhesive systems29. After that, the adhered plywood was
stored at 25 °C and 50% RH for 24 h. The adhesion
strengths of plywood were carried out based on GB/
T17657 –2022. A universal mechanical testing machine
(CMT 6104, Shenzhen, China) was used to measure the
lap-shear strength of glued plywood at a speed of 10 mm/
min. Notably, the dry bonding strength is tested in air
condition, and the wet bonding strength was measured by
soaking at 63 ± 2 °C water for 3 h and cooled at room
temperature for 10min. The adhesion strengths of OCM/
PEI adhesive towards organic, seawater, acidic (pH = 2),
alkaline (pH= 13) solutions were evaluated by immersing
in the corresponding environment for two days. Also, the
adhesion strengths of OCM/PEI adhesive to different
soaking temperatures (−80 to 50 °C), varying soaking
times (0 to 30 days) in deionized water (25 °C), and other
types of substrates (aluminum, copper, glass, and stainless
steel) are examined. Prior to the test, these substrates
were cleaned with ethanol and deionized water, and then
completely dried at room temperature. The adhesive was
applied uniformly to the surface of one substrate with an
adhesion area of 25 × 25mm2 and a glue content of 225 g/
m2 to bond with another one substrate. The following
formula used to calculate by the maximum force at failure
divided by the overlap area based on five replicates.

Mildew resistance
The mildew resistance measurements of CM, OCM,

and OCM/PEI adhesive samples were carried out by
placing the samples at a 35 ± 2 °C and 95% RH condition

for bacterial incubation. Then, the growth of fungi on the
surface of adhesive samples was daily recorded by digital
camera.

Reusing adhesion test
The OCM/PEI adhesive was applied to aluminum sheet

(size: 80 × 25 × 2mm3) with a glue content of 225 g/m2

and then subjected to hot-pressing (120 °C, 1MPa) pro-
cess for 5 min. Subsequently, lap-shear tensile test was
carried out to gain the original adhesion strength of
OCM/PEI adhesive. The broken adhesive surface was
wetted by moisture and then re-bonded under 120 °C and
1MPa for 5 min. After that, the adhesion strength for the
first reprocess was obtained by using lap-shear tensile test.
Repeating the same process, the adhesion strength for the
second reprocess was achieved.

Results and Discussion
Design and preparation
To construct the dual dynamic bonds network for the

bio-based adhesive, we here propose a facile two-step
preparation approach. As shown in Fig. 1a, the adhesive is
fabricated by employing camellia meal (CM) as biopoly-
mer. CM is an un-edible and low-cost agricultural resi-
due mainly consisting of polysaccharides and
proteins30,31. Considering the low reactivity of CM, CM is
oxidized to transfer hydroxyl (-OH) groups of the poly-
saccharide into aldehyde (-CHO) and carboxyl (-COOH)
groups, thereby acquiring high molecular reactivity.
Then, polyethyleneimine (PEI) with abundant amine
groups (-NH2) is imported into oxidized CM (OCM) to
provide dynamic interacting sites for adhesive network.
In the designed OCM/PEI adhesive, imine bonds are
generated through the Schiff base reaction between OCM
and PEI, which is acted as DCBs for the first strong lin-
kages, and also, noncovalent linkages (hydrogen bonds
and ionic bonds) are existed as DNBs for the second weak
associations (Fig. 1b). The fabricated adhesive is revealed
to exhibit strong bonding behavior to diverse substrates,
including wood, ceramic, Teflon, glass, rubber, and steel
(Fig. 1c). As uncovered by Fig. 1d, such an improved
adhesiveness of OCM/PEI adhesive is mainly attributed
by its more compact and adaptable structure than those
of CM and OCM adhesives. Thus, the dual dynamic
bonds network working cooperatively is speculated to
impart the OCM/PEI adhesive with reliability and
responsiveness together.

Structural characterization and proposed mechanism
We then analyze the structure of OCM/PEI adhesive by

taking advantage of a series of characterization. FTIR
spectra (Fig. 2a, b) reveal that, compared to pure CM,
OCM exhibits the decreased intensity of υ (-OH) peak at
3323 cm−1 and the disappearance of δ (-OH) peak at
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1655 cm−1, which could be attirbuted to the oxidation
of −OH groups into −CHO groups32,33. In addition,
υ (−C=O) peak shifts from 1738 to 1735 cm−1 after
oxidation, further demonstrating the successful oxidation
of CM33. While the lower υ (−C=O) peak intensity in
OCM may be due to the partial consumption of aldehyde
groups through the Schiff base reaction between with
aldehyde groups of OCM and amine groups of protein
component existed in CM32. After combining PEI
with OCM, OCM/PEI adhesive can form imine bonds
between −CHO groups in OCM and –NH2 groups in PEI,
as evidenced by the appearance of −C=N peak
(1660 cm−1)34,35. The amidation reaction is also observed
in OCM/PEI adhesive, as supported by the shift of −C-N
peak (1249→ 1263 cm−1) and the decreased intensity
of −OH peak derived from carboxyl groups

(1421 cm⁻¹)36,37. Besides, the existence of hydrogen bonds
and electrostatic interactions in OCM/PEI adhesive is
demonstrated by the shift of υ (-OH/-N-H) peak from
3377 to 3350 cm-1 presented in Fig. 2 and the charge
neutralization observed in Figure S1a, respectively. The
imine bonds formed in OCM/PEI adhesive can be further
testified by XPS measurements. As displayed in Fig. 2c,
the O 1 s curve of CM adhesive can be fitted into three
peaks, including C-O-C, −C−OH, and −C=O peaks,
which are assigned to the glycosidic bond of poly-
saccharides, the C-O stretching vibrations from hydroxyl
groups of polysaccharides, and the carbonyl groups of
OCM, respectively32,34. OCM adhesive exhibits an
enhanced intensity of −C=O peak (531.7 eV), indicating
the formation of more −CHO groups in OCM. For OCM/
PEI adhesive, XPS curves presented in Fig. 2c, d exhibit a

Fig. 1 Schematic illustration displaying the synthesis of OCM/PEI adhesive. a The synthetic route from CM to OCM. b The design principle of
OCM/PEI adhesive based on dual dynamic bonds synergy. c Photographs showing the adhesion capability of OCM/PEI adhesives to various
substrates. d SEM images of the cured CM, OCM, and OCM/PEI adhesives.

Zhang et al. NPG Asia Materials (2025) 17:31 Page 4 of 10



decrease of −C=O peak and a appearance of new –N=
peak (399.3 eV), suggesting the successful aldehyde-amine
crosslinks between OCM and PEI molecules32,38. Notably,
OCM adhesive presents a weakened –NH2 peak com-
pared to CM adhesive, which might ascribe to the

crosslink of −CHO groups with the –NH2 groups of
proteins existed in CM.
XRD analysis also carries out to assess the structural

stability of OCM/PEI adhesive. As shown in Figure S1b,
compared with CM, OCM exhibits the weakened

Fig. 2 Structural analysis of OCM/PEI adhesive. FTIR spectra of (a) CM and OCM samples, (b) PEI, OCM, and OCM/PEI samples. c O 1 s and (d) N 1 s
of XPS curves towards CM, OCM and OCM/PEI adhesive. e Schematic diagram of the adhesion mechanism of OCM/PEI adhesive.
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crystallization peaks (9.0° and 20.1°) with a decreased
crystallinity, implying that the oxidation process can
partially destroy the crystallization structure of CM
molecules32,33. The import of PEI enables the adhesive
crystallinity to largely increase, mainly as a result of the
abundant DCBs and DNBs formed between OCM and
PEI. The stability of OCM/PEI adhesive is further sup-
ported by TG curves, showing the highest weight residue
and lowest degradation rate (Figure S1c, d). Remarkably,
the maximum degradation temperature of OCM/PEI
adhesive decreases to 307 °C, which is mainly attributed to
the introduction of abundant dynamic bonds and thereby
imparts the higher dynamic capability under stimuli of
heating. Taken together, the coexistence of DCBs (imine
bonds) and DCBs (hydrogen bonds and electrostatic
interactions) leads to an adaptable crosslinking network of
OCM/PEI adhesive, which theoretically contributes to the
robust bulk cohesion in adhesive and the strong inter-
facial adhesion with substrates (Fig. 2e).

Adhesion properties
To gain insight into the effect of dual dynamic network

on adhesion properties, we first synthesize a family of
OCM/PEI adhesives by varying oxidant ratio and oxidation
time of OCM. As presented by Fig. 3a and Figure S2a, the
higher dry/wet adhesion strength of OCM/PEI adhesive is
obtained with the more oxidant contents, which reaches
the maximum (2.4/1.06MPa) when the oxidant ratio is
7.7 wt% (relative to CM). This ascribes to that the more
oxidants contribute to the higher oxidized degree of CM,
thereby imparting more active –CHO/-COOH groups to
form DCBs (namely, imine/amide bonds) with PEI. Note
that CM/PEI adhesive without oxidation displays wet
adhesion failure, further reflecting the unstable interactions
between CM and PEI molecules. When the oxidant content
is above 7.7 wt%, the adhesion strength turns to decrease,
because that the excessive oxidants may lead to the over-
degradation of CM molecules. In addition to oxidant
content, oxidation time also affects the adhesion property
of OCM/PEI adhesive (Fig. 3b and Figure S2b). By gradually
extending oxidation time to 20 h, OCM/PEI adhesive
shows the enhanced dry/wet adhesion strength. This
observation is mainly attributed to that the longer oxida-
tion time results in the higher oxidized degree of CM, thus
enabling more DCBs between OCM and PEI. Further
prolonging oxidation time to 24 h causes the declined
adhesion efficacy, the reason of which is similar to that of
the over-high oxidant contents.
We then study the adhesion properties of OCM/PEI

adhesive by changing PEI with different molecular weights
and addition quantities. In Fig. 3c and Figure S2c, as
increasing molecular weight of PEI to 10,000, despite the
reactivity of PEI is affected, both dry and wet adhesion
strength of OCM/PEI adhesive improve. It is not only

attributed to the enhanced mechanical strength of PEI
molecule, but also may ascribe to that the hot-pressing
process contributes to sufficient covalent crosslinks
between OCM and PEI29. When the molecular weight of
PEI is above 10,000, the dry adhesion strength of OCM/
PEI adhesive further increase while the wet adhesion
strength turns to decrease. This finding is probably
attributed to that the continuously deceased reactivity of
PEI makes it failing to react with OCM even at hot-
pressing process, thus leading to less strong DCBs and
more DNBs formed in OCM/PEI adhesive39,40. Both
DCBs and DNBs contribute to the resultant dry adhesion
strength, but for wet condition, DNBs are easily broken by
water and thus causes the weakened strength31. In addi-
tion, as increasing PEI content to 5% (related to CM),
OCM/PEI adhesive shows a gradually elevated adhesion
strength (Fig. 3d and Figure S2d). This is attributed to the
formation of more imine bonds via Schiff base reaction, as
evidenced by the stronger C=N peak intensity in Figure
S1e. While the PEI content is above 5%, the adhesion
strength appears to decrease, mainly ascribing to two
underlying reasons: (1) over-high content of PEI ( > 5%)
endows OCM/PEI adhesives with much-enhanced flex-
ibility, which leads to the less stiffness and thus the
decreased mechanical strength41; (2) higher content of
PEI contains more unreacted hydrophilic amine groups,
resulting in the instability of adhesive network and thus
the decreased adhesion strength. These above findings
have successfully manifested that the mechanical perfor-
mance of OCM/PEI adhesive can easily be tailored and
improved by virtue of the synergistic dual dynamic bonds.
Further, we compare the mechanical performances
between CM/PEI adhesive connected by NCBs and OCM/
PEI adhesive consisting of DCBs and NCBs. As presented
in Figure S3, OCM/PEI adhesive exhibits higher adhesion
strength than CM/PEI one, powerfully demonstrating the
synergistic effect of DCBs and NCBs on improving
adhesion performance.
To further evaluate the practicability of OCM/PEI

adhesive, we measure its endurance towards various
harsh environments. Figure 3e reveals that OCM/PEI
adhesive can sustain high adhesion strength after
submerging in diverse aqueous conditions, including
N, N-dimethylformamide (DMF), acetonitrile, dichlor-
omethane (DCM), ethanol, seawater, acidic (pH= 2), and
alkaline (pH= 13) solutions for two days. The high
stability of OCM/PEI adhesive to various solutions could
be attributed to the formed interpenetrating polymer
network between high-molecule-weight OCM and PEI.
Such a network can prevent ion penetration from
disrupting hydrogen bonds42,43. The effect of temperature
and soaking time on wet adhesion strength are also
investigated. As shown in Fig. 3f and Figure S4, OCM/PEI
adhesive not only shows excellent water resistance over a
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wide temperature range from −80 °C to 50 °C, but also
maintains high adhesion strength even after immersing in
water for 30 days. This superior stability presented
in OCM/PEI adhesive may ascribe to the synergy of
DCBs and NCBs that is of benefit to better adaptability
towards various harsh environments, which is further
evidenced by the higher residue rate and water contact

angle compared to CM and OCM adhesives (Figure S1f).
Furthermore, OCM/PEI adhesive is uncovered to be
capable of strongly bonding diverse substrates (including
aluminum, copper, glass, and stainless steel), manifesting
its multipurpose adhesion behavior (Fig. 3g). As depicted
in Fig. 3h, the adhesion superiority of OCM/PEI adhesive
is successfully demonstrated by comparison with the

Fig. 3 Adhesion measurement of OCM/PEI adhesive. The wet adhesion strength of OCM/PEI adhesives with different (a) weight ratio of oxidant
(relative to CM), (b) oxidation time, (c) molecular weight and (d) weight ratio of PEI (relative to CM). The wet adhesion strength of OCM/PEI adhesives
(e) under varied submerged solutions, (f) in water with various temperatures, and (g) to different substrates. h The adhesion comparison of OCM/PEI
adhesives with the other literature-reported adhesive systems.
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existing fossil-derived and bio-based adhesives reported
by literatures28,31,38,44–53.

Anti-mildew and reusable performances
Mildew resistance is of great importance to the adhesive

properties, especially for the bio-derived adhesives53. As
shown in Fig. 4a, pristine CM adhesive is prone to mould
and appears to moldy within 3 days. The oxidation

modification enables OCM adhesive without mildew even
after storing at 30 ± 2 °C and 90% RH condition for
15 days, probably because the its abundant aldehyde
groups that can react with protein of bacteria and thereby
inhibit their growth54. However, despite the remarkable
anti-mildew property, OCM adhesive is unpractical due to
its unsatisfied adhesion strength. For the high-strength
OCM/PEI adhesive, the anti-mildew efficacy has

Fig. 4 Application assessment of OCM/PEI adhesive. a Mildew resistance test of CM, OCM, and OCM/PEI adhesives. b The optical images and the
rearrangement mechanism of OCM/PEI adhesive samples. c Schematic diagram of reprocessing process and (d) the adhesion strength of OCM/PEI
adhesives to aluminum substrates under three cycle numbers.
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improved along with the gradually raising PEI content, as
reflected by the extended anti-mildew time from 3 to
15 days (Fig. 4a and Figure S5). Such an excellent mildew
resistance mainly benefits from two factors: one is the
cationic amino groups existed in PEI, and the other is the
aldehyde groups derived from OCM, both of which
cooperate to effectively kill mildew via electrostastic
interactions between OCM/PEI adhesive and mildew
protein55. Notably, compared to OCM adhesive, OCM/
PEI sample exhibits decreased mildew resistance. This
may be attributed to the consume of free amine and
aldehyde groups via Schiff base reaction between OCM
and PEI, leading to the weakened anti-mildew effect32.
Though OCM/PEI-4 adhesive degraded after 15 days, it is
much-improved compared to CM adhesive (degraded
within 2 days). Such a character can satisfy the application
requirements of bio-based adhesives56,57. Additionally,
when OCM/PEI adhesive cured, the formed imine bonds
between OCM and PEI can further enhance structural
stability, which can be reflected by the superior long-term
durability towards underwater conditions shown in
OCM/PEI adhesive (Figure S4, maintaining high adhesion
even after soaking 30 days). Thus, OCM/PEI adhesive is
capable of presenting long-term stability towards humid
environment during actual application.
Owning to the dynamic covalent-noncovalent bonds

synergy, OCM/PEI adhesive is also expected to exhibit
reusable adhesion behavior. As observed in Fig. 4b, the
cured OCM/PEI adhesive sample is damaged into pieces
to present a disconnected molecule network. Interest-
ingly, the broken structure of OCM/PEI adhesive can
rearrange and reform under the stimuli of moisture and
hot pressing (120 °C, 1MPa), as reflected by the successful
jointing of pieces into a compact bulk. To further assess
the reusability of OCM/PEI adhesive, we then measure its
lap-shear adhesion strength via cyclic bonding and
debonding test (Fig. 4c). As shown in Fig. 4d, the adhesion
strength can restore to 53% of the original for the first
cycle and 26% of the original for the second cycle, which
suggests that dynamic bonds were reformed between
OCM and PEI, including DCBs (imine bonds) and DNBs
(hydrogen bonds and electrostatic interactions). The
partial mechanical loss probably results from the forma-
tion of stable imine bonds and the unoxidized biopoly-
mers featuring nondynamic nature in CM (such as
protein), which restricts the reversibility and mobility of
OCM/PEI adhesive network.

Conclusion
In summary, we engineer a unique CM-based adhesive

by the dual dynamic bonds synergy, which rationaly
leverages DCBs as first reliable linkages and DNBs as the
second weak assications. As such, the adhesive is
demonstrated to possess remarkable adhesion

performance that can strongly bond to diverse sbustrates,
as well as resist to various harsh sumberged enviroments.
The synergistc effect of DCBs and DNBs also enables the
adhesive with much-improved mildew resistance and
reusability. This work provides a feasible way for the
sustainable and intellengent development of bio-based
adhesives with superior comprehensive performance.
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