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PUBLIC SUMMARY
= A streamlined Vapor-Induced Phase Separation-stretching-hot-pressing (VIPS-S-P) is firstly proposed.

= Aregenerated cellulose bioplastic (VSP-RCB) is produced by VIPS-S-P.
= The supramolecular assembly mechanisms of cellulosic network are revealed.

= This VSP-RCB showcases exceptional mechanical strength in wet and dry conditions.
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We urgently need eco-friendly alternatives to non-biodegradable petro-
chemical plastics. Our study introduces a streamlined Vapor-Induced
Phase Separation (VIPS) process, followed by stretching and hot-pressing
(VIPS-S-P), to produce a regenerated cellulose bioplastic (VSP-RCB). This
bioplastic showcases exceptional mechanical strength in wet and dry
conditions, water stability, transparency, biocompatibility, biodegradability,
and thermal stability. The scalable VIPS process involves cellulose
dissolved in DMAc-LiCl coagulating with atmospheric water vapor to form a
transparent organohydrogel (RCOH). The RCOH is aligned through stretch-
ing and densified via hot-pressing, creating a fully recyclable product from
diverse cellulose sources. Molecular dynamics simulations and life-cycle
assessment (LCA) explain RCOH generation mechanisms and environmen-
tal impacts. The VIPS-S-P strategy provides a sustainable approach to
producing robust, transparent, water-stable, and biodegradable cellulose-
based bioplastics, offering a compelling alternative to petrochemical plastics.

INTRODUCTION

Despite the environmental issues and feedstock uncertainties associated
with petrochemical-based plastics, the global demand for single-use plastics
is on the rise." To address this, replacing conventional plastics with environ-
mentally friendly and high-performance materials, commonly referred to as
"bioplastics”, offers a sustainable alternative.”” Cellulose, a natural polymer
derived from plant photosynthesis with an annual yield exceeding 75 billion
tons globally, represents an abundant and renewable resource.” Additionally,
the densely distributed hydroxyl groups in cellulose's molecular structure
enable it to have a theoretical specific modulus and tensile strength higher
than most synthetic polymers at the nanoscale.” However, translating these
exceptional nanoscale mechanical properties to macroscale cellulose films
proves challenging due to numerous nanoscale defects, hindering the funda-
mentally nonideal stress transfer from the molecular to the macroscale.”

The mechanical properties of cellulose films, crucial for their performance,
are intricately linked to their micro-nano structure, determined by the film
generation process.” Researchers have employed "top-down" and "bottom-
up" strategies, along with techniques like materials hybridization,’ fiber align-
ment,"” covalent cross-linking,'" and densification'” to create high-perfor-
mance cellulose films. Although films directly fabricated from natural
resources or extracts can achieve exceptional mechanical strength (up to
1 GPa) and stiffness (up to 55 GPa), they often exhibit brittleness (maximum
strains of 5%), low toughness, and poor water stability.®'* Whereas, regener-
ated cellulose films from dissolved cellulose in solvent systems (e.g. N-
Methylmorpholine-N-Oxide,'® acid aqueous,'® inorganic salt solution,'” ionic
liquids, N, N-dimethylacetamide/LiCl (DMAc/LICI),'”® alkali/urea aqueous,'®”
etc.) offer good strain (>10%), toughness and water stability, but accompany
with a relatively lower strength (<550 MPa) and stiffness (<20 GPa).”' There-
fore, generating cellulose films with desirable mechanical properties in both

wet and dry conditions for bioplastic applications remains a pervasive chal-
lenge.”

Vapor-induced phase separation (VIPS) has been successfully utilized in
fabricating films from petrochemical-based polymers such as polyvinylidene
difluoride, polysulfone, and polyethersulfone.”” VIPS provides greater control
over mass transfer and polymer aggregation rates than other phase inver-
sion methods due to the slower kinetics of gaseous non-solvents in compari-
son to liquid non-solvents.”** Notably, VIPS has not been applied to cellulose-
based film generation to the best of the author's knowledge. Additionally, it
has been demonstrated that the mechanical properties of cellulose films can
be enhanced through fiber alignment and densification via mechanical
stretching and hot-pressing.'””’ These combined techniques offer a novel
platform for creating cellulose-based films with tunable morphology and
improved mechanical properties.

Herein, we introduce a streamlined Vapor-Induced Phase Separation
process coupled with stretching and hot-pressing (VIPS-S-P) to produce a
regenerated cellulose bioplastic (VSP-RCB) from a cellulose/DMACc/LICI solu-
tion. VSP-RCB demonstrates record-high strength, toughness, and stiffness
in wet and dry conditions, along with excellent transparency, recyclability, and
biodegradability.The process is universally applicable to various cellulose
feedstocks (e.g., bacterial cellulose, dissolving pulp, hardwood pulps, and
softwood pulps), and the DMAc/LICI solvent system is recyclable. LCA indi-
cates lower environmental impacts for VSP-RCB compared to conventional
thermoplastic acrylonitrile butadiene styrene (ABS). We envision this trans-
parent cellulose film as a sustainable replacement for widely used petro-
chemical-based plastics, offering exceptional mechanical performance in
diverse conditions.

MATERIALS AND METHODS
Materials and chemicals

Absorbent cotton ball, softwood pulp, hardwood pulp, dissolving pulp, and
bacterial cellulose were used for the fabrication of VSP-RCB. Absorbent
cotton ball was bought online. Softwood pulp and hardwood pulp were
provided by Chenming Paper Mill (Weifang, China). Dissolving pulp was
provided by generous CelluForce Inc. (Montreal, Canada). Bacterial cellulose
was cultured according to the reported methods.”” N, N-Dimethylaceta-
mide (DMAc, 299.5%, HiPerSolv. CHROMANORM® for HPLC, VWR) and
anhydrous lithium chloride (LiCl, VWR) were used for dissolving the cellulose
raw materials.

Preparation of DMAc/LiCl solution

A 1:10 weight ratio of LiCl and DMAc was magnetically stirred at room
temperature until a homogeneous and transparent liquid was obtained for
use.

Fabrication of the cellulose organohydrogels and bioplastics
Freeze-dried cellulose raw materials and DMAc/LICI solution at a mass
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ratio of 1:99 were mixed and sealed in a glass bottle. After being stirred at
150°C for 1 h, the glass bottle was continuously magnetically stirred at room
temperature until a transparent cellulose/DMAc/LICI solution was obtained.
The resultant cellulose solution was transferred into the uncovered glass box
cellulose solution to give a thickness of 0.80-1.0 mm and kept in a constant
temperature and constant humidity laboratory (25°C and different relative
humidity) to form the transparent organohydrogel (RCOH). For comparison,
different processes were applied to fabricate the bioplastics. (1) After wash-
ing with tap water, the transparent hydrogel (RCH) was directly freeze-dried
and obtained a white bioplastic which was denoted as V-RCB. (2) The trans-
parent bioplastic was obtained by treating RCOH in the sequence of stretch-
ing, washing and lyophilization and named VS-RCB. (3) RCH went through a
hot-pressing process which sandwiched the RCH between stainless plates
and then dried at 80°C at an applied pressure of about 1 MPa. Finally, a trans-
parent bioplastic was acquired and denoted as VP-RCB. (4) After stretching,
the washed gel was hot-pressed under conditions as (3). Here, the bioplastic
was denoted as VSP-RCB. To further investigate the influence of the stretch-
ing ratio on mechanical properties, the organohydrogels were stretched by
different ratios (0%-160%). Except for the stretching ratio, all the processes
are the same as that of VSP-RCB. As a comparison, RCOH and correspond-
ing films prepared by traditional liquid-induced phase separation (LIPS)
method. Here, the cellulose/DMAC/LICI solution was directly regenerated to
RCOH by immersing in the water. Then, the LIPS-generated RCOH was hot
pressed to a LIPS-generated film.

Characterization methods

The morphology of the samples was observed with a Hitachi Regulus 8230
High-Resolution Cold Field Emission Scanning Electron Microscopy (FESEM).
Atomic force microscope (AFM) images were recorded on a Shimadzu SPM-
9700 (Japan) using a silicon nitride probe (RTESP-300, BRUKER) with a tip
radius of 2 nm, a spring constant of 40 N/m and a high resonance frequency
of 300 kHz. 2D WAXS and SAXS measurements were performed on a Xeuss
2.0 HR SAXS/WAXS instrument from Xenocs (France). The collimation mode
was the high flux mode (HF). The beam center x for WAXS and SAXS were
460 and 235 while corresponding beam center z were 333 and 325, respec-
tively. The wavelength used was 0.154 nm, and a Pilatus 300K X-ray detector
(2x2 um with a pixel size of 172 um) was employed to collect data. The
sample-to-detector distances for WAXS and SAXS were calibrated to 88 mm
and 2480 mm by Silver Behenate, respectively. The time of exposure was 300
s, and the 2D scattering images were analyzed with Foxtrot software from the
Xenocs. Fourier Transform Infrared spectra (FTIR) were recorded by a Nexus
670 FTIR spectrometer over the range of 400-4,000 cm™'. Pore size distribu-
tion of cellulose bioplastics was measured by the ultra-filtration membrane
porometer (GaoQ PSMA-10, GaoQ Functional Materials Co., Ltd., China). The
density of samples was confirmed by the Excellence XS Analytical Balance
(XS204, Mettler Toled, United States). And, corresponding porosity was
calculated as well, which has been demonstrated in the Supplementary Infor-
mation in detail. X-ray diffraction (XRD) spectra were recorded by an 18 KW
rotating target X-ray diffractometer (D/max-2550VB, Rigaku, Japan)
equipped with Cu-Ka radiation generated at 40 KV and 0.1541 nm of wave-
length. Samples were scanned between 10° and 90° and were performed
with a scanning speed of 0.02° min™'. XRD spectra were analyzed by Jade 6.0
and the crystallinity index (Crl, %) was calculated as well, whose details were
in the Supplementary Information. The degree of polymerization (DP) of
cellulose raw materials was measured according to ASTM D1795-13.”° The
water contact angles of the VSP-RCB were measured using a contact angle
meter (KRUSS Contact Angle DSA30R, KRUSS, Germany). The light transmit-
tance of the cellulose films was measured by a double-beam UV-visible
spectrophotometer (Mapada UV-P7, China) with a wavelength ranging from
200 to 800 nm. The thermostability was measured by a thermogravimetric
(TG) analysis (CLARUS SQ8-STA8000, PerkinElmer, USA) using a heating rate
of 10 °C min™ in air. Tensile tests of the cellulose organohydrogel and
bioplastics were performed on an INSTRON instrument (Model 5966, USA)
equipped with pneumatic clamps to avoid slippage. The cellulose organohy-
drogels (thickness of 0.4-0.7 mm and width of 20 mm) were stretched at a
speed of 10 mm min™'. The cellulose bioplastics (thickness of 10-300 um and
width of 3 mm) were stretched at a speed of 3 mm min™'.

REPORT
Molecular modeling

The molecular modeling relied on molecular dynamics (MD) simulations
carried out at all-atom (AA) or coarse-grained (CG) levels of resolution. See
details in the Supplementary Information.

Biocompatibility test

To assess the biocompatibility of the VSP-RCB as a potential scaffold in
tissue engineering applications, human umbilical cord-derived Mesenchymal
Stromal cells (hUC-MSCs) were cultured on top of the cellulose film for
5 days. See details in the Supplementary Information.

Biodegradability test

The VSP-RCB and polyethylene terephthalate (PET) were fixed on the soil
by pushpins and monitored regularly to test their biodegradability. Cellulose
hydrolysis of VSP-RCB by cellulase enzymes. The enzymatic hydrolysis
experiments were carried out at 2% (w/v) solids loading in sodium acetate
buffer (50 mM, pH 4.8), 50°C, 150 rpm with 30 mg cellulase enzymes per
gram of cellulose in a benchtop shaking incubator. Samples were periodi-
cally taken during hydrolysis, and the concentration of glucose in the super-
natants was measured using HPLC. All hydrolysis experiments were
performed in triplicate and mean values and standard deviations are
presented.

Life-cycle assessment

LCA models were created for the bioplastics manufactured from cotton
using the VIPS-S-P treatment process. The benchmark production for
comparison was ABS. The functional unit of the LCA models took into
consideration both the mass of the product (i.e., 1 kg) and its key properties
(i.e., density and tensile strength). The system boundary was cradle-to-gate,
including feedstock preparation and transportation, preparation of ancillary
materials (e.g., DMAc/LICI solution preparation), as well as energy consump-
tion and waste generation during the manufacturing of the products. Accord-
ingly, the delivery, use, and end-of-life treatment of the bioplastics and
benchmark product were excluded from the analysis. The TRACI [v2.1, Febru-
ary 2014] life cycle impact assessment method was used to estimate the
values of different impact categories (e.g., climate change impact in the unit
of kg CO,-eq) for the LCA models. OpenLCA (version 1.10.3) and Ecoinvent®
(version 3.7.1, cut-off system) were used to create these LCA models based
on the inventory data. See details in the Supplementary Information.

RESULTS AND DISCUSSION
VIPS regeneration of cellulose organohydrogel

This work presents a bottom-up approach to directly transform cellulose
feedstock into a transparent cellulose film with exceptional mechanical
performance. Cellulose dissolves in a DMAc/LICl solvent system, and spon-
taneously coagulates with atmospheric water vapor through vapor-induced
phase separation (VIPS), forming a transparent cellulose organohydrogel
(RCOH) at the air-solvent interface. The RCOH undergoes stretching to
induce an anisotropic fiber network structure (s-RCOH), followed by water
washing to remove the DMAc/LICI solvent shell, generating a wet cellulose
hydrogel (RCH). Lastly, hot-pressing dries and densifies the RCH to produce
the final regenerated cellulose bioplastic (VSP-RCB) (Figure ST1).

Generally, during a phase inversion process, a molecularly homogeneous
polymer solution is converted from a single phase into two phases which
corresponds with a breaking of the thermodynamic equilibrium of the solu-
tion. In this work, the VIPS process disrupts the thermodynamic equilibrium
of cellulose in DMAc/LICI by introducing water from the air, offering slower
and more controllable mass transfer rates than the commonly used liquid-
induced phase separation (LIPS) method (Figure S2).'**" As a result, the VIPS-
generated RCOH exhibits a visibly smoother appearance and a denser
microstructure, devoid of pores, microvoids, and macro voids (Figure S3).”° It
demonstrates excellent mechanical performance, with a tensile strength of
up to 4.05 MPa and a breaking point strain of up to 132.54% (Figure S4A).
After hot-pressing, the cellulose film prepared via VIPS exhibits significantly
enhanced mechanical properties compared to a LIPS-generated film, with 4.2
times higher tensile strength (210 MPa vs. 50 MPa), 11.2 times higher stiff-
ness (5.6 GPa vs. 0.5 GPa), and 4.5 times higher toughness (59.8 MJ m™ v.s.
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Figure 1. The VIPS regeneration of cellulose solu-
tion (A) The schematic diagram illustrating the
mechanism of Vapor-Induced Phase Separation.
SEM of surface and corresponding cross-section of
RCOH under different RH: (B) 10%, (C) 40%, (D) 60%,
and (E) 90%. (F) XRD patterns, (G) pore size distribu-
tion, (H) density, and (I) the strain curves of RCOH
under different RH. (J) The radial distribution func-
tion between Li* and oxygen atoms in water and
DMACc (the inset is the cumulative number of oxygen
atoms). (K) Free energy profiles calculated for the
process of aggregation of octameric chains to a
surface of cellulose Il cluster composed of 15 chains
in DMACc/LICI solvents containing various amounts
of water (0%, 10%, 20%, and 40%) by umbrella
sampling MD simulations. (L) Free energy differ-
ences between limiting states of aggregation of
octameric chains calculated from the data shown in
panel (K). (M) The average coordination number
calculated for all CG beads representing either
hydroxymethyl or diol moieties, obtained using
Watervapor  cutoff 0.5 nm for different molar fractions of water
(100%DMAc,40%H,0/60%DMAc,60%H,0/40%DMAc,
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ter structures obtained at 0 and 1 water molar frac-
tions).

ation sites.** The RCOH at 40% RH exhibits the
smallest pore size distribution (6.5 nm) and the
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highest density (1.44 g cm™) (Figures 1F-G),
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60%RH| £
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| 10% RH

forming a tight anisotropic structure with the
best mechanical properties of the conditions
tested (Figures S3F & 2H).

During the VIPS process, DMAc and LiCl
molecules migrate to assembled water from
the air, leading to the self-assembly of new -OH
groups on cellulose chains through intermolec-
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ing RCOH (Figures S9A & S10)." Subsequently,

S12). The results of MD simulations and exper-
iments reveal that cellulose molecules align

it continuously shrinks in all dimensions until
9 X reaching equilibrium (Figures S9B-C & S11).
MD simulations are conducted according to
f\ the experimental composition (Table ST, Figure
8
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13.3 MJ m™) (Figure S4B).

The VIPS process outlined here is driven by several different competing
mass transfer processes, including DMAc evaporation, water absorption, and
phase separation.® The relative humidity (RH) of the surrounding air signifi-
cantly influences water vapor mass transfer into the polymer solution (Figure
1A).” Varied RH levels result in significant differences in the macroscopic
structure, mass, volume, and water content of RCOH (Figures S5-S6). At 10%
RH, DMAc evaporation dominates the process (Figure S7A), producing RCOH
with dense structure and high LiCl content (Figures 1B & S5A). At 40% RH, a
two-stage phenomenon occurs, initially driven by water absorption, later
overtaken by DMAc evaporation (Figures S7B & S5B). Similar phenomena
have also been observed in other polymer/solvent systems.” While high
humidity (60% RH and 90% RH) primarily relies on water absorption (Figures
S7C-D), yielding RCOH with larger granular cellulose aggregates, higher
porosity, and larger pores (Figures 1C-F & S8). Overall, higher RH results in
larger and more numerous pores due to increased water molecule nucle-

- cluster after 0.8 ps MD simulations are illus-
trated in Figures S13A-B, with its structure
presented in Figure S13C. The rearrangement
of hydrogen bonds in cellulose chains trans-

3 forms the crystalline texture from cellulose | to
2| cellulose Il with anisotropic structure (Figures

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1 E' SSF' S-l 3 & S] 4)

Molar ratio (H,0:DMA) To understand the nature of the observed
cellulose aggregation, it is useful to consider LiCl interactions with system
solvents (water and DMAc). The radial distribution function between Li* ions
and solvent molecules reveals Li* ions' preference for water (Figure 11). The
water/DMAc ratio in the first coordination sphere of Li* indicates approxi-
mately 2.4 times higher affinity for water. Therefore, it can be concluded that
the addition of water to the cellulose/DMAC/LiCl system alters the ion solva-
tion shell, decreasing cellulose solubility by disrupting DMAc-Li* association,
i.e. the factor recognized as essential for cellulose dissolution in DMAc/LICl
solutions.”" This effect is demonstrated by free energy changes associated
with partial aggregation of cellulose Il-like clusters in DMAc/LICl solvents
containing various amounts of water (Figures 1J-K). Any water addition
raises the corresponding free energy level (by up to 20 kJ mol™ when refer-
ring to the detachment of a single octameric chain from the surface of a
cluster composed of 16 chains), making the dissolution process less favor-
able. A qualitative insight into the MD trajectories confirms the existence of
aggregation between Li* and water molecules. This simulation also explains
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Figure 2. Well-ordered and densified nanostructure of VSP-RCB (A) The nanostructure illustrations of VSP-RCB prepared by the different processes. (B) 2D WAXS of the VSP-
RCB prepared under different stretching ratios. (C) XRD patterns. (D) The density and porosity of films prepared by different processes. (E) The radar plot for the mechanical
performance of VSP-RCB and other transparent cellulose-based films, including the aligned BC film, CNF films and its composites, regenerated cellulose films and its compos-

ites (the inset shows the VSP-RCB can lift a 15 Ib kettlebell).

the experimental results theoretically, as the cellulose/DMAc/LICI solution
continuously absorbs moisture from the air and eventually regenerates into
RCOH.

Coarse-grained (CG) MD simulations show that initially randomly displaced
oligomeric chains tend to form aggregates, resembling cellulose II-like sheets
with aliphatic patches on glucopyranose rings. These sheets may further
aggregate into clusters resembling cellulose Il crystal structure. The observed
aggregation is a consequence of the lack of Li* ions, essential for the dissolu-
tion of cellulose but impossible to model at a sufficient degree of accuracy at
the CG level. The degree of aggregation is highly dependent on the system,

and the solvent composition can be considered the main variable responsi-
ble for alterations in aggregation properties (Figures 1J-L). Figure TM shows
the systematic decrease in the average coordination number of polar CG
beads, representing either hydroxymethyl or diol moieties present in cellulose
chains, correlated with the increasing fraction of water in the system. The
potency of self-aggregation of cellulose does not diminish completely but is
significantly reduced upon the addition of water. According to the coordina-
tion number-based descriptor accepted here, and by assuming linear depen-
dence, the loss of aggregation properties can roughly be estimated as equal
to ca. 8% per 0.1 molar fraction of water in the system. Such change can
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Figure 3. Water stability, optical property, thermal stability, and biocompatibility of VSP-RCB (A) The wet tensile strength, (B) the transmittance, (C) TG analysis and Derivative
TG (DTG) curves of the VSP-RCB. (D)-(G) The confocal fluorescent images of hUC-MSCs grown on VSP-RCB: Live/Dead staining of hUC-MSCs on culture (D) day 1 and (E) day 5
(Green represents live cells, red represents dead cells). Cell nucleus and actin cytoskeleton staining of hUC-MSCs on culture (F) day 1 and (G) day 5. (H)-(J) Photos recording the
process of degradation of the VSP-RCB: (H) 2021.10.18, (1) 2021.10.31, (J) 2021.11.08, () large-scale VSP-RCB with high transparency.

certainly affect the large-scale properties of formed cellulose aggregates, by
e.g. increasing the solubility of chains of shorter lengths.

Throughout VIPS water competes with DMAc for Li* and cellulose chains,
affecting cellulose solubilization and chain assembly (Figure S15). All-atom
(AA) MD simulation results show that the affinity of water for Li* is higher
than that of DMAc for Li*, and that water “grabs" Li* in the cellulose/
DMAC/LICI solvation system, destroys the cellulose/DMAC/LICI solvation
system, and promotes the aggregation of cellulose chains, which ultimately
leads to the formation of cellulose-like Il aggregates. Different relative
humidities lead to different water content in the final system (Figure S6D),
different solvent solubilization capacities for cellulose, and different self-
aggregation properties of cellulose depending on the water content and
partially independent of water-Li* interactions. In summary, both AA and CG
MD simulations show that water in DMAc-LiCl-cellulose solutions affects
cellulose aggregation in two ways. Firstly, by introducing Li*-water interac-
tions, competing with those driving cellulose dissolution under dry conditions.
Secondly, by altering the chain-chain contact pattern during chain aggrega-
tion into cellulose Il clusters.

Alignment and densification of cellulose nanostructure.

After VIPS regeneration, the RCOH was stretched and hot-pressed to
create the ultra-strong regenerated cellulose bioplastic (VSP-RCB). As
expected, The mechanical performance of VSP-RCB prepared at 40% RH

outperforms those prepared at other RH (Figure S16). Stretching and hot-
pressing primarily impact the alignment and densification, respectively, of the
cellulose nanostructure, as indicated by WAXS, SAXS, XRD, degree of orienta-
tion (M), SEM, and AFM analysis (Figures TA-C & S17-S18). VSP-RCB
prepared with an increased stretching ratio exhibits elongated longitudinal 2D
SAXS patterns and clear equatorial arcs in the WAXS patterns, indicating
anisotropic properties through cellulose nanofiber alignment (Figures 2B &
S19A). Additionally, the crystallinity index (Crl) and M of the VSP-RCB increase
from 66% to 86% and 57.5 to 76.0, respectively, under stretching (Figures 2C
& S19B-C). SEM and AFM observations (Figures S17-S18) confirm the exis-
tence of a long-range aligned nanofiber architecture along the prestretching
direction.”

Pore size and density of the VSP-RCB were first reduced through stretch-
ing (Figures 2D & S20), and further with hot-pressing. Whereas the hot-
pressing process also contributed to reducing the film's roughness. The
maximum density achieved for the VSP-RCB was 1.51 g cm™, close to the
theoretical density of cellulose crystals (1.6 g cm™).*** This suggests the
removal of most defects in the cellulose film, such as pores and cavities,
during our treatment (Figure 2D).” This highly dense, layer-by-layer self-
assembled anisotropic structure was also verified by SEM images of differ-
ent axial planes of VSP-RCB (Figure S21).

Thanks to its high Crl, M, density and nearly defect-free microstructure,
VSP-RCB exhibited superior mechanical performance among the samples
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pulp, yielding impressive properties in all regen-
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The properties of VSP-RCB.

Our cellulose film underwent testing for
essential bioplastic characteristics. Effective
mechanical properties in wet conditions are
crucial for the broad applicability of bioplastics.
The stretching and hot pressing process not
only enhanced its mechanical properties but
also increased hydrophobicity, reflected in a
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higher water contact angle from 35° to 73°
(Figure  S26).%*  VSP-RCB  demonstrated
remarkable tensile strength (~500 MPa),
strains (13.7%), and toughness (35.6 MJ m™)
when wet, surpassing other cellulose films by
an order of magnitude (Figure 3A, Table S3).%*
““ The film's aligned cellulose nanofibers
yielded a smooth surface and high trans-
parency of 89.6%, exceeding PET (82.0%)
(Figure  3B).”*® Thermogravimetric analysis
showcased the film's excellent thermal stabil-
ity with a decomposition temperature of 304°C
(Figures 3C & S27). These outstanding proper-

0
VSP-RCB ABS

Ecotoxicity

_
o

10 CTUe cm™ MPa™
[4,]

0VSP-RCB ABS OVSP-RCB ABS 0VSP—RCB ABS
tested (Figure S22). Increased stretching typically enhances tensile strength,
but it can compromise the film when the strain at break is reached (Figure
S23). Hot pressing, however, effectively mitigated the loss of strain with
increasing tensile strength (Figure S22). Usually, strength and toughness are
mutually exclusive in man-made materials, therefore, development of materi-
als with both high strength and toughness remains a great challenge.** In
our study, the VSP-RCB demonstrated both high strength and toughness.
This is attributed to the significant reduction in intrinsic defects and increased
stacking density of aligned cellulose nanofibers resulting from the combined
effects of VIPS, stretching and hot pressing. Additionally, the enhanced frac-
ture toughness is attributed to improved interfacial dissipation energy from
an increased spatial density of hydrogen bonds during interfacial sliding.”"
The cellulose film produced in this process outperforms common
composite films, displaying mechanical properties superior to both isotropic
and anisotropic cellulose composites (Figure 2E, Table S2). Notably, it also
surpasses widely used plastics like polystyrene,” polyvinyl alcohol,”" nylon

0
VSP-RCB ABS

0VSP—RCB ABS ties position VSP-RCB as an ideal substrate for
flexible electronic applications such as thin-film transistors,”” organic light-
emitting diodes,” foldable antennas,” or electroluminescent devices.*

To assess the biocompatibility of the VSP-RCB as a potential scaffold in
tissue engineering applications, hUC-MSCs were cultured on cellulose film for
5 days. A Live/Dead stain was used to determine whether the film had cyto-
toxic effects on the growing cells. Very little cell death was seen on day 1 with
the majority of cells attaching to the film with high viability. This high viability
was maintained over five days of culture where the hUC-MSCs were able to
proliferate on the scaffold with very little cell death observed (Figures 3D-E). A
similar trend was also seen when staining for the actin cytoskeleton, where
cells proliferated and migrated over the substrate and reached a high degree
of confluency on the film (Figures 3F-G). These results indicate that VSP-RCB
is non-cytotoxic, allowing cells to attach, proliferate, and migrate, making it a
promising scaffold for tissue engineering applications.

Beyond that, the VSP-RCB also exhibited excellent biodegradability and
scalability. When VSP-RCB and PET films were placed outdoors in a natural
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environment, the VSP-RCB was fully degraded in 3 weeks, while the PET film
remained unchanged (Figures 3H-J). This highlights the film's composition of
biomaterials that are readily degradable by microorganisms in normal envi-
ronmental conditions. Further, treatment with a cellulase cocktail led to
complete hydrolysis of VSP-RCB into glucose within 2 days (Figure S28). We
next showcased the scalability of VSP-RCB production (Figures 3K & S29).
The transparent cellulose/DMAc/LICI solution was transferred into a large
glass vessel. Subsequently, the VIPS process yielded a large transparent
RCOH, which underwent stretching, washing, and hot-pressing to produce a
sizable VSP-RCB film.

The sustainability of VIPS-S-P strategy.

To assess the recyclability of LiCl and DMAc after the VIPS-S-P process,
we regenerated DMAc/LICI solvent from the leftover “waste” and used it to
dissolve cellulose for another round of bioplastic generation (CB/RS). Addi-
tionally, we evaluated the recyclability of the VSP-RCB by redissolving the end-
of-life VSP-RCB into DMAc/LICl solution to regenerate new bioplastic
(WF/DL) (Figure 4A). The tensile strength of WF/DL and CB/RS still reached
670 MPa and 596 MPa, respectively (Figure S30A). These mechanical prop-
erties remain outstanding among cellulose-based films, including CNC films,
CNF films, bacterial cellulose films, wood-based films, commercial cello-
phane films, and regenerated cellulose films (Figure S30B).

A cradle-to-grave LCA was conducted to quantify the environmental
impacts of the VSP-RCB, as compared to ABS (Figure S31, Table S4). The
functional units of the LCA model consider both the mass of the product (i.e.,
1 kg) and its key characteristics (i.e., density and tensile strength, Table S5).
The VSP-RCB demonstrated lower environmental impacts than ABS in 6 of
the 10 impact categories, primarily due to its superior tensile strength when
incorporated into the functional unit (Figure 4B). Despite being a low-carbon
alternative to ABS with a 30-66% reduction in global warming potential, VSP-
RCB exhibited higher impacts in several other categories. Chemical produc-
tion (for the DMACc/LICI solution) and feedstock procurement were the main
contributors. For example, in the “human health: non-carcinogenics” cate-
gory, 59% and 35% of the impacts originated from the manufacturing of
DMAc and LiCl and the procurement of cotton fiber, respectively. Similar
patterns were observed for the "Ozone depletion”, "Ecotoxicity” and "Eutroph-
ication" categories. This emphasizes the importance of embodied impacts
from materials, chemicals in particular, for the VSP-RCB.

In summary, the exceptional mechanical performance in both dry and wet
states, transparency, water stability, biocompatibility, biodegradability, scala-
bility, and recyclability collectively position the VSP-RCB as a promising
candidate for next-generation sustainable and environmentally friendly
bioplastics across various applications.

CONCLUSION

In this work, we introduced a facile yet sustainable VIPS-S-P regeneration
strategy for producing an ultrastrong, ultratough, transparent, hydrostable,
scalable, biodegradable, and recyclable cellulose-based bioplastic. Cellulose
dissolved in DMAc/LiCl was regenerated into a hydrogel (RCOH) with a dense
nanostructure through water vapor absorption. Subsequent stretching and
hot-pressing processes aligned and densified the cellulose nanostructure,
yielding a cellulose bioplastic (VSP-RCB) with high density, crystallinity, and
orientation. VSP-RCB exhibited outstanding mechanical performance: tensile
strength (835.8 MPa), toughness (73.6 MJ m™), and Young's modulus (27.5
GPa at dry state). This bioplastic is transparent, biodegradable, retains
strength when wet, and the scalable manufacturing process accommodates
various cellulose sources. Life cycle assessment demonstrated significantly
lower environmental impact compared to petrochemical-based plastics like
ABS. This approach offers a unique opportunity for crafting mechanically
robust bioplastics from abundant, renewable, and sustainable biomass for a
more eco-friendly future.
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