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Fibroblasts are important components of animal tissues such as muscle and
skin, as they are the major producers of various matrix proteins. Matrix proteins
such as collagen play an important role in meat products by providing unique
nutrition, texture, and flavor. Cultured meat is an innovative meat alternative
produced by culturing animal cells, but currently, relatively few studies have
been conducted using fibroblasts as seed cells for cultured meat manufacturing.
In this work, we first developed an innovative digestion-friction method
for isolating fibroblasts from porcine skin efficiently and cost-effectively.
After optimizing the enzymatic digestion and physical friction conditions,
2.39+0.28 x10° fibroblasts were obtained from 1cm? of porcine skin tissue,
which was about 9 times higher than the conventional tissue explant method.
In addition, we identified an edible bio-ink composed of gelatin and chitosan
that has good printing properties and supports fibroblast adhesion and growth.
Furthermore, we fabricated fibroblast-based cultured meat by 3D printing with
an initial cell density of 1.0 x10”mL™* and evaluated its texture and nutritional
properties. This work provides valuable insights and references for introducing
fibroblasts into the production of cultured meat that is more comparable to
structured animal meat.

KEYWORDS

cultured meat, 3D bioprinting, fibroblasts, cell isolation, gelatin, chitosan, food
hydrocolloid

1 Introduction

Cultured meat, also known as cultivated meat or cell-based meat, is a novel food produced
using cell culture, tissue engineering, and food processing technologies (Guan et al., 2021; Liu
etal,, 2023). Cultured meat technology is a promising alternative to conventional farming, as
it is expected to address resource shortages, environmental pollution, and animal welfare
issues (Zhang et al., 2020). For both technological development and industrial production of
cultured meat, seed cells are undoubtedly the most important. In general, muscle satellite cells
are the most preferred seed cells because of their ability to proliferate and differentiate into
skeletal muscle fibers, endowing cultured meat with the nutritional and processing properties
of native muscle tissue (Choi et al., 2021; Guan et al,, 2022, 2023; Yan et al., 2022; Zhu et al,,
2022). Other cell types such as fibro-adipogenic progenitor (FAP) and adipose-derived stem
cells (ADSCs) are of interest because they can generate fat cells, providing meat flavor and
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juicy mouthfeel to cultured meat (Dohmen et al, 2022; Liu
etal., 2023).

In addition to muscle fibers and fat tissues, natural meat products
contain other components such as connective tissue and skin, which
provide different textures and nutrition from muscle and fat, but are
neglected in most cultured meat studies. In both connective tissue and
skin, the main components are fibroblasts and their secreted
extracellular matrix (ECM) proteins such as collagen, elastin, and
fibronectin (Plikus et al., 2021). The ECM surrounds and supports
muscle fibers and skin layers, constituting a complex and compact
tissue structure that provides strong mechanical strength to animal
bodies as well as different physiological functions (Ahmad et al,
2021). At the same time, these ECM proteins not only absorb
seasonings and enhance the overall flavor of the dish but are also
beneficial to the skin, bones, and joints after consumption. Therefore,
it is important to introduce fibroblasts in the production of cultured
meat to increase the content of ECM ingredients, thereby enhancing
the structural integrity and improving the nutrition and mouthfeel of
cultured meat. Currently in the field of cultured meat, although there
are studies on fibroblasts, the aims are mainly to generate muscle or
fat cells. Jeong et al. and Ma et al. employed cellular reprogramming
techniques to induce trans-differentiation of fibroblasts into skeletal
muscle cells, and thereby used for the fabrication of muscle tissues
(Jeongetal., 2022; Ma et al., 2023). Alternatively, fibroblasts have been
induced to differentiate into adipocytes, thus enhancing the
production of adipose tissue (Pasitka et al., 2023). However, there is
still a lack of studies that directly address the application of fibroblasts
in the preparation of meat-related connective tissue and skin.

Isolating and culturing seed cells is the first step in cultured meat
production. The skin is easily accessible and rich in fibroblasts, making
it the primary tissue site for the isolation and extraction of fibroblasts.
In previous studies, several methods have been applied to obtain
fibroblasts from mouse and human skins. As a simple one, fibroblasts
can be isolated by cultivating adherent skin tissue pieces (Borges et al.,
2020), but this method is time-consuming with a limited number of
cells being obtained. The enzymatic digestion method first degrades
the ECM in the skin tissue using proteases such as collagenase, thus
usually achieving relatively high isolation efficiency and cell number
of fibroblast (Wang et al., 2004). However, compared to humans and
mice, the skin of livestock such as pigs and cows is thicker and more
compact, so conventional enzymatic digestion processes may not
be effective in isolating fibroblasts from livestock (Boroda et al., 2020).
In addition to tissue explanting and enzymatic digestion, physical
friction is another attractive method to promote cell release during the
tissue dissociation process. In previous research, keratinocytes were
isolated by gently rubbing the mouse epidermis after incubating with
a small amount of enzyme (Li et al., 2017). Therefore, the combined
use of enzymatic digestion and physical friction methods would be a
promising method for the efficient and cost-effective acquisition of
fibroblasts from domestic animals. There is still a lack of systematic
studies on the procedures and condition parameters for the isolation
of fibroblasts by the combination of enzymatic digestion and
physical friction.

The application of fibroblasts offers the possibility of
manufacturing structured cultured meat containing connective tissue
or skin, which involves three-dimensional (3D) culture of cells. In
previous studies, textured soy protein (TSP) was used as the scaffold
to support the 3D growth of seed cells, and structured cultured meat
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samples were obtained after seeding and culture of bovine satellite
cells (Ben-Arye et al., 2020). Besides, some research teams employed
hydrogels as the substrate for 3D cell culture and achieved the desired
shapes with silicone molds (Zhu et al., 2022). However, the cultured
meat samples manufactured by the above methods were still far from
real meat regarding the external shape and internal structure, and
their manufacturing processes were also limited in terms of
automation and standardization. Alternatively, 3D printing technology
offers a promising solution for fabricating structured cultured meat.
3D bio-printing is commonly employed to manufacture 3D biological
structures by accurately positioning bio-ink layer-by-layer, which
allows flexibility in shaping cell cultures into any desired forms and
adjusting the proportions of different components in cultured meat
(Kangetal., 2021; Guo et al., 2023). Suitable bio-inks are a prerequisite
for 3D bioprinting, which must support the adhesive growth of the
target cells and possess printable properties. In addition, printing
parameters are crucial factors in 3D printing that affect the quality and
appearance of the sample and the efficiency of cell seeding. Therefore,
it is necessary to determine the optimal bio-ink and associated
printing parameters for fibroblasts, which lay the foundation for the
fabrication of structured culture meat containing connective tissue
or skin.

In this study, we first developed an optimized method to efficiently
isolate fibroblasts from porcine skin tissue by combining enzymatic
digestion and physical friction. Then, we identified the optimal food
hydrocolloid that supported the adhesion and growth of fibroblasts
and prepared bio-inks with printable properties. Finally,
we determined the optimal initial cell number for 3D bio-printing and
fabricated fibroblast-based cultured meat samples with improved
texture and nutrition (Figure 1).

2 Materials and methods
2.1 Tissue collection

Skin samples were collected from piglets aged 3-7days and
sterilized with 75% ethanol solution. After removing hair and
subcutaneous tissues carefully, the skin samples were washed three
times with sterile phosphate-buffered saline (PBS) and cut into
1x 1 cm? pieces. The animal experimental protocols were approved by
the Institutional Animal Care and Use Committee of Jiangnan
University (JN. No. 20211030p0020301[431]).

2.1.1 Isolation of fibroblasts by the enzyme
digestion with friction (DF) method

First, porcine skin pieces were incubated in Dispase II solution
(4mgmL™", Roche, Switzerland) at 4°C overnight and the epidermis
was separated from the dermis. Then, the dermal fragments were
digested with 0.25% trypsin (v/v; Gibco, USA) for 0, 10, 20, 30, 45, or
60 min at room temperature. For samples that were not subjected to
Dispase II digestion, they were placed in PBS at 4°C overnight
followed by digestion with 0.25% trypsin. To terminate the digestion
process, 1 mL of complete medium was added to the dermal fragment,
which was DMEM (Gibco, USA) supplemented with 10% Fetal
Bovine Serum (v/v; Gibco, USA) and 1% Penicillin-Streptomycin
(v/v; Gibco, USA). Subsequently, the dermal fragments were pressed
against the petri dish with a thrust meter (Nscing Es, China) and
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FIGURE 1

Schematic illustration of preparing fibroblasts-based cultured meat. This figure is created with BioRender.com.

rubbed back and forth for 5min at a consistent pressure of 0, 5, 10, 15,
or 30N to release individual cells. Then, the medium containing
released cells was aspirated and filtered out with a 40 pm cell strainer
(Biosharp, China). The obtained cells were counted after centrifugation
and cultured in the complete medium at 37°C, 5% CO,. The cell
survival rate at 36 h was calculated by the following formula:

CN36h o

Cell survival rate (%) = 100

where CNyq, is the live cell number after 36 h of culture and CN is the
number of initially isolated fibroblasts.

2.1.2 Isolation of fibroblasts by the tissue explant
method

The skin samples were sectioned into 1 x 1 mm? small pieces and
placed in 12-well plates with a drop of complete medium on each
tissue piece. After incubation at 37°C for 4-6h to ensure attachment
of the tissue to the bottom of the plate, 1 mL of complete medium was
carefully added to each well. After several days of culture in the
incubator at 37°C and 5% CO,, the tissue pieces were removed when
cells were obviously migrated from the edges of tissue explants (TE).
The cells were then counted and used for subsequent studies.

2.2 Immunofluorescent staining
The cell sample was first subjected to fixation using 4%

paraformaldehyde (Sinopharm, China) for 15min at 4°C and then
washed with PBS. After permeabilizing the cell membrane with 0.5%
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Triton X-100 (Thermo, USA), the cell sample was incubated with the
blocking buffer at room temperature for 30 min, which was PBS
containing 1% BSA (m/v; Solarbio, China), 2.25% glycine (m/v;
Solarbio, China), and 0.1% Tween 20 (v/v; Solarbio, China). Next, the
cell sample was incubated with the primary antibody at 4°C overnight,
followed by washed three times with PBS. Then, the secondary
antibody was added to the cell sample and incubated at room
temperature for 2h. Finally, the nuclei were stained with DAPI
solution (1:1000; Thermo, USA) and the cell sample was observed
under a fluorescence microscope (Mshot Co., Ltd., Guangzhou,
China). The antibodies used in this work were anti-Collagen Type
I antibody (1:600; Proteintech, China), anti-Vimentin antibody (1:400;
Cell Signal Technology, USA), and Goat anti-Mouse/Rabbit-488
Secondary antibody (1,500; Proteintech, China).

2.3 Gelatin-based hydrogel preparation

Gelatin (Gel), sodium alginate (SA), and gellan gum (GG) powder
were purchased from Sigma Aldrich Life Science (St. Louis, MO).
Chitosan (CS, >95%)
tripolyphosphate (NasP;O,,) powder were provided by Aladdin
Industrial Corporation (Shanghai, China). Calcium chloride (CaCl,)
powder was supplied by Sinopharm Chemical Reagent (Beijing,

deacetylation degree and sodium

China), and transglutaminase (TGase) powder was procured from
Dongsheng Biotechnology (Taixing, China). These powders were
configured into working solutions according to the concentrations in
Table 1. The Gel, Gel-SA, Gel-CS, and Gel-GG hydrogel precursors
were prepared by mixing Gel with TGase, and then with SA, CS, and
GG solutions, respectively. These hydrogel precursors were incubated
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TABLE 1 Preparation of hydrogels.

Materials and Crosslinking

agent

concentration

Gel Gelatin, 40 mgmL™"' TGase, 16 mgmL™"

Gel-CS Gelatin, 40mgmL~"; chitosan, 3mgmL™~" | TGase, 16 mgmL™;

2.5mgmL™" Na;P;0,,

Gel-SA Gelatin, 40 mgmL™'; sodium alginate, TGase, 16 mgmL™;
6mgmL™! 10mgmL™" CaCl,
Gel-GG Gelatin, 40mgmL™"; gellan gum, TGase, 16 mgmL™"

3mgmL™!

at 37°C for 3h to crosslink Gel in the presence of TGase. To prepare
completely cross-linked hydrogels, the Gel-SA and Gel-CS hydrogels
were then incubated with CaCl, and NasP;0,, solutions, respectively,
for 15min at room temperature to cross-link SA and CS. After cross-
linking, the hydrogels were washed three times with PBS.

2.4 Rheological measurements

The storage modulus (G’) and loss modulus (G’) of the various
hydrogels were determined by a rotary rheometer (DHR3, TA, USA)
in the oscillation frequency mode. Each group of hydrogels was placed
between parallel plates with a diameter of 40mm with a gap of
1,000 pm at 20°C, under the condition of strain y=0.1% and angular
frequency w=0.1-125rad-s™". The viscosity of different hydrogel
groups was measured by steady rate sweeps at 20°C, varying the shear

rate from 0.1 to 10s7".

2.5 3D bioprinting

In this study, an extrusion 3D bioprinter (Regenovo, China) was
employed to fabricate structures by 3D bioprinting. For testing the
printing performance of different hydrogels, four hydrogel precursors
were first prepared according to the method in Section 2.3 and loaded
into printing syringes (Regenovo, China), respectively. Subsequently,
the syringes were kept at 4°C (referred to as “No crosslinking”) or
37°C (referred to as “Gel crosslinking”) for 3 h, and then a single-layer
structure was printed at 20°C using a 0.1 mm diameter needle
(Regenovo, China).

To print hydrogels embedded with fibroblasts, cells were first
mixed with the Gel-CS hydrogel precursor at various concentrations
and then loaded into printing syringes. Then, the hydrogels were
printed using a 0.1 mm diameter needle at 20°C after incubating at
37°C for 3h and then cross-linked using the NasP;0,, solution.

2.6 Cell viability assay

2.6.1 Assessment of fibroblast adhesion and
proliferation rates on the surface of hydrogels
(2D culture)

The adhesion and proliferation rates of fibroblasts were analyzed
by the Alamar Blue assay. First, a standard curve was established using
a gradient of fibroblast concentrations. Specifically, fibroblasts were
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seeded in a 48-well plate at concentrations of 0, 2.5x 10%, 3.75x 10%,
5x10% 6.25x10% 7.5x10% and 8.75x10* cells mL™'. After 6h of
incubation, the medium was aspirated and cells were washed with
PBS. The 10% Alamar Blue solution (v/v; Keygen, China) was then
added and incubated at 37°C for 5h. The fluorescence intensity was
measured at an excitation wavelength of 530nm and an emission
wavelength of 590 nm using a microplate reader (BioTek, Winooski,
VT, USA) and the standard curve was obtained.

The Gel, Gel-SA, Gel-CS, and Gel-GG hydrogels were prepared
in a 48-well plate as described in Section 2.3. Porcine fibroblasts at a
concentration of 2.5 x 10* cells mL™" were seeded on the surface of
different hydrogels and cultured for 6h and 102 h, respectively. After
washing with PBS 3 times to remove unattached cells, the 10%
Alamar Blue was added to each well and incubated for 5h at
37°C. Then, the fluorescence intensity of each well was measured.
The cell number was calculated from the standard curve and the cell
adhesion and proliferation rates were calculated using the
following formulas:

CNgh »

Cell adhesion rate (%) = oN 100

where CNy, is the number of attached fibroblasts on the surface of
hydrogels at 6h and CN is the number of attached fibroblasts on the
bottom of wells without hydrogels at 6 h.

Cell proliferation rate (%) = (% - 1) x100
6h

where CN,,;, is the number of attached fibroblasts on the surface of
hydrogels at 102h and CNg, is the number of attached fibroblasts on
the hydrogels at 6 h.

2.6.2 Assessment of the proliferation rate of
fibroblasts embedded in hydrogels (3D culture)

First, 100 uL of various hydrogel precursors were mixed with
1.0 x 10° porcine fibroblasts and then dispensed into individual wells
of a 48-well plate. After complete cross-linking of hydrogels as
according to Section 2.3, they were cultured with the complete
medium at 37°C, 5% CO,. The cell proliferation rate was analyzed by
the Alamar Blue assay at Oh and 96h as described in 2.6.1. The
fibroblast proliferation rate was calculated as follows:

Cell proliferation rate (%) = (% - lj x100
Oh

where CNyg, is the number of fibroblasts at 96h and CNy, is the
number of fibroblasts at the beginning of the culture (0h).

2.7 Degradation rate test of hydrogels

The hydrogels embedded with fibroblasts were prepared as
described above and the initial weight M, was recorded. Then, the
hydrogel was immersed in the complete medium for 7days with
medium change every other day. The weight of the hydrogel after
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draining the surface water droplets was recorded daily as M, (n=1, 2,
3, ..., 7). The degradation rate was calculated as follows:

Degradation rate (%) = (1 - l\l\:lln \J x100
0

where M, represents the initial weight of the hydrogel, while M,
denotes the weight of the hydrogel on the n-th day.

2.8 Cell live/dead staining

The Calcein-AM/PI cell viability assay kit (Beyotime, China) was
used for live/dead staining as described by the instruction. Briefly, the
cell samples were thoroughly washed with PBS and then incubated
with Calcein-AM/PI solutions for 10 min at 37°C. After washing the
samples with PBS three times, the samples were observed and imaged
using a confocal laser microscope (Nikon, Japan).

2.9 Amino acid analysis

The hydrogels embedded with fibroblasts were prepared as
described above and cultured with the complete medium for 7 days.
Then, amino acids were detected using a reversed-phase high-
performance liquid chromatography (RP-HPLC) system (Agilent
Technologies, USA) as described previously (Guan et al., 2023).

2.10 Statistical analysis

Data were visualized using GraphPad Prism 9 and presented as
mean +SD. Comparison between two groups was analyzed by an
unpaired two-tailed Student’s t-test and comparison among >3 groups
was determined by one-way ANOVA (followed by Duncan’s test)
using SPSS. Statistical significance was defined as p <0.05. *p <0.05,
#p<0.01, **p<0.001, ***p<0.0001.

3 Results

3.1 Efficient isolation of porcine fibroblasts
using the DF method

The skin tissue is primarily composed of three layers, including
the epidermal layer, the dermal layer, and the subcutaneous tissue,
among which fibroblasts are mainly distributed in the dermal layer
(Vig et al., 2017). In this study, we used dispase II to separate the
dermal and epidermal, then used trypsin to digest and gently rubbed
the skin to isolate fibroblasts inside (Figure 2). To achieve efficient
isolation of fibroblasts from porcine skin tissues using enzyme
digestion combined with physical friction, there is a need to investigate
the optimal time of enzyme digestion and the pressure of friction,
both of which are important factors affecting the number and viability
of the released cells. Therefore, we first investigated the effect of
trypsin digestion time on the efficiency of fibroblast isolation under
the same dispase II digestion and friction conditions (Table 2). The
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results showed that extending the trypsin incubation time from 0 min
to 20 min resulted in a doubling of the number of cells released, but
further extension of the digestion time did not increase the cell
number (Figures 3A,B). Moreover, after 36h of culture, the 20 min
group showed the highest number of live cells and cell survival rate
(Figures 3C,D). Meanwhile, we tested the necessity of using dispase I
to separate epidermal and dermal before trypsin digestion. Compared
to the 20 min group that underwent dispase II digestion, the 20 min
w/o Dis group exhibited lower cell number after isolation, live cell
number, and cell survival rate (Figures 3B-D), indicating the
important role of dispase II digestion. The results above showed that
a combination of overnight dispase II digestion and 20-min trypsin
digestion was the optimal digestion approach for the isolation of
porcine skin fibroblasts.

To further explore the impact of varying friction pressures on
the efliciency of fibroblast isolation, we conducted experiments
under the previously established optimal enzyme digestion
conditions (Table 3). The results indicate that extending the friction
pressure from 0 to 15N increased the number of cells released
two-fold, but a further increase of the friction pressure to 30N
resulted in a decrease in the cell number, probably due to cell
damage caused by high friction pressure (Figures 3E,F). Additionally,
upon 36 h of culture, the group subjected to a 10N friction pressure
exhibited the most favorable outcomes, recording the highest
number of live cells and the best cell survival rate (Figures 3G,H). In
summary, the most efficient isolation process of fibroblast from
porcine skin tissue involves three major steps: (1) incubating skin
pieces with cold Dispase II overnight to separate the epidermal and
dermal layers, (2) digesting dermal parts with trypsin at room
temperature for 20 min to degrade ECM components, (3) rubbing
the dermal parts with a 10N pressure for 5min to release cells. By
calculating the live cell number after 36 h of culture, we obtained
2.39+0.28 x 10° cells from 1 cm? of porcine skin.

3.2 Comparison of the DF and TE methods
for isolation of porcine skin fibroblasts

The TE method is a conventional method for fibroblast isolation,
which involves obtaining skin from pigs, culturing the skin pieces in
petri dishes under suitable conditions, and obtaining migrating
fibroblasts from the periphery of tissue pieces (Figure 4A; Diar-Bakirly
and El-Bialy, 2021). Thus, we also performed the fibroblast isolation
with the TE method and compared the cell isolation efficiency and cell
purity between the DF and TE methods. In the TE method, it took
approximately 6 days for the cells to migrate outward from the tissue
pieces whereas the DF method obtained cell suspensions for culture
on the 1st day (Figures 4B,C). Besides, after 9days of culture from
isolation, the number of cells obtained from 1 cm? of porcine skin with
the DF method was 9 times higher than that with the TE method
(Figure 4D). Furthermore, immunofluorescence analysis of the
isolated cells for vimentin and collagen type I was performed
(Kuwabara and Tallquist, 2017; Plikus et al., 2021). The results showed
that fibroblasts isolated by both DF and TE methods expressed
vimentin and collagen at high levels, confirming the high purity of
fibroblasts isolated by both methods (Figures 4E-H). Collectively, the
DF method enabled more efficient isolation of fibroblasts from
porcine skin without loss of cell purity.
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Process of digestion and friction method. This figure is created with BioRender.com.

TABLE 2 Various conditions of enzyme digestion.

37°C after TGase cross-linking. Therefore, we prepared four hydrogels
with 40mgmL™" of Gel, including pure Gel, Gel-SA, Gel-CS, and
Gel-GG, and evaluated their suitability for 3D printing applications.

A solid extrusion 3D printer was employed in this work, which
requires the bio-ink to remain solid during the printing process.
Therefore, we assessed the modulus and viscosity of four hydrogels

before and after Gel crosslinking with TGase, denoted as the ‘No
crosslinking’ group and ‘Gel crosslinking’ group, respectively,

according to 2.5. The energy storage modulus (denoted as G’) and the

loss modulus (denoted as G”) are key parameters characterizing the

elasticity and viscosity of substances, respectively (Oroian et al., 2018;

Weietal, 2023). Regardless of whether or not the Gel was crosslinked
in the hydrogels, the G’ and G” curves of pure Gel, Gel-SA, Gel-CS,

Group no. Digestion Digestion Friction

with with trypsin

dispase Il
0min 4°C, overnight = Room temperature 10N pressure, 5min

(RT), 0min

10 min 4°C, overnight | RT, 10min 10N pressure, 5 min
20 min 4°C, overnight | RT, 20 min 10N pressure, 5 min
30 min 4°C, overnight | RT, 30 min 10N pressure, 5min
45min 4°C, overnight RT, 45 min 10N pressure, 5min
60 min 4°C, overnight RT, 60 min 10N pressure, 5min
20min w/o Dis | / RT, 20 min 10N pressure, 5min

and Gel-GG hydrogels demonstrated no intersection points, and the

3.3 ldentification of candidate bio-inks for
3D bioprinting of fibroblasts

Next, we aimed to identify suitable bio-inks formulations that could
be applied to 3D bio-printing of fibroblasts. Gelatin (Gel) is a cost-
effective, edible, and cell-compatible hydrogel material, but its
mechanical properties are relatively poor. Food hydrocolloids such as
SA, CS, and GG possess good mechanical properties but poor
compatibility with cells (Chen X. B. et al., 2023). Therefore, we combined
Gel with different food hydrocolloids and investigated their physical
properties and cell compatibility, to determine the optimal bio-ink
formulation for 3D bio-printing. Transglutaminase (TGase) was used
for Gel crosslinking to ensure the edibility of the bio-inks. To minimize
the introduction of exogenous materials, we tested the gel-forming
properties of different concentrations of Gel, so as to determine the
lowest Gel working concentration. As shown in Figures 5A, 40 mgmL™"
was the minimum Gel concentration that maintained stable gelation at
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G’ values consistently exceeded the G” values, indicating that these
hydrogels were able to form stable elastic structures over a broad
spectrum of shear frequencies (Figures 5C,D). Notably, among the
four hydrogels, the pure Gel hydrogel exhibited the lowest G’ and G”
values, suggesting that the composition of Gel with SA, CS, and GG
improved the overall stiffness and elasticity of hydrogels.

The rheological property of “shear-thinning” in bio-inks plays an
important role in determining whether they can be continuously
extruded during printing (Highley et al,, 2015). As shown in Figures 55,1
the viscosity of all hydrogels decreased rapidly with increasing shear rates
both in the no crosslinking group and Gel crosslinking group, suggesting
the good printability of these hydrogels. Subsequent printing experiments
demonstrated that all hydrogels could be consistently extruded through
the print needle to draw the desired geometry (Figure 5G). However, the
printed samples that were not cross-linked did not retain their original
shape when placed in the 37°C incubator. In contrast, pre-crosslinking
of Gel before printing ensured that the samples maintained their
structural integrity at 37°C. Therefore, prior to 3D printing,
we pre-crosslinked the Gel using TGase by incubation at 37°C for 3h.
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FIGURE 3
Porcine dermal fibroblasts can be efficiently obtained by the digestive-friction method. (A) Representative pictures of cell pellets obtained by isolation
under various enzyme digestion conditions. (B) The number of cells obtained by isolation under various enzyme digestion conditions. (C) The number
of live cells after 36 h of culture for different enzyme digestion groups. (D) The cell survival rate at 36 h for different enzyme digestion groups.
(E) Representative pictures of cell pellets obtained by isolation under various friction pressures. (F) The number of cells obtained by isolation under
various friction pressures. (G) The number of live cells after 36 h of culture for different friction groups. (H) The cell survival rate at 36 h for different
friction groups. The values with different superscripts are significantly different, p<0.05.

3.4 Effect of hydrogels on the adhesion and  are encapsulated inside the hydrogels when culturing (Figure 6A). In 2D
pro liferation of fibroblasts in 2D and 3D cultures, fibroblasts exhibited satisfactory adhesion and proliferation rates
cultures on the Gel-CS surface (Figures 6B-D). Consistently, in 3D cultures,
fibroblasts in Gel-CS hydrogels also exhibited superior proliferation
Next, we investigated the effect of different hydrogels on the adhesion  capability and highest cell viability after 96 h of culturing (Figures 61'-H).
and proliferation of fibroblasts in 2D and 3D culture conditions. 2D In addition, among different hydrogels embedded with fibroblasts, the
culture refers to seeding cells onto the surface of crosslinked solid  degradation rate of Gel-CS was relatively slower than Gel (Figure 6F).
hydrogels and then culturing. 3D culture involves mixing cells with liquid ~ Taken together, we selected Gel-CS hydrogel as the preferred bio-ink for
hydrogel precursors and then completely crosslinking to solid so that cells 3D printing of fibroblasts.
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TABLE 3 Various conditions of friction.

Digestion with = Digestion Friction

with trypsin

dispase Il

ON 4°C, overnight RT, 20 min ON pressure, 5min
5N 4°C, overnight RT, 20 min 5N pressure, 5min
10N 4°C, overnight RT, 20 min 10N pressure, 5min
15N 4°C, overnight RT, 20 min 15N pressure, 5min
30N 4°C, overnight RT, 20 min 30N pressure, 5min

3.5 Comparison of cell seeding efficiency
between 3D printing and dripping cell
concentrates

In previous 3D cell culture studies, in addition to seeding cells by
3D printing cell-hydrogel mixtures (Print), dropping cell concentrates
into printed scaffolds (Drip) was also a common method of cell seeding
(Figure 7A; Yan et al., 2022). Here, we performed both methods to seed
fibroblasts and compared their seeding efficiency and cell survival. After
fibroblasts were seeded and incubated for 6 h, the number of cells on the
scaffolds in the Print group was significantly higher than that in the
Drip group (Figure 7B). Consistently, the cell retention rate was close to
100% in the Mix group but less than 50% in the Drip group (Figure 7C),
suggesting that the Drip method might result in a large number of cells
leaking out of the scaffold. Subsequently, we examined the printed
samples after DAPI staining. The printed samples presented a cross-
shaped structure, so we subdivided each cross-section into four regions
and counted the number of cell nuclei in each region (Figure 7D). The
cell nuclei number in each region shown in the boxplot was more
aggregated in the Print group, indicating that the cells in the Print group
were more evenly distributed than those in the Drip group
(Figures 7D,E). Additionally, the live cell rates of both groups were
approximately 100%, indicating that cells were in good condition after
seeding (Figures 7EG). Collectively, Print was selected as the preferred
method for seeding fibroblasts in the Gel-CS scaffolds.

3.6 Fabrication and evaluation of porcine
fibroblast-based cultured meat

Next, we investigated what initial cell concentration was most
suitable for 3D printing and cell growth. We fabricated different
samples at cell concentrations of 0x 10° 1.0x 10°, 5.0x 10°, 1.0x 107,
and 1.5x10"mL", respectively. We found that as the cell density
increased, the number of cells overflowing out of the hydrogel
scaffolds during the printing process gradually increased. When the
cell density reached 1.5x 10" mL"", the number of cells overflowing
into the printing gaps increased significantly (Figures 8A,B).
Therefore, we fabricated cultured meat samples by 3D printing with
porcine fibroblasts at cell concentrations of 1.0x 10’mL"" and below.
After printing, these samples were cultured in vitro for 8 days. It could
be observed that the structure of the cell-containing hydrogel samples
was able to remain intact, whereas the empty hydrogel scaffolds
showed collapse and dissolution (Figures 8C,D). In addition, the
number of cells in the hydrogel samples increased with time. After
8days of culture, the sample printed at the cell concentration of
1.0x 10" mL™" achieved the highest total cell number (Figure 8E).
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Furthermore, we carried out the rheological analysis and amino
acid analysis on day 8. The rheological analysis showed that both G’
and G” were higher in the 1.0x 10’mL™" group than in the hydrogel
scaffold without cells, suggesting that the incorporation of cells
improved the mechanical strength of the whole sample (Figure 8F).
Furthermore, the total amount of essential and non-essential amino
acids in the fibroblast-containing samples was significantly higher
than in the pure scaffold samples (Figures 8G-J). In particular, the
three amino acids that make up collagen, glycine, proline, and
hydroxyproline, were significantly increased in samples containing
fibroblasts. Collectively, the addition of fibroblasts improved the
stiffness of hydrogel scaffolds and provided the nutritional
composition for manufacturing cultured meat products.

4 Discussion

In previous studies, combinations of different enzymes have been
employed to separate primary cells such as satellite cells and fibroblasts
from animal tissues efficiently (Edelman and Redente, 2018; Widbiller
etal, 2019; Li et al,, 2022). The use of enzymes in combination can
expand the advantages and compensate for the deficiencies of a single
enzyme, thus obtaining a greater number of cells. In this study, we used
a combination of Dispase II and Trypsin, two commonly used and
inexpensive proteases, for the digestion of porcine skin. Dispase II
specializes in disrupting intercellular half-desmosomes while retaining
intact desmosomes, making it suitable for separating the dermis and
epidermis (Kitano and Okada, 1983). Trypsin interrupts both half-
desmosomes and desmosomes, so it is more potent at digesting tissues
but may cause more damage to cells (Takahashi et al., 1985). In our
study, the data indicates that an extension in trypsin digestion time
initially leads to an increase followed by a decrease in cell release. This
suggests that prolonged digestion may compromise cell structure,
thereby diminishing release efficiency. Concurrently, with extended
digestion, the post-36-h viability of the harvested cells shows a similar
trend, peaking and then declining to approximately 50%. This pattern
likely reflects cell mortality due to overextended digestion, resulting in
the liberation of cells inclusive of a significant proportion of non-viable
cells, which adversely affects the efficiency of viable cell release.

Porcine skin is more than five times thicker than mouse and
human skin and has a much higher ECM content, making it difficult
to achieve effective cell release by enzymatic digestion alone (Boroda
et al., 2020). Therefore, we carried out physical friction after enzyme
digestion to further dissociate the intercellular matrix structure that
was not enzymatically digested, which could increase the efficiency of
cell release and save costs (Li et al., 2017; Hosseini et al., 2020).
Meanwhile, our findings indicate that an increase in pressure applied
during the friction of the dermis leads to a reduction in the number
of cells released and a decrease in the post-36-h viability of the
harvested cells. This phenomenon might be attributed to the
disruption of the intact cellular structure caused by excessive
mechanical forces. Consequently, we optimized the pressure applied
during friction to minimize undesired cell damage. Finally,
we developed an efficient and cost-effective process consisting of
overnight Dispase II incubation, 20-min Trypsin digestion, and 10N
friction (referred to as the DF method) for the isolation of fibroblasts
from porcine skin, which resulted in a 9-fold increase in the number
of harvested cells as compared to the traditional tissue adhesion
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Comparison of DF and TE methods for isolation of porcine fibroblasts. (A) Schematic diagram of the workflow for isolation of fibroblasts using the TE
method. (B) Representative bright field images of cells at different times after isolation using DF and TE methods. Scale bars, 200 um. (C) The days of
cell emergence using TE and DF methods. (D) The number of cells at day 9 after cell isolation using DF and TE methods. (E) Representative vimentin
immunofluorescence images of cells obtained with DF and TE methods. Scale bars, 50 pm. (F) Representative collagen type | immunofluorescence
images of cells obtained with DF and ADH methods. Scale bars, 50 um. (G) The percentage of vimentin-positive cells isolated by TE and DF methods.
(H) The percentage of collagen type | positive cells isolated by TE and DF methods. *p<0.05, *#*p<0.01

method. In addition, immunofluorescence demonstrated the high
purity of fibroblasts isolated using the DF method.

Gelatin has been widely produced by hydrolyzing tissues such as
animal skin and bone or by recombinant expression of microorganisms,
and it can form stable hydrogels after cross-linking using TGase (

). TGase is a safe

Frontiers in 09

food additive that has been widely used to improve the flavor, texture,
and appearance of meat products ( )
In this study, we combined gelatin and three food-grade hydrocolloidal
materials SA, CS, and GG to obtain bio-inks. Rheological testing
revealed that the storage modulus (G’) of gelatin-hydrocolloid mixtures
was higher than that of the pure gelatin group. Additionally, the
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degradation rate of the various materials containing cells was
significantly lower than that of the pure gelatin group, indicating that
the composite materials enhanced mechanical properties and increased
resistance to degradation. These results suggest that gelatin and other

Frontiers in Sustainable Food Systems

food hydrocolloids form a double cross-linked network, enhancing the
degree of polymer cross-linking. The formation of such a dual network
is a common strategy to bolster the mechanical properties of food
hydrogels (IKhalesi et al., 2020). Additionally, the experimental results
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Suitability of fibroblasts on different hydrogels. (A) Schematic of 2D culture and 3D culture of fibroblasts on hydrogels. (B) Cell adherence rate of
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culture (2D culture). (D) Cell proliferation rate of fibroblasts on various hydrogel surfaces after 96 h of culture (2D culture). (E) The degradation rate of
hydrogels containing fibroblasts inside (3D culture). (F) Cell proliferation rate of fibroblasts within hydrogels after 96 h of culture (3D culture). (G) Live
and dead cell staining of fibroblasts within hydrogels (3D culture) after 96 h of culture. Scale bars, 100 pm. (H) The live cell rate is calculated according
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showed that the combination of Gel with each of these three
hydrocolloids produced different effects on the adhesion and
proliferation of porcine fibroblasts. Among them, the Gel-CS was the
most effective in providing adhesion and growth conditions for porcine
fibroblasts. This enhanced effect may be attributed to the fact that
chitosan is a cationic polysaccharide that has a strong affinity for
mammalian cells with negatively charged surfaces (

). Additionally, the amino acid groups on CS

Frontiers in

11

contribute to enhanced cell adhesion and expansion, consequently
promoting cell proliferation on Gel-CS ( )

In the realm of 3D bioprinting, the impact of shear forces generated
by nozzle extrusion pressure on cellular viability is significant. Studies
have shown that as the extrusion pressure increases, the viability of
fibroblasts in the hydrogel gradually decreases ( )
Contrarily, the extrusion pressure used in our study was moderate and
did not affect cell viability. Additionally, our results show a direct
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relationship between the cell concentration in the hydrogel ink and the
number of cells overflowing during printing, highlighting the
importance of selecting the right cell concentration to prevent the
wastage of cell resources. We also found that adding cells to the hydrogel
stabilizes the structure of the printed sample. Rheological analysis
revealed that the storage modulus (G") of samples with cells is higher
than that of hydrogel alone, indicating greater mechanical strength.
We speculate that this may be due to the action of cell adhesion
molecules, which enhance the overall structural strength of the hydrogel.
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Nutrition is one of the most essential elements in evaluating
cultured meat. Real meat products contain various cell types from
tissues such as skeletal muscle, fat, connective tissue, and skin. Each
cell type has unique nutritional properties, and their combined effect
enables the meat to have complete amino acid profiles and favorable
compositional ratios, thus representing a major source of high-quality
protein. Previously, created cultured meat samples
containing muscle stem cells, fat cells, and vessel cells to manufacture

multicomponent cultured meat. More studies are still needed to
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determine whether cultured meat can have a similar nutritional profile
as real meat. Guan et al. (2023) manufactured cultured meat samples
by seeding porcine muscle stem cells on soy protein scaffolds and
found that the amino acid content and quality of the cultured meat
samples increased with the efficiency of myogenic differentiation and
myotube formation. In this study, we focused on the nutritional profile
of fibroblasts and found that different from previous studies, the
addition of fibroblasts significantly elevated the content of collagen-
specific amino acid hydroxyproline, and collagen-related amino acids
proline and glycine (Shoulders and Raines, 2009; Yuswan et al., 2021;
Melo et al., 2023), suggesting the importance of fibroblasts in the
manufacture of ECM-rich tissues such as connective tissue and skin.

This study is focused on developing cultured meat that mimics the
skin part of pork belly, using pig fibroblasts. While the final cultured
product shows an increase in amino acids associated with collagen, its
mechanical strength significantly differs from real meat. Further
investigation into the growth mechanisms of fibroblasts in hydrogel
scaffolds is necessary. This understanding will aid in promoting the
accumulation of extracellular matrix and rearrangement of molecular
structures within the hydrogel, ultimately enhancing the mechanical
strength of the cultured meat.

5 Conclusion

In summary, we developed a DF method combining Dispase II
and trypsin digestion and constant pressure friction and successfully
isolated fibroblasts from porcine skin efficiently and cost-effectively.
Furthermore, we determined a Gel-CS hydrogel material that well
supports fibroblast proliferation and 3D printing and then fabricated
fibroblast-based cultured meat samples. This study provides a highly
efficient strategy for isolating fibroblasts from livestock skin and also
offers a new idea for the cultured meat industry to manufacture more
simulated cultured meat products.
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