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Three-dimensional (3D) bio-printing is an emerging tissue engineering technology, and its printing parameters
have been upgraded to enable in-depth application in cell-cultured meat. However, excellent printable and
edible bio-inks for cell-cultured meat are in urgent need of development. Therefore, a low-cost bio-ink based
on albumin and gelatin was developed. At first, suitable printability of the bio-ink was determined by rheology
analysis, excellent mechanical stability, and excellent mechanical stability of the printed scaffold was also
proved by water absorption and degradation rate. Next, the biocompatibility of the scaffold and its interaction
with cells were clarified through cell proliferation culture, cell status research and omics analysis. Notably,
AG7 demonstrated better printability and AGS7 provided better conditions for cell attachment, proliferation
and migration, S-shaped exponential growth curve further revealed the significant advantages of AGS7
scaffolds in cell culture. More importantly, the tissue culture process of muscle cells was simulated to organoid
culture, which elucidated the interaction information between cells and scaffolds. This work has filled the
vacancy in the industry and provides a novel strategy for the development of production of cell cultured meat.
© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

in the construction of artificial tissues, poor printability and edibility
of bio-ink limited the application of 3D printing in cell cultured meat

Cell cultured meat, also known as biologically cultured meat, is a
disruptive meat production technology that has surfaced recently! ..
Most of the current cultured -meat comes in the form of minced meat,
it is widely believed that constructing three-dimensional (3D) muscle
tissue with tissue engineering techniques could be a satisfactory
solution®™”. 3D bio-printing as a universal engineering technology
could be used to acquire 3D constructs with specific structures
and shapes. The position of cells and biomaterials can be precisely
controlled by computer-aided design, an artificial tissue structure
similar to natural tissue can be quickly generated layer by layer™ ',
Although the development of 3D bio-printing shows great promise
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area, which are easily caused unstable structure formation and bio-risk.
In addition, the effects of cell attachment, proliferation and migration
are also closely related to the performance of bio-ink. Therefore,
it is essential to develop bio-inks with impressive printability and
biocompatibility for fabricating ideal 3D muscle tissues'”.

According to some recent research, albumen is an edible and
cheap biomacromolecule, which is benefit to cell adhesion and
proliferation owing to a variety of components such as ovalbumin,
ovotransferrin, ovomucoid, etc."*'", which could improve the
overall biocompatibility of the prepared scaffold and promote cell
proliferation and adhesion. Thus, albumen could be considered as
an available material for bio-ink preparation"”. However, because
of high moisture content and chemical instability, albumen is not
printable and need to be used with other ingredients"**”. Gelatin is
a kind of well-known macromolecular hydrophilic colloid, which
is the product of partial hydrolysis of collagen. Due to the suitable
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rheological property and excellent biocompatibility, gelatin is widely
used in extrusion-based 3D bio-printing for making cell scaffold™' >
But unfortunately, gelatin demonstrate a sensitive temperature-based
phase transition property, which easily transforms from gel to solution
when the temperature increases to 25-35 °C. Such a behavior remains
a significant challenge for structural retention of scaffold. Therefore,
the cross-linking through physical or chemical methods to improve
the stability are necessary for gelatin-based scaffold”*>",

In this study, as shown in Fig. 1A, an emerging composite ink
was prepared by mixing gelatin solution with albumen. And a scaffold
was prepared through 3D printing. After printing, glutaraldehyde was
used at a low concentration for scaffold formation, further enhancing
scaffold stability by reacting with the e-amino groups of lysine and
hydroxylysine residues to form Schiff bases. The suitable printability
of the ink was assessed by rheological analysis, which studied
the storage modulus (G"), loss modulus (G”), and shear-thinning
behavior. The printing ability of the ink was further evaluated
through printability. The mechanical stability was assessed by water
absorption and degradation rate. Finally, the biocompatibility of
the scaffold and its interaction with cells were assessed through
cell proliferation culture, cell status research and omics analysis
for applying to tissue culture of muscle cells. The presented work
provides a new approach to producing cell-cultured meat using 3D
bio-printed scaffolds.

2. Materials and methods
2.1 Materials
2.1.1 Materials and reagents

Glutaraldehyde solution (25%) were purchased from Aladdin
Co., Ltd. (China). Fetal bovine serum (FBS, Gibco) was purchased
from Thermo Fisher Scientific Inc. (USA). Phosphate buffered
solution (PBS), trypsin-EDTA solution (0.25%, T1300), penicillin-
streptomycin solution (P/S), paraformaldehyde (4%), Triton X-100,
FITC Phalloidin, 4’,6-diamidino-2-phenylindole (DAPI), calcein-AM,
propidium iodide (PI) and dulbecco’s modified eagle medium
(DMEM) were purchased from Solarbio Co., Ltd. (China).

2.1.2 Cellline

The cells used in this experiment were chicken myoblasts.
Primary myoblasts were obtained from the leg muscle tissue of
18-day-old chicken embryos by enzymatic digestion.

2.2 Preparation of inks

Fresh brown shell eggs (50—65 g) were randomly purchased from
local food supermarkets, all eggs come from Beijing white feather
chicken, and the albumen was carefully separated from the egg yolk.
Gelatin solutions were prepared by dissolving gelatin in water at
40 °C for 2 h (2.5%, 5%, 7.5%, and 10%, m/m). The separated
albumen and gelatin solution were mixed at a volume of 1:1 and
stirred well to obtain consistent solutions named AG2, AG5, AG7,
and AG10. The prepared solutions were stored at 4 °C for later
characterizations. Specific parameters were shown in Table S1.

2.3 Rheological analysis of prepared inks

The viscosity and viscoelasticity of inks were assessed by
a rheometer (MCR92, Anton Paar Co., Austria). Briefly, the
temperature was raised from 4 to 40 °C by temperature sweeping
(oscillating mode) at a heating rate of 1 °C/min, and the angular
frequency and shear stress were kept at 10 rad/s and 1%, respectively,
to obtain G and G” of inks. Moreover, the viscosity change of inks was
evaluated by increasing the shear rate from 0.1 to 100's ' at 15 °C.

2.4 3D printing

Scaffold printing was performed using a bio-printer (SUNP
BIOMAKER 2i, Sunp Biotech, China). The printing speed was
5.00 mm/s, the extrusion speed was 4.00 mm’/s, the distance was
0.50 mm, the Bed TEMP was 4 °C, and the nozzle diameter was 22 G
(inner diameter 400 um). The 3D printed scaffolds were prepared
according to the above parameters, and each scaffold was printed
as a grid structure (2 cm X 2 cm, 4 layers). After printing, 0.25%
glutaraldehyde solution was used for cross-linking for 10 min, and then
excess glutaraldehyde was washed off with PBS buffer for 3 times.

2.5 Printability tests

The printability (Pr) was assessed to ascertain the shape precision
of each construct printed with respective inks. The Pr was determined

by equation (1):
12
Pr= 1
T M

Where L represents the perimeter of the pore, and 4 represents
the area of the pore. For this analysis, random images of the printed
structure were captured using a microscope (ECLIPSE Ti2, Nikon,
Japan). Images were selected for Pr analysis, and printability was
calculated by determining the area and perimeter of each pore (n = 10)
from optical micrographs using ImagelJ software. The homogeneity
of the printed features was assessed by measuring the sizes through
image analysis.

2.6 Scanning electronic microscope (SEM)

In order to characterize the micro-morphology of the scaffold
before and after cross-linking, the samples were freeze-dried, and the
dried samples were gold-plated under vacuum, and then the samples
were examined using a scanning electron microscope (SU8020,
Hitachi, Japan) at an operating voltage of 15 kV.

2.7 Degradation rate

Scaffold sample with size of 10 mm X 10 mm X 2 mm were
prepared. Then the sample was placed in a 6-well plate, containing
3 mL of PBS buffer per well. The sample was cultured at 37 °C
for different periods until the sample completely degraded. The

degradation rate was calculated by equation (2):

W= W,
R (%) =’7°>< 100 2)

t
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Where W, (g) represent not soaked Scaffold weight, and W, (g)
represent soaked Scaffold weight.

2.8 Water holding capacity (WHC)

After the scaffold was formed, the samples were washed with
PBS buffer for 15 min, then weighed using an electronic scale, and
the WHC of the samples was determined according to the following
formula (3):

M,—-M,
WHC (%) =—"—%x 100 3)
M,
Where M, (g) represents the washed scaffold wet weight, and M, (g)
represents the scaffold freeze-dried dry weight.

2.9 Cell culture

Myoblasts lines were maintained in a growth medium (DMEM
supplemented with 10% FBS and 1% antibiotic solution) and
incubated at 37 °C in a 5% CO, atmosphere. Cells were cultured until
the confluence reached approximately 80%, dissociated with 0.25%
trypsin-EDTA, centrifuged and resuspended in growth medium.

2.10 Cell culturing in the 3D scaffold

Bio-inks were prepared by mixing collected cells with each ink at
a cell density of 1 x 10° cells/mL, and scaffolds were then fabricated.
The printed cell-laden constructs were incubated in a growth medium
at 37 °C under 5% CO,. Two types of cell culture methods were
employed. In the first type, known as attached culture, after the
preparation of the 3D bio-printing scaffold, the growth medium
(15 mL) was directly added to the culture dish for cell culture.
In the second type, referred to as suspension culture, the scaffold was
separated from the culture dish using a cell scraper, and excess growth
medium (30 mL) was added to suspend the scaffold in the culture
medium for cell culture. All cells were grown in an incubator (Heracell
VIOS 160i, Thermo Fisher, USA) at 37 °C and 5% CO,.

2.11 Cell proliferation

Evaluation of cell proliferation was performed using the CCK-8
kit (Solarbio, China). Incubate at 37 °C and 5% CQO, in an incubator.
CCK-8 assays were performed on days 1, 2, 3, 4, 5, 6, and 7 to
determine cell proliferation in scaffolds. Plates were removed on the
corresponding days after incubation, and 10 uL of CCK-8 solution
was added. After a 4-h incubation period, 100 uL of the corresponding
fraction was removed, and finally the absorbance was recorded at 450 nm
using a micro plate reader (Synergy™ H4 Ti2, Bio Tek, USA).

2.12  Immunofluorescence

Live/dead assays were performed with Calcein-AM and PI
stains. Cut the scaffold material with cells cultured for 7 days into a
1 cm % 1 cm square, place it in a 6-well plate, and suspend it in 2 mL assay
Buffer. Stain the scaffolds with calcein-AM/PI solution (1 and 3 pL)
for 15 min in the dark. The sample was washed with PBS and

observed under a fluorescence microscope (ECLIPSE Ti2,
Nikon, Japan).

After a PBS wash, the scaffolds were fixed for ten minutes in
4% paraformaldehyde. Subsequently, the scaffolds were
permeabilized for 10 min using 0.5% (V/V) Triton X-100 in PBS.
The liquid was removed and FITC Phalloidin peptide was added
for cytoskeletal staining for 30 min. Finally, add DAPI to stain the
nucleus for 15 min. Remove the solution and rinse with PBS for 3
times, then place under the microscope (ECLIPSE Ti2, Nikon, Japan)
for observation.

2.13  Quantitative real-time PCR analysis

RNA was extracted using the RNeasy Mini Kit (Qiagen,
Germany) according to the manufacturer’s instructions. The RNA
was tested for purity by an ultramicro ultraviolet spectrophotometer
(NanoDrop One, Thermo Fisher, USA) adjusted to a uniform
concentration. After RNA was reverse transcribed to cDNA using
the PrimeScriptTM RT kit (TaKaRa, Japan), quantitative reverse
transcription PCR (qRT-PCR) was performed. The reaction was
assessed on a Real-Time PCR Instrument (LightCycler 480 II,
Roche, USA) detection system. The results were analyzed using the
2% technique, with GAPDH utilized as the housekeeping gene for
normalization. Primer sequences were performed in Table 1.

Table 1
Real-time PCR primers.
Gene Primer sequence Product Melting
length (bp) temperature (°C)

F: GGAGAAACCAGCCAAGTAT 55.43

GAPDH R: CCATTGAAGTCACAGGAGA 17 54.08

Libp2 F: CTGGCACAAACCACTGCATC 148 60.04

R: GGTGGGTGGTACTCTTGCTC 60.04

Cdh20 F: GAACCTGGGTCCTTTCCGAG 106 60.04

R: CTCAGGCACCTCCACAAAGT 59.89

F: CGTACCAGTACTGCCATCCC 59.90

Megf10 94

R: GCACTAGCAGGAAGAGCACA 60.04

Dsg? F: AATCGAAGTGGCAGGAGTGG 70 60.04

R: CCGTCCATTCTCGCTTCTGT 60.11

Fef7 F: CCCTGAGCGACATACCAGAAG 136 60.20

R: GTTGTTTGCTTCTCTCGTCCC ) 59.47

Bmpd F: TTATGCCAAGTCCTGCTGGG 123 60.03

R: TTCATGGCTTTGGGCAGAGT 59.89

Pax7 F: CTGCAGGTACCAAGAGACGG 136 60.11

R: CTCCCAGCTGAACATCCCAG 60.11

Myod F: CCCATGGAAATGACGGAGGG 7 60.47

R: TGAAGCACGGGTCGTCATAG 59.83

Myog F: CCTCCATCGTGGAGAGCATC 70 59.97

R: CAGTTTTGGACCCGCTCCT 59.93

Ttk F: GATGTGGTGCAGAAGACGGA 9 60.04

R: AAGGGTGGAATCAAGGCTGT 59.22

Cdkl F: GGATGCAAGGCTGTACCTCA 104 59.75

R: TCTTAACACGCGAACGATCCA 60.07

Map3ks F: TCGGATGTGCTCCTGTTTCC 2 60.04

R: CCTTCCCAAAAGCTCCTCGT 59.96

Lars F: GTTCCCCACTGCTATCAGGAC 129 60.13

R: GGATTACCTACAAACGCACGC 59.94

Nid2 F: CTCACGTTCGACCCCTTCTC 71 60.11

R: AACGTGCACTCCAGCTTCTT 60.18

2.14 Western blot

Western blotting was performed to assess the expression of PAX7,
MYOD and p-tubulin. Proteins were first extracted by a mixture
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containing RIPA lysis buffer (Epizyme, GRF101, China). Protein
quantification was performed using a BCA kit (Applygen, China).
Proteins were separated by 10% SDS-PAGE gel and subsequently
transferred to a PVDF membrane (Immobilon, IPVH00010, USA).
The blots were first treated for 1 h in 5% nonfat dry milk in TBST and
incubated with primary antibodies at 4 °C: rabbit anti-PAX7 (Thermo
Fisher, dilution 1/500), mouse anti-MYOD (Santa Cruz, dilution
1/1 000) and rabbit anti-S-tubulin (Proteintech, dilution 1/5 000)
overnight. Then incubated for 2 h with secondary antibodies: anti-
Mouse IgG (abclonal, dilution 1/ 5 000), anti-Rabbit IgG (ABclonal,
dilution 1/5 000). Immunoblots were detected with the Tanon-5200
Chemiluminescent Imaging System (Tanon, China).

2.15 Metabolomics

The TRIzol Reagent (Life Technologies, USA) instruction manual
was followed in order to extract the total RNA. Utilizing NanoDrop
2000 (Thermo Fisher Scientific, USA), the concentration and purity of
RNA were ascertained. The integrity of the RNA was assessed using
the Agilent Bioanalyzer 2100 system’s (Agilent Technologies, USA)
RNA Nano 6000 assay kit. In accordance with the manufacturer’s
instructions, sequencing libraries were created using the Hieff NGS
Ultima Dual-mode mRNA Library Prep Kit for Illumina (Yeasen
Biotechnology, China), and index codes were added to each sample
to identify its sequences. The libraries were sequenced on an [llumina
NovaSeq platform in accordance with the manufacturer’s instructions.
The raw reads were further processed with a bioinformatic pipelinetool,
BMKCloud (www.biocloud.net) online platform. The raw data in Fastq
format was initially processed through internal Perl script, resulting in
the extraction of clean data. The valid data were subsequently aligned to
a reference genome sequence for further analysis and annotation using
the Hisat2 tool software. The gene functions were annotated using the
following databases: KO (Kyoto Encyclopedia of Genes and Genomes
(KEGG) Ortholog database); GO (Gene Ontology); KOG/COG (Clusters
of Orthologous Groups of proteins); Pfam (Protein Family); Nr (NCBI
Non-redundant Protein Sequences). The edgeR was used to analyse the
differential expression of two samples. The substantially differential
expression criterion was chosen at false discovery rate (FDR) < 0.01
and fold change (FC) > 2. GO enrichment analysis was conducted
with the clusterProfiler package based on the Wallenius non-central
hypergeometric distribution. The statistical enrichment in KEGG
pathways was tested using the KOBAS database and clusterProfiler
software. The sequences of the differential genes were aligned (blastx)
to the genomes of related species (whose protein-protein interactions
are present in the STRING database: http://string-db.org/) to obtain
the predicted protein-protein interactions (PPIs) of these differential
genes. Following that, the PPIs of these differential genes were
visualized in Cytoscape.

2.16 Statistical analysis

Image processing was performed using Imagel, and statistical analysis was
conducted using GraphPad Prism 10 (USA). The mean =+ standard deviation
for the 3 replicates was provided with the data. To assess significant
differences between the groups, one-way ANOVA approach with the
Tukey-Kramer test was employed, and results with a P-value of less
than 0.05 were considered significant.

3. Results and discussion

3.1 Rheological analysis of inks

In order to prepare inks for printing, pure albumen obtained
from fresh eggs and gelatin solutions with different concentrations
(2.5%, 5.0%, 7.5%, and 10.0%, m/m) were agitated to achieve a
uniform liquid consistency for later characterizations. The rheological
properties of prepared inks were estimated by rheological analysis
primarily. Generally, ink needs to have shear-thinning property to
reduce damage to cells during the extrusion process. Therefore, the
viscosity of inks at different shear rates was tested. As shown Fig. 1B,
all viscosity of inks held a decreased tendency with increased shear
rate from 0.1 to 100 s ', demonstrating a typical shear-thinning
property. Such a property renders the ink reducing cell damage
during extrusion printing through a nozzle. In addition, the viscosity
of the ink significantly increased with an augmentation in gelatin
content, which attributed to intertwining and entanglement of gelatin
molecular chains within the solution.

Moreover, in order to ensure the mechanical stability of scaffold
after printing, the viscoelasticity of inks was also tested. As shown in
Figs. 1B, and B;, the G' and G” of all inks were characterized over a
temperature ranged from 4 °C to 40 °C. The G’ of all inks consistently
exceeded the G” over the entire temperature range, indicating the
maintenance of a stable gel-like state. In addition, it is noteworthy that
the G' of AG5, AG7, and AG10 exhibited a pronounced decline at
15 °C approximately, which attributed to the weaken hydrogen bonds
among gelatin molecules when temperature rises. This result indicated
that higher concentrations of gelatin contribute to enhanced stability
of ink.

3.2 Preparation and characterizations of 3D-printed scaffolds

According to rheological analysis, the shear-thinning property and
mechanical stability of prepared inks were confirmed. Subsequently,
inks were used for 3D printing to construct scaffold. Briefly, prepared
inks were loaded into a syringe for 3D printing, glutaraldehyde
solution with low concentration (0.25%, m/m) was added for cross-
linking, and a series of scaffolds named AGS2, AGS5, AGS7, and
AGS10 were successfully acquired for subsequent characterizations.

SEM was used to investigate the surface and internal morphology
of all scaffolds. As shown in Fig. 1C, the surface morphologies of all
scaffolds exhibited a stable single-layer sheet structure after cross-
linked with glutaraldehyde, and the interior scaffold demonstrated
porous structures. According to the measurements, as shown in Fig. S1,
the internal pore size of the scaffold significantly decreased with
the increase in gelatin content, which was mainly attributed to
the increased viscosity caused by the promoted concentration of
gelatin solution. Higher viscosity would prevent the formation of ice
crystals in ink lyophilization, thus limiting the size of the pores™".
Notably, such porous structures could facilitate cellular nutrient
exchange, proliferation, and migration, thereby contributing to tissue
formation®"!. Moreover, cross-linked with glutaraldehyde solution
can maintain the shape and structure of the scaffold and improve the
mechanical stability of the scaffold in cell culture.
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Fig. 1 (A) Schematic representation of albumen/gelatin ink preparation and 3D scaffold printing and cross-linking. (B) Rheological properties of various inks.

(B,) Viscosity of different hydrogel samples at shear rates ranging from 0.1 to 100 s

; (B,)) G" and (B;) G” of the tested bio-inks. The temperature was changed as

follows: from 4 to 40 °C, rate of 1 °C/min. (C) SEM images of 3D printed scaffolds.

As shown in Fig. 2A, various bio-inks were employed to construct
3D structures by an extrusion-based 3D printer. Since continuous and
uniform features with fine chains and pores are crucial for 3D bio-
printing, the printability and uniformity of structures printed with
each bio-ink were evaluated. Pr values approaching 1 indicates the
suitability of the respective bio-inks for 3D printing, facilitating the
creation of intricately detailed constructs. Conversely, Pr values below
or above 1 indicates inadequate printing””. As shown in Fig. 2B, the
Pr values of the printed structures exhibited a gradual increase from
0.76 to 1.19 with the escalation of gelatin content. Notably, AGS7
displayed a Pr value nearing 1, indicating the favorable impact of
gelatin on enhancing printability to a certain degree. Furthermore, the
thickness distribution of all scaffolds was measured to characterize the
uniformity of the constructs printed with various bio-inks. As shown
in Fig. 2C, the thickness of bio-ink-printed strands initially decreased,
and subsequently increased. Additionally, lower distribution and a
strand thickness closer to the printhead diameter were exhibited by
the AG7, contributing to uniform extrusion and higher print quality.
In summary, the results indicated that AG7 bio-ink exhibited superior

printing performance, and an appropriate increase of gelatin content
has a positive effect on improving the printability and uniformity of
bio-ink.

Hygroscopicity plays a pivotal role in mediating the exchange of
water-soluble substances, cell viability, and metabolic processes™.
As illustrated in Fig. 2D, all scaffolds demonstrated a substantial
capacity for water absorption. AGS2 and AGS10 displayed the
most and the least pronounced swelling ratio respectively, which
primarily attributed to the difference between their internal pore
sizes. In addition, in order to continuously provide an environment
for growth of cells, the stability of scaffold should be estimated. As
shown in Fig. 2E, the degradability of each scaffold in PBS buffer
was evaluated. Within the initial 5-10 days, due to the dissolution
of uncross-linked gelatin and albumen within the scaffold matrix,
all scaffolds demonstrated an accelerated degradation behavior, and
the rate of mass loss slowed down between 10 and 40 days. Notably,
AGS2 exhibited the maximum loss of structural integrity, and AGS10
exhibited the minimum loss of structural integrity in PBS until
40 days. Such results indicated that high-concentration gelatin
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Fig.2 3D printing using various inks, and assessing the mechanical properties of 3D printed scaffolds. (A) Optical images of the printed grid constructs.
(B) Printability. Statistical significance was set to ***P < 0.001 and *P < 0.05. (C) Strand thickness of the printed constructs. (D) 3D printed scaffolds water
absorption ability. Statistical significance was set to ***P < 0.001. (E) 3D printing scaffold weight loss rate. (F) Correlation analysis of gelatin concentration, water
absorption, printability and strand thickness.

solution was more conductive to cross-linking with glutaraldehyde.
As shown in Fig. 2F, it was observed that there was a significant
negative correlation (—0.97) between water absorption and the
increase in gelatin concentration, while a significant positive
correlation (0.97) was found between printing performance and the
increase in gelatin concentration. At the same time, it was observed
that correlation curves were linear, further indicating that as the
gelatin concentration increased, the water absorption decreased
while the printing ability increased. It is worth noting that better
printing performance was observed when the Pr value was closer to 1,
further demonstrating that the printing performance of bio-ink can be
improved by appropriately increasing the gelatin concentration

3.3 Mpyoblast bio-printing and cell culture

Based on the results of the printability and stability evaluations,
the AGSS5, AGS7, and AGS10 bio-inks were selected for further

myoblast printing studies. Cell proliferation and cellular activity in
bio-inks during 3D culture was the fundamental issue in evaluating
bio-inks. To evaluate the biocompatibility of the 3D bio-printed
scaffolds, the live/dead cell staining results of the scaffolds after
7 days were examined, and the cell proliferation behavior was
monitored from day 1 to day 7 using the CKK-8 assay. As shown in
Fig. 3A, all scaffolds exhibited exceptional biocompatibility, with the
proportion of viable cells close to 98% being achieved. In particular,
the cells in AGSS and AGS7 were more uniformly distributed
compared to AGS10 and these 2 groups had a more pronounced
spindle shape in terms of cell morphology, which was mainly
attributed to the fact that scaffolds with higher hydrophilicity and
WHC could enhance cell adhesion and migration into the inner part
of the 3D scaffolds™. In addition, the number of cells in AGS7 was
significantly higher than that in AGSS5, which was attributed to the fact
that to a certain extent the cell proliferation capacity was negatively
correlated with the degradation rate™, and a higher degradation
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rate might lead to fewer cell adhesion sites and thus affect the cell
proliferation behavior. The proliferation curves result of AGSS,
AGS7 and AGS10 showed that the linear and parabolic proliferation
curves were lower than the normal cell proliferation curves in AGSS
and AGS10, while AGS7 conformed to the normal cell proliferation
curves, meanwhile, the cell number of AGS7 was significantly
higher than that of AGS5 and AGS10 as shown by the 7" day
cell proliferation, which further illustrated that cell proliferation was
promoted by AGS7 compared with AGSS and AGS10. In summary,
AGS7 has a lower degradation rate while maintaining higher
water-holding capacity. This also implied that more cell adhesion sites
could be retained by AGS7 while maintaining efficient nutrient and
oxygen exchanges, which had a positive impact on cell attachment,
proliferation, and migration in the scaffold.

To further investigate the effect of printing materials on the
proliferative state of cells. As shown in Fig. 3B, the cell attachment
efficiency of AGSS5 and AGS7 was significantly higher than that of
AGS10, as revealed by the results on the first day of culture. And
based on the cell multiplication time, it was found that AGS5 and
AGST7 achieved cell multiplication on the third day and entered
the exponential growth period of cell proliferation on the 4" day,
consistent with the normal cell proliferation curve. In contrast, AGS10
deviated from the normal cell proliferation curve throughout the entire
cell value-added cycle, which was not conducive to the successive
cultivation of cells in the later stages. Notably, the linear proliferation
curve of AGS5 showed a linear divergence on the 4", suggesting that
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cell migration and repopulation were limited by the material during
proliferation. At the same time as, as shown in Fig. S1, AGS5 was
not suitable for building larger structures. This limitation was due to
a lack of 3D printing performance and the mechanical properties of
the material, leading to structural changes and center collapse when
trying to create larger-scale structures. As a result, the study further
elucidated the advantages of AGS7 in the process of cell attachment,
cell migration, cell proliferation and cell nutrient exchange during
the continuous cell culture process through the cell attachment and
proliferation in different ratios of materials. Based on these results,
the scaffolds prepared from AG7 ink were selected as the scaffolds
for subsequent 3D tissue culture.

3.4 Tissue culture of 3D bio-printed scaffolds

Unlike traditional two-dimensional cultures, 3D culturing of cells
in 3D bio-printed tissue constructs mimics the in vivo condition of
cells, allowing them to grow in three dimensions and restoring the
physiological characteristics of natural tissues. The biocompatibility
of bio-inks was elucidated through the above studies, and in order to
further clarify the performance of the scaffolds, the study was carried
out to elucidate the advantages of the scaffolds in 3D cell cultures
through a tissue culture process similar to that of organoid cultures.
The study first constructed a model of tissue culture, as shown in
Fig. 4A, the above-prepared ink (AG7) was mixed with myoblasts
cells to prepare bio-ink with a cell concentration of 1 x 10° cells/mL
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Fig.3 Bio-compatibility tests of various scaffolds printed with different inks and myoblast. (A) Fluorescence micrographs of individual scaffolds after live (green)
and dead (red) staining on day 7, and cell proliferation curve (17 days). (A,) AGSS; (A;) AGS7; (A,) AGS10. (B) Representative absorbance values at 450 nm for
each scaffold (1-7 days). Statistical significance was set to ****P < (0.000 1, ***P < 0.001 and *P < 0.05.
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for 3D bio-printing. Cell behavior as well as cell proliferation
status was further indicated by fluorescence microscopy (1—7 days)
and microscopic observation (1-15 days) during scaffold culture.
As shown in Fig. 4B, the cells within the scaffold exhibited good
proliferation, with a tendency for initial cells to proliferate near the
edge of the scaffold after attachment. This phenomenon may be due to
the fact that the edge of the scaffold was more favorable for nutrient
exchange, which facilitates rapid cell proliferation and migration.
On the 7" day, the cells had completely covered the entire scaffold
and showed good dispersion, further demonstrating that the scaffolds
not only had good biocompatibility but also no significant effect on
cell attachment and migration. In addition, no obvious dead cells
were observed within the scaffolds at any time point, suggesting that
short-term glutaraldehyde cross-linking at low concentrations had no
significant effect on the cell state. As shown in Fig. 4C, the number of
cells per unit area was analyzed, and it was observed that the scaffolds
entered the exponential growth phase of cell proliferation after the 3",

Chicken myoblast -\
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Mixing and
cross-linking

B Day 5
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with the number of cells reaching 562 cells/mm’ on the 7" day. As
shown in Figs. 4D and S2, cells within the scaffold proliferated
rapidly during the first seven days, which was consistent with the above
results. Notably, when the cells proliferated continuously up to 9" day,
the inner space of the scaffold was filled with cells reaching the
growth inhibition of the scaffold, and the cells began to spill out of the
scaffold. In addition, cells began to migrate and proliferate at the edge
of the scaffold apertures through cell-cell connections. On 11" day,
the cell junctions at the edge of the aperture formed a thread-like cell
cluster. On 13" day, cells at the edge of the scaffold aperture begin
to spread and proliferate in a peripheral direction to form an open
membranous morphology cellular organization based on the linear
cell clusters. On 15" day, a completely closed membrane morphology
cell organization was formed in the aperture of the scaffold. As shown
in Fig. 4E, membranous cellular tissue hardly appeared at the edge of
the scaffold aperture until the 9" day of cell culture, and the formation
of membrane morphology cellular tissue began to accelerate at 11 to

Suspend

Organized

Cellular organization
Cell culture

Day 7

600 C 562
5(@1}1 E
E 400 - 343
]
2 200}
o
= 76
_ B ()
500 pm © 0 yﬁx 1 1 1 J
" 1 3 5 7
Time (days)
100 E T
S
S 5r
50
=
2 50+
8
]
8 25+
- B
0 P D 1 L |
7 9 11 13 15

Time (days)

Fig. 4 Cultivation process of membranous morphology cellular tissues. (A) Schematic diagram of the preparation of bio-inks and the cell culture process of the
scaffolds. (B) Fluorescence micrographs of individual scaffolds after live (green) and dead (red) staining on days 1, 3, 5 and 7. (C) Cells per square millimeter.
(D) Micrographs of individual scaffolds on days 1, 9, 11, 13 and 15 (inside the red dotted line was membranous morphology cellular tissue).

(E) Area of membranous cellular tissue.
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15 days with an approximate 75% increase in its area. Therefore, the
cells in the scaffold underwent a large amount of proliferation and cell
migration in the early stage, and in the middle stage, the cells showed
the proliferation of dots and lines in the aperture of the scaffold,
and finally completed the formation of membranous cell tissues in
the aperture of the scaffold. One of the reasons for the formation of
membranous morphology cell tissues was probably due to the fact
that the bio-ink, which was mainly composed of polysaccharides
and peptides, could mimic the structural features of the extracellular
matrix (ECM) in vivo and provide excellent micro-environment for
cell proliferation and proliferation”, thus promoting cell proliferation.
In addition, cell-cell interactions regulate cell morphology
when cell density increased, and higher cell densities promoted
cell-cell contacts through the formation of multicellular clusters™®.

As a result, cell-cell interactions and the formation of membranous
morphology cellular organization in the aperture may have been
facilitated when cell densities at the aperture edges were elevated.

3.5 Differences between 2D and 3D cell culture

Following the completion of 3D bio-printing, cellular proliferation
and migration within the scaffold occurred at an accelerated pace.
Within the peripheral regions of the scaffold, cells demonstrate
vigorous proliferation and migration, ultimately leading to the
formation of linearly aligned cell clusters within the pore regions.
These linearly organized cells gradually expand and interconnect,
eventually giving rise to a closed, membrane morphology cellular
tissue structure. Microscopic observations further validate this process.
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Fig.5 Differences between 2D and 3D cell culture. (A) Heat map of gene expression in different cultures. (B) GO functional enrichment of differentially
expressed genes. (C) KEGG enrichment pathway analysis of differentially expressed genes. (D) Significance analysis and expression of differentially expressed
genes. (E) Quantitative PCR validation of differential genes in 2D and 3D cell cultures. (E,) Ltpb2; (E,) Bmp4; (E;) Nid2; (E,) Pax7; (Es) Myod; (E¢) Myog. Statistical
significance was set to **P < 0.01 and *P < 0.05. (F) Fluorescence micrographs results (top: cells in the scaffold; bottom: membranous cell tissue). (G,) Micrographs
of early-stage, mid-stage and late-stage cell cultures. Differential expression validation of major genes regulating cell behavior in 3D cell culture at different time
periods, (G,) Cdh20; (G;) Dsg2; (G,) Megf10; (Gs) Fgf7; (Ge) Pax7; (G;) Myod. Statistical significance was set to ***P < (0.001, **P < 0.01 and *P < 0.05. Differential
expression validation of major genes regulating cell behavior in 3D cell culture at different time periods (early stage, mid stage and late stage). (H) Protein expression
analysis of (H,, H;) PAX7 and (H,, H;) MYOD at different stages (early stage and late stage) in the scaffolds. Statistical significance was set to ***P < (.001 and **P < 0.01.
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As shown in Fig. S2, transcriptome sequence analysis, revealed a
discernible distinction between 2D cell culture and 3D cell culture,
characterized by a correlation coefficient of 0.374. Differential gene
analysis revealed 3 559 differentially expressed genes between the 2
culture methods. Venn diagram analysis further revealed overlapping
and unique gene expression patterns in 2D and 3D cell cultures. To
gain deeper insights into the disparities between 2D and 3D cell
cultures, the data from the 2 types of samples were segregated, and a
comparative analysis of differential gene expression was performed.
Utilizing data from both culture methods, gene clustering heat-map
analysis was conducted, as shown in Fig. S5A, revealing genes with
divergent expression profiles. As shown in Fig. 5B, GO analysis
results unveiled the enrichment of various biological processes,
cellular components, and molecular functions associated with cell
adhesion, migration, proliferation, and cellular organization. Notably,
calcium ion binding, extracellular matrix binding, cell surface, cell
adhesion, extracellular matrix structural constituents, and growth
factor activity played pivotal roles in these biological processes.

Among these functions, differentially expressed genes with substantial
up-regulation include Ltbp2, Olfmi2b, Fbin2, Nid2, Col3al, Bmp4,
Fgf7, Inhbb, Lama4, Csta, Gpnmb, Nfasc, Npy2r, Bmp7, Megf10,
Cdh20, Clstn2, Bncl, Dsg2, etc., furthermore, Ltbp2, Col3al, and
Cdh20 genes were closely associated with cell adhesion”*
Bmp4 and Bmp?7 are growth factors implicated in cell proliferation
Hence, it is posited that the expression of these genes was enhanced
during cell adhesion and proliferation processes by 3D-printed
scaffold materials, thereby improving outcomes in cell adhesion and
proliferation. The main function of “homophilic cell adhesion via
plasma membrane adhesion molecules and desmosome organization
in the enrichment results was achieving cell attachment and
contributing to intercellular adhesion as well as inter-cellular junctions
through the same adhesion molecules on the plasma membrane.
Additionally, a key role in mediating intercellular junctions and
stability was played by the highly expressed genes, Dsg2c, and
Cdh20"™". Therefore, it was hypothesized that an important
contribution to the formation of 3D cellular tissue structures could be

! while
[39]
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made by 3D printed scaffold materials. In the pursuit of a more
comprehensive understanding of the disparities between 2D and 3D
cell cultures, KEGG pathway analysis was employed. Our analysis
outcomes underscore the substantial enrichment of the focal adhesion
and cell cycle signaling pathways. As shown in Figs. 5C and S3,
visually represents the enrichment of 68 regulatory genes in the Focal
adhesion pathway, 59 genes in the regulation of actin cytoskeleton
pathway, 43 genes in the cell cycle pathway, 33 genes in the tight
junction pathway, 54 genes in the cell adhesion molecules pathway,
and 57 genes in the calcium signaling pathway. The core functions of
the focal adhesion/regulation of actin cytoskeleton/cell cycle signaling
pathways revolved around facilitating cell adhesion, proliferation, and
migration. On the other hand, the principal role of the tight junction/
cell adhesion molecules pathways was to mediate cell adhesion and
intercellular interactions, thus establishing crucial tight connections
between cells that were indispensable for tissue development and the
preservation of tissue integrity. As shown in Fig. 5D, the primary
differentially expressed genes between the 2 cultivation methods,
namely, Abi3bp, Cd36, Gpnmb, Apoal, Ly6e, Csta, RInl, Loc430862,
and Hps5. These genes played pivotal roles in governing cell
migration, adhesion, and proliferation within the context of signaling
pathways. In addition, to further explored the effect of 3D culture on
the expression of key genes regulating cell migration, attachment and
proliferation, as shown in Fig. SE, qRT-PCR results showed that
Ltbp2, Nid2, Bmp4, Pax7, Myod and Myog genes showed higher
expression in 3D cell culture. Among them, the genes of Ltbp2 and
Nid2 mainly affected cell adhesion as well as migration, Pax7, Bmp4
and Myod maintained high expression levels mainly in cell division,
while Myog was important for cellular organization formation". It
was demonstrated that 3D culture could promote the expression of
key genes and thus have a positive effect on cell proliferation,
adhesion, and cellular organization formation. These results aligned
with the transcriptome analysis findings. As shown in Fig. 5F,
immunity fluorescence results at the later stage of 3D scaffold culture
showed that the entire scaffold had been covered by the cells, and
multilayered membranous cellular tissues with cell-to-cell connections
were formed in the scaffold apertures. To further validate the effect of
3D printed scaffolds on cellular adherence and the formation of
membrane morphology cellular tissues, as shown in Fig. 5G,
cell growth in the scaffolds was divided into three phases, with the
first phase being the cellular adherence in the scaffolds after
completion of the bio-printing, the middle phase being the cellular
proliferation within the scaffolds, and the later phase being the
formation of membrane cellular tissues in the apertures of the
scaffolds. The qRT-PCR results showed enhanced expression of
genes (both Cdh20, Dsg2 and Megf10) affecting cell adhesion and
tissue formation. Among them, the main roles of Cdh20, Dsg2 and
Megf10 were involved in cell adhesion and inter-cellular

. . 42-43
junctions™*"

, and it was noteworthy that the expression of Cdh20
was persistently high while the expression of Dsg2 and Megf10 was
significantly increased only in the late stage. Therefore, it is inferred
that Cdh20 not only played an important role in cell adhesion in the
early stage but also positively influenced the formation of
membranous cellular tissues with Dsg2 and Megf10 in the late stage.
During cell division Pax7 was highly expressed and Myod gene
expression level increased, while during cell alignment Pax7 was no

longer expressed or was expressed at a very low level, and Myod

expression level was also significantly reduced™'. However, the PCR
results showed that the expression levels of Pax7 and Myod were
significantly higher than those in the early stage of the scaffold, which
also proved that the cells did not stop dividing in the late stage of the
formation of organization, continued to proliferate in the aperture of
the scaffold, and then generated multilayered membranous cellular
tissues. The high expression of Fgf7 in the late stage of the scaffold
also indicated that the cells did not stop proliferating in the late stage
of the scaffold. As shown in Fig. 5H, the Western blot results showed
a significant increase in the expression of PAX7 and MYOD proteins
in the later stage compared with the earlier stage. Furthermore, PAX7
was considered a marker for muscle stem cells, and its expression was
deemed essential during muscle regeneration processes, where it
played a crucial role in regulating the growth, maintenance, and repair

. 45
of mature muscle fibers™’

. MYOD played a role in myoblast
myogenic differentiation and was used to induce the differentiation of
premyoblasts into myoblasts™®*"". Therefore, the relatively high
expression of PAX7 and MYOD in the later stages suggested that the
proliferative behavior of cells within the scaffold had not ceased,
while cells were possibly preparing for differentiation and muscle
tissue formation, which was consistent with the gene expression
results and transcriptomic results. Thus, the bio-inks composed of
albumen and gelatin not only exhibited good biocompatibility, but
also positively influenced the expression of key genes regulating cell
adhesion and proliferation in the cells within the scaffolds and
induced the formation of membranous morphology cellular tissues,
demonstrating their potential as scaffolds for cellular organizing
cultures of cultivated meat.

3.6 Scaffold suspension and adherent culture

The proliferation of cells in the scaffold was more specific than
in traditional culture dishes. In order to further explore cell adhesion,
proliferation, the formation of tissue-like cell groups in 3D scaffolds,
and to simulate the micro-environment of 3D cell growth in vivo, a
study on scaffold-adherent culture and scaffold suspension culture was
conducted. The data from 2 samples were analyzed, and differential
gene comparison analysis was conducted. As shown in Fig. 6A, based
on the data from these 2 culture methods, gene clustering heat map
analysis was performed, revealing genes with differential expression.
As shown in Figs. 6B and S4, the main enriched function in the
GO results include extracellular space, microtubule motor activity,
microtubule binding, kinesin complex, and collagen-containing
extracellular matrix. These functions played a role in maintaining cell
morphology, cell movement, intracellular substance transport, and cell
adhesion in various biological processes. This may suggest significant
differences in the composition and interactions of extracellular matrix,
cell signaling, and the extracellular environment in suspension culture
samples. As shown in Figs. 6C and S4, KEGG enrichment results
indicated significant enrichment in focal adhesion, cell cycle, thyroid
hormone signaling pathway, and fanconi additionally. In addition,
as shown in Fig. S4, 16 genes were enriched in the MAPK signaling
pathway, 12 genes were enriched in cell cycle, while 8 genes were
enriched in the Tgf-P signaling pathway and Wnt signaling pathway.
As shown in Fig. 6D, differential genes between the 2 culture
methods included Lgr5, Col9a, Map3k8, Fgfl16, Nog, Cdkl, Ttk,
Aaedl, Rcan2, Fanch, Fancf, Brca2, and more. Low expression of the
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Fig. 6 (Continued)

Cdkl and Ttk gene could potentially hinder cell proliferation, while
high expression of Lgr5, Map3k8 and Nog genes may indicate that
the cells have potential for differentiation. From this, it can be observed
that the shorter proliferation cycle of suspension-cultured cells allowed
for earlier entry into later stages of tissue culture compared to scaffold-
adherent cultures, and greater potential in terms of differentiation
potential might be exhibited by suspension cultures. As shown in Fig. 6E,
the qRT-PCR results indicated that the expression of Cdkl and Ttk
was significantly increased in the middle and decreased in the late
stage, and the expression of both Lgr5 and Map3k8 genes was high. Tt
was demonstrated that cells in suspension scaffolds were more active
in mitosis before forming membrane morphology cellular tissues. The
lower expression of Cdkl and Ttk at a later stage also suggested that
the later stage of tissue culture might be entered earlier by suspension
cultures' ™!, In addition, the relatively high expression of Lgr5 and
Map3k8 may affect the Wnt/MAPK signaling pathway"”, which
functions to terminate cell division and initiate cell differentiation",
thus, cells in suspension cultures with relatively high activity of the
Wnt/MAPK signaling pathway were more likely to undergo cell
differentiation. In summary, in order to better simulate the growth
environment of cells i vivo and try to break through the limitations
of traditional adherent culture, we conducted a preliminary study
of suspension scaffold culture. The results showed that there were
significant differences between the 2 deposits in terms of cell
proliferation, attachment, motility and differentiation, especially
in cell proliferation and differentiation, which will be the focus of
future research.

4. Conclusion

In summary, with the aim of producing printability bio-inks
for cell cultured meat tissue applications, we developed novel bio-
inks composed of albumen and gelatin. 3D-printed scaffolds were
successfully produced, and morphology, water absorption, printing
performance, degradability, and biological compatibility were
characterized. AG7 demonstrated better printability, at the same time
S-shaped exponential growth curve further revealed the significant
advantages of AGS7 scaffolds in cell culture. The results of cell
culture indicated that effective adhesion, proliferation, and migration
of myoblasts occurred in the scaffolds. More importantly, a muscle
cell organization similar to organoid culture was achieved through
3D cell culture. In addition, obvious differences between 2D culture
and 3D culture in the processes of cell attachment, proliferation,
and migration were revealed by transcriptomics, qRT-PCR, and
Western bolt analysis results. Simultaneously, the promotion of
gene expression related to cell-cell connections (Cdh20, Dsg2, and
Megf10) was observed in 3D culture, contributing to the formation of

cell tissue. Overall, the possibility of a new method for manufacturing
cultured meat was revealed by this study, indicating that 3D cell culture
has great application potential in the field of cell-cultured meat.
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