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The 3D printing (3DP) technology shows great potential in the food industry, but the development of edible ink is
currently insufficient. Pleurotus ostreatus (P. ostreatus) emerges as a novel promising candidate. In this study, a
mixed ink was obtained by incorporating butter into P. ostreatus. The effects of different ratios of P. ostreatus and
butter, as well as the influence of ink steaming were investigated on 3D printed products. The results indicated
that all inks of the P. ostreatus system exhibited positive shear-thinning behavior, and the system maintained
stable intermolecular hydrogen bonding when P. ostreatus powder concentration was 40 % (w/v). Furthermore,
the L* value of the system was elevated for butter adding. The system with steaming exhibited superior stabilized

molecular structure compared to the native system, particularly with a steaming duration of 5 min, showcasing
its outstanding supporting capacity. This study suggests that P. ostreatus is a promising candidate in 3DP for the
development of an edible ink that promotes innovation and nutritional food.

1. Introduction

As a promptly progressive additive manufacturing method, 3D
printing (3DP) technology has been utilized in the food industry (Guo,
et al., 2019). Compared with traditional food production methods, 3DP
technology offers enormous advantages, such as the elimination of
manual operation or mold making, the ability to match ingredients ac-
cording to nutritional needs, and the customization of complex struc-
tures based on individual preferences (He, et al., 2023). However, for the
recognition and further development of 3DP in the food industry, it is
essential to develop more edible inks with excellent nutritional and
printing performance (Qiu, et al., 2023). The previous 3DP ink mainly
included potatoes and other raw materials with high starch content,
thickener-assisted raw materials with high water content (Shi, et al.,
2022), and innovative resources like insects, cell-cultured plant flesh
and other novel raw materials (Baiano, 2022; Ji et al., 2022a, b). But
most studies only focused on the edibility and printability, being short of
the nutritional value and individual preferences. For example, the inks
designed for children need vibrant colors and appealing appearances,
while those for the elderly should be sweetly swallowed (Jiang, et al.,
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2022), all while ensuring the nutrition of food. The development of
edible ink still faces challenges in meeting printing performance and
consumer requirements for nutrition, flavor, and texture
(Guénard-Lampron, et al., 2021; Fernandes et al., 2023). Therefore,
Pleurotus ostreatus (P. ostreatus) was selected as a novel and promising
edible ink with high nutritional vaue in this study.

The protein, polysaccharides and terpenes, and abundant essential
amino acids in edible fungi supply exceptional nutritional value and
biological activity, making them excellent food raw materials (Ji et al.,
2023). Furthermore, the protein rich in P. ostreatus brings it a unique
taste, positioning it as a prospective low-calorie vegan protein source
(Hamza, et al., 2023). Moreover, studies have confirmed that the protein
and polysaccharides in P. ostreatus contribute to stable rheological
properties and functional activity (Wang, et al., 2021). The study has
found hopeful effect of the protein in P. ostreatus on enhancing the vis-
cosity of printing ink (Liu, et al., 2022a, b). This indicates that
P. ostreatus has the potential to become a new ink that combines nutri-
tional quality and printing performance. Notably, the dietary fiber in
P. ostreatus may affect the extrusion and molding of ink (Liu, et al.,
2022a, b), so it is also necessary to investigate the practicality and
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printing performance of P. ostreatus ink. The nutritional components in
P. ostreatus detected in our previous research confirmed great potential
for its utilization (Xu, et al., 2022a, b). In this study, P. ostreatus was used
as a novel 3DP ink for building a stable system primarily relying on the
hydrogen bonding forces formed between macromolecules. Then butter
and steaming were added to improve the sensory quality and printing
stability. The printable performance and structural stability were
assessed through the rheological properties and molecular structure
analysis. The influence of protein, polysaccharides, and lipid in the ink
on the system was also examined. This study holds promise in providing
an approach for precise manufacturing in edible fungi full valuable
products and serves as a reference for enhancing the quality of 3DP food.

2. Materials and methods
2.1. Materials

The dried P. ostreatus was provided by Henan Mushroom Taro Food
Co., Ltd., and butter was purchased from the local Suguo supermarket
(Nanjing, China). All other chemicals were reagent grade.

The percentage in the ink name is calculated based on the ratio of the
component to the volume of water. The Butter-0 % present in the
experiment and data is equivalent to POP-40 %, as a control for adding
different amounts of butter; Steaming-Omin is the same as Butter-4 % as
a control for different steaming times. POP: P. ostreatus powder.

2.2. Ink preparation method

The mixed ink with P. ostreatus as the main material was prepared in
this work. Based on the preliminary experiment, the preparation results
under all conditions were listed in Table 1. After grinding and sieving
under 100-mesh, 15 g, 17.5 g, 20 g, 22.5 g and 25 g of P. ostreatus
powder (POP) were weighed separately into 50 mL of ultra-pure water
and stirred (MR Hei Tec, Heidolph Instruments, Schwabach, Germany)
for 200 rpm under the action of magnetic force. The inks of POP with
concentrations of 30 %, 35 %, 40 %, 45 % and 50 % (w/v) were pre-
pared. The mixed ink of POP and butter was prepared in the equivalent
way. The amount of butter was calculated by water. The steamed ink
was obtained from the former experimental treatment. Then the mixed
ink was placed in a 100 mL beaker. And the beaker was sealed with cling
film and heated in the steamer (Midea, MZ-SYH26-2CB, Foshan, China)
for 5, 10, and 15 min after the temperature of the steamer reached
100 °C. When the ink was cooled to 25 °C, the subsequent experiments
could be performed.

2.3. Rheological analyses
A rheometer (MCR302, Anton Par, Graz, Austria) was applied to

determine the rheological properties of ink gels at 25 °C. The diameter of
the parallel plate was 50 mm and the gap was 1000 pm. All inks were

Table
1The formulation of different inks in printing gel system.

Ink POP (g) Butter (g) Water (mL) Steaming (min)
POP-30 % 15 0 50 0
POP-35 % 17.5 0 50 0
POP-40 % 20 0 50 0
POP-45 % 22.5 0 50 0
POP-50 % 25 0 50 0
Butter-0 % 20 0 50 0
Butter-4 % 18 2 50 0
Butter-8 % 16 4 50 0
Butter-12 % 14 6 50 0
Steaming-Omin 18 2 50 0
Steaming-5min 18 2 50 5
Steaming-10min 18 2 50 10
Steaming-15min 18 2 50 15
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equilibrated to stand for 3 min at 25 °C before starting the test to ensure
the stability of the experiment. The shear rate was first set to 0.01-100
s~ for the static rheological test, and the apparent viscosity was
recorded to produce a static rheological profile. For determining the
linear viscoelastic zone of ink, strain scanning experiments were con-
ducted at 1 Hz with a strain range of 0.01 %-100 %. Then dynamic
rheological tests were conducted with a constant of 0.1 % strain (in the
linear viscoelastic region) within the range of 1-100 Hz. The values of
energy storage modulus (G'), loss modulus (G") and tan § (tan & = G"/G")
were obtained to produce dynamic rheological characteristic curves. All
tests were repeated three times at 25 °C, and the average values were
used for data analysis.

2.4. Printing process

The FOODBOT-MF 3D food printer (FoodBot-D1, Shin-nove, Hang-
zhou, China) was utilized. The final parameter settings for 3DP were
based on preliminary experimental optimization: the filling rate was 100
%, the nozzle diameter was 1.2 mm, the nozzle moving speed was 30
mm/s, the nozzle height was 1.2 mm, and the printing layer height was
1.2 mm. At room temperature of 25 °C, the printability of all inks was
estimated utilizing a solid cylinder with a diameter of 20 mm and a
height of 15 mm designed by Rhinoceros 7.0. And each ink was
repeatedly printed three times. This investigation also printed flower,
small yellow duck and other attractive structures.

2.5. Printing accuracy and formability index evaluation

The bottom diameter accuracy (the ratio of the length of the set
model to the length of the actual printed sample) and the height accu-
racy (the ratio of the height of the set model to the height of the actual
printed sample) were used as two precise indicators to evaluate the
printing accuracy of test systems. The printing accuracy was reflected by
calculating the height accuracy difference and diameter accuracy dif-
ference between the printed sample and the model in this experiment.
The supporting performance of all printing systems was evaluated by the
height of the printed cylinder, and the printing formability was evalu-
ated by the printing accuracy. Each group of experimental data was
repeatedly measured five times.

2.6. Color measurement

In this study, 3DP ink was obtained from different ingredients and
processing methods, which had a great impact on the color and retention
of printing samples. Therefore, the CIELab color parameters (including
L*, a*and b*) of the printing system at the initial and 0.5 h were
measured. A calibrated colorimeter (MC-5, Konica Minolta Co., Osaka,
Japan) was used to perform color measurements. Then, a layer of
transparent cling film was spread on the sample to avoid the lens being
smudged. The color was expressed by L* (lightness), a* (redness/
greenness) and b* (yellowness/blueness), and the larger the L* was, the
brighter the sample held.

2.7. Microstructure analysis

The microstructure was observed and recorded by using scanning
electron microscopy (SEM). First, the printed samples were uniformly
sliced, dried in a vacuum freeze dryer for 54 h, and then subjected to
vacuum ion sputtering for gold plating. Thereafter, the microstructure
was observed under SEM magnification of 200 times. The acceleration
voltage of the SEM was set to 15 kV.

2.8. Fourier transform infrared (FT-IR) spectroscopy

An IR200 infrared spectrometer (Nicolet IR200, Thermo Scientific,
Madison, WI, USA) was operated to obtain the FT-IR spectra of the
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lyophilized samples. Each sample was sieved and ground in an agate
mortar with spectrally pure potassium bromide (KBr, spectroscopic
grade) at weight ratio of 1:100. The mixed powder was pressed into thin
slice and detected on the machine with air as background, wavelength
range 4000-500 cm ! and 32 scans to obtain the transmittance curve.

2.9. Moisture distribution state determination

An NMI20 analyzer (Niumag, Suzhou, China) was applied for the
determination of the moisture distribution status. Before testing, the
sample was calibrated with oil sample in Free-Induction-Decay (FID)
mode, then measured by the CPMG sequence. The magnetic field
strength was 0.5 T and the magnetic field temperature was 32 °C for the
test. The sample was weighed 3 g in a glass injection vial and measured
in a P30 mm x 200 mm glass tube with the following parameters: TW
(ms) = 2000, NECH = 2500, spectrum width (SW) = 100 kHz, and the
number of iterative scans (NS) = 4. Inversion analysis was obtained with
the number of iterations set to 10,000.

2.10. Statistical analysis

The data of the experiment were analyzed using SPSS analysis soft-
ware and charted by Origin 9.0. A single factor analysis of variance
(ANOVA) and Duncan test (DMRT) were used to perform multiple
comparisons at the 0.05 significance level. The significant differences
were indicated by different letters (P < 0.05).

3. Results and discussion
3.1. Hypothesis model

The effect of P. ostreatus mixed edible ink on 3DP was investigated in
this part, aiming to establish a stable 3DP system for P. ostreatus. And a
hypothesis of structure-activity relationship is proposed (Fig. 1). The
interaction between proteins and polysaccharides in P. ostreatus and
their water holding properties will mainly rely on hydrogen bonding
forces, resulting in a dense structure of the printed gel. The macromo-
lecular substances in P. ostreatus exhibited good viscosity and structural
stability, but the lipid in butter may influence the combination with
water. However, the protein denaturation and carbohydrate aging after
cooling will help the mixed ink tend to stabilize in ink steaming treat-
ment. In this situation, the hydrogen bonds in the ink system are stable
and orderly. And the ink will change from weak gel to strong gel with
more orderly and stable arrangement of molecular. These hypotheses
will be systematically verified and discussed through subsequent
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Fig. 1Hypothesis model: Interactions between multiple macromolecules in the
printing system of P. ostreatus mixed ink.
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rheological performance, molecular structure, and other tests.
3.2. Rheological properties

3.2.1. Static rheological analysis

Static rheology testing is utilized to reflect the change of shear stress
and viscosity with shear rate when the structure of the printing system is
broken (Adedeji, et al., 2022; Wedamulla et al., 2023). Fig. 2A presented
the measurement of static rheology of 3DP system with different
amounts of POP. The apparent viscosity of the ink increased from 65,
500 Pa s to 17,400 Pa s at the shear rate of 0.01 s 1. The potential reason
for this is that the hydrogen bond content in the hydrocolloid increases
with the expanding of POP content, prompting the stabilization of the
system structure (DuZhou et al., 2022). Interestingly, the apparent vis-
cosity of the inks decreased with the multiplication of butter (Fig. 2B).
The possible reasons are as follows. First, a related study has shown that
water molecules can be dispersed by the oil molecule (Abdel-Aal, et al.,
2020), and the addition of butter may inhibit the dissolution of POP in
water. Moreover, the reduction of POP content reduces the content of
the protein (Liu, et al., 2022a, b) that can form stable structure. As the
previous study reported (Chen, et al., 2023), ternary complexes can not
be formed in a system model composed of rice starch, rice protein, and
lipids. Secondly, free fatty acids with strong steric hindrance and elec-
trostatic repulsion may delay the swelling of starch particles and further
inhibit their interaction with water molecules. Fig. 2C displayed that the
apparent viscosity of the ink effectively increased with steaming treat-
ment compared to untreated ink. It may be attributed to the steaming
enhancing bonding between thermally denatured protein components
and polysaccharides, thereby increasing the internal organizational
strength of the ink (Lv, et al., 2023).

Previous studies have reported that the interaction between poly-
saccharides and proteins in P. ostreatus also makes a difference to the
adhesiveness and cohesiveness (Sotowiej, et al., 2023). The rheological
properties of protein-rich gel can be enhanced by the concentration
increasing of small-molecular-weight saccharides. In addition, the
change in shear modulus caused by the addition of xylose may help
strengthen protein-saccharide, protein-water, and/or protein-protein
interactions (Wen, et al., 2022). It can be inferred that the proteins
and polysaccharides in P. ostreatus contribute to the stability for the
viscosity and structure of the ink system, besides providing nutrition.
Herein, the viscosity of all gels decreased with the increase of the shear
rate, which was referred to shear thinning property of non-Newtonian
fluids. This phenomenon as a rheological performance indicator is
beneficial for human chewing and swallowing, demonstrating the 3DP
suitability of P. ostreatus ink (He, et al., 2021).

3.2.2. Dynamic rheological analysis

The storage modulus (G") and loss modulus (G") represent the ability
of the system to resist elastic deformation and the amount of energy lost
during viscous deformation, respectively. The ratio of G" to G' is defined
as the loss angle tangent (tan 8) (Wedamulla, et al., 2023). From Fig. 2D,
the G' of 3DP inks was positively correlated with the amount of POP,
suggesting that P. ostreatus brought excellent resistance to deformation
for the printing system. G" is often used to characterize the viscosity of
the gel. A larger G" is conducive to the formation of a dense and ho-
mogeneous gel structure, thus effectively fixing the components (Jiang,
et al., 2019).

The oil molecules may interfere with the original molecular
arrangement of P. ostreatus (Fernandes, et al., 2023), so that the addition
of butter does not ideally enhance the G" of the inks (Fig. 2E). However,
it was shown that G" was effectively improved with the multiplication of
steaming time, indicating that steaming was conducive to enhancing the
stability of the internal molecular structure of printing system. This was
consistent with the later research results. Lin et al. (2024) reported that
after thermal induction, the G’ and G” of the cooled ink increased,
indicating that the network structure of gel strengthened formed by
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Fig. 2Changes of the rheological properties of different ink gels. The viscosity of different inks (A-C), storage modulus (G') and loss modulus (G") of different inks
(D-F). The Butter-0 % present in the experiment and data is equivalent to POP-40 %, as a control for adding different amounts of butter; Steaming-Omin is the same as

Butter-4 % as a control for different steaming times. POP: P. ostreatus powder.

protein molecules through hydrogen bond interactions. Moreover, it can
be found that all tan § was less than 1. When the value exceeds 1, the
system represents the viscous behavior of a partially liquid form,
whereas a value less than 1 indicates the elastic behavior of a partially
solid form (Zhang, et al., 2023). Therefore, it indicated that the solid
form can still be provided including butter addition. As a popular food
with nutrition and flavor, butter can be used to regulate the rheological
properties of the system that is difficult to extrude with high viscosity in
future research.

3.3. Printing effect analysis

Accuracy indicators can intuitively represent the degree of fit be-
tween 3DP samples and models, thereby assessing the printing support
ability of the system. The accuracy deviation of sample diameter with
different amounts of POP indicated all sample diameters surpassed the
model setting (Fig. 3A). This may be resulted by the water absorption
expansion of the gel and the extrusion line width being larger than the
model setting (Zhang, et al., 2023). As displayed in Fig. 3a, sample
collapse caused by the ink gel with too low concentration can also affect
the printing diameter, involving the self-supporting ability. Compre-
hensively, the printing system with POP-40 % retains a smooth, com-
plete surface and clear lines, catching preferable formability and
suitability for further research. Besides, the height accuracy for
P. ostreatus system mixed with butter ranged from 99.87 % to 131.82 %,
reflecting the gradual loss of support performance for the system. The

possible reason is the sample collapse resulted by thinning and strong
fluidity of the ink as changes in molecular structure (He, et al., 2023).
Therefore, the ink was steamed to improve structural stability. It showed
that the diameter accuracy difference of the ink steamed for 5 min after
3DP decreased. And the integrity and filling effect of Steaming-5min
stayed ahead of other times (Fig. 31 and n). Nevertheless, the accuracy
of the Steaming-10min and Steaming-15min gradually deteriorated.
This may be due to structural changes in proteins under steaming con-
ditions and the evaporation of water in the ink, resulting in structural
voids (Fan, et al., 2022). Based on the rheological analysis results and
similar observations reported previously, it is anticipated that the vis-
cosity of P. ostreatus hybrid ink was enhanced by means of steaming,
thereby maintaining the printing performance of the ink (Lv, et al.,
2023).

3.4. Color change analysis

Color is a prominent factor determining the acceptance of 3DP
products by consumers. But the color of edible fungi tends to undergo
oxidative browning during processing and storage. Compared with the
initial stage of printing, the L* value of all samples decreased after 0.5 h
(Fig. 4). This may be attributed to the universal occurrence of oxidation
browning in P. ostreatus when combined with water in the air (Hsieh,
et al., 2020). As the samples are exposed to the air, moisture is removed,
leading to a weakening of scattering intensity on the inner and outer
surfaces as moisture content decreases (DuZhou et al., 2022). And the
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detached from the printing platform (I, m, n). POP: P. ostreatus powder.

reaction between the internal protein and carbohydrate can also cause
color change (Nooshkam, et al., 2019).

In this research, butter was added to the P. ostreatus ink to observe
the sensory effect of the printing system. It was something of a satis-
faction to find that the L* value of the samples mixed with butter
increased. And the b* value was also enhanced with the addition of more
butter. The incorporation of fat in butter limits the contact between
enzymes and substrates in Enzyme catalysis for P. ostreatus (Zheng,
et al., 2023). The addition of butter separated the connection between
the ingredients in the ink. And the brightness, yellowness and whiteness
of butter are higher than that of P. ostreatus, which can bring better
appearance to 3DP products (Méndez-Cid, et al., 2017). It was worth
noting that the change rate of L* value of the printing system by the
steaming ink after 0.5 h was slightly reduced, except for the increase of
L* value. The existing study has shown that the moisture in the steaming

ink partially evaporates and takes away some impurity pigments in the
system (Guo, et al., 2021). On the other hand, according to the infrared
analysis, the molecular structure of the steaming ink is more stable, so
the composition in the system can be changed without simplicity. It
shows that the addition of butter can effectively improve the whiteness
and brightness of the printing system, and steaming can maintain
brightness, significantly enhancing the sensory quality of the P. ostreatus
printing system.

3.5. Microstructure

The microstructure of all printed samples was shown in Fig. 5.
Compared with POP-30 %, the internal layers of POP-35 % and POP-40
% were dense and orderly with the relatively large surface area. In POP-
50 % sample, the gap between the layers became large. It may be
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because insufficient hydration at the initial stage of the formation of the
ink makes to the forming of the large spatial organization structure
between macromolecular substances such as polysaccharides in
P. ostreatus (Liu et al,.2023). It indicated that the mutual bonding effect

between the printing and deposition layers was better in the system of
POP-40 %. But the surface area of the lamellae inside the sample became
smaller, and fragments and fractures gradually appeared with the in-
crease of the butter content (Fig. 5f-h). This may be caused by the
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expansion and physical retention of carbohydrate in the butter matrix
reducing the water holding capacity of the sample and affecting its in-
ternal support capacity (Anukiruthika, et al., 2020). Additionally, the fat
molecules in butter interfere with the interaction of polysaccharides and
proteins in P. ostreatus and delay the formation of ordered structure,
leading to changes in the structure and texture of the printing system
(Zhao, et al., 2023). This will lead to a decrease of the laminated bonding
ability in gels, holding consistent with the apparent viscosity decline of
the ink. Relatively dense and uniform pores were obviously observed in
the printed samples after steaming treatment, and the interlayer was
more compact. This is likely due to the improvement of the order of
molecules in gel by steaming treatment. Moreover, the protein dena-
turation through thermal steaming maintains ordered structure that is
not easily affected by printing (Xu, et al., 2022a, b). The printing system
of steamed ink has a smaller pore size, which is mainly due to the denser
and more compact network of protein molecules of Pleurotus ostreatus,
resulting in smaller cavities (Wen, et al., 2022). In addition, Guerrero
et al. (2012) found that based on the crosslinking reaction, the more
compact structures during heating occurred by adding small molecular
weight saccharides to protein. What’s more, the proteins and poly-
saccharides in Pleurotus ostreatus may also form a more compact struc-
ture. However, the microstructure of steaming-15min became rough and
uneven. Excessive steaming time may cause the volatilization of water in
the ink, leading to internal drying and cracking (Lv, et al., 2024). The
research (Ma, et al., 2024) found that the migration in the direction of
heat transfer of lipids caused by heating could lead to a more ordered
and stable protein structure. However, heating for a period of time can
promote protein aggregation, but excessive heating can damage protein
aggregates (Wang, et al., 2020). From the microscopic results, steaming
ink is conducive to improving the stability of the internal structure of the
P. ostreatus system.

3.6. Molecular structure analysis

Infrared spectroscopy is utilized to analyze the intermolecular
structure and interaction force to study the hydrogen bond strength.
According to Fig. 6A, the absorption peak near 2900 cm™! generally
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refers to the presence of the C-H bond and the wave number of bond
energy decreased as the interaction between substances increased in
intensity (Thongcharoenpipat, et al., 2023). The C-H bond absorption
peaks of POP-35 % and POP-40 % appeared at 2926 cm ™', which was
slightly shifted to the lower wave number compared with other groups.
This declares that when an appropriate amount of POP is dissolved in
water, the hydrogen bonds with superior stability will be generated by
the interaction between macromolecules and water (Yu, et al., 2022). In
addition, the absorption peak at 2855 cm™' may be formed by C-H
asymmetric stretching vibration in fat. 1745 cm ™ is related to carbo-
hydrate lipid complex (Barragan-Martinez, et al., 2022). This absorption
peak intensity is enhanced with the growth of butter amount. It indicates
that the carbohydrate in the system is combined with a certain amount
of lipid, which is also one of the reasons for the changing structure
stability of the printing system. At the same time, it can be found that the
absorption peak intensity of about 3400 cm™! commonly used to
describe the content of the O-H bond decreased with the increase of
butter content (Fig. 6B). This may be that the increase of fat content in
the gel led to the weakening of the interaction between polysaccharides
and water (Wen, et al., 2021). However, with the increase of steaming
time, the peak gradually shifted to a lower wave number, and the height
gradually increased. This shift is likely due to the tensile vibration of
—OH, which promotes the increase of intermolecular hydrogen bond
content and structural stability (Zheng, et al., 2020).

3.7. Water distribution state analysis

The content, distribution, fluidity and change of water are important
factors that affect the stability of the food. As shown in Fig. 7A, there
were three signal peaks representing bound water (Ts), fixed water
(T22) and free water (Ta3) (Kong, et al., 2023). Ty appeared when the
relaxation time was less than 10 ms, indicating water with poor fluidity
in the system. The water relaxation time was closer to 0 ms as the
content of POP increased. According to earlier studies, the fluidity of
water molecules largely depends on the network structure of materials.
In addition, the macromolecular polymers such as polysaccharides and
proteins in the system are tightly bound to water, the structure of the
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Fig. 6Fourier transform infrared (FT-IR) absorption behavior of different printing gel samples (A-C). POP: P. ostreatus powder.
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Fig. 7Moisture distribution of different printing gel samples (A—C). POP: P. ostreatus powder.

system tends to stabilize and the fluidity of water is not ideal (Nie, et al.,
2022). This indicates that the higher POP content leads to a more stable
internal structure in the printing hydrogel system. The large lateral
relaxation time (Typ) reflects the high degree of freedom and fluidity of
water molecules, which means that the material is extruded more
smoothly from the nozzle. However, combined with POP-30 % printing
accuracy result, excessive fluidity of water within the gel led to molding
difficulties. Based on our previous research, the ability of extrusion and
morphology maintenance demonstrate excellent when the amount of
POP is about 40 % in the printing system.

As shown in Fig. 7B, with the increase of the amount of butter, the
relaxation time of the signal peak in the low-field nuclear magnetic
resonance spectrum became longer, indicating that the addition of
butter enhanced the fluidity of water molecules in the system. It was
worth noting that the existing form of 4 % and 8 % water had not
changed, while the signal peak of 12 % free water was close to 0. This is
attributed to the reduced water retention capacity of the system due to
the increase in butter component (Wang, et al., 2022). Further, the
content of polysaccharides hydrophilic groups in the system turns lower
and the excessive hydrophobic groups in butter are exposed. Subse-
quently, the evaporation of free water is promoted by thermodynamics
in the system (Kong, et al., 2023). However, the percentage of free water
in the steaming sample increased. The primary reason is that heating
accelerated the gelatinization of the gel (He, et al., 2021). In other
words, because the water on the surface of the ink evaporated rapidly
and disappeared, and then the outer structure tended to stabilize, thus
reducing the speed of internal water transfer and diffusion (Thong-
charoenpipat and Yamsaengsung, 2023). More importantly, the peak
time of the three signal peaks in the steaming sample occurred earlier
than that in the untreated group, indicating that the steaming treatment

promoted the stability of moisture in the gel.
4. Conclusion

In this study, P. ostreatus was successfully extruded as the main ink
for 3DP, and the printing system of POP-40 % exhibited a constructive
appearance and self-supporting ability. The stable molecular structure
and water holding capacity in POP-40 % system prompted its dense
internal structure, because of the bond energy interaction between
proteins and polysaccharides in the P. ostreatus, and water. Afterwards,
the addition of butter improved the brightness of the P. ostreatus system
but led to poor orderliness of the internal structure. This may be
attributed to the formation of carbohydrate-lipid complexes, resulting in
the structure and stability changes of the system. Further experiments
are required to validate this observation. Although, the steaming suc-
cessfully conquered the reduction of the stability of the system with a
superb accuracy for Steaming-5min. Steaming enhanced the water
holding capacity of the system by promoting the stability of intermo-
lecular hydrogen bonds, thereby improving printing accuracy. There-
fore, the study demonstrated the significant potential of P. ostreatus ink
for 3DP, offering insights for the development of edible fungi 3DP
products and the precise manufacturing of 3D-printed items.
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