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It is challenging to fabricate high-performance degradable plastics that simultaneously possess high

mechanical strength, satisfactory water resistance and rapid degradation characteristics in natural

environments using biomass resources. In this study, mechanically robust, water-resistant,

biocompatible, and degradable plastics are fabricated through the complexation of regenerated cellulose

and tannic acid (TA) followed by molding these complexes into desired shapes. The resulting plastic

(denoted as C-TA) prepared with 15 wt% TA exhibits an ultrahigh fracture strength of ∼265 MPa and

a toughness of ∼55.2 MJ m−3. An all-atom molecular dynamics simulation demonstrates that the

introduction of dendritic TA molecules notably enhances the toughness of the C-TA plastic through the

formation of TA-centered hydrogen-bond clusters. The C-TA plastic retains a fracture strength of

∼166 MPa and ∼98 MPa after being stored in environments with relative humidities of 80% and 100% for

7 days, respectively, indicating its excellent water resistance. The good water resistance and high

mechanical strength of the C-TA plastic originate from the hydrophobic aromatic rings of its TA

molecules and its TA-centered hydrogen-bond clusters which serve as cross-links and nanofillers to

strengthen the plastic. The C-TA plastic can be fully degraded in soil into nontoxic species within 35 days.
1. Introduction

The accumulation of plastic waste in the environment has
become a pervasive and growing problem. It is estimated that by
2050, there will be 12 billion tonnes of plastic waste.1–3

Currently, governments are signicantly promoting the usage of
degradable plastics to mitigate plastic pollution.4–8 However,
the development of degradable plastics to replace conventional
petroleum-based plastics faces bottlenecks due to the high
production costs, unsatisfactory mechanical performance and
degradability of existing degradable plastics.9–13 Bio-based
degradable plastics, which are (partly) derived from biomass,
have recently attracted increasing interest because of their
valuable properties such as sustainable resources, high
biocompatibility and efficient degradability.4,6,10,14 Cellulose is
one of the most abundant natural polymers and shows great
potential for the mass production of bio-based degradable
plastics.15–17 However, cellulose-based plastics are fragile due to
the highly ordered nanober structure of cellulose.18 Moreover,
the hydrophilic nature of cellulose leads to unsatisfactory water
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resistance, which largely limits the applications of cellulose-
based plastics. The incorporation of chemical cross-links into
cellulose provides an effective strategy to improve its mechan-
ical properties and water resistance.18,19 For example, Zhang and
co-workers developed a highly tough and water-resistant cellu-
lose plastic by chemically cross-linking cellulose with epichlo-
rohydrin followed by pre-stretching to a strain of 40%.18 The
resulting cellulose plastic exhibits a high toughness of∼41.1 MJ
m−3 and a fracture strength of ∼148 MPa. However, chemically
cross-linked cellulose plastics usually exhibit reduced degra-
dation rates.20,21 Alternatively, stiff nanollers can also be
blended into cellulose to improve the water resistance and
mechanical properties of cellulose-based plastics.22–25 Most
nanoller-reinforced cellulose-based plastics exhibit unsatis-
factory toughness because of the low interfacial compatibility
and weak interactions between the nanollers and cellulose
chains.25 Therefore, the fabrication of cellulose-based plastics
that simultaneously possess high strength and toughness, good
water resistance, and rapid and highly efficient degradability in
natural environments is still a signicant challenge.

Supramolecular plastics can be fabricated by cross-linking
prepolymers or (macro)monomers with noncovalent interac-
tions and/or dynamic covalent bonds.4,5,26–29 The reversible
cross-linking of degradable biomass species allows for the
fabrication of supramolecular plastics with desirable recycla-
bility and degradability.4,30,31 Degradable plastics generally
J. Mater. Chem. A, 2023, 11, 7193–7200 | 7193
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exhibit low and inefficient degradation with increasing their
mechanical robustness and water resistance. For example, with
increasing molecular weight, poly(lactic acid) (PLA) plastics
exhibit improved fracture strength and water resistance, but
they also show reduced degradation rates.32–34 Therefore, engi-
neering the types, density and distribution of the dynamic
interactions of degradable supramolecular plastics to balance
the degradability, robustness and water resistance will be
essential. We propose that well-designed hydrogen bonds in
degradable supramolecular plastics can be employed to
improve the mechanical strength, toughness and water resis-
tance of these plastics while simultaneously achieving efficient
degradability. This is because hydrogen bonds can serve as
cross-links that can be broken in moist soil. Tannic acid (TA) is
a natural dendritic polyphenol molecule with a high density of
hydrogen bonding sites that can form strong hydrogen bonds
with cellulose.35–37 Although TA has been used to improve the
mechanical strength of polymer composites, TA-based degrad-
able plastics are rarely reported.38,39 We believe that the
complexation of cellulose with TA can generate TA-centered
hydrogen bond clusters, which will serve as strong cross-links
to efficiently strengthen these cellulose plastics. Meanwhile,
the hydrophobic aromatic rings of the TAmolecules and the TA-
centered hydrogen bond clusters can balance their water
resistance and degradability. Following this design principle,
we demonstrate the fabrication of a mechanically robust and
degradable cellulose-based supramolecular plastic with good
water resistance and degradability through the complexation of
cellulose and TA. This supramolecular plastic exhibits a high
mechanical strength of ∼265 MPa and toughness of ∼55.2 MJ
m−3. In an environment with 100% relative humidity (RH), the
fracture strength of the cellulose-based plastic is still ∼98 MPa.
This plastic is biocompatible and can autonomously degrade
into non-toxic species in soil within ∼35 days.

2. Results and discussion
2.1. Synthesis of C-TA plastics

The structures of cellulose and TA are presented in Fig. 1a. As
shown in Fig. 1a, the C-TA plastics were fabricated by mixing
dimethylacetamide (DMAc) solutions containing cellulose and
TA with differentmass ratios under continuous stirring at 40 °C.
To obtain cellulose solutions, degreasing cotton was rst sus-
pended in DMAc in the presence of LiCl for 12 h at 110 °C. Aer
continued stirring for 12 h at room temperature, clear viscous
cellulose solution was obtained. The degree of polymerization
(DP) of cellulose was measured to be ∼810. The DMAc solution
containing C-TA complexes (denoted C-TAx, where x represents
the mass ratio of TA to cellulose) was cast onto a glass plate to
obtain C-TAx organic gel aer drying at 40 °C for 12 h. Aer
dialyzing the C-TAx organic gel in water followed by drying at
room temperature, a piece of transparent and exible C-TAx

plastic was obtained. Fig. 1b shows that this C-TA0.15 plastic is
both exible and highly transparent, with a transmittance of
∼85% at 500 nm (Fig. S1†). The C-TAx plastic is mainly cross-
linked with three types of hydrogen bonds: (i) those among
the hydroxyl groups on cellulose chains; (ii) those between the
7194 | J. Mater. Chem. A, 2023, 11, 7193–7200
hydroxyl groups of cellulose and the phenolic hydroxyl groups
of TA molecules; (iii) those between the hydroxyl groups of
cellulose and the ester carbonyl or ester ether oxygen groups of
TA molecules. The Fourier-transform infrared (FTIR) spectra
shown in Fig. S2† demonstrate that the characteristic peak of
the hydroxyl groups at 3417 cm−1 in the cellulose lm spectrum
shis to 3407 cm−1 in the C-TA0.15 plastic spectrum. Meanwhile,
the characteristic peak of ester carbonyl at 1703 cm−1 in the TA
spectrum shis to 1728 cm−1 in the C-TA0.15 plastic spectrum.
These results conrm the formation of hydrogen bonds
between the hydroxyl groups of cellulose and the phenolic
hydroxyl groups and ester carbonyl groups of TA. An all-atom
molecular dynamics (MD) simulation was conducted to
further conrm the formation of the hydrogen bonds between
the cellulose chains and TA molecules.40 As shown in Fig. 1c,
dendritic TA molecules with rich hydrogen bond donors and
acceptors can bind cellulose chains through hydrogen bonds to
form TA-centered hydrogen-bond clusters. A binding energy
(BE) calculation was carried out to measure the strength of the
hydrogen bonds in the C-TA0.15 plastic. As shown in Fig. S3a,†
the binding energy of hydrogen bonds between the hydroxyl
groups of cellulose is −18.657 kJ mol−1, which is close to that of
hydrogen bonds between the hydroxyl groups of cellulose and
the phenolic hydroxyl groups of TA (−18.199 kJ mol−1,
Fig. S3b†). However, the hydrogen bonds between the hydroxyl
groups of cellulose and the ester carbonyl or ester ether oxygen
groups of TA exhibit much higher binding energies of
−28.401 kJ mol−1 and -28.861 kJ mol−1 (Fig. S3c†), respectively.
This result suggests that the TA-centered hydrogen bond clus-
ters in C-TA0.15 plastics are stronger than the hydrogen bonds in
the cellulose plastic. X-ray diffraction (XRD) patterns of the
cellulose and C-TA0.15 plastics show clear cellulose II peaks at 2q
= 12.5° and 20.0°, which are assigned to the cellulose II (110)
and (200) planes, respectively.20,41 This indicates the existence of
crystalline cellulose II in the cellulose and C-TA0.15 plastics
(Fig. S4†).
2.2. Mechanical properties of C-TAx plastics

The mechanical properties of the C-TAx plastics were measured
by tensile tests at a stretching speed of 10 mm min−1 under the
ambient conditions of ∼60% RH and 25 °C (Fig. 2a). The
mechanical properties (fracture strength, strain at break,
Young's modulus, and toughness) of these samples are
summarized in Table S1.† The cellulose plastic is highly stiff
and brittle, with a high fracture strength of ∼196 MPa and
a strain at break of ∼23.4%. The introduction of TA (mass ratio
of TA to cellulose ranging from 0 to 0.15) to prepare C-TAx

plastics leads to a notable increase in both fracture strength and
toughness compared with the cellulose plastic. A decrease in
the fracture strength and toughness occurs when the mass ratio
of TA to cellulose reaches 0.25, meaning that a higher cross-
linking density of the TA-centered hydrogen bond clusters in
the C-TA0.25 plastic makes this plastic more fragile. Among
these plastics, the C-TA0.15 plastic is the mechanically strongest
and exhibits a fracture strength of ∼265 MPa, Young's modulus
of∼7.64 GPa, strain at break of∼31.9% and toughness of∼55.2
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Schematic of the preparation process for the C-TA plastic and illustration of the proposed hydrogen bonds in C-TA plastic. (b) Digital
image of a piece of C-TA0.15 plastic with a size of 15 cm × 10 cm. The plastic has a thickness of ∼50 mm. (c) Snapshot of the all-atom MD
simulation of the structure of the TA-centered hydrogen-bond cluster.
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MJ m−3. These values are 1.35, 1.22, 1.36, and 1.73 times higher
than those of the cellulose plastic, respectively. As shown in
Fig. 2b, a C-TA0.15 plastic strip with a width of 5 mm and
thickness of 50 mm can hold a 5 kg dumbbell without fracturing.
As summarized in Fig. 2c, the fracture strength and toughness
of the C-TA0.15 plastics are high compared with traditional
Fig. 2 (a) Stress–strain curves of C-TAx plastics with differentmass ratio o
can lift a weight of 5 kg. (c) Comparison of the fracture strength of the C-
PEEK: poly(ether-ether-ketone), PI: polyimide), and regenerated cellulose
of the cellulose plastic (d) and the C-TA0.15 plastic (e) before and after b

This journal is © The Royal Society of Chemistry 2023
engineering and cellulose-based plastics reported in litera-
ture.18,22,24,42,43 The high brittleness of cellulose plastics arises
from their highly ordered nanober structure. The introduction
of dendritic TA can break a fraction of the hydrogen bonds
between cellulose chains and simultaneously form TA-centered
hydrogen bond clusters with cellulose. Therefore, an all-atom
f TA to cellulose. (b) Digital image of a piece of C-TA0.15 plastic strip that
TA0.15 plastic and some of the engineering plastics (PC: polycarbonate,
-based plastics.18,22,24,42,43 (d, e) Snapshots showing the MD simulations
eing stretched to the strains of 25% and 50%.
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tensile simulation was carried out to understand the mecha-
nism of the TA-centered hydrogen bond clusters in enhancing
the mechanical properties of the C-TA0.15 plastic. As shown in
Fig. 2d, the distribution of the cellulose molecules in the
cellulose plastic is homogeneous in the initial box. A large
number of voids are generated during the stretching of the
cellulose plastic to 25% strain (Movie S1†). Continuously
increasing the strain leads to the extension of these voids, and
nally, the cellulose plastic fractures. In contrast, no obvious
voids can be observed in the C-TA0.15 plastic at 25% strain. The
appearance of voids is only observed aer stretching the C-
TA0.15 plastic to 50% strain (Fig. 2e and Movie S2†). Therefore,
compared with cellulose plastic, the C-TA0.15 plastic exhibits
remarkably improved fracture strength and toughness. The
enhanced mechanical performance of the C-TA0.15 plastic can
be attributed to the formation of TA-centered hydrogen bond
clusters. The high-strength hydrogen bonds between the
hydroxyl groups of cellulose and the ester carbonyl or ester ether
oxygen groups of TAmolecules can serve as strong cross-links to
strengthen the C-TA0.15 plastic, leading to higher mechanical
strength than that of cellulose plastic. Moreover, the TA-
centered hydrogen-bond clusters can effectively enhance the
toughness of the C-TA0.15 plastic by transmitting and dispersing
the local stress. This reduces the stress concentration during
the stretching process. As described in a following section, the
C-TA0.15 plastic, which exhibits the highest fracture strength
and toughness of the prepared plastics, was investigated for use
as a degradable supramolecular plastic.

The C-TA0.15 plastic can be conveniently welded with the
assistance of a DMAc solution containing C-TA0.15. To investi-
gate its weldability, a C-TA0.15 plastic sheet was cut into two
halves with a blade. The ends of the two separate halves were
immersed in C-TA0.15 solution, then overlapped and dried at
room temperature. This was followed by dialysis in deionized
water to remove LiCl. The scanning electron microscopy (SEM)
images shown in Fig. S5† indicate that the overlapped surfaces
are strongly welded. The stress–strain curve displayed in
Fig. S6† shows that the welded C-TA0.15 plastic exhibits a frac-
ture strength of ∼249 MPa and a Young's modulus of ∼7.3 GPa.
The excellent welding ability of the C-TA0.15 plastic arises from
the breakage and reformation of hydrogen bonds in the pres-
ence of the DMAc solution containing C-TA0.15.44 In particular,
the solvated LiCl breaks the hydrogen bonds on the surface of
the C-TA0.15 plastic sheets. The hydrogen bonds at the interface
between the two C-TA0.15 plastic sheets are re-formed aer
removing the solvated LiCl via dialysis in deionized water,
which enables the welding of the plastics.
2.3. Thermal stability and water resistance of C-TA0.15

plastics

Achieving good thermal stability at high temperatures is
important for the application of plastics. Therefore, the thermal
stability of the C-TA0.15 plastics was examined by thermal
gravimetric analysis (TGA). As shown in Fig. S7,† the decom-
position temperature at 5% weight loss (Td) of the C-TA0.15

plastic is ∼299 °C, indicating good thermal stability. The
7196 | J. Mater. Chem. A, 2023, 11, 7193–7200
temperature-dependent mechanical stability of C-TA0.15 was
investigated by dynamic mechanical analysis (DMA). As shown
in Fig. 3a, the storage modulus and loss modulus of the C-TA0.15

plastic are nearly constant in the temperature range of 25 to
150 °C. Moreover, the C-TA0.15 plastic exhibits a storage
modulus as high as ∼3600 MPa at 200 °C. The good thermal
stability of the C-TA0.15 plastic mainly originates from cellulose
(Fig. S8†). These results indicate that the C-TA0.15 plastic
possesses satisfactory mechanical stability even at high
temperatures.

To investigate water resistance, the cellulose and C-TA0.15

plastics were stored in environments with 80% or 100% RH at
room temperature for 7 days and then subjected to tensile tests.
As shown in Fig. 3b and Table S2,† the cellulose plastic exhibits
a fracture strength of ∼99 MPa and Young's modulus of
∼4.62 GPa under the 80% RH environment. These values
decrease to ∼56 MPa and ∼2.64 GPa under the 100% RH
environment. In contrast, the C-TA0.15 plastic has a fracture
strength of ∼166 MPa and Young's modulus of ∼6.67 GPa
under the 80% RH environment. Under the 100% RH environ-
ment, the fracture strength and Young's modulus of the C-
TA0.15 plastic are ∼98 MPa and ∼3.20 GPa, respectively. The
introduction of TA leads to a signicant increase in the fracture
strength and Young's modulus under humid environments
compared to the TA-free cellulose plastic. The cellulose and C-
TA0.15 plastics have water contact angles of ∼87.2° and ∼98.2°,
respectively. The Water resistance of the C-TA0.15 plastic was
further investigated by measuring the water content of the
plastics under environments of different RHs. As shown in
Fig. S9,† the water content of the C-TA0.15 plastics is 12.1%
under 80% RH and 14.7% under 100% RH. These values are
signicantly lower than those of cellulose plastic (water content
of 29.8% under 80% and 43.7% under 100% RH). Furthermore,
as shown in Fig. 3c, aer immersion in water for 48 h, the
cellulose plastic becomes a so hydrogel with a fracture
strength of ∼25 MPa. In contrast, the C-TA0.15 plastic still
maintains a fracture strength of ∼34 MPa aer immersion in
water for 48 h. This performance is comparable to that of high-
density polyethylene plastic. Fig. 3d shows that the hydrated C-
TA0.15 plastic (with a thickness of∼50 mm and width of ∼10 cm)
can hold ve weights with a total mass of 2.5 kg underwater
without fracture. In water environments, the signicantly
decreased mechanical strength of the cellulose plastic is caused
by the dissociation of hydrogen bonds among the hydroxyl
groups on the cellulose chains. In the presence of water, the
hydrophobic aromatic rings of TA molecules and the TA-
centered hydrogen bond clusters have higher stability than
the hydrogen bonds between the hydroxyl groups in the cellu-
lose plastic. This endows the C-TA0.15 plastics with enhanced
water resistance and improved mechanical strength in water
environments.
2.4. Degradability and biocompatibility of C-TA0.15 plastics

The degradability of the C-TA0.15 plastics was investigated by
recording the changes in mass as a function of time when
buried in soil (Fig. 4a). C-TA0.15 plastic samples with an area of
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) DMA curves of C-TA0.15 plastic. (b) Stress–strain curves of cellulose and C-TA0.15 plastics after being exposed to environments of 80%
and 100% RH at 25 °C for 7 days. (c) Stress–strain curves of cellulose and C-TA0.15 plastics after being immersed in water for 2 days. (d) Digital
image of a C-TA0.15 plastic sheet that can lift 5 × 500 g weights under water. The plastic sheet has a length of 15 cm, width of 10 cm, and
thickness of 50 mm.
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2.5 × 2.5 cm2 and thickness of ∼50 mm were buried in soil
(Fig. 4b–f), and the change inmass was recorded every 7 days. As
shown in Fig. 4a, the mass of the C-TA0.15 plastic samples slowly
decreases in the rst 7 days, aer which plastic degradation
accelerates. The complete degradation of the plastic takes about
35 days. Fig. 4b–f shows the changes in morphology of the C-
TA0.15 plastic buried in soil over time. The plastic buried in soil
for 7 days maintains its shape integrity, but its surfaces are
stained with microorganisms (Fig. 4c). Plastic degradation
occurs from the edges, with eroded holes being observed
Fig. 4 (a) Residual weight of the C-TA0.15 plastics as a function of time in
plastic after being buried in soil for 7 (c), 14 (d), 21 (e), and 28 (f) days.

This journal is © The Royal Society of Chemistry 2023
(Fig. 4d and e). Finally, the plastic becomes fragmented, and it
is completely degraded within ∼35 days (Fig. 4f). The all-
biomass-derived C-TA0.15 plastic exhibits fast and highly effi-
cient degradation in soil. This is because the C-TA0.15 plastic can
absorb water, so it becomes swollen when buried in soil. This is
accompanied by the partial breakage of hydrogen bonds in the
plastic. The enzymes secreted by microorganisms can adhere to
the surface of the plastic, eventually penetrating the swollen
plastic.45,46 Some of these enzymes are cellulases secreted by
microorganisms, which can effectively cleave the b-1,4-
soil. (b–f) Digital images of the intact C-TA0.15 plastic (b) and the same

J. Mater. Chem. A, 2023, 11, 7193–7200 | 7197
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glucosidic bonds on the cellulose chains. This degrades the
cellulose into glucose and nally CO2 and H2O.47 Meanwhile,
tannase, which is mainly produced by fungi (including asper-
gillus and penicillium species), can hydrolyze the ester and
depside bonds of TA molecules to generate gallic acid and
glucose, which are also eventually degraded into CO2 and H2O.48

In this way, the C-TA0.15 plastic degrades into CO2 and H2O
when buried in soil.

The biocompatibility and non-toxicity of the C-TA0.15 plastic
were characterized by in vitro and in vivo biocompatibility
tests.4,49,50 For the in vitro biocompatibility tests, LO2 cell lines
were cultured in 24-well plates in the presence of C-TA0.15

plastic. Aer cultivation for 2 and 7 days, the cells were sub-
jected to live/dead assay. As shown in Fig. 5a, all the cells have
strong green signals, demonstrating that the LO2 cells have
high cell viability aer being incubated for 2 and 7 days in the
presence of the C-TA0.15 plastic. Moreover, the cell morphol-
ogies of the LO2 cells cultured with the C-TA0.15 plastic and
cellulose plastic do not show any differences. This result
conrms that the C-TA0.15 plastic has excellent cell biocom-
patibility. For the in vivo biocompatibility tests, a C-TA0.15

plastic sheet was implanted under the ventral skin of a mouse
for two weeks. Next, hematology parameters in serum were
investigated and compared with those of a control mouse
without an implanted plastic sheet. As shown in Fig. 5b, no
signicant differences were observed between the hematology
parameters of the experimental and control groups including
the albumin, globulin, alanine transaminase (ALT), blood urea
nitrogen (BUN), white blood cell (WBC), red blood cell (RBC),
monocyte (MONO) and lymphocyte (LYM) values. Moreover,
hematoxylin and eosin (H&E) staining was used to examine the
possible toxicity of the C-TA0.15 plastic to major organs. As
shown in Fig. 5c, no lipid droplets, inammatory responses, or
brosis were observed on the histological images of the tissues
obtained from the experimental mice. These results
Fig. 5 (a) Live/dead staining of LO2 cells after being cultured on C-TA
parameters of the control and experimental mice for the in vivo biocomp
stained heart, kidney, liver, lung, and spleen from the experimental and

7198 | J. Mater. Chem. A, 2023, 11, 7193–7200
demonstrate that the C-TA0.15 plastic is highly biocompatible
and nontoxic. We believe that this nontoxic C-TA0.15 plastic is
potentially applicable in the medical, food, and cosmetics
industries.
3. Experimental section
3.1. Dissolution of cellulose

Absorbent cotton (20 g) was cut into small pieces and dried at
room temperature for 24 h. Next, LiCl (18 g, 0.42mol) was added
to 200 mL (188 g) DMAc, 2.08 g absorbent cotton was then
added into the DMAc solution containing LiCl. Aer stirring at
110 °C for 12 h and then at 25 °C for another 12 h, a colorless
transparent cellulose solution was obtained.
3.2. Preparation of the C-TAx plastics

The C-TA0.15 plastic was prepared by the method illustrated in
Fig. 1a. Typically, TA powder (0.3 g, 0.36 mmol) was added to
200 mL of cellulose solution, followed by stirring at 40 °C for
6 h. The obtained clear yellowish solution was cast onto a glass
plate to obtain an organic gel. Subsequently, the organic gel was
immersed in HCl solution (1 M) for 24 h to obtain a transparent
hydrogel. This hydrogel was dialyzed in deionized water and
then dried at room temperature to obtain the yellowish trans-
parent C-TA0.15 plastic was obtained. Cellulose plastic and C-TAx

plastic were also prepared following the same procedure.
3.3. All-atom molecular dynamics simulations

For the cellulose plastic, the all-atom molecular dynamics
simulation system consisted of four cellulose chains. For the C-
TA0.15 plastic, the simulation system consisted of four cellulose
chains and two TA molecules. The length of the cellulose chain
was 32 repeated units. The simulations were carried out using
the Forcite module of Materials Studio (Accelrys Inc., San Diego)
0.15 and cellulose plastics for 2 and 7 days. (b) The blood biochemical
atibility tests. (c) Representative images of the hematoxylin- and eosin-
control mice for the in vivo biocompatibility tests.

This journal is © The Royal Society of Chemistry 2023
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with a COMPASSII force eld. The initial conguration of the
simulation systems was constructed by random distribution of
molecules using the Amorphous Cell module of Materials
Studio. The equilibrium structures were obtained aer four
annealing cycles, and each cycle included a linear heating
process from 300 K to 800 K and a linear cooling process from
800 K to 300 K. The total simulation time was 20 ns under an
NPT ensemble at a pressure of 1 bar. The number of hydrogen
bonds was counted by recognizing the hydrogen bonding
interactions between the hydrogen atom of O–H and an oxygen
atom. In this work, the length of the H–O bond was smaller than
2.5 Å and the angle of O–H–O was greater than 150 degrees.
Tensile tests were carried out by Geometry Optimization in the
Forcite module with 0.5% strain per frame and 100 frames to
50.0% strain.
3.4. Biocompatibility tests

The details are provided in ESI.†
4. Conclusions

In summary, we demonstrated the fabrication of fully bio-based
C-TA0.15 plastics with excellent mechanical robustness and
degradability in soil prepared via the complexation of resource-
abundant TA and cellulose. Beneting from its TA-centered
hydrogen bond clusters, the C-TA0.15 plastic exhibits a fracture
strength, strain at break, Young's modulus, and toughness of
265 MPa, 31.9%, 7.64 GPa, and 55.2 MJ m−3, respectively. The
hydrophobic aromatic rings of the TA molecules and the strong
hydrogen bond clusters between the TA and cellulose provide
the C-TA0.15 plastic with mechanical robustness comparable to
that of high-density polyethylene plastic in water. The C-TA0.15

plastic exhibits satisfactory thermal stability below 150 °C,
ensuring its application in a wide range of temperatures.
Furthermore, the bio-based C-TA0.15 plastic is biocompatible
and can be completely and rapidly degraded into nontoxic
molecules aer being buried in soil for ∼35 days. The C-TA0.15

plastic is composed of resource-abundant and environmentally
friendly biomass, and fabricating and processing this plastic is
easy. Therefore, this plastic shows good promise for low-cost
scalable production. C-TA0.15 plastics show good potential as
substitutes for petroleum-based degradable plastics. We believe
that the present work will pave the way for the fabrication of
biodegradable supramolecular plastics combining high
mechanical strength, good stability, rapid degradation and
excellent bio-compatibility for a wide range of practical
applications.
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