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To mitigate marine pollution from single-use plastics, it is crucial to transition to next-generation commodity ma-
terials that are derived from biomass and are recyclable and marine biodegradable even at abyssal depths in case
of the accidental release to the ocean. Here, we develop an optically transparent millimeter-thick paperboard
called transparent paperboard (tPB) through dissolution and coagulation of cellulose. The tPB is made entirely of
pristine cellulose and compositionally identical to paper. A cup-shaped tPB can hold just-boiled water without an
internal film coating because of its high wet tensile properties and anisotropic thermal properties. In addition, the
spent tPB is material recyclable in a closed system, where all chemicals and water are also recyclable. Furthermore,
the marine biodegradability of tPB across shallow to abyssal depths is confirmed by on-site degradation tests and
metagenomic analyses. Hence, tPB is expected to serve as a key fully circular commodity material in sustainable

societies of the future.

INTRODUCTION
Annually, 0.5 to 13 million metric tons of plastic waste are assumed
to end up in the ocean (1-4). One fate of discharged plastic debris is
that it remains on deep-sea floors (5, 6). A recent study (7) found
that the plastic debris that drifts offshore is trapped in a gyre ~500 km
away from land and ultimately sinks and accumulates on the deep-
sea floor with a high density of more than 4500 items/km? most of
these materials are single-use plastics, such as food packaging or
plastic bags. To mitigate this problem, the strict management of
plastic debris is urgently needed (8, 9), in which all plastics should
be collected after use and recycled to achieve a circular economy.
However, a previous study has shown that strong winds and heavy
rainfall induce the unavoidable accidental release of a large amount
of plastic waste from land through rivers, making the complete re-
covery of plastic debris even more difficult (10). By considering
these problems, a next-generation commodity plastic needs to meet
the three following criteria (11): (i) to originate from biomass to re-
duce fossil fuel use, (ii) to be recyclable to achieve a circular econo-
my, and (iii) to be marine biodegradable across shallow to abyssal
depths in case of accidental release.

Paper is a long-standing versatile sheet material made from cel-
lulose originating from plant cell walls. Paper thickness is an impor-
tant parameter for its application. For printing and writing purposes,
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paper is generally thin, with thicknesses of 0.05 to 0.1 mm. Thick
paper, with a grammage above 250 g/m” or a thickness greater than
~0.3 mm, is referred to as paperboard (PB) (12); PB is used for pack-
aging and containers because of its integrity and foldability. In re-
sponse to increasing environmental concerns, PB has been focused
on as a replacement for conventional petroleum-based plastics
because of its biomass origin and recyclability (13). However, one
of the drawbacks of PB is its opacity: Transparent packaging is im-
possible with conventional PB because of the light scattering in-
duced by the macrofibers in wood pulps (14). Transparent packaging
is aesthetically indispensable for commercial success in certain ap-
plications, such as food packaging or containers (15); thus, the use
of petroleum-based transparent plastics, such as polyethylene tere-
phthalate, is unavoidable, thereby necessitating the development of
transparent PB, which is regarded as technically impossible (16).

Regenerated cellulose is another class of fully cellulose-based
materials. Cellulose is solubilized into specific solvents (17-21) and
solidified by immersion into nonsolvents, followed by thorough
washing and drying. A transparent cellulose sheet with thicknesses
of 0.02 to 0.04 mm, called cellophane, is produced on a commercial
scale using this process. However, increasing the thickness of cello-
phane is limited because of the regeneration step: Solidification is
driven by the diffusion of nonsolvents into the cellulose solution;
thus, homogeneous and complete solidification is not possible at
large thicknesses.

In this context, we develop a long-sought fully cellulose-
based transparent PB-like material based on regenerated cellu-
lose, denoted as transparent PB (tPB). This was achieved by the
simple drying of thick, bulky, and shapable cellulose hydrogel
prepared using aqueous lithium bromide (LiBr) solution as the
solvent, where cellulose solution solidifies without the introduc-
tion of nonsolvents: Cellulose dissolves upon heating and solidi-
fies upon cooling (22-24). With this process, tPB emerges as a
transparent, three-dimensional thick material made solely from
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pristine cellulose, capable of taking various forms ranging from
millimeter-thick board to cup or straw shapes. To date, transpar-
ent materials composed entirely of pristine cellulose have been
limited to two-dimensional thin films with thicknesses below
0.1 mm (25-28). In contrast, while composites with resins can
achieve thickness and transparency (29, 30), they are no longer
purely cellulose based, thereby forfeiting the biodegradability
and material recyclability inherent to purely cellulose-based
material. There are four aims of this study: (i) to clarify the
structure-property relationships, (ii) to demonstrate its three-
dimensionally shapable nature, (iii) to examine the closed-loop
recyclability, and (iv) to validate the marine biodegradability of
tPB across shallow to abyssal depths and the corresponding
mechanisms. Through these studies, we show that tPB meets the
criteria for a next-generation commodity material: biobased,
closed-loop recyclable, and marine biodegradable across shallow
to abyssal depths.

RESULTS

Fabrication of tPB

The tPBs with thicknesses of 0.2 to 1.5 mm were successfully pre-
pared by drying centimeter-thick cellulose hydrogel (Fig. 1A). The
hydrogel was prepared by dissolution of cellulose powder or textile

B Cotton seed

in aq. LiBr solution by heating, coagulation by cooling to room
temperature, and subsequent washing with water. The obtained
smartphone-sized tPB (138 mm by 67 mm) with a thickness of
0.7 mm showed high transparency: One could see a ship ~150 m
away through the tPB (Fig. 1A). Even upon an increase in thickness
up to 1.5 mm, the tPB retained visibility while showing slight opac-
ity (inset in Fig. 1A). The absence of impurities from the manufac-
turing process such as residual LiBr was confirmed by inductively
coupled plasma mass spectrometry (ICP-MS) (table S1). The suc-
cessful preparation of such a thick cellulose plate was not feasible
with conventional regenerated cellulose because of inhomogeneous
gelation, as shown in fig. S1.

Here, we examined the potential of tPB as a next-generation
commodity material, as schematized in Fig. 1B. The origin of cellu-
lose in this study was cotton linter, which was the fine fiber covering
cotton seeds that was too short to be spun into fibers. As a starting
material, two commercially available cotton linter products were
chosen: microcrystalline cellulose powder (MCC) and nonwoven
cellulose textile (31). First, the structure-property relationships of
tPBs (tPBmcc and tPBey, respectively) were elucidated. Then, to
demonstrate its potential application, the tPB was shaped into a cup
and straw, and its practical usability was evaluated. Furthermore,
closed-loop recycling of the solvent and material was tested to show
the fully circular nature of tPB. Last, its marine biodegradability
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Fig. 1. Fabrication of tPB. (A) Preparation scheme of tPB.“Powder”and “Textile” refer to MCC and nonwoven cellulose textile, respectively. A millimeter-thick tPB [the one
with the thickness of 0.7 mm is shown with a smartphone (138 mm by 67 mm), and 1.5 mm is shown in the inset] was prepared by drying a centimeter-thick cellulose
hydrogel produced by cellulose dissolution and coagulation in aqueous LiBr solution. (B) Overview of the fully circular nature of tPB in this study.
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across shallow to abyssal depths was examined by on-site degrada-
tion tests and metagenomic analyses.

Structure-property relationships of tPB

The transparency of tPB (Fig. 1A) was evaluated by the total trans-
mission of light (Ty) and haze (Fig. 2A). With increasing thickness of
tPBumce, Tt decreased exponentially (32, 33) from 87% at a 0.3-mm
thickness to 64% at a 1.5-mm thickness, and haze increased expo-
nentially (28, 29) from 22% at a 0.3-mm thickness to 49% at a 1.5-mm
thickness. Although the optical properties were not as high as those
of cellulose nanofiber films (25, 34, 35) and plate (36) [compare less
than 2% of haze at a thickness of 0.015 mm (35) and 8% of haze at a
thickness of 1.12 mm (36)], clear transparency was guaranteed, as
demonstrated in Fig. 1A. The exponential increase in haze was well fit-
ted with the model of a transparent plate homogeneously embedded
with light-scattering colloids (37). This phenomenon indicated that
unlike glass or poly(methylmethacrylate), light-scattering agents

inducing the opacity were present inside tPB and were homoge-
neously distributed in the thickness direction. As such light-scattering
agents, residual pores are likely because the pore volume was esti-
mated to be ~16%, as calculated from the bulk (1.29 + 0.03 g/cm3)
and true (1.530 + 0.007 g/cm®) densities. The pore size should be
on the submicrometer scale, as no visible pores were observed by
micro-x-ray tomography with a voxel size of 1 pm (movie S1). In
addition, tPB showed a slightly bluish color (Fig. 1A). This was due
to the lower transmittance in the blue-light spectral region, as shown
in fig. S2. The optical properties of tPBx were in accordance with
those of tPByicc (Fig. 2A).

Bending stress, a crucial property for the practical use of thick
plate-like materials, was evaluated through the three-point bending
test (Fig. 2B and table S2). From the flexural stress-strain (S-S)
curves, Young’s modulus of tPByicc was found to be as high as that
of conventional PB but twice as high as that of conventional hard
plastic [polycarbonate (PC)]. After reaching the highest flexural
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Fig. 2. Structure-property relationships of tPB. (A) Haze and total transmission (Ty) of tPBmcc and tPBiex. The dotted line is a regression curve based on references
(32, 37). (B) Flexural stress-strain curves of PB, PC, tPBycc, and tPBiex with thicknesses of 0.5 mm. The bending test stopped at the strain of 7%, because the sample speci-
men started to slip, as seen in the abrupt decrease in stress. A manually bent tPBycc is shown in the inset. (C) Wet tensile stress-strain curves of PB, tPBycc, and tPBiey.
(D) AFM image of tPBycc. (E) Surface SEM image of tPBucc shown with higher magnification in the inset. (F) Cross-sectional SEM image of tPBycc. (G) Through-view (left)
and edge-view (right) WAXD image of tPBycc. (H) Schematic representation of tPB and (1) thermal diffusivity of tPBucc with different thicknesses. The 0.165-mm-thick

tPBmcc Was prepared by polishing 0.33-mm-thick tPBycc with sandpaper.
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modulus of ~100 MPa, tPBycc showed yielding behavior without
fracturing, as seen in the inset of Fig. 2B, and exerted 50 MPa at
strains of 7%. In contrast, conventional PB was broken or folded at
1% strain and exerted almost no stress at 6% strain. Therefore, tPB
was determined to be a material that combined the hardness of con-
ventional PB and the ductility of conventional plastics.

Another key mechanical property is wet strength, which is gen-
erally considered as a drawback of fully cellulosic materials (38). Ac-
cording to the standard protocol (38), tPB was immersed in water
for more than 72 hours and subjected to the tensile test (Fig. 2C and
table S3). Although the wet sample specimen of tPB contained 30 wt
% water, it stood alone without drooping, as shown in the inset of
Fig. 2C. Even in this fully hydrated state, tPB did not break until it
reached tensile shear strains of 7% (tPBycc) and 24% (tPBiey), and
the fracture stress was 5 times (tPBycc) and 15 times (tPBex) higher
than that of conventional PB. The high wet strength of tPB stemmed
from the continuous fibrous network formed in the undried cellu-
lose hydrogel (fig. S3) (22, 23). The higher wet mechanical property
of tPByx compared to tPBy;cc was due to the difference in molecular
weight [112,000 g/mol for nonwoven textile (39) and 32,900 g/mol
for MCC (40)].

The clear transparency of tPB arose from the smooth surface.
The atomic force microscopy (AFM) image showed that the rough-
ness of tPByjcc was on the nanometer scale (Fig. 2D). This smooth-
ness was corroborated by the surface scanning electron microscopy
(SEM) images of tPBycc (Fig. 2E). The higher magnification (inset
in Fig. 2E) showed that the smooth surface was made of a co-
alesced fibrous network. The cross-sectional SEM image showed a
stacked fibrous network (Fig. 2F), indicating that the fibrous net-
work formed in the undried cellulose hydrogel (fig. S3) was stacked
together by unidirectional compression during drying. The wide-
angle x-ray diffraction (WAXD) (Fig. 2G and fig. S4) and small-
angle x-ray scattering (SAXS) (fig. S5) patterns showed that the
nanofibrous structure was oriented parallel to the in-plane direc-
tion, as schematized in Fig. 2H. This anisotropic structure re-
sulted in thermal diffusivity anisotropy (Fig. 2I): The out-of-plane
direction showed 3.7 times lower thermal diffusivity than the in-
plane direction. The thermal diffusivity was almost identical before
(0.33-mm-thick) and after (0.165-mm-thick) polishing, demon-
strating that the structural inhomogeneity inside tPB was negligi-
bly small.

Shaping of tPB

To explore the potential applications of tPB, a cup- or straw-shaped
tPByex was prepared (fig. S7). The cup- or straw-shaped tPByex exhib-
ited transparency (haze of 32% at a 0.45-mm thickness) similar
to plate-shaped tPByy, allowing one to see the color of the bever-
age inside (Fig. 3, A and B). This transparency was achieved
without hot-pressing, necessary for plate-shaped tPB preparation.
Because of the difference in the mode of drying, the straw-shaped
tPBiex demonstrated greater ductility when compared to plate-shaped
tPBrex (fig. S8).

The abovementioned high wet strength rendered the cup-shaped
tPByex durable upon being filled with water: There was no leakage
of water (Fig. 3, A and B, and fig. S9) even without any plastic film
coating on the inner surface, which was mandatory for conventional
PB cups, offering an eco-friendly alternative to conventional single-
use paper and plastic cups. Even after 3 hours of retention of water
inside the cup, only 1.2 wt % of water permeated through the cup

Isobe et al., Sci. Adv. 11, eads2426 (2025) 9 April 2025
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Fig. 3. Shapable nature of tPB. (A) Preparation scheme and appearance of cup-
shaped tPBiex. The liquid-filled shaped tPBix was photographed within 30 min
from filling of hot coffee. (B) Preparation protocol and appearance of straw-shaped
tPBiex. The liquid-filled shaped tPBix was photographed within 30 min from filling
of iced butterfly pea tea. (C) Time-course retention of water filled in the cups sealed
with a film on top as in fig. S6 to avoid evaporation from the water surface.
(D) Contact angle measurement and appearance of tPBey and c-tPBe. Coating by
fatty acid salt was performed using aluminum distearate. The values with the re-
spective errors are shown in table S4. (E) Thermography of cups made of polysty-
rene (PS), PB, and tPB. Just-boiled water was poured into the cups, and the cups
were analyzed within 1 min.

wall and evaporated from the cup wall surface (tPBy in Fig. 3C).
This minor water permeation was effectively prevented by applying
a surface coating with plant-derived fatty acid salt. The coated tPByey
(c-tPByey) repelled a water droplet while retaining transparency (Fig.
3D). The c-tPByy cup exhibited no water leakage and maintained
water retention capabilities comparable to a commercial paper cup
lined with a plastic film coating on the inner surface and a polysty-
rene (PS) cup (Fig. 3C), expanding tPB’s application to containers
with extended shelf lives. It should be noted that the coating was
exclusively applied to the inner surface of the cup (fig. S10) and
the estimated thickness of the coating layer was ~5 to 10 pm: 7.1 pm
based on the weight increase and 5.0 to 6.5 pm based on the
aluminum content measured by ICP-MS. In addition, this coat-
ing demonstrated excellent durability under repetitive wetting and
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drying cycles (fig. S11). Furthermore, the abovementioned anisotro-
pic thermal diffusivity (Fig. 2I) contributed to the thermal insulat-
ing nature of the cup-shaped tPBiy (Fig. 3E).

Closed-loop recyclability of tPBs

Closed-loop recyclability was evaluated using tPB, (Fig. 4). First,
the recycling of the spent solvent was established. The wastewater
from the washing step of cellulose gel is a dilute aqueous LiBr solu-
tion containing by-products such as thermally decomposed carbo-
hydrates. Through evaporative condensation (fig. S12), the LiBr
concentration was increased to 60 wt %. The evaporated water was
recovered by cooling and reused as washing water. By-products
were removed by activated carbon (41), and the treated LiBr solu-
tion was then used in the preparation of tPBiy (Fig. 4A). The
solvent-recycled tPBix showed a similar, and even clearer, appear-
ance compared to the original tPBy, indicating the success of sol-
vent recycling.

Second, the material recycling of tPBy., was attempted. The tPBe
was pulverized (fig. S13) and subjected to dissolution by LiBr solu-
tion. As indicated by the increase in haze (from 19 to 54%), the
material-recycled tPB.x became translucent (Fig. 4A). This increase
in haze was likely due to the undissolved fraction contained in tPB-
tex- However, the T, of material-recycled tPB remained high at 86%
(Fig. 4B). As a result, the visibility of colors positioned directly be-
hind the material-recycled tPByy, which is crucial for packaging ap-
plication, was maintained.

Third, the combination of solvent and material recycling was
tested. The solvent-material-recycled tPBy, was produced from
the spent tPByy using the recycled LiBr solvent. Although the
solvent-material-recycled tPB exhibited slightly higher translu-
cency (haze: 60%) than material-recycled tPBy (Fig. 4A), the T,
(83%) remained almost constant compared to the original one (Fig.
4B). Therefore, the visibility of colors behind the tPB was also main-
tained even in the combination of solvent and material recycling
(Fig. 4B).

The mechanical properties of recycled tPBy (Fig. 4C) were
mostly similar, except for the material-recycled tPByy, which
showed a 10% decrease in the maximal flexural stress. The wet
tensile strength of material-recycled tPB.x decreased to half that
of the original tPBy (table S2). This inferior mechanical property
of material-recycled tPByy was likely due to the decrease in the
molecular weight (Fig. 4D) that occurred during the dissolu-
tion process (22). However, despite the decrease in the mechan-
ical properties, material-recycled tPBex showed a 1.5-fold higher
maximal flexural stress than PC and a 10-fold higher wet tensile
strength than conventional PB (table S3), ensuring the reusability
of material-recycled tPBiy.

Last, the upcycling of spent cellulosic materials was attempted. In
principle, the production process of tPB can be applied to unexploited
cellulose wastes such as worn fabrics, waste papers, and low-value
wood. To demonstrate this, filter paper and copying paper were trans-
formed into tPB, denoted as tPBpp and tPBcpp, respectively (Fig. 4, E
and F). The haze and T; of tPBgp and tPBcpp were similar to those of
the material-recycled tPBy, indicating the successful upcycling of
cellulose wastes. The decontamination of postconsumer tPB will be
a critical issue for its implementation. For large-scale decontamina-
tion of inks or adhesives, the well-established industrial deinking
process under alkaline conditions, commonly used in paper recy-
cling, should also be applicable to the spent tPB.

Isobe et al., Sci. Adv. 11, eads2426 (2025) 9 April 2025

Marine biodegradability of tPB across shallow to

abyssal depths

In case of undesired accidental release of tPB from the land to the
ocean, marine biodegradability across shallow to abyssal depths was
verified by on-site degradation tests combined with multimetaomic
analyses. This is meaningful because biodegradation at the deep-sea
floor is known to be extremely slow (42) despite the high accumula-
tion of single-use plastic wastes. On-site degradation was performed
at four different sites: one coastal site (PJM), two bathyal sites close
to populated areas (BMS and BHT), and one abyssal site (AMN). To
avoid physical degradation, such as collision or abrasion, the sample
specimen was protected in triplicate (fig. S13, C to O); the seawater
exchange was maintained through the open pores. Hence, the deg-
radation rate calculated from the weight loss of the samples (Fig.
5A) was mostly attributed to the biological actions induced by mi-
croorganisms (42). The degradation rate of tPB at the deep-sea floor
ranged from 20 to 50 pg/cm? per day, which was 5 to 11 times slower
than that under coastal conditions (225 pg/cm?” per day). This differ-
ence resulted from the lower activity of microorganisms under cold
(2° to 4°C) conditions (43). However, the degradation rates on deep-
sea floors were substantial because the cup-shaped tPB (thickness,
0.2 mm) shown in Fig. 5A would be completely degraded in 300 days
at BMS on the basis of the degradation rates.

The degraded tPB surface was largely covered by a biofilm (Fig.
5B). Underneath the biofilm, numerous microbes were present and
penetrated the tPB surface. To identify the microbes inhabiting the
tPB surface, genome-centric metagenomic analyses were performed
for the biofilm formed at BHT. Extracted draft genomes of the seven
highly abundant microbes (Fig. 5C and table S5) included two dom-
inant Fibrobacteres bacteria (40% Fibrl and 18% Fibr2). The meta-
transcriptomic analysis based on mRNA sequencing clearly revealed
that the two Fibrobacteres bacteria decomposed cellulose with oxy-
gen respiration by secreting endoglucanases and p-glucosidases,
while an anaerobic Spirochaeta bacterium likely decomposed the
cellobiose produced by endoglucanases by using a cellobiose phos-
phorylase (Fig. 5D), indicating that they were involved in tPB diges-
tion. The most dominant microbe, Fibrl, showed a notably high
expression of nitrogenase genes (nif), implying that the microbe
fixed nitrogen under deep-sea conditions. From the whole commu-
nity gene expression profile, we reconstructed a metabolic network
of the dominant seven microbes (Fig. 5E), suggesting that the two
Deltaproteobacteria microbes consumed fermentation by-products,
such as hydrogen and formate, through sulfate reduction, while rel-
atively inactive Bacteroidetes and Alphaproteobacteria were as-
sumed to play roles in biofilm stability. All these results strongly
indicated the biodegradability of tPB with the release of CO, in the
deep-sea environment, guaranteeing removal even in the deep-sea
ecosystem in the case of accidental release to the ocean.

DISCUSSION

The energy consumption during tPB production was compared to
that of conventional PB (table S6). To produce plate-shaped tPB, 640
times more energy (4800 GJ/metric ton) was consumed compared
to conventional PB (7.5 GJ/metric ton). This high energy input
primarily originated from the press-drying (4710 GJ/metric ton),
wherein only one postcard-sized sample could be prepared at a time
using laboratory-scale electric apparatus. In contrast, cup-shaped
tPB consumed only 8.5 GJ/metric ton during the drying step owing
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solvent-material-recycled tPBex with thicknesses of 0.3 mm. Owing to the smaller thickness compared with Fig. 2B (0.5 mm), the flexural stress of tPBy (“original”) showed
a higher value than in Fig. 2B. (D) M, of tPBi (“original”), solvent-recycled tPBiex, material-recycled tPBe, and solvent-material-recycled tPBiex determined by GPC. It
should be noted that M,, was higher than the literature data (39, 40) because of the known overestimation (86). (E) Whatman no. 2 filter paper on the left and tPB made
from the filter paper (tPBgp; thickness, 0.3 mm) on the right. A manually bent tPBgp is shown in the inset. (F) Copying paper on the left and tPB made from the copying
paper (tPBcpp; thickness, 0.4 mm) on the right. A manually bent tPBcpp is shown in the inset.
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Fig. 5. Marine biodegradability of tPB across all depths. (A) Degradation rate of tPBycc at four different test sites: port of JAMSTEC Yokosuka Headquarters (PJM; depth,
2 m), bathyal seafloor off Misaki Peninsula (BMS; depth, 757 m), bathyal hydrocarbon seepage off Hatsushima Island (BHT; depth, 855 m), and abyssal plain around Mina-
mitorishima Island (AMN; depth, 5552 m). Cup-shaped tPByx degraded at BHT (855 m) after 5 months of immersion is shown in the inset. (B) SEM image of the tPBycc
surface after degradation with BHT (855 m), as detailed in fig. S14 (A and B). Microbes in the inset are colored in pink for clarification. (C) Metagenomic assembly of the
surface microbiome of tPBycc degraded at BHT (855 m) to identify MAGs. The MAG names and frequency in percent form are shown near the scaffold clusters. (D) Meta-
transcriptomic analysis based on mRNA sequencing for the MAGs from the tPBycc-degrading microbiome at BHT. (E) Schematic of metabolizing tPB in a deep-sea envi-

ronment at BHT (855 m).

to the simple air-drying in an oven. The energetic efficiency indi-
cates that the shaping of tPB does not increase and may even lead to
amarked decrease in energy consumption during production. Con-
trastingly, shaping conventional PB requires additional energy input
for processes such as punching, folding, and heat sealing. In general,
energy consumption during production can be reduced through
mass production. To reduce the energy input, modern paper mills
use the heat of steam from boilers, which is significantly more en-
ergy efficient than heating with electricity (44). By using the cooker
used in the kraft pulping process of commercial paper mills for the
dissolution step in tPB production, the estimated energy consump-
tion during dissolution is 2.7 GJ/metric ton. With this large-scale
dissolution, the overall energy consumption for cup-shaped tPB
production would decrease to 11.2 GJ/metric ton, which is only 1.5
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times higher than that of commercial PB. This estimation suggests
that mass-producing tPB with the same energy input as convention-
al PB would be feasible.

To evaluate the potential environmental benefits of tPB produc-
tion, a life cycle assessment (LCA) was conducted. For this, we mod-
eled an ideal mass-production process (fig. S15), where large-scale
washing is carried out using a counterflow washing method, and
wastewater is recovered and recycled using an energy-efficient tech-
nique developed to date. Under these ideal mass-production condi-
tions, the greenhouse gas emissions by tPB production would be
approximately three times that of conventional PB, three-quarters
that of cellophane, and half to two-thirds that of plastic packag-
ing (fig. S16). Therefore, replacing transparent packaging mate-
rials with tPB could be environmentally beneficial. In addition, a

70f 13

620z ‘TT |udy uo Bio'a0us 10s" MM/ Sd1y WO} papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

technoeconomic perspective was considered by factoring in the cost
of dissolving pulp, which is approximately three times higher than
that of conventional pulps used for PB. As a result, the estimated
price of tPB is projected to be about three times that of commercial
PB, demonstrating its economic feasibility. However, optimizing the
production process—such as improving the energy-intensive drying
stage and developing a continuous manufacturing process (fig.
S15)—could further lower production costs, thereby enhancing its
market competitiveness.

As suggested by the LCA calculations based on the ideal mass-
production process, the repeated use of LiBr is a critical step for the
large-scale production of tPB. To address this, the recycling of the
solvent (60 wt % aq. LiBr solution) from wastewater (30 wt % agq.
LiBr solution) was achieved through the condensation followed by
the removal of by-products using activated carbon. Moreover, the
water recovered during the condensation was reusable as washing
water. Although LiBr solution was widely used to prepare cellu-
losic materials such as thin films (45, 46), scaffolds for tissue engi-
neering (23, 47), foams (48), and aerogels (49-52), the recycling of
the solvent used therein has not been reported to date. Although
LiBr solution is stable and nontoxic, it has a corrosive nature. How-
ever, the safe manipulation of highly concentrated LiBr solutions
on an industrial scale has already been established. This is exempli-
fied by the utilization of metric ton-scale 60 wt % aq. LiBr solution
as a working fluid in the absorption heat pump system of air-
conditioning, chiller, and refrigerator in industrial plants and large
buildings (53, 54). In the absorption heat system, the dilution
(from 60 to 40 wt %) and condensation (from 40 to 60 wt %) of
aqueous LiBr solution are continuously repeated (55, 56). Conse-
quently, the condensation conducted in this study can be scaled up
to a commercial level. In addition, energetically efficient processes
without heating such as electrodialysis (57) and vacuum mem-
brane distillation (58) were already demonstrated in LiBr conden-
sation. Furthermore, a solar-powered cooling system (10-metric
ton scale) based on LiBr solution has already been installed in
Thailand (59). These indicate that tPB production can be trans-
formed into a completely closed process in a cost-effective and en-
vironmentally benign manner.

The spent tPB was successfully transformed back into tPB, dem-
onstrating closed-loop recyclability. In each material recycling, the
weight-average molecular weight (M,,) decreased by ~18% (fig.
S17A). This decrease in M,, was comparable to polyethylene tere-
phthalate, one of the well-known recyclable plastics (60). Consider-
ing the lower limit of molecular weight required for tPB preparation,
it was determined that the maximum amount of material recycling
should be limited to three times (fig. S17B). To address this wear-
out, the addition of virgin cellulose, commonly used in paper recy-
cling, would prove beneficial.

The tPB exhibited marine biodegradability with a substantial de-
composition rate observed from shallow to abyssal depths. It is
known that biodegradation speed at the deep-sea floor is extremely
slow compared to on land (61-64). Therefore, the confirmed deep-
sea biodegradability in this study is indicative of fast biodegradation
in the soils. In addition, the effect of fatty acid salt (aluminum dis-
tearate) coating of cup-shaped tPB, as shown in Fig. 3 (C and D), is
considered negligible in terms of marine biodegradability. This is
attributed to (i) the one-sided and <10-pm thickness of the coating
layer, (ii) fatty acid being a natural product that can degrade in the
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sea (65), and (iii) the ubiquity of aluminum in the seawater [3.8 to
6.1 Tg/year of global input to the ocean (66, 67)].

Achieving these advantages—transparency, high mechanical prop-
erties, shapability, solvent and material recyclability, and marine
biodegradability—is feasible only with tPB. Compressed delignified
wood, another class of single-component cellulose material with ex-
traordinary mechanical properties because of the preserved struc-
ture of wood cell walls (68, 69), exhibits thinness (less than 100 pm)
and haziness (T, was more than 60% at a thickness of 50 pm) and is
not material recyclable. Through the utilization of unexploited cel-
lulose wastes such as worn fabrics, waste papers, and low-value
wood, tPB can play a pivotal role in the sustainable circular econo-
my of the future.

MATERIALS AND METHODS

Materials and chemicals

Microcrystalline cellulose powder (Merck, Germany), Bemcot (Asahi
KASEI, Japan), and filter paper (Whatman, US) were used as
cellulose samples. Lithium bromide, aluminum distearate, ethanol,
and cyclohexane were of reagent grade (FUJIFILM Wako Pure
Chemical, Japan) and were used without further purification.
For the water source during the experiments, we used ultrapure
water from a Milli-Q Reference (Merck, Germany). Polycarbon-
ate resin board (Hikari Co., Ltd., Japan) and PB (SEI-830, KOKUYO
Co., Ltd., Japan) were used as reference materials for the mechani-
cal analyses.

Sample preparation

Cellulose solution specimens with concentrations of 1 to 5 wt %
were prepared as reported (22, 23). A 60 wt % LiBr aqueous solution
was heated to desired temperature (155°C for microcrystalline cel-
lulose powder and 115°C for Bemcot and filter paper) for desired
time (6 min for microcrystalline cellulose powder and 50 min for
Bemcot and filter paper), and a desirable amount of cellulose was
added to the heated LiBr aqueous solutions. After complete cellu-
lose dissolution was confirmed by visible solution transparency, the
solution was poured into a tray and cooled to room temperature,
leading to cellulose hydrogel formation. The cellulose hydrogel was
washed thoroughly with deionized water. The washing process of
300 g (~170 ml) of cellulose gel containing 60 wt % LiBr consisted
of 13 washing steps: twice with 100 ml of water for 24 hours each,
once with 800 ml of water for 24 hours, and 10 times with 800 ml of
water for 12 hours each. The final concentration of LiBr in the
washed hydrogel was estimated to be about 1 part per billion, and
the residual LiBr amount was confirmed by ICP-MS, as detailed in
the “Characterization” section. Then, the washed hydrogel was
sandwiched between metal plates with fold-back clips and subjected
to drying at 70°C for 9 days. The dried hydrogel was rehydrated
with water and subjected to press-drying at 110°C for 20 min under
a pressure of 20 MPa by a heat press machine (AS ONE, Japan). The
rationale for choosing these temperatures and pressure for process-
ing is explained in figs. S18 and S19. Cup- or straw-shaped tPB was
prepared by air-drying (at 70°C for 24 hours) a cup- or straw-
shaped cellulose hydrogel that was prepared by a molding process
(fig. S7). Energy consumption during processing was recorded with
a watt checker (Sanwa Supply, Japan, TAP-TST8N). Coating of tPB
with aluminum distearate was performed with an application of a
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coating liquid containing 0.4 g of aluminum distearate, 20.0 g of
cyclohexane, and 0.1 ml of ethanol, followed by air-drying.

Characterization

Trace element concentrations were analyzed by ICP-MS (iCAP Qc,
Thermo Fisher Scientific, Waltham). The samples were cut into pieces
of about 10 mg and cleaned by sonication with 8 mM HNOj for 5 min.
Then, each sample was dried overnight at 65°C. Three milliliters of
68% HNO3; (TAMAPURE-AA-100) was used to dissolve the samples
at 120°C for about 60 hours. The element concentrations of cleaned
samples were evaluated by triplicating each decomposition experi-
ment. The supernatants were weighed into polypropylene vials and
precleaned with HNOj3 and ultrapure water, and 0.3 M HNO; was
added to each vial to make a 3-ml solution. The dilution rate was
adjusted to about 30,000 times the initial sample weight. For instru-
ment drift correction, Be, Sc, Y, and In were added to HNO; before-
hand as internal standards. The following isotopes were used for
detection: "Li, **Na, Mg, *’Al, *K, *'Ca, **Cr, *Mn, **Fe, *Co,
Ni, ©*Cu, *Zn, "°Br, *Sr, '77Ag, ''Cd, **Ba, and ***Pb. To attenu-
ate polyatomic/reactive interferences, H, was used as a cell gas for Fe
and Li and He for the other elements. Optical properties were mea-
sured with a haze meter with a strong visible light source, illuminant
C (HZ-V3, Suga Test Instruments Co., Ltd.), and UV-Vis V670
(JASCO Corp., Tokyo, Japan) equipped with a horizontal sampling
integrating sphere unit (PIN-757). The three-point bending and wet
tensile tests were performed on five specimens using an EZ-SX
(Shimadzu Corp., Japan) equipped with a 500-N load cell. For three-
point bending tests (the span and crosshead speed were 30 mm and
1%/min, respectively), the sample specimens were cuboid in shape
with dimensions of 0.5 mm by 10 mm by 50 mm. ISO standards
(e.g., ISO14125) specify that the thickness of the sample should be at
least 2 mm. However, in this study, we were unable to prepare such a
thick sample of tPB for mechanical testing. Therefore, we prepared
tPB with a thickness of 0.5 mm and limited our discussion to the
relative comparison of mechanical properties based on the three-
point bending test results with PB and PC of the same thickness. For
wet tensile tests (the span and crosshead speed were 40 mm and 1 mm/
min, respectively), the sample specimens were cuboid in shape with
dimensions of 0.5 mm by 5 mm by 60 mm and completely soaked in
water for 72 hours before measurement. The bulk density was mea-
sured with a micrometrics powder pycnometer GeoPyc1365 (70),
and the true density was measured with a MicrotracBEL helium gas
pycnometer BELPycno (71). Micro-x-ray tomography was per-
formed with ScanXmate-D160TSS105 (Comscantecno Co., Ltd.,
Kanagawa, Japan) with settings of 90 kV and 68 pA. AFM imaging
was performed on a NaioAFM (Nanosurf, Switzerland). SEM imag-
ing was performed on a Helios G4 UX (Thermo Fisher Scientific)
equipped with a PP3010T cryogenic stage (Quorum Technologies
Ltd.). For the SEM imaging of tPB, the tPByjcc was mechanically
fractured, and the surface and cross section were fixed on an alumi-
num stub using a carbon paste. SEM images without any conductive
coatings were obtained at a landing voltage of 1 kV and a beam cur-
rent of 6.3 pA. For the SEM imaging of undried cellulose hydrogel,
the wet cellulose hydrogel was charged in a pair of through-hole
brass rivets (inner diameter of 0.95 mm) and frozen in slush nitrogen
(~-210°C). The paired rivets were mounted on an aluminum stub
and vacuum transferred to the vacuum preparation chamber of the
scanning electron microscope, in which the top rivet was fractured
to expose the cross section, followed by water sublimation at —90°C
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for 3 min under ~2 X 107 Pa. The cross section was imaged at
a landing voltage of 1 kV, a beam current of 6.3 pA, and a stage tem-
perature of ~~150°C under ~3 x 107 Pa. A WAXD experiment was
performed on Nanopix (Rigaku, Japan) at 40 kV and 30 mA with
monochromatized and collimated Cu Ko radiation (A = 1.548 A).
SAXS (A = 1.0 A) was conducted with synchrotron radiation at the
BL40B2 beamline of Spring-8 (Hyogo, Japan). Thermal diffusivity
was measured with a TA33 thermowave analyzer (Bethel Co., Ltd.,
Ibaraki, Japan) according to a previous method (72). Contact angle
measurement was conducted by SImage Auto (Excimer Inc., Japan).
Thermographic images were taken by TIM038V (AS ONE Corpora-
tion, Japan). M,, was measured by gel permeation chromatography
(GPC) by using the Pullulan standard (STANDARD P-82, Shodex,
Japan). The GPC system consisted of a GPC column packed with
styrene divinylbenzene copolymer gel (GPC KD-806M, Shodex,
Japan), a guard column (GPC KD-G4A, Shodex, Japan), and a re-
fractive index detector (Waters2414, Waters, US). The mobile phase
was 1.0% LiCl/DMAc, the flow rate was 0.8 ml/min, and the injected
sample volume was 50 pl. The mobile phase was filtered with a
polytetrafluoroethylene filter [06542-14, COSMONICE(R) Filter S,
Nacalai Tesque, Japan]. The column temperature and the detector cell
of the refractive index detector were set to 40°C. Data acquisition and
processing were carried out using Empower2 software (Waters, US).
Water retention test was performed gravimetrically. Water (100 g for
cup-shaped tPB and 40 g for paper and polystyrene cup) was poured
into the cups, and the time-course change in weight was recorded
with AP135W (Shimadzu Corp., Japan).

Recycling

Solvent recycling was conducted by the condensation of wastewa-
ter containing 30 wt % LiBr at 160°C under nitrogen flow. The
completion of condensation was confirmed by the density. The
condensed solvent was filtered with activated carbon to remove
the by-products generated during the dissolution process. Evapo-
rated water was recovered in a cooled flask with an ice bath and
used as washing water. Material recycling was performed by the
pulverization of spent tPB and subsequent dissolution into the
LiBr solvent.

Sample deployment and recovery

Environmental biodegradation tests were performed on the deep-
sea floor at three sites: two bathyal sites [bathyal seafloor off the
Misaki Peninsula, BMS (35°4.2'N, 139°32.5’E, at a water depth of
757 m from 12 May 2021 to 12 October 2021); bathyal hydrocarbon
seepage off Hatsushima Island, BHT (35°0.9'N, 139°13.3'E, at a water
depth of 855 m from 12 September 2019 to 7 January 2020 and from
5 February 2021 to 13 October 2021)] and one abyssal site [abyssal
plain around Minamitorishima Island, AMN (22°59.9'N, 154°24.5'E,
at a water depth of 5552 m from 15 March 2020 to 9 April 2021)]
(fig. S14, A and B). As a reference site close to large cities and rivers,
the same tests were performed in a coastal environment [port of
JAMSTEC Yokosuka Headquarters PJM (35°19.2'N, 139°39.0'E,
at a water depth of 2 m, from 8 August 2021 to 8 October 2021)].
The sample specimens were square in shape with dimensions of
0.2 to 0.6 mm by 30 mm by 30 mm, with the exception of AMN
(1 mm by 5 mm by 30 mm). Five specimens were used at PJM, BHT,
and BMS, and three specimens were used at AMN. The sample spec-
imens used for on-site degradation tests at PJM, BHT, and BMS
were sealed in mesh (fig. S14C). The mesh was stored in cylindrical
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sample chambers (9 cm in diameter and 11.5 cm in height) with
holes (98 holes, 8 mm in diameter) (fig. S14, D and E). The sample
chambers were covered with protective nets and tagged with buoys
(fig. S14F). The sample specimens used for on-site degradation
tests at AMN were stored in centrifuge tubes with holes used as
sample holders (fig. S14M). The sample holders were covered with
protective nets (fig. S14N). Sample deployment (fig. S14]) and re-
covery (fig. S14, K and L) at deep-sea sites were conducted by a
human-occupied vehicle (HOV) Shinkai 6500 (fig. S14G) with
R/V Yokosuka or remotely operated vehicles [Hyper-Dolphin (fig.
S14H) with R/V Shinsei-maru and KM-ROV (fig. S141) with R/V
Kaimei]; AMN was an exception, where the free fall-type deep-sea
observatory lander system Edokko Mark 1 was used (fig. S140).
During sample recovery, the sample chambers were placed in a
sample box with a lid until the HOV or ROV was recovered on-
board to avoid the contamination of seawater in the upper layer (fig.
S14L). Note that during recovery at AMN, the sample chambers
fixed in the lander system went through the water column, leading
to possible contamination. After recovery onboard, the sample
chambers were readily dismounted, and one sample specimen was
cut into pieces and subjected to fixation: freezing at —80°C for
DNA/RNA extraction and fixation in 4% formaldehyde in 0.1 M
phosphate buffer containing 150 mM NaCl (pH 7.4) for SEM obser-
vation. The remaining four (in PJM, BHT, and BMS) or two (in
AMN) sample specimens were washed thoroughly with water, dried
in an oven, and weighed. In addition, a cup-shaped tPBy., was de-
ployed and recovered at BHT (from 18 January 2022 to 5 June 2022).

SEM of degraded tPB

Sample-attached bacteria were fixed onboard as mentioned above. Af-
ter washing with pure water, the fixed samples were dehydrated with a
graded series of ethanol (30, 50, 70, 90, and 100%) for 10 min at room
temperature and then substituted twice with fert-butyl alcohol. Con-
secutively, the samples were freeze dried and then sputter coated
with gold using an MSP-1S magnetron sputter (Vacuum Device Inc.,
Japan) before examination using a JCM-7000 (JEOL, Japan) with a
secondary electron detector with an acceleration voltage of 5 kV.

DNA and RNA coextraction and sequencing

The specimens of tPB were immediately placed on the shipboard
at a temperature of —80°C and stored before nucleic acid extrac-
tion. Both DNA and RNA were coextracted using ZymoBIOMICS
DNA/RNA Miniprep Kits (Zymo Research, Irvine, CA) according
to the manufacturer’s instructions. Briefly, the tPB sample was
subjected to bead beating for 10 min at the maximum vortex speed
(Vortex-Genie 2, Scientific Industries Inc., Bohemia, NY). The to-
tal nucleic acids were then separated into DNA and RNA by filtra-
tion. The metagenomic sequence library was constructed using
the Illumina DNA Prep (M) Tagmentation kit (Illumina, San
Diego, CA) with the Nextera DNA CD Index according to the
manufacturer’s instructions. The metatranscriptomic sequence li-
brary of total RNA in the microbial community was constructed
by using a TruSeq Stranded mRNA Library Prep kit (Illumina,
San Diego, CA) with a TruSeq RNA CD Index plate (Illumina,
San Diego, CA) according to the manufacturer’s instructions with-
out a eukaryotic mRNA extraction step involving a polyA tail.
Paired-end sequencing [150 base pairs (bp) X 2] was performed
for both DNA and RNA libraries using the HiSeq X platform at
Macrogen Japan.
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Metagenomic assembly and functional annotation

The demultiplexed raw DNA and RNA sequence reads were qual-
ity trimmed by the trim read function with default parameters
in CLC Genomic Workbench version 20.0 (QIAGEN, Venlo, The
Netherlands). The 82,272,866 DNA reads were applied to the de novo
assembly with scaffolding based on paired-end reads with k-nucleotide
oligomers of 23 bp, bubble sizes of 800 bp, and minimum scaffold
lengths of 400 bp on the CLC Genomics Workbench version 20.0
(QIAGEN, Venlo, The Netherlands) to obtain 190,979 scaffolds (the
total base is 285,176,667 bp). The trimmed raw sequence reads were
then mapped back to the 190,979 scaffolds for calculating the cover-
age of scaffolds using Map Reads and the contig function in CLC
Genomics Workbench version 20.0 (QIAGEN) with length fractions
of 0.7 and similarity fractions of 0.95. The 367,823 open reading
frames (ORFs) were called from total scaffolds using MetaGeneMark
(73). The taxonomic classification of each ORF was estimated by
using GhostKOALA (74), and the estimated taxonomy of scaffolds
was assigned on the basis of the most redundant taxonomic classifica-
tion of ORFs coded in each scaffold, as described elsewhere (75). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) Automatic
Annotation Server was used for KEGG orthology assignment with
the single-directional best hit method set to 45 as the threshold assign-
ment score (76). The gene encoding ribosomal protein S3 (rpsC,
K02981), which is a key marker single-copy housekeeping gene for
the phylogeny of microorganisms (77), was used for metagenome-
based population analysis, as described previously (78). The dbCAN2
metaserver was used for the annotation of the carbohydrate-active
enzyme (CaZy) by the default parameter of HMMER: dbCAN (E < 1 X
10755 coverage >0.35) (79).

Extraction of the metagenome-assembled genome

Draft genomes [metagenome-assembled genomes (MAGs)] of highly
abundant microorganisms within the biofilm community (cover-
age over 30) were extracted by grouping contigs using a coverage-
GC% plot (75). The contig clusters were then refined by paired-end
connections between contig ends that were counted by the Collect
Paired Read Statistics function in the CLC Genome Finishing Mod-
ule (QIAGEN), which allowed for the association of additional scaf-
folds and for the removal of incorrect scaffolds (80). To clarify
the MAG quality proposed by the Genomic Standards Consortium
(81), genome completeness and contamination were analyzed using
CheckM, while the numbers of tRNAs and ribosomal RNAs per
MAG were counted using tRNAscan-SE (82) and RNAmmer (83),
respectively (table S5). To assign the taxonomic classification of the
MAGs, GTDB-tk was run with default settings using the GTDB da-
tabase release 95 (84).

Metatranscriptomic analysis

The 54,694,344 quality-trimmed RNA reads were mapped to the
OREFs of the whole community by using the RNA sequencing analy-
sis function of CLC Genomics Workbench version 20.0 (QIAGEN,
Venlo, The Netherlands) at the default parameters, with the excep-
tion of the length fraction of 0.5 and the similarity fraction of 0.95.
The RPKM (reads per kilobase per million mapped reads) values
were calculated to analyze the gene expression levels of each coding
sequence within the tPB microbiome (85). A heatmap was used
to visualize the gene expression levels of the selected key meta-
bolic genes among the dominant members of the community. The
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selected key enzymes were as follows: endoglucanase (K01179) as
cellulase mainly annotated as GH5 in CaZy, p-glucosidase (K05349),
peroxidase (K03782) with CaZy annotation of AA2 (lignin
peroxidase), and cellobiose phosphorylase (K00702) for cellulose
degradation; glyceraldehyde 3-phosphate dehydrogenase (gapA,
K00134) and enolase (eno, K01689) for glycolysis; average value of
NADH-quinone oxidoreductase subunit A-L (nuoA-L, K00330-K00343),
Na™-transporting NADH:ubiquinone oxidoreductase subunit A-F
(nqrA-F, K00346-00351), and cytochrome c oxidase (coxA-C, K02274-
K002276) for aerobic respiration; flagellin (fliC, K02406) and pilin
(pilA, K02650; impB, K11901) for swimming and microbial adhe-
sion; F-type adenosine 5’-triphosphate (ATP) synthase (atpA-H,
K02108-2115) and A-type ATP synthase (ntpA-K, K02117-K2124)
for ATP synthesis; dissimilatory sulfite reductase (dsrABC, K11180,
K11181, and K23077) for sulfate reduction; nitrogenase (nifBDEHKN,
K02585-K02592) for nitrogen fixation and ammonium transporter
(amt, K03320) for nitrogen source uptake; and formate dehydro-
genase (fdhAB, K00123 and K00127), NiFe-hydrogenase (hydAB,
K06281 and K06282), Fe-only hydrogenase (K00334-K00336),
and p-lactate dehydrogenase (IdhA, K03778) for fermentation by-
products and/or substrates. On the basis of these gene expression
profiles for each MAG, the metabolic pathway within the commu-
nity was estimated to analyze the degradation of cellulose-based tPB
in the deep-sea environment.

LCA analysis

To estimate the greenhouse gas emissions associated with tPB pro-
duction, we calculated the emissions on the basis of the energy con-
sumption during tPB manufacturing under the assumption of ideal
mass production (fig. S15). In this scenario, dissolving pulp was
used as the starting material, and the LiBr and washing water used
in the production process were assumed to be recycled within the
system. Recycling was modeled through the condensation and sepa-
ration of these components from the waste solution, using residual
heat generated during cellulose dissolution and renewable energy.
The calculations were performed using the Japanese database IDEA
version 3.4 [developed by the National Institute of Advanced Indus-
trial Science and Technology (AIST, Japan); https://riss.aist.go.jp/
en-idealab/idea/]. Because of the usage restrictions of IDEA version
3.4, which prohibit the disclosure of original unit values from the
database, a comparative analysis was conducted using relative values
normalized to tPB as the reference.
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