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Bioplastics derived from renewable food crops or agricultural feedstocks are alternatives to petrochemical
materials, but it is challenging to balance their mechanical properties, thermal stability, and shapeability. Here,
we report a thermally stimulated supramolecular bioplastic that employs polyethylene glycol to optimize
the assembly of cellulose and polyvinyl alcohol molecules. The resulting bioplastic showed a reinforced
supramolecular architecture, witha mechanical elastic modulus of 3.23 GPa and an impact resistance higher
than 8.15kJ-m™. It also showed thermal stability from —40 to 135 °C while maintaining its structural integrity
and toughness, giving it potential applications for various shaping processes, including weaving, pouring, and
molding. The bioplastic could also undergo natural soil biodegradation within 55 d and exhibited promising
recyclability and economic feasibility. This study provides a strategy for configuring supramolecular structures
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and enhancing the design and manufacture of bioplastics with optimal comprehensive properties.

Introduction

Due to the severe impact of nonbiodegradable petrochemical
plastics on both the environment and human health [1-4] and
increasing awareness of environmental protection, bioplastics
have emerged as a popular alternative [5-9]. The global bio-
plastic production capacity has been steadily increasing since
2020, with projections suggesting that it will reach 5.73 million
tons by 2029 (Fig. 1A) [10-12]. Due to this sustained growth,
renewable and biodegradable cellulose materials have become
promising alternatives to conventional plastics [13-16].

Bioplastics are either bio-based or biodegradable materials
and include polylactic acid (PLA), biomass-based plastics, and
polyalcohol ester plastics [17-21]. However, their mechanical
properties, high-temperature resistance, and plastic shapeability
lag behind those of petrochemical plastics. The mechanical prop-
erties and thermal stability of bioplastics can be enhanced by
designing stimuli-responsive supramolecular networks [22-26].
However, there is a notable gap in the plastic injection molding
and processing behaviors of bio-based plastics compared with
those of their petrochemical counterparts [27,28].

Here, we present a supramolecular cellulosic bioplastic, termed
Cel-T plastic, which simultaneously exhibits mechanical robust-
ness, thermal stability, controllable shapeability, and recyclabil-
ity (Fig. 1B). These attributes were achieved by incorporating
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thermally stimulated polyethylene glycol (PEG) molecules, which
enhanced the supramolecular architecture of cellulose and poly-
vinyl alcohol (PVA). Within Cel-T plastic, PEG functioned as a
cross-linker via hydrogen bonds (H-bonds), which facilitated
PVA recrystallization and formed a denser and more resilient
supramolecular network (Fig. 1C).

The scalable Cel-T plastic (Fig. 1D) demonstrated a tensile
strength exceeding 63 MPa and an elastic modulus surpassing
3 GPa, as well as remarkable thermal stability and toughness
from —40 to 135 °C. Cel-T plastic also showed 3-dimensional
(3D) shaping capabilities in injection molding, compression
molding, and continuous manufacturing (Fig. 1E) comparable
to those of PLA and acrylonitrile-butadiene-styrene (ABS).
Furthermore, Cel-T plastic displayed an attractive impact resis-
tance and was completely biodegraded in soil (Fig. 1F). This
study presents an efficient approach to designing bioplastics
with improved mechanical, thermal, and shaping properties
that may reduce petrochemical plastic pollution.

Results and Discussion

Fabrication and shaping of Cel-T plastic

Cellulose was dissolved in the ionic liquid 1-butyl-3-methyl-
imidazolium chloride ([Bmim]Cl) to create a homogeneous
system of cellulose macromolecules [29-35]. PVA was then
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Fig. 1. Conceptual scheme of the fabrication of Cel-T plastic through the design of thermally stimulated supramolecular architecture. (A) Bar chart of global production
capacity and forecast of biodegradable and nonbiodegradable bioplastics from 2020 to 2029. (B) The concept intersection diagram of Cel-T plastic with mechanical properties,
formability, thermal stability, and recyclability simultaneously. (C) Schematic diagram of thermal-stimulation-directed polyethylene glycol (PEG) modulation of densely
ordered architectures within cellulose—polyvinyl alcohol (Cel-PVA) molecular networks. (D) Demonstration of the large-scale preparation of Cel-T plastic and schematic
diagram of internal molecular interconnections. (E) Shaping and products of Cel-T plastic. (F) Radar plots comparing the key attributes of Cel-T plastic. PLA, polylactic acid;
ABS, acrylonitrile-butadiene-styrene.
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incorporated, which formed a cellulose-PVA (Cel-PVA) supra-
molecular network. [Bmim]Cl was replaced with deionized
water, which formed a Cel-PVA hydrogel (Fig. S1). This facili-
tated the recovery and recycling of the [Bmim]Cl via rotary
evaporation. The resulting hydrogel was treated with PEG to
form the Cel-PVA-PEG system. Finally, thermal stimulation
at 80 °C for 6 h induced the PEG-mediated reorganization of
the Cel-PVA supramolecular network, which yielded an exten-
sible Cel-T plastic with a cellulose content of 54 wt% (Fig. 1D
and Fig. S2).

Cel-T plastic contained abundant polar hydroxyl (-OH) groups
from cellulose and PVA molecules, along with ether bonds (-O-)
and terminal -OH groups in the PEG molecular chain. As a result,
intermolecular interactions were primarily characterized by elec-
trostatic interactions and H-bonds. Molecular dynamics (MD)
simulations were conducted on 3 distinct systems: the Cel-PVA
hydrogel (Fig. S3), the Cel-PVA-PEG system after the introduction
of PEG, and the Cel-T plastic state after thermal stimulation.

Figure 2A shows that the root-mean-square deviation (RMSD)
of the cellulose and PVA molecules indicated minimal changes
during thermal stimulation, suggesting that Cel-PVA maintained
a stable, rigid framework. To further investigate changes in the
supramolecular architecture of Cel-T plastic, we compared the
end-to-end distance (Fig. 2B) and the radius of gyration (R,, Fig.
2C) of cellulose and PVA molecules before and after thermal
stimulation. In contrast to the Cel-PVA-PEG system, both the
R, values and end-to-end distances of cellulose and PVA mole-
cules in Cel-T plastic were lower, particularly the R, of PVA mol-
ecules. This reduction suggests that thermal stimulation enhanced
entanglements between cellulose and PVA, as well as the crystal-
line arrangement of PVA, which formed a more densely knit
supramolecular network (Fig. 2D).

To examine the role of PEG as the cross-linking agent within
Cel-T plastic, we assessed the effects of thermal stimulation on
the supramolecular network. The increase in R, (Fig. 2C) and
RMSD (Fig. S4a) of PEG suggested that thermal stimulation
enhanced their chain mobility. This caused them to expand and
become uniformly distributed within the Cel-PVA supramo-
lecular network. Thermal stimulation also decreased the elec-
trostatic energy and the number of H-bonds between cellulose
and PEG, as well as between PVA and PEG molecules (Fig. 2E
and F and Fig. $4b). This indicates that excess PEG molecules
did not promote the densification of the Cel-T plastic supra-
molecular network and detached from the material.

Compared with the Cel-PVA-PEG system, the electrostatic
energy of Cel-PVA (Fig. 2E) and the number of H-bonds
between Cel-Cel, Cel-PVA, and PVA-PVA in Cel-T plastic
were significantly higher. This confirmed the reconstruction
and densification of the supramolecular network within Cel-T
plastic. This molecular-scale enhancement imparted mechani-
cal strength to Cel-T plastic, allowing it to maintain structural
integrity without being damaged, even during large-scale bend-
ing and folding (Fig. 2G and H and Fig. S5). As shown in Fig.
S6, Cel-T plastic supported a weight approximately 6,250 times
its own weight without being damaged.

This supramolecular architecture mediated by PEG molecules
may give Cel-T plastic a range of 3D shaping behaviors in weav-
ing, injection molding, compression molding, and other processes
that may rival those of commercial plastics (Fig. 2I and Fig. S7).
The molded Cel-T plastic also demonstrated remarkable mechan-
ical toughness by supporting a load of 5 kg while maintaining its
structural integrity, despite weighing only 0.7 g (Fig. S8).
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Microstructural evolution of Cel-T plastic

The microstructural evolution of Cel-T plastic was investigated
through a combination of molecular-scale, nanoscale, and
microscale characterization techniques. The molecular structure
of the supramolecular networks of Cel-T plastic was analyzed
using solid-state "H nuclear magnetic resonance spectroscopy
(Fig. 3A). After adding PEG to the Cel-PVA supramolecular
network, the -OH peak of cellulose molecules became sharper
and more pronounced. This indicated enhanced molecular
cross-linking via H-bonding within the Cel-PVA-PEG system.
Subsequent thermal stimulation caused the ~-OH peak to shift
from 3.678 to 3.629 ppm and undergo an increase in intensity.
The shift suggested a reorganization of the supramolecular net-
work in Cel-T plastic toward a denser and more compact
architecture. This is consistent with the findings of MD simu-
lations and Fourier transform infrared spectroscopy (Fig. 3B).
Specifically, the O-H stretching band shifted from 3,337 to 3,413
cm™" after thermal stimulation, indicating an enhancement of
hydrogen bonding within Cel-T plastic.

X-ray diftfraction and Raman spectroscopy analyses revealed
that Cel-T plastic exhibited a compact su?ramolecular configu-
ration (Fig. 3C). The peak at 1,140 cm™ became sharper and
more intense after thermal stimulation (Fig. 3D) because the
crystallization behavior of the PVA molecular chain was facili-
tated and enhanced by the inclusion of PEG (Fig. S9a to d). The
2-dimensional (2D) Raman images of Cel-T plastic showed a
uniform color distribution (Fig. 3E), indicating a dense and
uniform structure.

The wide-angle x-ray scattering (WAXS) curves, 2D WAXS
images, and small-angle x-ray scattering (SAXS) data of the Cel-
PVA hydrogel, the Cel-PVA-PEG system, and Cel-T plastic are
shown in Fig. 3F to H. A comparison of the data showed that
Cel-T plastic showed sharper peaks (Fig. 3F and H) and more
pronounced 2D WAXS (Fig. 3G). This was attributed to syner-
gistic interactions between the 3 molecular components. The
cellulose macromolecules served as the molecular framework
and established the architecture of Cel-T plastic. The locally crys-
tallized PVA molecules acted as the reinforcing phase, thereby
increasing the structural strength of Cel-T plastic. PEG acted as
a cross-linking agent and enhanced the structural toughness via
hydrogen-bonding interactions with both cellulose and PVA.

In the scanning electron microscopy (Fig. 3I and Fig. S9e
and f) and 2D SAXS images (upper left corner of Fig. 3I), Cel-T
plastic exhibited a more compact and flat micromorphology
compared to the Cel-PVA-PEG system. This supramolecular
design is expected to endow Cel-T plastic with robust mechani-
cal properties and weathering resistance.

Mechanical properties

We comprehensively analyzed the mechanical properties of Cel-T
plastic and compared them to those of the Cel-PVA-PEG system,
PLA bioplastic, and various petrochemical plastics, including
polymethyl methacrylate (PMMA), ABS, and polyethylene tere-
phthalate (PET). As illustrated in Fig. 4A, under a stress exceeding
50 MPa, the strain of Cel-T plastic did not surpass 3%, indicating
high rigidity. When subjected to a high and stable tensile stress,
Cel-T plastic underwent plastic deformation, with an ultimate
tensile strength of 63.86 + 8.07 MPa. This value surpassed that of
the Cel-PVA-PEG system, which was only 2.59 + 0.38 MPa (Fig.
4B). The elastic modulus of Cel-T plastic was 3.3 + 0.7 GPa, which
was more than 15 times greater than that of the Cel-PVA-PEG
system, which was 0.211 + 0.029 GPa (Fig. 4C). The thermally



Research

A1l B 45| C27
1.2 Cel molecule PEG molecule

L. :
—_ erma
E 15 Celmolecule { l stimulation %
S — o
S . . L . e
021t fg i
E [} ! PVA molecule

1.8| ARttt 0.8

- Thermal
1.5t PVA molecule l stimulation 04t
1 1 -l 1 L L L 1 1 1 L 1 I I 1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time (ns) Time (ns) Time (ns)
D
PVA molecule Cel molecule G
Thermal
> )
stimulation v Folding

Breakage

\_ PEG molecule

Cel molecule

PEG molecule Cel-PVA-PEG

E F H
s Cel-PEG » 200} Cel-Cel
£ -3 he] —
- - 8
2 Thermal o
- l stimulation T 150} Cel-PEG
o -2 = 5
8 [
5] 2100t
L [S
© -1} Cel-PVA PVAPEG 3 50 Cel-PVA
a - —
£ o pvA-PvA [l i PVA-PEG
5 — —
w o
PEG-PEG .
Modes of interaction Modes of interaction Cel-T plastic

Weaving Pouring Molding 3D shaping

Fig. 2. Molecular dynamics (MD) simulations and various shapings of Cel-T plastic. (A) Root-mean-square deviation (RMSD) of cellulose and PVA molecules in the Cel-PVA-PEG
system and Cel-T plastic simulated by MD. (B) End-to-end distance of cellulose and PVA molecules in the Cel-PVA-PEG system and Cel-T plastic. (C) Radius of gyration (R,)
of cellulose, PVA, and PEG molecules in the Cel-PVA-PEG system and Cel-T plastic. (D) MD snapshots of the Cel-PVA-PEG system and Cel-T plastic. (E) Comparison of the
electrostatic energy between the Cel-PVA-PEG system and Cel-T plastic. (F) Number of H-bonds in the Cel-PVA-PEG system and Cel-T plastic. (G) The optical image of the
Cel-PVA-PEG system shows that brittle fracture occurred under the influence of bending. (H) Optical images of Cel-T plastic demonstrate excellent toughness and foldability.
(1) Cel-T plastic exhibits appealing capabilities in weaving, pouring, molding, and 3-dimensional (3D) shaping.

Zhou et al. 2026 | https://doi.org/10.34133/research.1098 4


https://doi.org/10.34133/research.1098

Research

B C
: (C-0-C) 3
I—/OH ) Cel-PVA hydrogel
77777 ' Cel-PVA hydrogel 7 .
1,021 3 3
— o o
s E Cel-PVA-PEG =3 Cel-PVA-PEG
= e 2
..... 1,109 b &
0 - & 2
5t 10 5 0 -5 M, ) =
— Cel-PVA-PEG /- Cel-T plastic J'L Cel-T plastic
x104 - A 1,105
0 — Cel-T plastic Lo
15 10 5 0 500 1,500 2,500 3,500 10 20 30 20 50
D Chemical shift (ppm) E Wave numbers (cm™") 26 (°)
w 2700 345.0 345.0
(C-C) I 264.0 I 3315 I 3315 E
5 Cel-PVA hydrogel 258.0 318.0 318.0 g
S 252.0 ( 304.5 304.5 =
) 246.0 291.0 2910 o
2 ﬂ " } Cel-PVA-PEG 240.0 2775 2775 &
2 234.0 264.0 2640 @
[
= ) ‘ 2280 2505 2505
/ /\ A } Cel-T plastic 222.0 237.0 237.0
Y] I21e.o | S5p 2235 k Izzs.s
1,000 1,500 2,000 2,500 3,000 2100 2100 2100
E Raman shift (cm-") G
100 Cel-PVA hydrogel 1ot
r — Cel-PVA-PEG
=6l — Cel-T plastic - %
£ 8
L 9]
g ]
€ 4r ©
- 102 ®©
2 L
x102] ST T e Ao 10
0 L L L L L L 1 L
0 051152 25 3 35 4
H q (A" |
20 — Cel-PVA hydrogel
— Cel-PVA-PEG
151 — Cel-T plastic
2
2 10
(0]
£ =
5 3]
7]
8
or - o

0 00501 015 0.2 02503
q (A

Cel-PVA hydrogel

Cel-PVA-PEG Cel-T plastic

Fig. 3. Microscopic characterizations and structures of Cel-T plastic. (A to E) Molecular-scale characterization of the Cel-PVA hydrogel, the Cel-PVA-PEG system, and Cel-T
plastic represented by solid-state 'H nuclear magnetic resonance (NMR) patterns (A), infrared (IR) patterns (B), x-ray diffraction (XRD) patterns (C), Raman patterns (D), and
2-dimensional (2D) Raman images (E). (F and G) Nanoscale characterization of the Cel-PVA hydrogel, the Cel-PVA-PEG system, and Cel-T plastic represented by wide-angle
x-ray scattering (WAXS) patterns (F) and 2D WAXS images (G). (H and I) Microscale characterization of the Cel-PVA hydrogel, the Cel-PVA-PEG system, and Cel-T plastic
represented by small-angle x-ray scattering (SAXS) patterns (H) and 2D SAXS and scanning electron microscopy (SEM) images (1).

stimulated enhancement of PEG chain mobility facilitates the
rearrangement and strengthening of the Cel-PVA H-bond net-
work. This optimization of crystalline domains directly contrib-
utes to the improved macroscopic mechanical properties. Cel-T
plastic demonstrated a tensile strength and an elastic modulus
superior to those of ABS, PLA, PMMA, and PET (Fig. 4D to F
and Fig. S10). The mechanical toughness of Cel-T plastic reached
3.12 MJ-m >, which exceeds those of ABS, PLA, PMMA, PET,
and several other previously reported plastics (Fig. S11).
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Cel-T plastic also exhibited resistance to deformation during
the bending test. Its dense, ordered structure and crystalline
domains facilitated stress dispersion, which enhanced both its
toughness and energy absorption capacity. This distinct supramo-
lecular architecture gave Cel-T plastic a high flexural strength and
modulus that surpassed those of other reported bioplastics
[36-39]. Compared with the Cel-PVA-PEG system, ABS, PLA,
PMMA, PET, polyvinyl chloride (PVC), polyamide 66 (PA66), and
other plastics (Fig. 4G to J and Fig. S12), Cel-T plastic exhibited
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higher flexural strength and flexural modulus of 108.6 MPa and
4.9 GPa, respectively. Due to its mechanical properties, Cel-T plas-
tic may make a promising alternative to petrochemical plastics in
applications requiring high specific tensile and bending strength.
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Cel-T plastic also showed an impact resistance superior to
those of other plastics. During the free-fall impact test, a 256-g
iron ball dropped from different heights severely damaged PLA,
PMMA, and ABS at lower heights. In contrast, Cel-T plastic


https://doi.org/10.34133/research.1098

Research

retained its structural integrity even when the ball was dropped
from higher than 3 m (Fig. 4K). The impact resistance of Cel-T
plastic was measured as 8.15 + 0.55 kJ-m ™, surpassing those
of PMMA, PLA, ABS, and PET (Fig. 4L). As illustrated in Fig.
S13, Cel-T plastic also exhibited exceptional puncture resis-
tance. In tests involving an 80-g steel needle dropped from
heights of less than 1.5 m, PLA, PMMA, ABS, and PET all
suffered breakage and damage. In contrast, Cel-T plastic merely
showed indentations of varying depths while maintaining its
overall structural integrity.

High/low-temperature stability

We also compared the thermal stability and low-temperature
resistance of Cel-T plastic with those of PLA, PMMA, ABS, and
PET. Dynamic mechanical analysis (Fig. 5A to C) revealed that
Cel-T plastic displayed smooth curves for its storage modulus,
loss modulus, and loss tangent (tan §) from —40 to 135 °C. This

indicated that its supramolecular architecture was stable across
both high and low temperatures without deformation or soften-
ing, and this performance surpassed those of several previously
reported bio-based plastics [40-42]. In temperature resistance
tests, Cel-T plastic maintained its mechanical toughness and
bendability after exposure to —40 and 135 °C for 4 h, respec-
tively. In contrast, other plastics tested, including PLA, PMMA,
ABS, and PET, became brittle, prone to breakage, or exhibited
softening and deformation (Fig. 5D).

Subsequently, we investigated the mechanical properties of
Cel-T plastic after prolonged exposure to both low and high
temperatures. As shown in Fig. 5E, Cel-T plastic exposed to
—40 °C for 24 h exhibited a tensile strength exceeding 55 MPa,
which was superior to those of PLA, PMMA, ABS, and PET
plastics. Even after being heated to 135 °C for 24 h, Cel-T plastic
maintained a tensile strength of over 40 MPa, surpassing those
of PLA, PMMA, and ABS plastics (Fig. 5F). These findings
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indicate that Cel-T plastic was suitable for applications requir- plastic presented negligible compressive strain recovery. It also
ing a high mechanical strength at high temperatures. Compared ~ showed thermal insulation properties, with a coeflicient of
with PLA, PMMA, ABS, and PET plastics (Fig. 5G), Cel-T  thermal expansion of only 28.22 ppm-°C™" (Fig. S14).
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plastics, namely, ABS, PMMA, PLA, PVC, PA66, PP, PC, and polyurethane (PU). IL, ionic liquid; [Bmim]ClI, 1-butyl-3-methylimidazolium chloride.
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Recyclability, biodegradability, biocompatibility, and
economic feasibility

Due to the inherent recyclability of cellulose and the reusability of
[Bmim]Cl, our Cel-T plastic is expected to exhibit closed-loop
recyclability. Figure 6A shows that Cel-T plastic fragments could
be recycled through a straightforward process involving dissolu-
tion in [Bmim]Cl and subsequent reprocessing. The recycling
procedure involved 2 steps. First, the fragments were swelled and
dissolved in recycled [Bmim]Cl to recreate the Cel-PVA supra-
molecular system. Second, a PEG solution was subjected to ther-
mal stimulation to produce the Cel-T plastic. The tensile strength
of recycled Cel-T plastic remains above 85% of the initial value,
and the elastic modulus retention rate exceeds 90% (Fig. S15).
Meanwhile, the [Bmim]Cl recovery efficiency is about 85% in each
cycle and the [Bmim]Cl residual content is negligible in the recy-
cled plastic (Fig. S16). The recycled Cel-T plastic maintains excel-
lent thermal stability and shapeability (Fig. S17).

The environmental sustainability was further enhanced by
the degradability of Cel-T plastic. Within 55 d, Cel-T plastic
underwent complete morphological disintegration and biodeg-
radation (Fig. 6B). In contrast, conventional commercial plastics
such as PET, PA66, PMMA, ABS, and PLA exhibited negligible
degradation. The biodegradation of Cel-T plastic in natural soils
can address concerns related to plastic pollution, positioning it
as a viable alternative for managing commercial plastic waste by
promoting both sustainability and resource circularity. Cel-T
plastic also demonstrated biocompatibility, with cell survival
rates exceeding 98.5% across various cell suspension concentra-
tions. This is important for medical and food applications.

By exploring the solvent resistance of Cel-T plastic, we find
that its mechanical strength and dimensional stability decrease
under prolonged immersion in H,O, acidic, or alkaline solu-
tions due to the hydrophilic nature of its components (Figs.
S18aand b and S19). Moreover, by testing the long-term dura-
bility, Cel-T plastic exposed to 90% relative humidity at 35 °C
for 7 d exhibited a tensile strength exceeding 50 MPa (Fig. S18¢
and d). Future work will focus on enhancing its solvent resis-
tance through strategies such as mild surface modification or
the introduction of hydrophobic moieties without compromis-
ing its biodegradability.

To illustrate the application potential of Cel-T plastic, we con-
ducted a techno-economic analysis and compared Cel-T plastic
with commercial plastics such as ABS, PMMA, PVC, PA66,
polypropylene, PC, and polyurethane (Fig. 6E and Tables S1 and
S2). The production costs of Cel-T plastic were approximately
US$3,066 per ton. The primary cost drivers of Cel-T plastic are
the availability of [Bmim]Cl and PEG, which accounted for
68.3% and 17.25% of total costs, respectively. Consequently,
advancements in the recycling and reutilization of [Bmim]Cl
and PEG could further reduce manufacturing costs and enhance
the market competitiveness of Cel-T plastic. Electricity expenses
represented only 2.85% of total expenses, underscoring this low-
energy production process. Although Cel-T plastic had slightly
higher production costs than petrochemical plastics, its excep-
tional mechanical properties, thermal stability, customizable
formability, and reduced environmental impact may significantly
enhance its competitiveness in the bioplastics market.

Conclusion

This study presented Cel-T plastic, which addressed the trade-
off between mechanical robustness, thermal stability, and 3D
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shaping capabilities. Cel-T plastic was characterized by a PEG-
induced thermally stimulated supramolecular architecture,
which imparted it with a tensile strength of 63.05 MPa, an elas-
tic modulus of 3.23 GPa, a flexural strength of 108.6 MPa, and
an impact resistance of 8.15 + 0.55k]-m ™. It also demonstrated
excellent operational stability across a wide temperature range
of —40 to 135 °C. Compared with petrochemical plastics, the
plant-based origins of Cel-T plastic significantly enhance its
eco-friendliness, including its recyclability and biodegradabil-
ity, which may help address the environmental concerns of
traditional plastics. The economic feasibility of Cel-T plastic,
with production costs of $3,066 per ton, makes it an attractive
material for a broad spectrum of industrial applications. Its
versatility for various shaping processes, including injection
molding, extrusion, and 3D printing, may make it appealing to
manufacturers. As sustainability becomes increasingly impera-
tive to both brands and consumers, Cel-T plastic is a viable
alternative to petrochemical plastics in the automotive, smart
building, and healthcare industries.

Materials and Methods

Chemicals

Cellulose was extracted from poplar flour with an average
polymerization degree of around 1,500, a crystallinity of 64%,
and a diameter of 50 to 250 pm. PVA1788 was purchased from
Bide Pharmatech (China), and PEG8000 was purchased from
Aladdin (China).

Preparation of the Cel-PVA supramolecular system
and Cel-PVA hydrogel

According to a previous work, [Bmim]Cl was prepared by
mechanically stirring 1-methylimidazole and 1-chlorobutane
for 8 h at 85 °C. The 250-ml 3-mouth flask should be thoroughly
washed and dried prior to synthesis. Then, dried cellulose and
PVA were added to [Bmim]Cl at 85 °C for 6 h to physically
dissolve the cellulose and PVA, resulting in a homogeneous
Cel-PVA molecular system. A Cel-PVA colloid was obtained
by placing the homogeneous system on a glass plate in a vac-
uum drying oven (85 °C and vacuum at —0.1 MPa) for 12 h.
Finally, the Cel-PVA molecular system was obtained by placing
the Cel-PVA colloid in water for 6 h.

Preparation of the Cel-PVA-PEG system
The Cel-PVA hydrogel was soaked in PEG solution for 24 h at
65 °C to obtain the Cel-PVA-PEG system.

Preparation of Cel-T plastic
The Cel-PVA-PEG system was placed in a vacuum oven at
80 °C for 6 h to obtain Cel-T plastic.

[Bmim]Cl recycling

The mixture of [Bmim]Cl and water was collected after the fabrica-
tion of Cel-PVA hydrogel. This mixture followed by rotary evapo-
ration to eliminate water and recover the recycled [Bmim]CL

Mechanical properties

The tensile mechanical properties and bending stress—deflection
behavior of the Cel-PVA-PEG system, Cel-T plastic, PLA, PMMA,
ABS, and PET were measured using a UTM2503 electromechanical
universal testing machine (Shenzhen SUNS Technology Stock CO,,
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LTD.). The tensile speed of specimens was 10 mm-min~" at room
temperature. Bending stress—deflection testing was per-
formed through the 3-point bending method (the span between
the 2 support points was 40 mm). The specimens were tested at a
constant speed of 5 mm-min~" at room temperature.

For the free-fall impact and puncture resistance test, a 256-g
iron ball was used as an impactor and an 80-g iron stick was
used as an impactor, allowed to free-fall from a specific height.
The drop height was adjusted until the sample was destroyed,
and each material was tested at least 3 times. The energy
absorbed during sample failure is defined as the loss of kinetic
energy of the iron ball after impact, which is calculated using
the following equation:

_my?

T 2d

v =1/2gh 2)

where h is the free-fall distance (m), g is the acceleration of
gravity (9.8 m~s_2), m is the mass of the iron ball and stick, d is
the thickness of the sample, and v is the velocity of the iron ball
or stick touching sample.

(1)

Thermal property test

Dynamic mechanical analysis was performed on a TA Q800 ana-
lyzer (TA Instruments, USA). The samples were tested using ten-
sile mode under an air atmosphere. The temperature ramp was
from —50 to 150 °C at a frequency of 5 Hz and a heating rate of
5°C-min”". Thermomechanical analysis was performed on TMA/
SDTA 2+ HT/1600/381 (TA instruments, USA). The samples
were tested using the compress mode at a preloading force of

0.05 N within a range of 30 to 150 °C at a speed of 10 °C-min™".

Cytotoxicity test for human fibroblasts
The cytotoxicity of Cel-T plastic extract liquid was evaluated
using the Cell Counting Kit-8 (CCK-8) assay. Extract liquids
of Cel-T plastic at various concentrations (12.5, 25, 50, 100,
and 200 pg/ml) were prepared by immersing them into com-
plete media 24 h after sterilizing under ultraviolet irradiation.
Normal human dermal fibroblast (NHDF) cells (4 x 10> cells/
well) were first seeded into 96-well plates and incubated with
Dulbecco’s modified Eagle medium (DMEM) for 24 h (37 °C,
5% CO,). After removing the culture medium, the unattached
NHDEF cells were rinsed with phosphate-buffered saline (PBS)
buffer solution. Then, extract liquids with diverse concentra-
tions were incubated with NHDF cells for another 24 h. Finally,
10 pl of a CCK-8 solution was added to wells containing the
cells and incubated together for 2 h. The cells treated without
Cel-T plastic extract were applied as a blank control. The absor-
bance value at 450 nm was measured using an enzyme immu-
noassay analyzer.

The cell viability of the plastic is calculated as shown in Eq. (3):

As—Ab
Ac—Ab

Cell viability = [ ] X 100% (3)

Among them, As is the test hole absorbance, Ac is the control
hole absorbance, and Ab is the white hole absorbance.

The cytotoxicity test was conducted using the live/dead
staining to detect the viability changes of NHDF cells. Extract
liquids of Cel-T plastic at various concentrations (10 and 200 pg/
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ml) were prepared by immersing them into complete media 24 h
after sterilizing under ultraviolet irradiation. NHDF cells (2 X
10* cells/well) were first seeded into a confocal dish and incu-
bated with DMEM for 24 h (37 °C, 5% CO,). After removing
the culture medium, the unattached NHDF cells were rinsed
with PBS buffer solution. Then, extract liquids with diverse
concentrations were incubated with NHDF cells for another
24 h. Before staining, the adherent cells were gently washed
with PBS, the supernatant was removed, and the active esterase
contained in the petri dish was removed. Enough solution (2 pM
calcein-AM and 8 uM propidium iodide) was added, and the
cells were incubated at room temperature for 30 to 45 min away
from light. The dye work solution was sucked out to terminate
incubation. The cells treated without Cel-T plastic extract were
applied as a blank control. The stained cells were observed under
a confocal microscope.

Biodegradability test

To assess the biodegradability of various materials including PET,
PA66, PMMA, ABS, PLA, and our Cel-T plastic, samples were
prepared with dimensions of 50 X 30 X 1 mm and subsequently
interred at a depth of 10 cm in natural soil. Periodically, these
specimens were retrieved for evaluation, and their morphological
alterations were recorded utilizing digital photography.

Acknowledgments

Funding: D.Z. acknowledges the support by the National
Key Research and Development Program of China (Grant No.
2023YFD2200504), the National Natural Science Foundation of
China (Grant No. 32371823), and the Liaoning Province Xingliao
Talents Leading Talent Program (Grant No. XLYC2402043). H.Y.
acknowledges the support by the National Natural Science
Foundation of China (Grant No. 32330072).

Author contributions: D.Z. and H.Y. supervised the project.
J.Z., D.Z., and H.Y. designed the experiments. J.Z carried out
most of the experiments. ].Z. and L.S. contributed to the analy-
sis of MD simulation and participated in the thermal charac-
terization analysis. J.Z., M.W.,, and G.]. participated in the
experiments and contributed to the microscopic morphology
analysis. ].Z., D.Z., L.S., and H.Y. collectively analyzed all data
and wrote the paper. All authors discussed the results and com-
mented on the manuscript.

Competing interests: The authors declare that they have no
competing interests.

Data Availability

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.

Supplementary Materials

Notes S1 and S2
Figs. §1 to §19
Tables S1 and S2

References

1. Landrigan PJ, Dunlop S, Treskova M, Raps H, Symeonides C,
Muncke J, Spring M, Stegeman J, Almroth BC, Chiles TC, et al.

10


https://doi.org/10.34133/research.1098

Research

10.

11.

12.

13.

14.

15.

16.

17.

18.

The Lancet countdown on health and plastics. Lancet.
2025;406(10507):1044-1062.

Prattichizzo E, Ceriello A, Pellegrini V, La Grotta R,

Graciotti L, Olivieri E, Paolisso P, D’Agostino B, Iovino P,
Balestrieri ML, et al. Micro-nanoplastics and cardiovascular
diseases: Evidence and perspectives. Eur Heart J.
2024;45(38):4099-4110.

Vasse GE, Melgert BN. Microplastic and plastic pollution:
Impact on respiratory disease and health. Eur Respir Rev.
2024;33(172):230226.

Rillig MC, Kim SW, Zhu Y. The soil plastisphere. Nat Rev
Microbiol. 2024;22(2):64-74.

Yan Y, Wang Y. Boosting bioplastics” discovery for curbing
plastic pollution. Matter. 2025;8(7):102167.

Yuan L, Kurnaz L, Tang C. Alternative plastics. Nat Sustain.
2021;4(10):837-838.

Alaraby M, Abass D, Velazquez A, Hernandez A, Marcos R.
Occurrence, analysis, and toxicity of polyethylene
terephthalate microplastics: A review. Environ Chem Lett.
2025;23(4):1025-1059.

Richard CMC, Dejoie E, Wiegand C, Gouesbet G, Colinet H,
Balzani P, Siaussat D, Renault D. Plastic pollution in terrestrial
ecosystems: Current knowledge on impacts of micro and nano
fragments on invertebrates. ] Hazard Mater. 2024;477:
Article 135299.

Thompson RC, Courtene-Jones W, Boucher J, Pahl S,
Raubenheimer K, Koelmans AA. Twenty years of microplastic
pollution research—What have we learned? Science.
2024;386(6720):Article edal2746.

Plastics Europe AISBL. Plastics—The fast facts 2024. Brussels
(Belgium): Plastics Europe AISBL; 2024.

European Bioplastics and Nova-Institut. Bioplastics market
development update 2023. Berlin (Germany): European
Bioplastics; 2023.

European Bioplastics and Nova-Institut. Bioplastics market
development update 2024. Berlin (Germany): European
Bioplastics; 2024.

Yang X, Yu L, Zhang B, Wang Y, Jia X, Lizundia E, Chen C,
Dong F, Qi L, Chen L, et al. Rapidly making biodegradable
and recyclable paper plastic based on microwave radiation
driven dynamic carbamate chemistry. Nat Commun.
2025;16(1):6523.

Zeng Z, Yu L, Yang S, Guo K, Xu C, Chen C, Wang Z.

Tuning water-cellulose interactions via copper-coordinated
mercerization for hydro-actuated, shape-memory cellulosic
hydroplastics. Matter. 2024;7(9):3036-3052.

Tang H, Tong Z, Zhang R, Li X, Zeng S, Zhao D, Yu H.
High-strength, multi-mode processable bamboo molecular
bioplastic enabled by solvent-shaping regulation. Nat
Commun. 2025;16(1):8729.

Zhou G, Zhang H, Su Z, Zhang X, Zhou H, Yu L,

Chen C, Wang X. A biodegradable, waterproof, and thermally
processable cellulosic bioplastic enabled by dynamic covalent
modification. Adv Mater. 2023;35(25):2301398.

Wang D, Shi S, Mao Y, Lei L, Fu S, Hu J. Biodegradable
dual-network cellulosic composite bioplastic metafilm
for plastic substitute. Angew Chem Int Ed Engl.
2023;135(50):Article €202310995.

Terzopoulou Z, Zamboulis A, Bikiaris ND, Xanthopoulou E,
Ioannidis RO, Bikiaris DN. A decade of innovation: Synthesis,
properties and applications of PLA copolymers. Prog Polym
Sci. 2025;167:Article 101991.

Zhou et al. 2026 | https://doi.org/10.34133/research.1098

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zhou L, Zhang Z, Shi C, Scoti M, Barange DK, Gowda RR,
Chen EY-X. Chemically circular, mechanically tough, and melt-
processable polyhydroxyalkanoates. Science. 2023;380:64-69.
Xie D, Zhang R, Yang S, Yang A, Zhang C, Song Y. Nacre-
inspired starch-based bioplastic with excellent mechanical
strength and electromagnetic interference shielding. Carbohydr
Polym. 2024;331:Article 121888.

Zhang X, Zhang H, Zhou G, Su Z, Wang X. Flexible, thermal
processable, self-healing, and fully bio-based starch plastics by
constructing dynamic imine network. Green Energy Environ.
2024;9(10):1610-1618.

Li X, Jiang H, Zhang Y, Long Q, Jiang G, Zeng S, Zhou J,

Zhao D. Stimulation-reinforced cellulose—protein ionogels
with superior mechanical strength and temperature resistance.
Adv Funct Mater. 2024;34(48):2408160.

Zhao D, Pang B, Zhu Y, Cheng W, Cao K, Ye D, Si C, Xu G,
Chen C, Yu H. A stiffness-switchable, biomimetic smart
material enabled by supramolecular reconfiguration. Adv
Mater. 2022;34(10):2107857.

Luo T, Hu Y, Zhang M, Jia P, Zhou Y. Recent advances of
sustainable and recyclable polymer materials from renewable
resources. Resour Chem Mater. 2025;4(2):100085.

Chang J, Wang W, Li Z, Wang Y, Hou Y, Cao Z, Liang Z,

Ma'Y, Weng D, Song J, et al. Reinforced nanowrinkle
electrospun photothermal membranes via solvent-induced
recrystallization. EcoMat. 2024;6(6):Article e12454.

Chen L, YuL, Qi L, Eichhorn §, Isogai A, Lizundia E, Zhu J,
Chen C. Cellulose nanocomposites by supramolecular
chemistry engineering. Nat Rev Mater. 2025;10(10):728-749.
Zhang Z, Wang Q, Li Y, Wang C, Yang X, Shang L. Cholesteric
cellulose liquid crystal fibers by direct drawing. Research.
2024;7:0527.

Gai X, Liu G, YuZ, Li Y, Wang Y, Deng C, Wei H, Liu Y,

Xiao H. Functionalized lignin nanoparticles prepared by high
shear homogenization for all green and barrier-enhanced
paper packaging. Resour Chem Mater. 2024;3(3):167-174.
ZhaoY, Jiang G, Zeng S, Sun L, Yu H, Zhao D. Ultrathin
cellulose ionogel devices through solvent-induced peeling. Adv
Funct Mater. 2025;Article e16610.

Jiang G, Xu G, Xia Q, Yu H, Zhao D. Cellulose gels:
Functional design and promising smart applications. Small.
2025;21(33):2412538.

Long Q, Jiang G, Zhou J, Zhao D, Yu H. A cellulose ionogel
with rubber-like stretchability for low-grade heat harvesting.
Research. 2024;7:0533.

Jiang H, Bai R, Zhao Y, Shi S, Jiang G, Zhao D. Mechanically
robust, highly conductive, wide-voltage cellulose ionogels
enabled by molecular network reconstruction. Adv Funct
Mater. 2025;35(36):2503512.

Li X, Tong Z, Qiu Y, Zheng Z, Zeng S, Zhao D, Yu H. Balancing
mechanical-thermal-electrical properties in cellulose ionogels
via crystallization-induced molecular assembly. Nat Commun.
2025;16(1):9970.

Cheng W, Zheng Z, Li X, Zhu Y, Zeng S, Zhao D, Yu H.

A general synthesis method for patterning PEDOT toward
wearable electronics and bioelectronics. Research. 2024;7:0383.
Wang M, Jiang G, Zhou J, Wang Q, Zhang C, Zhao D. Bio-
based polymer gels: Molecular-macroscopic functional design
and promising applications in wearable flexible sensing.
Macromol Rapid Commun. 2025;Article e00695.

Leow Y, Sequerah V, Tan Y, Yu Y, Peterson EC, Jiang C,

Zhang Z, Yang L, Loh X, Kai D. A tough, biodegradable and

1



Research

37.

38.

39.

water-resistant plastic alternative from coconut husk. Compos 40.

Part B Eng. 2022;241:Article 110031.
Yang H, Liu Z, Yin C, Han Z, Guan Q, Zhao Y, Ling Z,
Liu H, Yang K, Sun W. Edible, ultrastrong, and microplastic-

free bacterial cellulose-based straws by biosynthesis. Adv Funct 41.

Mater. 2022;32(15):2111713.
Liu T, Wang L, Xu J, Fu J. High-performance healable plastics:
Focusing topological structure design based on constitutional

dynamic chemistry. EcoMat. 2023;5(11):Article e12412. 42.

SuJ, Yang Y, Wan C, Li X, Chai Y, Chai H, Yuan ], Wu Y.
A novel flame-retardant, smoke-suppressing, and
superhydrophobic transparent bamboo. Research. 2024;7:0317.

Zhou et al. 2026 | https://doi.org/10.34133/research.1098

CuiL, Pan M, Zhou Y, Xu H, Ning L, Jia S, Wang X, Su Z. A
strong, biodegradable, and closed-loop recyclable bamboo-
based plastic substitute enabled by polyimine covalent
adaptable networks. Chem Eng J. 2023;477:Article 146952.
Guo D, Ren W, Yao S, Li ], Yu Y, Chu F. Conversion of bamboo
into strong, waterproof, and biodegradable thermosetting
plastic through cell wall structure directed manipulation. ACS
Nano. 2024;18(35):24414-24425.

Tang X, Zhao L, Guo Y, Wang Y, Wei Z, Fan X, Xiao Z,

Wang H, Xie Y, Wang Y. Cellulosic functional bioplastic with
tunable strength and toughness through heat-treatment of
dynamic covalent networks. Adv Sci. 2025;Article e08075.

12


https://doi.org/10.34133/research.1098

	Biodegradable, Thermally Stable, and Programmable Cellulosic Bioplastics Enabled by Supramolecular Stimulated Mediation
	Introduction
	Results and Discussion
	Fabrication and shaping of Cel-T plastic
	Microstructural evolution of Cel-T plastic
	Mechanical properties
	High/low-temperature stability
	Recyclability, biodegradability, biocompatibility, and economic feasibility

	Conclusion
	Materials and Methods
	Chemicals
	Preparation of the Cel–PVA supramolecular system and Cel–PVA hydrogel
	Preparation of the Cel–PVA–PEG system
	Preparation of Cel-T plastic
	[Bmim]Cl recycling
	Mechanical properties
	Thermal property test
	Cytotoxicity test for human fibroblasts
	Biodegradability test

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


