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A B S T R A C T

The purpose of this paper was to explore the regulation of corn starch (CS) on tremella fuciformis polysaccharide- 
egg white protein-orange juice (TFP-EWP-OJ) composite gel to develop a new 3D printing material. The results 
showed that the cylinder of TFP-EWP-OJ composite gel with 0.12 g/mL CS added had the best 3D printing 
structure and highest printing accuracy. This was an indication that materials with suitable viscosity, hardness, 
and flowability were more suitable for 3D printing. The nozzle diameter and printing speed were selected to be 
1.20 mm and 35 mm/s, respectively. The TFP-EWP-OJ composite gel had greater apparent viscosity and hardness 
as well as weaker fluidity and a denser network structure with increasing CS concentration. This suggested that 
the 3D printing performance of TFP-EWP-OJ composite gel can be improved by the incorporation of CS. 
Furthermore, fourier transform infrared spectroscopy (FT-IR) indicated that no new covalent bonds were formed 
between CS and the TFP-EWP-OJ composite gel.

1. Introduction

3D printing can customize products and mass production. Its prin
ciple is that the pre-designed model structure is printed layer by layer, 
forming the target product in a stacked manner (Hocine et al., 2020). In 
the last few years, the development of food 3D printing technology has 
been rapid because it allows producing personalized food with the ad
vantages of high nutrition, exquisite shape, and specific color. Nowa
days, 3D printing technology has been used in research to produce 
artificial meat (Shi et al., 2023), fat analogue (Lim et al., 2024), and 
easily swallowed foods (Wang et al., 2023), among other things. As the 
standard of living improves, people are becoming more and more 
interested in foods with high nutritional and functionalvalue. Therefore, 
it make sense to develop some new nutrient-rich inks for 3D printing. 
This not only satisfies the need for food but also stimulates the taste 
buds. In short, 3D printing still has a lot of potential for developments.

Protein is a nutrient element essential for the daily life of human 
beings. Hence, food 3D printing of both plant protein and animal protein 
has become an important option for researchers. It has been found that 
pea protein (Lin et al., 2024), soy bean protein (Phuhongsung et al., 

2020), whey protein (Li et al., 2024a), and so on can be regarded as the 
primary materials for food 3D printing. These studies showed that pro
teins can be used as a key ingredient in food 3D printing to create 
products that were more nutritious and tailored to individual needs. Egg 
white protein (EWP) is not only rich in a variety of essential nutrients for 
the human diet, but also has a number of functional characteristics, such 
as emulsifying, gelling, foaming, and so on (Sheng et al., 2018). How
ever, gel properties of EWP are impacted by many factors, such as pH, 
ionic strength, and polysaccharides (He et al., 2021). The previous study 
found that TFP can improve the gel characteristics of EWP gel (Shao 
et al., 2025). In addition, TFP had the effects of lowering blood glucose, 
lowering blood lipids, anti-tumor, anti-aging, anti-oxidation, and regu
lating immune activity (Ma et al., 2021). Therefore, it was hoped to use 
the TFP-EWP gel to establish a new food 3D printing material with high 
nutritional and multifunctional properties. With the concept of healthy 
eating being introduced, people have paid more and more attention to 
the dietary fiber content of foods in recent years. Therefore, fruits and 
vegetables rich in vitamins and dietary fiber were also used for food 3D 
printing. Chen et al. (2021) used a composite of different protein and 
fruit-vegetable powders for printing and evaluated the printing results 
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and sensory properties. Xu et al. (2025) developed a new food 3D 
printing ink using modified pea protein and strawberry powder to meet 
the dietary requirements of people with dysphagia. In order to enrich the 
nutritional components of the TFP-EWP gel, orange juice (OJ) was used 
as the liquid component in the production process of 3D printing 
material.

The TFP-EWP-OJ composite gel was directly used for 3D printing, the 
printed products lacked a delicate geometrical shape and supporting 
capabilities. However, the extrusion performance and ductility of TFP- 
EWP-OJ composite gel can be improved by adding gelling agent to 
meet the material requirements of 3D printing process. At present, the 
gelling agents used for protein-based 3D printing were mainly some 
edible gums, such as xanthan gum (Liu et al., 2023), carrageenan (Liu 
et al., 2024), konjac gum (Zhu et al., 2023), and so on. However, these 
gelling agents generally belonged to food additives and had limited re
quirements in the food production process. Due to the different printing 
materials, it may be necessary to add more edible glue to achieve the 
best printing effect. This violated the provisions of food safety and may 
had an impact on the health of people. Starch is a natural multifunc
tional polymer and an important source of energy in the daily diet of 
human beings (Teixeira et al., 2018). It is composed of amylose and 
amylopectin. Natural starch has the advantage of being non-toxic, 
environmentally friendly, renewable, and easy to available (Zhang 
et al., 2021). It is also an excellent gelling and thickening agent, which 
can provide the required texture, viscosity, structural properties, and 
storage stability for food (Wang et al., 2024). However, there has been 
much done on 3D printing with starch materials, and little has been done 
on using starch to modulate 3D printing with protein-based materials. 
Corn starch (CS) was often used in 3D printing due to its good visco
elasticity, low aging properties, and shear thinning properties (He et al., 
2021; Liu et al., 2020). For this reason, CS was chosen as the gelling 
agent for the TFP-EWP-OJ composite gel to make it more suitable for 3D 
printing.

In this study, the CS and TFP-EWP-OJ composite gel were mixed to 
prepare raw materials for 3D printing. The optimum concentration of CS 
was identified by the geometrical shapes and accuracy of the printed 
samples, and the effects of nozzle diameters and printing speeds on the 
printing characteristics of TFP-EWP-OJ composite gel were also inves
tigated. In addition, rheology properties, water holding capacity (WHC), 
texture profile, scanning electron microscopy (SEM), and fourier trans
form infrared spectroscopy (FT-IR) of the TFP-EWP-OJ composite gel 
were characterised. The aim of this study was to develop a new 3D 
printing ink to provide a new idea for improving the printability of 
protein based materials.

2. Materials and methods

2.1. Materials and reagents

EWP was purchased from Bozhou Haichuan Egg Products Co., Ltd. 
(Anhui, China). Tremella fuciformis polysaccharide was obtained from 
Shanxi Nanba Bio-Chemical Co., Ltd. (Shanxi, China). Orange juice was 
provided by Beijing Huiyuan Food & Beverage Co., Ltd. (Beijing, China). 
CS (27.54 % amylose content, 72.46 % amylopectin content) was sup
plied by Shanghai RYON Biotechnology Co., Ltd. (Shanghai, China).

2.2. Preparation of TFP-EWP-OJ composite gel

EWP and TFP were dissolved separately with orange juice in a beaker 
and were stirred for 2 h at 25 ◦C. Next, it was placed at 4 ◦C for 12 h to 
ensure complete hydration of TFP and EWP. The EWP and TFP solution 
were mixed and stirred for 1 h after hydration. The final concentrations 
of EWP and TFP were 0.20 g/mL and 0.03 g/mL, respectively (Shao 
et al., 2025). The prepared composite solution was water-bathed for 40 
min at 90 ◦C and cooled in an ice water bath immediately after the 
completion of the water bath. Then, CS(0.00, 0.06, 0.08, 0.10, 0.12, 

0.14, 0.16 g/mL) was added to the TFP-EWP-OJ composite gel and 
stirring at 400 rmp for 5 min to mix well. Finally, TFP-EWP-OJ com
posite gel containing different concentrations of CS was water bathed at 
90 ◦C for 30 min to allow the CS to fully gelatinize and improve the 
properties of TFP-EWP-OJ composite gel. During the water bath, a food- 
grade preservative film was placed around the mouth of the beaker to 
protect against water loss due to evaporation. After the water bath 
ended, the prepared TFP-EWP-OJ composite gel samples were cooled in 
an iced water bath.

2.3. 3D printing process

2.3.1. 3D printing and printing accuracy of the TFP-EWP-OJ composite gel
TFP-EWP-OJ composite gel samples were printed using 3D printer 

(Food Bot–D1, Shiyin Technology Co., Ltd., Hangzhou, China). The 
printed model was a cylinder with a 50 % fill density, a diameter of 25 
mm, and a height of 15 mm. The nozzle diameter of 1.20 mm was used. 
The printing speed was set to 25 mm/s and the temperature was set to 
25 ◦C. In addition, the printing accuracy of TFP-EWP-OJ composite gel 
3D printing products with different CS concentrations was evaluated by 
comparing the differences in the diameter and height of the printed 
cylinder and the model cylinder. Formulas (1) and (2) referred to the 
deviation of the diameter and height of the printed sample from the 
diameter and height of the model, respectively. Formula (3) referred to 
the average deviation of the diameter and height of the printed product. 
The smaller the average deviation, the higher accurate the printed 
sample. The formulas were as follows: 

Er = ∣(Sr − Tr)/Tr∣×100% (1) 

Eh = ∣(Sh − Th)/Th∣×100% (2) 

Ea = (Er + Eh)/2 (3) 

Where Er and Eh are the relative deviations of the diameter and the 
height, respectively (%). Sr and Sh are the diameter length and height of 
the printed sample, respectively (mm). Tr and Th are the design values 
for the diameter length and height of the model, respectively (%). Ea is 
the accuracy (%). Formulas applicable scope: Ea < 100 %.

2.3.2. 3D printing process with different nozzle diameters and printing 
speeds

Nozzle diameters and printing speeds were optimized under the 
optimum CS concentration level. The printed model was also a cylinder 
with a height of 15 mm and a diameter of 25 mm. When the printing 
speed was 25 mm/s, the nozzle diameter (0.60, 0.84, 1.20, 1.55, 2.00 
mm) was changed for printing. Printing was performed by changing the 
printing speed (20, 25, 30, 35, 40 mm/s) at the optimum nozzle diam
eter. In addition, several delicate samples were printed to illustrate the 
printability of the material.

2.4. Rheological analyses

2.4.1. Apparent viscosity measurement
The rheological properties of the TFP-EWP-OJ composite gel samples 

were tested using the rheometer (DHR-1, TA Co., US). The distance 
between the plate and the platform was 1000 μm, and the diameter of 
the plate was 40 mm. In order to determine the accuracy of the results, 
the TFP-EWP-OJ composite gel samples were placed and allowed to 
stand for 2 min prior to the test. The shear rate was adjusted from 0.1 to 
100 s− 1 during testing. Furthermore, the apparent viscosity was 
described by the Ostwald-de-Waele model. The equation was as follows. 

η = K× γn− 1 (4) 

Where η (Pa⋅s) is apparent viscosity of TFP-EWP-OJ composite gel 
samples, K (Pa⋅sn) is consistency index of TFP-EWP-OJ composite gel 
samples, γ (s− 1) is shear rate during measurement, n is flow behaviour 
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index of TFP-EWP-OJ composite gel samples.

2.4.2. Dynamic viscoelastic properties measurement
TFP-EWP-OJ composite gel samples were subjected to frequency 

sweep tests ranging from 0.1 to 100 rad/s (25 ◦C). The strain value was 
set at 0.1 %, which was in the linear viscoelastic range. The software 
equipped with the rheometer was used to record the storage modulus 
(G′), loss modulus (G″) and tan δ = G″/G′ (loss tangent) of TFP-EWP-OJ 
composite gel samples.

2.5. WHC analysis

The method of Yu et al. (2023) was used to determine the WHC of the 
TFP-EWP-OJ composite gel samples with slight modifications. First, the 
TFP-EWP-OJ composite gel samples (5 g) were laid in a 10 mL centrifuge 
tube. Then, they were placed in a centrifuge (H1650, Hunan Xiang In
strument Development Co., Ltd., Hunan, China) and centrifuged at 
10000g for 30 min at 25 ◦C. After centrifugation, the supernatant was 
discarded, and the water on the TFP-EWP-OJ composite gel samples 
surface was sucked off using the filter paper. The centrifuge tube and 
remaining TFP-EWP-OJ composite gel were weighed. The WHC was 
calculated as the following equation: 

WHC = (m1 − m0)/(m2 − m0)× 100% (5) 

Where m0 is the weight of the empty centrifuge tube (g), m1 is the 
weight of the centrifuge tube and the TFP-EWP-OJ composite gel prior 
to centrifugation (g), m2 is the weight of the centrifuge tube and the rest 
of the TFP-EWP-OJ composite gel (g).

2.6. Texture profile analysis (TPA)

A texture analyser (SMS TA.XT Epress Enhanced, Stable Micro Sys
tems Co., Ltd., USA) was used to determine the TPA of the TFP-EWP-OJ 
composite gel samples. The experimental parameters were established 
using the method of Ren et al. (2023) with minor modifications. A probe 
of P/0.5 was selected for the test. At the start of the test, the probe was 
lowered at a rate of 5 mm/s. During the test period, the probe was 
dropped at a rate of 1 mm/s. At the end of the test, the probe was raised 
at a rate of 5 mm/s. The probe dwell time was 0.5 s, and the sample 
deformation was 45 %. Each set of TFP-EWP-OJ composite gel samples 
was tested three times to obtain the textural characterisation curves, 
recording the hardness, springiness, cohesiveness and gumminess.

2.7. FT-IR analysis

The FT-IR measurement method was based on Azam et al. (2018)
method and slightly modified. The TFP-EWP-OJ composite gel samples 

were freeze dried and examined useing the FT-IR spectrometer (VER- 
TEX70, Bruker Co., Ltd., Germany). The freeze dried TFP-EWP-OJ 
composite gel samples were mixed well with KBr in a 1:100 mass 
ratio. Then, the KBr blanks were used as controls. The TFP-EWP-OJ 
composite gel samples of spectra curves were obtained in the wave
number range of 4000–400 cm− 1 at room temperature.

2.8. SEM measurement

Microstructural features of the freeze dried TFP-EWP-OJ composite 
gel samples were observed by SEM (TM3030Plus, Daojin Co., Ltd., 
Japan). The measurement was carried out according to a slightly 
modified version of the method of Li et al. (2024b). Prior to the test, TFP- 
EWP-OJ composite gel samples were sprayed with gold to obtain the 
clearer microstructure images. Subsequently, micrographs of the TFP- 
EWP-OJ composite gel samples were acquired at an polishing voltage 
of 20 kV.

2.9. Statistical analysis

All experiments were repeated in triplicate to avoid contingency. 
Analysis of significant differences among the data was by means of SPSS 
26 software (P < 0.05). Data visualization was performed using Origin 
2023 b software.

3. Results and discussions

3.1. 3D printing

3.1.1. 3D printing and printing accuracy of TFP-EWP-OJ composite gel
The 3D printing properties of TFP-EWP-OJ composite gel with 

different CS concentrations were evaluated using a cylinder. As shown in 
Fig. 1, printed samples from TFP-EWP-OJ composite gel without addi
tion of CS collapsed almost completely and did not form a cylinder. The 
printed samples with 0.06 g/mL CS added exhibited poor support, 
collapsed in the middle, and showed a tendency to shrink at the top and 
bottom, resulting in unsatisfactory printing results. This may be due to 
the fact that the material was more fluid and had less support. The 
printed samples with 0.08 g/mL and 0.10 g/mL CS added had a smaller 
collapse in the centre and were similar in shape to the model, but there 
were still some minor deviations. Printed samples with 0.12 g/mL CS 
added showed smooth lines, complete structure, greater resolution, 
minimal slumping distortion, and excellent print results. This was 
attributed to the fact that the fluidity of the material was reduced and 
the viscoelasticity of the system was increased, which ensured good 
extrusion characteristics and stability with high fidelity. However, the 
printed samples containing 0.14 g/mL and 0.16 g/mL CS had inferior 

Fig. 1. 3D printed samples with TFP-EWP-OJ composite gel of different CS concentrations at 1.20 mm nozzle diameter and 25 mm/s printing speed. A1-G1 were top 
views of the printed products of TFP-EWP-OJ composite gel at CS concentrations of 0.00, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16 g/mL, respectively. A2-G2 were main views 
of the printed products of TFP-EWP-OJ composite gel at CS concentrations of 0.00, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16 g/mL, respectively. TFP: Tremella poly
saccharide, EWP: Egg white protein, OJ: Orange juice, CS: Corn starch.
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print outcomes, and the printed samples showed poor line extrusion and 
breaking, as well as an uneven surface, during the printing process. This 
was caused by the concentrations of too high CS, which made the 

materials less fluid, harder, and more difficult to extrude.
The accuracy of the TFP-EWP-OJ composite gel printed samples was 

shown in Table 1. The smaller the average deviation of the printed 
samples, the higher the accuracy. The TFP-EWP-OJ composite gel 
without CS did not print a shape similar to a cylinder, so its accuracy was 
not calculated. As can be seen in Table 1, the accuracy of the printed 
samples improved. This may be due to the fact that the hardness and 
viscoelasticity of the TFP-EWP-OJ composite gel were improved by the 
increase in CS concentration. However, the printing accuracy of printed 
samples containing 0.14 g/mL and 0.16 g/mL CS dropped. This could be 
because the printing materials with high hardness and viscoelasticity 
were difficult to extrude. In summary, the 3D printing effect of TFP- 
EWP-OJ composite gel with the concentration of 0.12 g/mL CS was 
found to be the optimal.

3.1.2. Optimisation of the nozzle diameter and printing speed
The accuracy and surface roughness of the printed samples were 

Table 1 
Accuracy of 3D printed samples of TFP-EWP-OJ composite gel with 
different CS concentrations. TFP: Tremella polysaccharide, EWP:Egg 
white protein, OJ: Orange juice, CS: Corn starch.

CS concentrations (g/mL) Printing Accuracy (%)

0.06 6.73 ± 0.18a

0.08 4.03 ± 0.19b

0.10 1.11 ± 0.06de

0.12 0.75 ± 0.03e

0.14 1.31 ± 0.05d

0.16 2.66 ± 0.20c

Different lowercase letters mean significant difference among respective 
series at P < 0.05.

Fig. 2. Printed samples with different nozzle diameters at TFP-EWP-OJ composite gel of 0.12 g/mL CS concentration and 25 mm/s print speed. A1-E1 were top views 
of the printed products of TFP-EWP-OJ composite gels at a nozzle diameter of 0.60, 0.84, 1.20, 1.55, 2.00 mm, respectively. A2-E2 were main views of the printed 
products of TFP-EWP-OJ composite gels at a nozzle diameter of 0.60, 0.84, 1.20, 1.55, 2.00 mm, respectively. TFP: Tremella polysaccharide, EWP: Egg white protein, 
OJ: Orange juice, CS: Corn starch.

Fig. 3. Printed samples with different print speeds at TFP-EWP-OJ composite gel of 0.12 g/mL CS concentration and 1.20 mm nozzle diameter. A1-E1 were top views 
of the printed products of TFP-EWP-OJ composite gels at a at a print speeds of 20, 25, 30, 35, 40 mm/s, respectively. A2-E2 were main views of the printed products of 
TFP-EWP-OJ composite gels at a nozzle diameter of 20, 25, 30, 35, 40 mm/s, respectively. TFP: Tremella polysaccharide, EWP: Egg white protein, OJ: Orange juice, 
CS: Corn starch.
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affected by the size of the nozzle diameters. The optimum diameter of 
the print nozzle will vary depending on the materials to be printed. The 
printed samples of TFP-EWP-OJ composite gel with different nozzle 
diameters were shown in Fig. 2. When the nozzle diameter was 0.60 mm, 
the material was not extruded smoothly, resulting in a collapse in the 
middle of the printed samples and a change in shape. There was a slight 
tendency to shrink in the middle of the 0.84 mm nozzle diameter 
printing samples, and the printing effect were poor. The printed samples 
with a nozzle diameter of 1.20 mm had a delicate geometrical shape and 
stability. Although the printed samples with nozzle diameters of 1.55 
mm and 2.00 mm had good stability, the geometrical shapes were not 
delicate enough due to the thicker printed lines. For this reason, a nozzle 
diameter of 1.20 mm was selected for the 3D printing of the TFP-EWP- 
OJ composite gel.

As shown in Fig. 3, printed samples at different printing speeds were 
displayed. The geometrical shapes of the printed samples were not much 
different at different printing speeds. When the printing speed was 40 
mm/s, there were lines of different thickness in the middle of the printed 
product, which led to the decrease of the accuracy of the printed product 
and affected the overall appearance. However, printing speed was 
directly proportional to the print efficiency. Considering the printing 
efficiency and printing quality, the 35 mm/s printing speed was used for 
3D printing. Furthermore, as illustrated in Fig. 4, some of the more 
complex and sophisticated models were printed. This can stimulate the 
appetite of people, improve eating pleasure, and improve the value of 
food 3D printing.

Fig. 4. some samples of beautifully patterned printed at TFP-EWP-OJ composite gel with 0.12 g/mL CS concentration, 1.20 mm nozzle diameter, and 35 mm/s 
printing speed. (A. Five pointed star, B. Turtle, C. Seal, D, Pyramid) TFP: Tremella polysaccharide, EWP: Egg white protein, OJ: Orange juice, CS: Corn starch.

Fig. 5. Effect of different CS concentrations on apparent viscosity (A), storage modulus (B) and loss modulus (C), tan δ (D) of TFP-EWP-OJ composite gel. CS: Corn 
starch, TFP: Tremella polysaccharide, EWP: Egg white protein, OJ: Orange juice.
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3.2. Rheological characterisation of TFP-EWP-OJ composite gel

3.2.1. Apparent viscosity
Rheological properties were significant indexes to assess for 3D 

printing of food inks. Inks used for food 3D printing should have an 
appropriate apparent viscosity. The apparent viscosity of the printed 
inks should be low enough to allow them to extrude smoothly from the 
nozzle. It must also be high enough to remain stable on the printing 
platform after the food inks were extruded (Liu et al., 2019). As shown in 
Fig. 5A, the apparent viscosity of the TFP-EWP-OJ composite gel sam
ples with different CS concentrations was gradually reduced with 
increasing shear rate. This suggested that the TFP-EWP-OJ composite 
gel samples were typically pseudoplastic fluids with shear-thinning 
characteristics. It was favorable that the TFP-EWP-OJ composite gel 
can be more easily extruded. It also made a contribution to the rapid 
structural recovery of the printed material after deposition, ensuring the 
fidelity and stability of the printed structures (Zheng et al., 2024). 
Meanwhile, The apparent viscosity of TFP-EWP-OJ composite gel 
increased significantly with the increase of CS concentrations. Out of all 
of them, the apparent viscosity of TFP-EWP-OJ composite gel reached 
the maximum value of 8754 Pa.s at a CS concentration of 0.16 g/mL. 
This occurred because there were more chains in each space, which 
encouraged chain cross-linking and created a denser network structure 

with thicker walls and smaller cell sizes (Liu et al., 2018a). Macro
scopically, this manifested itself as an increase in the consistency and 
apparent viscosity of the system.

To investigate the relationship between shear rate and apparent 
viscosity of TFP-EWP-OJ composite gel samples more comprehensively, 
the experimental data were fitted using Origin 2023 b software based on 
the Ostwald-Dwyer equation. The specific results were shown in Table 2. 
The correlation coefficients (R2) for all TFP-EWP-OJ composite gel 
samples were greater than 0.99. This was an indication of a good fit for 
all data. The K value of the TFP-EWP-OJ composite gel gradually 
increased as the concentration of the CS increased. It was further illus
trated that the apparent viscosity of TFP-EWP-OJ composite gel was 
improved due to the addition of CS. This also showed that as the con
centration of CS increased, the material became less extrudable and 
harder to extrude out from the nozzle when printing. In addition, the 
value of n was less than one for all samples, revealing that all the sam
ples exhibited shear thinning characteristics. A higher apparent viscosity 
contributed to maintaining the shape of the printed samples and 
improved the phenomenon of broken stripes during the printing process. 
If the apparent viscosity was too high, the printing material will be 
difficult to squeeze out from the nozzle and print accuracy will be 
reduced. Therefore, the appropriate apparent viscosity was one of the 
key determinants for the success of 3D printing.

3.2.2. Dynamic viscoelastic properties
G’ is a reflection of the elastic behaviour and mechanical intensity of 

the material. The high level of mechanical intensity of the materials 
revealed outstanding support ability and were less prone to collapse, 
which effectively maintained the stability of the printed models (Liu 
et al., 2018a). G″ denotes the viscous behaviour of the samples, which 
reflects the energy consumed by the material throughout the deforma
tion process as a result of viscous deformation (Liu et al., 2018b). Fig. 5B 
and C shown that both G’ and G″ of the TFP-EWP-OJ composite gel 
exhibited a gradual increase with the concentration of CS. Moreover, the 
G’ and G″ of the TFP-EWP-OJ composite gel reached a maximum value 
of 6132.54 Pa and 1077.61 Pa at a CS concentration of 0.16 g/mL, 
respectively. This may be due to the swelling of the starch granules 
during the heating process, resulting in the release of the amylose within 
the structure to act as a structural filler (Nailín et al., 2023). G’ values for 
all TFP-EWP-OJ composite gel samples were uniformly greater than G″ 
over the measured range. This indicated that the printed materials dis
played predominantly elastic behaviour within the measured fre
quencies. These elastic structures maintained relative stability under 
external forces and enhanced resistance to deformation between layers 
as the printed products were deposited on the printing platform. In 
general, materials with higher G’ and G″ values were more suitable for 
3D printing. This was because the materials displayed superior shape 
retention and could be bonded to the previous layer following extrusion, 
thereby resulting in a more robust internal structure of the printed 
samples (Costakis et al., 2016). However, the G’ value was too large, 
which will lead to the difficulty of extrusion of printing materials and 
not benefit the 3D printing. This was the reason why the print effect of 
the TFP-EWP-OJ composite gel printed products with 0.12 g/mL CS was 
the better, while the printed products of 0.14 g/mL and 0.16 g/mL CS 
were worse (Fig. 1).

Furthermore, the viscoelasticity of the materials can be quantified by 
the loss tangent (tan δ =G′′/G′). If tan δ > 1, it indicated that the material 
exhibited predominantly viscous characteristics. If tan δ < 1, it indicated 
that the material exhibited predominantly elastic characteristics. 
Moreover, the greater the tan δ value, the stronger the fluidity of the 
material and the more inclined it was to be liquid. The smaller the tan δ 
value, the weaker the fluidity of the material and the more inclined it 
was to be solid (An et al., 2023). The tan δ of each sample was found to 
decrease at first, followed by an increase, and it was less than 1, as 
shown in Fig. 5D. This indicated that the TFP-EWP-OJ composite gel 
samples all exhibited elastic behaviour. In addition, tan δ gradually 

Table 2 
Ostwald-de-Waele model parameters K, n from equation of TFP-EWP-OJ com
posite gel with different CS in concentrations. K: consistency index, n:flow 
behaviour index, TFP: Tremella polysaccharide, EWP:Egg white protein, OJ: 
Orange juice, CS: Corn starch.

CS concentrations (g/mL) K(Pa⋅s) n R2

0.00 83.76 ± 6.47g 0.1771 ± 0.0061a 0.9934
0.06 125.09 ± 3.99f 0.1539 ± 0.0037a 0.9999
0.08 219.06 ± 4.51e 0.1118 ± 0.0045b 0.9999
0.10 317.55 ± 2.93d 0.1086 ± 0.0115b 0.9999
0.12 502.31 ± 3.69c 0.0752 ± 0.0057c 0.9999
0.14 715.65 ± 5.37b 0.0574 ± 0.008c 0.9999
0.16 976.52 ± 2.60a 0.0518 ± 0.0042c 0.9998

Different letter above the same column indicate a significant difference (P <
0.05).

Fig. 6. Effect of different CS concentrations on WHC of TFP-EWP-OJ composite 
gel. Values with different letters are significantly different (P < 0.05). CS: Corn 
starch, WHC: Water holding capacity, TFP: Tremella polysaccharide, EWP: Egg 
white protein, OJ: Orange juice.
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decreased with the increase of CS concentration. This meant that the 
TFP-EWP-OJ composite gels become poor in fluidity and gradually 
exhibit solid-like behaviour. This can lead to phenomena such as diffi
culty in extruding the print material and broken print lines. This was 
consistent with the results of the 3D printing.

3.3. WHC

WHC is associated with the structural and sensory properties of the 
gel (Pan et al., 2021). The greater the WHC of the gel, the less likely it 
was that the water within the gel would be expelled when subjected to 
external pressure, thereby enhancing the stability of the printed prod
ucts. As shown in Fig. 6, the WHC of the TFP-EWP-OJ composite gel 
increased significantly (P < 0.05) as the concentration of CS increased 
and reached a maximum of 99.27 % at a concentration of 0.16 g/mL. 
This may be due to the fact that water not tightly bound to the TFP-EWP- 
OJ composite gel network was absorbed with CS in the gelatinization 
process. Furthermore, the more CS was added, the more water was 
absorbed and the better the filling effect on the protein network struc
ture, making the structure more compact and increasing its ability to 
bind water (Hu et al., 2023). The printed materials with too low WHC 
will exhibit more liquid behaviour, resulting in incomplete print product 
form and collapse (Fig. 1 A1, 1A2, 1B1, 1B2, 1C1, and 1C2). As the WHC 
increased, the flow of the print material weakened, the viscosity 
increased, and the printed lines became more self-supporting (Fig. 1 D1, 
1D2, 1E1, and 1E2). However, the excessively high WHC can cause poor 
flow of the printed material to the point of clogging the nozzle and 

Fig. 7. The effect of different CS concentrations on the texture properties of TFP-EWP-OJ composite gel. (A): hardness, (B): springiness, (C): gumminess, (D): 
cohesiveness. Values with different letters are significantly different (P < 0.05). CS: Corn starch, TFP: Tremella polysaccharide, EWP: Egg white protein, OJ: Or
ange juice.

Fig. 8. FT-IR of TFP-EWP-OJ composite gel with different CS concentrations. 
FT-IR Fourier Transform Infrared Spectroscopy, TFP: Tremella polysaccharide, 
EWP: Egg white protein, OJ: Orange juice, CS: Corn starch.
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Fig. 9. SEM images from TFP-EWP-OJ composite gel with different CS concentrations. A1-G1 are SEM micrographs of TFP-EWP-OJ composite gel with CS con
centrations of 0.00, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16 g/mL at 100 magnification, respectively. A2-G2 are SEM micrographs of TFP-EWP-OJ composite gel with CS 
concentrations of 0.00, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16 g/mL at 200 magnification, respectively. SEM: Scanning electron microscopy, TFP: Tremella polysaccharide, 
EWP: Egg white protein, OJ: Orange juice, CS: Corn starch.

Fig. 10. Schematic representation of the formation mechanism of TFP-EWP-OJ composite gel. CS: Corn starch, TFP: Tremella polysaccharide, EWP: Egg white 
protein, OJ: Orange juice.
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making extrusion difficult, which was not conducive to 3D printing 
(Fig. 1 F1, 1F2, 1G1, and 1G2). As a result, the WHC of the material was 
not the greater, the better the print effects.

3.4. TPA

Textural properties are the main determinants of food acceptability, 
and it’s also important for people with special needs (Yang et al., 2018). 
As shown in Fig. 7A, a gradual increase in hardness was found as the 
concentration of CS of the TFP-EWP-OJ composite gel increased (P <
0.05), which was consistent with the results for WHC. In addition, the 
TFP-EWP-OJ composite gel with 0.16 g/mL CS added had the highest 
hardness of 184.86 g. The gelatinized CS that formed in thermal in
duction process can be employed as filler materials to support the TFP- 
EWP-OJ composite gel network. The exertion of pressure on the protein 
phase through swelling action to enhanced the densification of the gel 
network (Hu et al., 2023). Consequently, the hardness of TFP-EWP-OJ 
composite gel was enhanced by the CS incorporation. This was benefi
cial for 3D printing. As shown in Fig. 7B, C, and D, the springiness, 
cohesiveness and gumminess of the TFP-EWP-OJ composite gel also 
gradually increased with increasing CS concentration. In particular, 
gumminess and cohesiveness were also favorable for 3D printing. This 
was due to high gumminess resulting in stronger adhesion between the 
layers and high cohesiveness resulting in a tighter internal structure, 
preventing deformation of the printed product. However, it can be seen 
from the 3D printing results that when the CS concentration was 0.12 g/ 
mL, the TFP-EWP-OJ composite gel printing effect was the best. This 
indicated that materials with appropriate texture properties were more 
suitable for 3D printing.

3.5. FT-IR

Fig. 8 shown the FT-IR of TFP-EWP-OJ composite gel with different 
CS concentrations. It can reflect whether CS will have an effect on the 
characteristic functional groups of the TFP-EWP-OJ composite gel. As 
illustrated in Fig. 8, the infrared spectrum of the TFP-EWP-OJ composite 
gel with the incorporation of CS was comparable to the TFP-EWP-OJ 
composite gel without CS. Furthermore, no new absorption peaks 
were observed within the measured wavelength range. This suggested 
that no new functional groups were formed in the TFP-EWP-OJ com
posite gel after the addition of CS. However, with the increase in CS 
concentration, the peaks in the amide A band of the TFP-EWP-OJ 
composite gel were shifted towards the long wave direction from 
3346 cm− 1 to 3367 cm− 1. This was an indication that there were more 
hydrogen bonds between CS and TFP-EWP-OJ composite gel, reflecting 
the improved gel forming ability and gel strength of the composite 
system (Qian et al., 2023). This also meant that the printed material had 
greater deformation resistance and better self-supporting properties.

3.6. SEM

The microstructure of gel was very important for their physical 
properties. It can provide valuable theoretical support for structural 
changes during gel formation, particularly with regard to the homoge
neity and densification of the gel network structure (Cao et al., 2012). 
The microstructures of TFP-EWP-OJ composite gel with different CS 
concentrations were illustrated in Fig. 9. It can be seen from the Fig. 9 A1 
and 9A2 that the microstructures of the TFP-EWP-OJ composite gel 
devoid of CS exhibited a lamellar network structure and a multitude of 
pores. The network structures of TFP-EWP-OJ composite gel with 0.06 
g/mL and 0.08 g/mL CS became dense, but there were still large pores 
(Fig. 9 B1, 9B2, 9C1, and 9C2). The number of pores on the surface of the 
TFP-EWP-OJ composite gel decreased gradually at CS concentrations of 
0.10, 0.12, 0.14, and 0.16 g/mL, accompanied by a notable enhance
ment in microstructure compactness. This phenomenon may be attrib
uted to the reaction of CS with EWP, which effectively inhibited the 

formation of excessive protein aggregates. Moreover this interaction 
became stronger as the CS concentration increases, making the network 
structure of the composite gel denser (Hu et al., 2023). The mechanical 
strength of the printed material was enhanced due to the increased 
density of the microstructure. Therefore, appropriate improvement of 
the microstructure of the printed material can improve the printing 
accuracy and resolution of the deposited layers, and the printed products 
will have a more stable structure and better dimensional stability 
(Mahdiyar et al., 2021).

3.7. TFP-EWP-OJ composite gel formation mechanism

CS could increase the elasticity, hardness, and WHC of the TFP-EWP- 
OJ composite gel. Furthermore, CS also made the network structure of 
the TFP-EWP-OJ composite gel more denser. Based on the FT-IR and 
intermolecular interactions, a general gelling mechanism for TFP-EWP- 
OJ composite gel is proposed. The explanation of the TFP-EWP-OJ 
composite gel-forming mechanism is when the protein is denatured by 
heating, the structure of the protein unfolds. Therefore, chemical groups 
such as sulfhydryl units, hydrophobic groups, and hydrogen bonding 
moieties are exposed within the protein (Wang et al., 2020). There are 
many hydroxyl groups in the structure of TFP and CS. After TFP and CS is 
added to the mixed system, they are subjected to chain cross-linking 
with EWP, in which they interact mainly through hydrogen bonds. 
Furthemore, a schematic representation of the formation mechanism of 
TFP-EWP-OJ composite gel is shown in Fig. 10.

4. Conclusion

The addition of CS had a significant effect on the 3D printing of TFP- 
EWP-OJ composite gel, rheological properties, WHC, TPA, and micro
structure. The results showed that the printing accuracy of the TFP-EWP- 
OJ composite gel showed an increasing and then decreasing trend. 
Printed samples of TFP-EWP-OJ composite gels with 0.12 g/mL of CS 
had excellent self-supporting capabilities, delicate geometric shapes, 
and the highest printing accuracy. In addition, the nozzle diameter and 
printing speed suitable for 3D printing of TFP-EWP-OJ composite gel 
were 1.20 mm and 35 mm/s, respectively. The apparent viscosity of the 
TFP-EWP-OJ composite gel gradually decreased with increasing shear 
rate. This was indicative that the TFP-EWP-OJ composite gel had a shear 
thinning behaviour and was suitable to be applied to 3D printing. The 
apparent viscosity, G’, G″, WHC, hardness, and springiness of the TFP- 
EWP-OJ composite gel were enhanced with the concentration of CS. 
This had a positive effect on the shape retention of the print samples. 
Furthermore, the microstructure of the TFP-EWP-OJ composite gel 
presented a gradual densification, accompanied by a reduction in pore 
size, with an increase in CS concentration. The results of FT-IR spectra 
demonstrated that no novel functional groups were generated between 
the CS and TFP-EWP-OJ composite gel. However, the interaction be
tween the hydrogen bonds was found to be augmented. In conclusion, 
the study not only created a new printing material with high nutritional 
and multifunctional properties, but also provided an idea for the 
development of complex ink systems for other proteins.
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