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Although the basic composition of 
wood-derived paper (i.e., cellulose fiber) 
is renewable, modern industrial paper-
making is a multistep process with severe 
and often deleterious environmental 
impact. The pulp and paper industry con-
sumes substantial natural resources (e.g., 
wood and water) and energy,[2–4] and pro-
duces waste (e.g., chemicals). In the last 
20 years, energy use by the pulp and paper 
industry grew by an average of 0.3% annu-
ally, while the paper and paperboard output 
increased by 1.4%, according to the Interna-
tional Energy Agency.[5] Conventional paper 
production also entails the generation 
of greenhouse gases (GHGs), effluents, 
and emissions, and causes deforestation 
and irreversible environmental pollution, 
thereby contributing to global warming.[6,7] 
To achieve carbon neutrality, much effort 
needs to be channeled toward paper recy-
cling; however, the processes involved in 
conventional paper recycling, including 
repulping, de-toning, and reconstruction, 
are some of the most significant contribu-
tors to energy consumption, toxic chemical 
release, and GHGs emissions.[8–11]

In recent years, the concept of “unprinting”, which entails 
removing the toner from printed paper while keeping the 
paper intact, has been proposed as an alternative to de-toning 
because it does not require pulping.[12] The real and in situ 
reuse of waste paper can be achieved through unprinting while 
reducing GHGs emissions.[13–15] Several pathways to achieve 
unprinting have been developed.[16] Considering that toner 
is a plastic substance, organic chemicals such as chloroform, 
dimethylsulfoxide, and acetone have been adopted to weaken 
the bond between the paper and the toner. Applying these 
chemicals, the toner material is removed from wood-based 
paper through physical decohesion or oscillation.[17] However, 
the use of organic chemicals poses environmental and health 
risks, and the mechanical erasure of the toner may damage the 
physical integrity of paper.

In the optical unprinting approach, in which a laser or xenon 
lamp with high-intensity light output is applied to ablate the 
toner off the printed paper, the dependence on chemical use is 
minimized, but the mechanical integrity of the paper could still 
be damaged.[18,19] Additionally, xenon lamps have shown a lower 
removal rate for light-colored toners than black toner, further 
limiting their practical utility.[18] Given the natural inertness of 

Although paperless technologies are becoming ubiquitous, paper and paper-
based materials remain one of the most widely used resources, predicted to 
exceed an annual total of 460 million metric tons by 2030. Given the environ-
mental challenges, deleterious impact on natural resources, and waste asso-
ciated with conventional wood-based paper manufacturing, developing more 
sustainable strategies to source, produce, and recycle paper from natural 
materials is essential. Here, the development and production of reusable 
and recyclable paper are reported. This approach offers a pathway for easily 
producing natural pollen grains via ecofriendly, economical, scalable, and 
low-energy fabrication routes. It is demonstrated that the pollen-based paper 
exhibits high-quality printability, readability, and erasability, enabling its reuse. 
Based on the pH-responsive morphological responses of engineered pollen 
materials, a method for hygro stable printing and on-demand unprinting is 
presented. The reusability of the pollen paper renders it more advantageous 
than conventional single-print wood-based paper. This study thus provides 
possible pathways to utilize non-allergenic pollen, which is renewable and 
naturally abundant, as a sustainable source of reusable paper. While this work 
primarily deals with paper, the methods described here can be extended to 
produce other products such as cartons and containers for the storage and 
transport of liquid and solid materials.

1. Introduction

Paperless digital technologies are gaining greater adoption for 
both personal and business communications and commerce, 
with their widespread global appeal significantly accelerated by 
increased digitization, especially since the onset of the global 
pandemic in early 2020. However, paper remains one of the 
most widely used materials in the world. Ink printed on paper 
continues to be the most trusted form of encoding information 
for security, authenticity, long-term archival storage, and per-
manence.[1] Consequently, paper production and use remain an 
important topic in the sustainable utilization of natural resources.
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both cellulose and toner to green solvents, the mechanical sepa-
ration between the paper and toner may be the most promising 
de-toning approach; however, such mechanical peeling of the 
toner could break the cellulose fibers, thereby impairing the 
reuse of the recycled paper. Therefore, finding a sustainably 
printable paper that can be nondestructively and mechanically 
recycled without using environmentally unfriendly chemicals 
or optical interventions is highly desirable.

In this work, we demonstrate a new printing medium from 
a natural plant source, pollen-based paper, and present unique 
solutions for repeated printing, unprinting, and reprinting. In 
contrast to wood-derived paper made of cellulose fibers, pollen 
paper is made from plant pollen grains, which are made non-
allergenic through a process we have previously developed.[20] 
As genetic material carriers in plant reproduction, pollens 
are naturally renewable and are generated in large amounts, 
making them attractive in terms of scalability, economics, and 
environmental sustainability, unlike conventional wood.[21,22] 
Furthermore, our method relies on a recent innovation to 
transform the allergenic natural pollens into non-allergenic 
microgels, which can then serve as micro-building blocks that 
self-assemble into a paper-like material.[20,23] This pollen-based 
papermaking is convenient, sustainable, and less energy-con-
suming. We illustrate and validate the merits of this method by 
laser printing high-resolution digital images on pollen paper. To 
adapt pollen paper to applications in varying relative humidity 
(RH), we significantly improve the hygrostability of the pollen 
paper through simple acid treatment, thereby protecting the 
printed information from moisture damage. Our experiments 
also show that the acid-treated pollen paper exhibits unique 

characteristics of basic pH-induced swelling and changes in 
surface microtopography. This feature is incorporated into our 
design to create a process for unprinting by disintegrating the 
toner layer, in a controlled manner, into small removable pieces 
to revert the paper to its original unprinted state for reuse. We 
show that the toner fragments can then be removed from the 
printed pollen paper with mild agitation or ultrasonication 
techniques. Subsequently, the unprinted hydrated pollen paper 
can be recycled to its original shrunken state through dehydra-
tion via ethanol immersion and air-drying. This entire process 
is illustrated in Figure 1. We also demonstrate the reprinting of 
high-resolution color digital images onto recycled pollen paper.

2. Results and Discussion

The manufacture of conventional wood-derived paper involves 
mechanical logging, debarking, and chipping of forest trees to 
produce woodchips, which then are chemically processed into 
brown cellulose-based pulp. Subsequent screening, bleaching, 
and washing are necessary to whiten and decolorize the pulp 
to produce final paper products that are suitable for printing 
(Figure 2a, upper panel).[24] Our pollen paper is derived from 
natural non-allergenic micro-sized pollen grains, which were 
produced using only potassium hydroxide (KOH) solution 
similar to the traditional soapmaking process (Figure 2a, lower 
panel). In this study, pollen grains from sunflower (Helianthus 
annuus) were used because of their appealing gelation charac-
teristics.[20] We used commercial raw bee pollen, an abundant 
and inexpensive byproduct, as the raw material (Figure  2b).[25] 
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Figure 1. Schematic demonstrating the printing and unprinting of pollen paper and it’s in situ recycling via swelling-induced toner detachment. Image 
credit of “Sunflowers” by Vincent van Gogh: Van Gogh Museum, Amsterdam (Vincent van Gogh Foundation) (Reproduced with permission). Photo 
credit of “Mona Lisa” by Leonardo da Vinci: photo Copyright RMN-Grand Palais (musée du Louvre)/Michel Urtado (Reproduced with permission).
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Adapting the method used in our previous work, we mixed the 
defatted pollen with a 10% w/w KOH solution at 80 °C and con-
tinuously hydrolyzed the mixture for 5 h to produce soft micro-
gels, which is an effective way of processing pollen grains.[23] 
This process is termed digestion and is similar to the digestion 
step in wood-based papermaking. We used deionized (DI) water 
to neutralize the pollen microgels and then cast them into a 
mold for air-drying (Figure S1, Supporting Information). When 
the water evaporated, pollen paper with in-plane dimensions of 
22  cm × 22  cm and a thickness of approximately 30  µm was  

produced (Figure 2c). The fabricated pollen paper had a microscop-
ically rough surface topography, owing to the intrinsic nano- and 
microstructures of the self-assembled pollen grains (Figure S2,  
Supporting Information). The paper dimensions can easily be cus-
tomized and scaled by using different casting molds.

In the proposed pollen paper production process, the diges-
tion process based on alkaline solution is the only step that 
requires heating during manufacturing. To demonstrate 
the energy-saving efficiency of pollen-based papermaking, 
we compared the analogous digestion steps in wood- and 
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Figure 2. Pollen paper production process using raw pollen grains. a) Overview of the sustainable processing method for preparing pollen paper in 
comparison with the conventional processing method for producing wood-based paper. b) Raw sunflower pollen grains collected from flowers. Scale 
bar: 20 cm. c) An example of 22 cm × 22 cm fabricated pollen paper.
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pollen-based papermaking processes. The digestion pro-
cess involves the input of raw biomass, alkaline solvents, and 
energy for heating (Table S1, Supporting Information). Rel-
evant parameters and equations needed for the calculation of 
heat energy are listed in Table S2, Supporting Information. The 
wood- and pollen-based papermaking processes consumed sim-
ilar levels of heat energy (6.32 and 6.27 GJ, respectively) for the 
production of 1000  kg of paper. However, wood-based paper-
making entails more energy-intensive and low-energy-effi-
ciency mechanical processes such as logging, debarking, and 
chipping.[26] Therefore, given its one-pot chemical digestion 

process, the pollen-based papermaking technique is more 
straightforward and sustainable, requiring less total energy.

As demonstrated in our previous work,[23,27] varying RH can 
alter the configurational, morphological, and mechanical char-
acteristics of the original pollen paper. However, insensitivity to 
moisture is considered essential for the practical use of printing 
substrates. Given the pH-dependent morphological response of 
the pollen microgel particles,[20] we hypothesized that acid treat-
ment could hygrostabilize the as-assembled pollen paper, where 
carboxylic acid functional groups should become protonated to 
form more hydrogen bonds with one another (Figure 3a). When 
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Figure 3. Acid-mediated hygrostability enhancement of pollen paper for preserving printed content. a) Schematic representation of proposed pH-
dependent effect on the interaction of functional groups on pollen paper. b) Variation of the unidimensional swelling ratio of the pollen papers as a 
function of the immersion solutions’ pH values (n = 3). c,d) Uniaxial strain change of pollen papers with and without acid treatment upon exposure 
to RH of (c) 30% and (d) 90%, as a function of time. e) Comparison of the DI-water-induced unidimensional swelling ratios between the original and 
acid-treated pollen paper (n = 3). f) A painting from the Sunflowers series by Vincent van Gogh (left) was digitally printed on an acid-treated pollen 
paper with toner (middle, the scale bar is 2 cm), together with a close-up optical microphotograph of the printed pollen paper (right, the scale bar 
is 0.5 mm). Image credit of “Sunflowers” by Vincent van Gogh: Van Gogh Museum, Amsterdam (Vincent van Gogh Foundation) (Reproduced with 
permission). g) The printed pollen paper was submerged into DI water for 1 min to show its enhanced hygrostability. Data are shown as the mean ± 
standard deviation (SD).
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immersed in solutions of different pH values (from 2 to 12) for 
10 min, the unidimensional swelling ratio of the pollen paper 
clearly decreased with the decreasing pH value (Figure 3b)—a 
phenomenon that has also been found in other polymer mate-
rials with carboxylic groups, such as anionic polyelectrolyte 
hydrogels.[28–31] We found that the pollen paper had the lowest 
swelling ratio at pH 4. In addition, the initially swollen pollen 
paper underwent gradual de-swelling over time and reached 
equilibrium after 48 h, with a final size slightly smaller than 
the dry, untreated pollen paper (Figure S3, Supporting Informa-
tion). Then, the pollen paper immersed in pH 4 solution for 
48 h was air-dried and stored in ambient conditions for further 
characterization.

We investigated the hygrostability of the acid-treated pollen 
paper’s dimensions during exposure to different values of 
RH, as shown in Figure  3c,d. Compared with the original 
untreated pollen paper, the acid-treated pollen paper dem-
onstrated much less shrinkage or swelling when transferred 
from 60% RH (room RH) to 30% RH or 90% RH, respectively. 
The acid treatment reduced the water content of the pollen 
paper from around 9.5% to 6.5% (Figure S4, Supporting Infor-
mation). Additionally, when exposed to DI water for 5  min, 
the hydrated acid-treated pollen paper exhibited a unidimen-
sional swelling ratio of about 4% (Figure S5, Supporting Infor-
mation), which is only about 11% of the value of hydrated 
untreated pollen paper (Figure  3e). Multiple hydration–dehy-
dration cycles were conducted on the acid-treated pollen paper 
to test the reversibility and durability of its hygrostability. As 
shown in Figure S6, Supporting Information, the sample 
retained its small swelling ratio during nine cycles and shrank 
back to its initial size after each dehydration. Moreover, the 
acid treatment made no significant difference to the pollen’s 
roughness (Figure S7, Supporting Information), with the 
thickness remaining around 30  µm (Figure S8, Supporting 
Information).

To demonstrate the print quality of the acid-treated pollen 
paper, we printed a painting from the world-renowned Sun-
flowers series by Vincent van Gogh (Figure 3f, left). Owing to 
its good mechanical strength (Figure S9, Supporting Informa-
tion) and flexibility (Figure S10, Supporting Information), the 
acid-treated pollen paper could easily pass through the laser 
printer without any tears or damage, and the printed image 
was of high resolution and clarity (Figure 3f, middle). Using an 
optical microscope, we observed that the color toner completely 
covered the printed areas, without any apparent gaps or flaws 
(Figure 3f, right). Because the location of solid toner particles is 
primarily determined by the laser during laser printing, there is 
little difference in image resolution and clarity between pollen 
and wood paper, although they do have slightly different sur-
face properties and background colors, as shown in Figure S11, 
Supporting Information. Scanning electron microscopy (SEM) 
images showed that the toner printed on the pollen paper fused 
and formed a coating layer with discrete pits, whose micro-
morphology depended on the print setup (Figure S12a,b, Sup-
porting Information).[32] Because of the unique intrinsic micro-
structure of the pollen paper, with its surface roughness,[33] 
the fused toner was conformally deposited along the contour 
of the paper surface (Figure S12c,d, Supporting Information), 
ensuring a tight bond between the toner and pollen paper 

with superior resistance to separation (Figure S13, Supporting 
Information).

In light of its enhanced hygrostability, the acid-treated pollen 
paper printed with “Sunflowers” could preserve its form and 
the integrity of the printed image for at least 24 h regardless 
of the low (30%) or high (90%) RH (Figure S14, Supporting 
Information). Moreover, we found that 1  min of contact with 
DI water would not soften or damage the mechanical structure 
of the printed sample (Figure  3g  and Movie S1, Supporting 
Information), performing even better than wood-based office 
printer paper in its resistance to the water-induced weakening 
of mechanical strength (Figure S15, Supporting Information). 
In contrast, without the acid treatment, the original pollen 
paper became curled at all RH values and rapidly lost the integ-
rity of its printed image when immersed in water (Figures S16 
and S17, Supporting Information). Taken together, these results 
reveal that simple acid treatment can remarkably improve the 
hygrostability of the pollen paper, making it a potentially sus-
tainable substitute for wood-based printer paper in a variety of 
printing and publishing environments.

The acid-treated pollen paper has many potential advantages 
over traditional wood-based paper even for single use. In addi-
tion to that, there are simple steps one can take to unprint the 
pollen paper on demand by removing all printed toner content 
and then recycling it for new printing. For this purpose, we fur-
ther harnessed the pH-response of the pollen paper and hypoth-
esized that a strong interaction occurs between the paper and 
the printed toner during immersion in basic solution that can 
cause extensive swelling of untreated pollen paper (Figure 3b). 
A blank acid-treated pollen paper without printed information 
was immersed in a solution of pH 12 to evaluate the base-
induced effect on its dimensions. As shown in Figure 4a, in 
contrast with the slight swelling (4%) resulting from neutral 
DI water immersion, the acid-treated pollen paper underwent 
a rapid swelling of approximately 40% when immersed in the 
basic pH solution, maintaining its swollen state for 1 h. We 
measured the weight change of the pollen paper during basic 
solution absorption, with the result indicating that the pollen 
paper could quickly reach a plateau in its swelling response 
within 1 min (Figure S18, Supporting Information).

Herein, a multistep treatment of ethanol–drying was 
designed to facilitate the in situ recycling of pollen paper from 
its swollen state, where ethanol, an eco-friendly and easily 
accessible solvent, was used to achieve fast dehydration. We 
studied the dehydrating behavior of the immersed pollen paper 
in response to the ethanol–drying treatment. Figure 4b shows a 
square paper sample, where the background grid pattern makes 
the size change evident, subjected to different treatments. First, 
in this process, the acid-treated pollen paper immersed in basic 
solution swelled to almost twice its original surface area. Then, 
the hydrated pollen paper was transferred to ethanol to dehy-
drate and de-swell, followed by an air-drying step, which took 
around 10  min to restore the pollen paper to its initial size 
and weight (Figures S19 and S20, Supporting Information), 
demonstrating the reversibility of its dimensional changes. 
The SEM images showed that the dry pollen paper exhibited 
a typical fallen spiky surface microstructure (Figure S21a, Sup-
porting Information), whereas the hydrated pollen paper exhib-
ited numerous irregular crater-like morphologies (Figure S21c, 

Adv. Mater. 2022, 2109367
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Supporting Information). Additionally, the dry pollen paper 
exhibited a compact lamellar cross-section (Figure S21b, Sup-
porting Information), whereas the hydrated pollen paper exhib-
ited a considerably higher cross-sectional thickness, owing to 
the numerous porous microstructures within its body (Figure 
S21d, Supporting Information).

Based on these findings, we set up a complete process to 
unprint and recycle the pollen paper, as shown in Figure  4c. 
When immersed in a basic solution, the pollen paper under-
went rapid swelling. Subsequently, small fragments of the 
printed toner gradually separated from the pollen paper under 

mild mechanical agitation (Figure 4c, upper panel). After a short 
period of 2 min, about 98% of the printed toner was removed 
from the pollen paper and dispersed in solution (Figure S22, 
Supporting Information). Next, we prepared a bath of ethanol 
to dehydrate the unprinted pollen paper for 5 min, which was 
then taken out and air-dried (Figure 4c, lower panel). In sum-
mary, a basic solution can be used to trigger toner removal 
(Movie S2, Supporting Information), and the pollen paper can 
easily be processed to return to its original shape and dimen-
sions after dehydration by recourse to ethanol treatment and 
air-drying. As expected, the basic solution could not remove the 
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Figure 4. Erasure of the pollen paper printed with toner, during immersion in basic solution. a) Swelling of the acid-treated pollen paper as a function 
of time when immersed in a solution of pH 12 (n = 3). b) Reversible change in pollen paper size in response to base–ethanol–drying treatment. Each 
cell in the background grid is 2.5 mm × 2.5 mm. The red dashed boxes mark the edges of samples before and after basic solution immersion. c) The 
acid-treated pollen paper printed with the Sunflowers painting went through the base–ethanol–drying treatment for unprinting and in situ recycling. 
Image credit of “Sunflowers” by Vincent van Gogh: Van Gogh Museum, Amsterdam (Vincent van Gogh Foundation) (Reproduced with permission).
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printed toner from wood-based paper, which is non-responsive 
to pH changes (Figure S23, Supporting Information), demon-
strating the uniqueness of the pollen paper.
Figure 5a schematically depicts the printing and unprinting 

of the pollen paper to further elucidate the process of separa-
tion between the pollen paper and toner. Before immersion in 
the basic solution, the printed toner layer conformally bonded 
with the acid-treated pollen paper surface contours. During 
swelling, the toner layer mechanically disintegrated, thereby 
fully debonding from the paper surface and leading to complete 
toner removal. After ethanol immersion and air-drying, the acid 
treatment was readministered to the recycled pollen paper to 
prepare it for new printing. Under a microscope, we observed 
the forced disintegration and looseness of the color toner rela-
tive to the pollen paper under the stimulation of basic solu-
tion (Figures  5b and Movie S3, Supporting Information). The 
recycled pollen paper resembled the original, without any toner 
residues and microstructural damage, as further verified by the 
SEM images (Figure S24, Supporting Information).

Because toner removal is a mechanical process, unprinting 
should be universal and effective for different toner types, 
irrespective of their color or composition. To confirm this 
assumption, we printed four zones with different toner colors 
(black, red, green, and blue) on a single pollen paper sheet and 
unprinted the paper using the method described above. The 
toners in the four zones were essentially completely removed, 
with no significant differences between them (Figure S25, 
Supporting Information). In another experiment, we printed 
text using a laser printer and a monochrome (black) toner and 
obtained the same result (Figure S26, Supporting Information). 
Thus, our results indicate that laser-printed pollen paper can be 
unprinted and reused for further printing through simple pro-
cessing steps, regardless of the toner type.

We subjected the pollen paper to multiple cycles of the acid-
base treatment during the course of repeated printing and 
unprinting and measured the swelling ratio at different junc-
tures (Figure 6a). During the nine cycles, the pollen paper main-
tained good reversibility in swelling and de-swelling between 
acidic and basic conditions, which indicates the possibility 

of long cycle lives of unprinting and reprinting. Additionally, 
its mechanical properties were essentially unchanged after 
nine cycles (Figure S27, Supporting Information). Moreover, 
the rough microtopography of the paper, a characteristic of 
sunflower pollen, was retained after nine cycles according to 
SEM (Figure  6b) and atomic force microscopy (AFM) images 
(Figure S28, Supporting Information), ensuring strong bonding 
between the paper and toner even after multiple rounds of 
recycling. Finally, we demonstrated the repeated printing and 
unprinting of different images with various colors and patterns 
on the pollen paper (Figure 6c). Importantly, no visible change 
in printing resolution or image clarity was found after nine 
acid–base cycles (Figure S29, Supporting Information).

The sustainable pollen paper, with its unique recyclability, 
also exhibits the potential for natural biodegradability, as it 
gradually fragmented when buried under soil and lost weight 
when immersed in solutions (Figure S30, Supporting Informa-
tion). Additionally, in our previous work, all the pollen grains 
from eudicot plants that we tested were able to transform into 
microgels and possessed pH-responsive behaviors,[20] and 
thus could potentially be formed into recyclable pollen papers. 
We therefore also explored two other types of pollen grains: 
camellia and lotus. As shown in Figures S31 and S32, Sup-
porting Information, the pollen papers made from both these 
species showed sufficient pH-induced swelling to undergo 
unprinting and in situ recycling similar to the sunflower pollen 
paper, thus expanding the resource bank of pollens that can be 
utilized.

3. Conclusions

Non-allergenic pollen paper is proposed and demonstrated 
as an eco-friendly alternative to wood-derived printing paper. 
The pollen paper was produced from renewable pollen grains 
via a fast and straightforward chemical method without heavy 
mechanical processing. The paper exhibited good flexibility, 
a translucent optical property, high surface roughness, and 
superior digital printability. Significantly, leveraging the 
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Figure 5. Mechanism of the unprinting and subsequent in situ recycling of pollen paper. a) Schematic illustration to show the swelling-triggered toner 
removal for pollen paper recycling. b) Microscopic top view of the toner-printed pollen paper to demonstrate the unprinting and recycling process. 
All scale bars: 200 µm.
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pH-responsiveness of engineered pollen materials, we could 
easily use acidic and basic solutions to switch the pollen 
paper between toner-stable and toner-erasable states, which 
cannot be realized with conventional wood-derived paper. 
Therefore, we could in  situ recycle the pollen paper nonde-
structively and reuse it for multiple printing cycles. This recy-
clable and reusable pollen paper thus has the potential to be 
developed for a wide range of sustainable information media 

products related to information security and data protec-
tion, where the on-demand erasure of sensitive information 
is needed. In addition, integrating conductive materials with 
the pollen paper, to produce an innovative paper-like mate-
rial featuring characteristic pH-responsiveness and natural 
roughness, may find potential applications in soft electronics, 
green sensors, and generators to achieve advanced functions 
and properties.[34,35]

Figure 6. Reprintability of pollen paper. a) Cyclic testing of the swelling reversibility of pollen paper during nine acid–base cycles (n = 3). Data are 
shown as the mean ± SD. b) Top-view SEM image of the surface of dehydrated pollen paper after nine acid–base cycles. Scale bar: 10 µm. c) Multiple 
printing and unprinting of different images on pollen paper. Scale bar: 1 cm. Image credit of “Self-Portrait” by Vincent van Gogh: The Art Institute of 
Chicago (CC0). Image credit of “Still Life with Flowers in a Glass” by Jan Brueghel: Rijksmuseum (CC0). Image credit of “Olive Trees” by Vincent van 
Gogh: Minneapolis Institute of Art (Public domain). Photo credit of “Mona Lisa” by Leonardo da Vinci: photo Copyright RMN-Grand Palais (musée 
du Louvre)/Michel Urtado (Reproduced with permission).
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4. Experimental Section
Pollen Paper Preparation: The pollen-based paper was fabricated 

through a method adapted from the previous work.[23] Raw sunflower 
bee pollen granules (100 g, Shaanxi GTL Biotech Co., Ltd, Xi’an, Shaanxi, 
China) were mixed with DI water (400  mL) under stirring for 1 h.  
Then, the pollen suspension was passed through a nylon mesh with 
200 µm-diameter pores to remove any contaminating particulate matter. 
The filtered pollen sample was successively refluxed in acetone (200 mL) 
and diethyl ether (200  mL) under stirring for 12 h. All of the organic 
solvents were removed by vacuum-filtering the defatted pollen samples. 
The resulting defatted pollen grains (about 20 g) were subjected to an 
alkaline solution digestion step, during which they were mixed with KOH 
aqueous solution (40 mL, 10 wt%) under stirring at 80 °C for 5 h. The 
hydrolyzed pollen samples were washed with fresh KOH solution using 
a nylon mesh with 20-µm-diameter pores until the filtrate became clear, 
and then the samples were neutralized with DI water. Finally, the treated 
pollen grains were cast into a petri dish for air-drying under ambient 
conditions to obtain the pollen paper.

Acid Treatment for Pollen Paper: Acidic solution buffer pH 4 was 
prepared by dissolving acetic acid (0.6 g) in DI water (100 mL), followed 
by titrating to pH 3.99 with KOH. As-prepared pollen paper was 
immersed in the solution for 48 h. Then, the acid-treated pollen paper 
was taken out and put through air-drying to dehydrate for further testing 
and digital printing.

Laser Printing of Pollen Paper: For color printing, HP Color LaserJet 
Managed MFP E77830dn (HP Inc., Palo Alto, CA, USA) was used with 
HP Cyan/Yellow/Magenta Managed LaserJet toner cartridges (HP Inc.). 
For monochrome printing, HP LaserJet Pro MFP M428fdn (HP Inc.) was 
used with HP 58A Black Original LaserJet toner cartridge (HP Inc.). As 
a control, the same colorful image was printed on a common office 4A 
printer paper (PaperOne Copier paper, APRIL International Enterprise 
Pte. Ltd., Singapore).

In Situ Recycling of the Printed Pollen Paper: First, a toner erasing 
solution, namely a basic solution buffer pH 12, was prepared 
by dissolving sodium phosphate (0.268  g) dibasic heptahydrate 
(Na2HPO4.7H2O) in DI water (100  mL), followed by titrating to pH 
12 with KOH. Next, the printed pollen paper was immersed in the 
solution under slight agitation for 2 min to remove the toner fragments 
from the pollen paper. Then, the hydrated pollen paper was transferred 
from water to ethanol, a water-miscible organic solvent, to dehydrate 
and shrink for 5 min. Finally, it was dried in ambient air to complete the 
paper recycling.

Pollen and Wood Paper Characterization: Optical photographs and 
videos were captured at 4K resolution. Optical microphotographs were 
taken using a parallel-light stereomicroscope (Nikon, Tokyo, Japan). 
SEM images were obtained using a JSM-7600F Schottky field-emission 
scanning electron microscope (JEOL, Tokyo, Japan) at an accelerating 
voltage of 5 kV. AFM images and roughness were obtained using an 
atomic force microscope (NX-10, Park Systems, Suwon, South Korea) 
at a scan rate of 0.5–0.7  Hz. The thicknesses were measured by a 
micrometer (order no. 293-240-30, Mitutoyo Asia Pacific). Mechanical 
properties were tested by a dynamic mechanical analyzer (DMA Q800, 
TA Instruments) at a rate of 1 N min−1 until material failure. Print 
adhesion was characterized by tape tests, where a pressure-sensitive 
tape was applied over lattice patterns of toner printed on wood paper 
and pollen paper, and then removed to observe the toner’s adhesion.

Unidimensional Swelling Rate Calculation: For this experiment, a 
sheet of pollen paper was cut into small pieces of size 2 mm × 3 mm. 
Microphotographs of the small pollen paper subjected to different 
treatment conditions were taken, and the lengths of their short sides 
were measured using ImageJ (National Institutes of Health, Bethesda, 
MD, USA). The unidimensional swelling rate was given by

( )= − /1 0 0R L L L  (1)

where R is the unidimensional swelling rate; L0 is the length of the dry 
pollen paper; and L1 is the length of the hydrated pollen paper.

Biodegradation Test: For the soil burying test, the pollen paper was cut 
into a square piece (3 × 3 × 0.004 cm) and buried in the soil in a natural 
environment. This paper was unearthed regularly and photographed for 
observation. For the solution immersion tests, dry pollen papers (15 mm ×  
15  mm) were immersed in either DI water or PBS solution (pH = 7.4, 
calcium chloride and magnesium chloride). Each solution contained 
five pieces of pollen paper and the solutions were stored in an ambient 
environment at room temperature. The solutions were refreshed once 
per week. After being dehydrated in an oven at 50 °C, the weights of the 
tested samples were recorded periodically to calculate their weight loss.

Statistical Analysis: Data analysis and graphing were carried out with 
Origin (version b9.5.5.409), and the means ± standard deviation for each 
test was calculated from at least three experiments. One-way analysis 
of variance (ANOVA) was selected to determine statistical significance, 
and p values less than 0.05 indicated significance. ns represents no 
significance (p > 0.05).
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