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Abstract: Acellular dermal matrix (ADM) as a biomaterial is currently believed to
be promising tissue repair improvement. With the development of tissue engineer-
ing, ADM is increasingly used as biological scaffolds. We explored the feasibility
and performance of ADM biological scaffolds that fabricated by 3D printing. This
paper presented our study on the printability of 3D printed ADM scaffolds, with a
focus on identifying the influence of printing parameters/conditions on printabil-
ity. To characterize the printability, we examined the fiber morphology, pore size,
strand diameter, and mechanical property of the printed scaffolds. Our results
revealed that the printability could be affected by a number of factors and among
them, the most considerable one was related to the nozzle diameter and the com-
position of ADM. We then evaluated the biocompatibility in terms of cytotoxicity,
cell proliferation and vivisection. /n vitro evaluation of the ADM scaffolds was
carried out and the experimental results indicated that cells were viable and pro-
liferative during the period of study. /n vivo results also indicated that the defect
area was well repaired without any noticeable infection, hematoma and other con-
ditions. In conclusion, ADM could be reconstructed with 3D printing technology
and ADM biological scaffold has potential applications for tissue engineering.

Keywords: Bioprinting; acellular dermal matrix; scaffolds; printability; tissue
engineering

1 Introduction

Tissue engineering, as a novel technology with a final goal of planting artificial tissues or even organs to
replace the natural extracellular matrix (ECM) until host cells can repopulate and reconstruct tissues
inside the human body [1]. Along with the development of tissue engineering, the method of tissue repair
is not limited to autologous tissue transplantation. Seed cells, cytokines and materials of tissue
engineering scaffold are becoming the three essential elements of tissue engineering [2] Materials suitable
for tissue engineering should be of good biocompatibility and biomechanical strength [3—7]. The quality
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of tissue engineering material is directly associated with the quality and the effect of tissue engineering
scaffold in vivo.

Biological materials, with good performance in biocompatibility and anti-infective properties, are
widely used in tissue reconstruction. Unlike synthetic polymer materials, biological materials are
commonly used in contaminated wounds for the excellent biocompatibility. In addition to this, biological
materials can provide a good adsorption interface for cell adhesion and tissue regeneration. As a collagen-
like extracellular matrix material [8], Acellular dermal matrix (ADM) in different forms have been widely
used in burns, plastic surgery, trauma repair, and so on [9—11]. Although ADM materials have good
biocompatibility, mechanical properties, the characteristics of inducing cell proliferation, there are still
some problems to be solved: (1) The surface structure of whole piece of ADM is relatively compact,
which is difficult for cells to grow into the scaffold; (2) The pore diameter, porosity, connectivity and
mechanical strength of three-dimensional structure cannot be precisely regulated as required; (3) Rapid
degradation of non-crosslinked biomaterial scaffolds may lead to recurrence of defect. As one of the most
effective methods to improve the mechanical stability, durability and rapid degradation of tissue
engineered biological scaffolds, cross-linking has been widely used for a long time. Genipin (GP) has
been widely used in the biological and medical fields such as tissue engineering cornea [12], bone and
joint [13], tendon and soft tissue [14].

In recent years, the research on the manufacturing method of tissue engineering scaffold has achieved
great success, a wide range of biomaterial scaffolds, such as skin, bone, cartilage, and nerve have been made
for clinical use [15,16]. An ideal tissue engineering scaffold must have overall constructions, internal
structures, mechanical properties and material properties [17,18]. Currently, 3D bioprinting based on the
layered deposition of fibers is extensively studied and widely used in clinic. Notably, the application of
3D printing can reduce the waste of materials to a large extent and fabricate tissue engineering scaffolds
with suitable overall constructions and internal structures according to the different structures of the
in vivo defects [19-21]. Also, 3D bioprinting scaffold can control of pore and fiber diameter to meet the
requirements of cell adhesion, proliferation, differentiation, and extracellular matrix formation [22].

This paper attempts to combine the advantages of the 3D bioprinting technology and ADM biological
materials to produce scaffold similar to the host tissue. The 3D bioprinting technology can make the scaffold
with high reproducible construct, by which the viable ADM scaffold with predefined porosity and
connectivity can be produced easily [23-25]. Moreover, interconnected construct of the printed scaffold
can be easily customized and tailored, which is very important for large or severe tissue defects. In this
work, we analyzed and optimized printing parameters in detail for bioprinting scaffold, such as
concentration of solution, nozzle diameter, extrusion and printing speed that produce fibers of scaffold
with suitable size and high uniformity through the orthogonal test. The most important parameters that
affect bioprinting scaffold forming effect and the interaction between the parameters will be identified.
With the optimize parameters, we fabricated the ADM scaffold by 3D bioprinting and added GP to keep
the shape of the ADM scaffold. The mechanical properties, hydrophilic, and biocompatibility of the
scaffolds were tested.

2 Materials and Methods

2.1 Materials and Machines

ADM freeze-dried powder (Jiangsu Unitrump Biomedical Technology CO., Ltd, China) was fully
mixed with glacial acetic acid (Sinopharm Chemical Reagent Co., Ltd, China) to print exterior scaffolds.
The PLA woven mesh (National key laboratory of fiber material modification, Donghua University) were
used as interlayer. Genipin powder (GP, MedChem Express, Monmouth Junction, NJ, USA) was
dissolved in pure alcohol to prepare a 0.625 wt% crosslinking agent.
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A robot dispensing machine (Shanghai Pioneer Electronic Technology Co., Ltd., China) was used to
print the scaffolds. A WDW-1 materials testing machine (Songdun Machine Equipment Co., Ltd.,
Shanghai, China) was used to test the mechanical property of scaffolds. A contact angle goniometer
(Chengde test machine factory, China) was used to test the hydrophilic and the contact angle of scaffolds.
A 5% CO, incubator (Thermo Fisher Scientific Inc., USA) was used to culture cell and tissue in vitro by
simulating a growth environment, which stays in a stable temperature of 37°C, constant pH value (pH
value: 7.2-7.4), higher relative saturated humidity (95%). A scanning electron microscope (SEM, Hitachi,
Ltd., Japan) was used to assess the morphology of fibers and cells on ADM scaffolds.

2.2 Preparation of Composite Scaffolds

ADM powder was fully mixed with glacial acetic acid (Fig. 1 A) and the mixed solution was printed with
a robot dispensing machine at different concentration of solution, nozzle diameter, extrusion and printing
speed, as shown in Fig. 1C. Tab. 1 shows the printing parameters used in this experiment. Then, the
ADM scaffold was moved from the receiving platform and placed in a container with prepared cross-
linking agent.

ADM solution
/
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powder
0®

—pnt
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Figure 1: Schematic diagrams of the fabricating the multi-layer ADM-PLA composite scaffolds

Table 1: Factors and levels

Factor level A B C D
ADM solution Nozzle diameter Extrusion rate Printing rate
concentration (%) (um) (ml/min) (mm/s)

1 8 250 0.5 4
10 340 0.6 6

3 12 410 0.7 8

2.3 Design of Orthogonal Test

Orthogonal test [26,27] is a technique that provides an efficient method for design optimization. The
experimental design allows the study of interaction between different parameters. The orthogonal array
combines different parameter combinations and their levels for each experiment. In the test, the
parameters of the printing process were set as factors with different levels. The scaffold molding state and
the fiber diameter uniformity were set as indicators. Based on the above experiments, 3 levels were set
for each factor, as shown in Tab. 1. Orthogonal table Lo (3%) was selected to arrange the test, and the
corresponding levels of each factor were filled in table Lo (3%), as shown in Tab. 2. The occurrence times
of different levels in each column were the same, and each horizontal combination formed horizontally in
any column only appeared once.
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Table 2: Orthogonal table

Experiment A B C D
ADM solution Nozzle diameter Extrusion rate Printing rate
concentration (%) (um) (ml/min) (mm/s)

1 8% 250 0.5 4

2 8% 340 0.6 6

3 8% 410 0.7 8

4 10% 340 0.7 4

5 10% 410 0.5 6

6 10% 250 0.6 8

7 12% 410 0.6 4

8 12% 250 0.7 6

9 12% 340 0.5 8

2.4 Cross-Linking

In the study of tissue engineering, due to the interlayer interface effect, the biological scaffold cannot
provide enough mechanical strength for tissue repair to maintain the contour and volume of the scaffold.
As one of the most effective methods to improve the mechanical stability, durability and rapid
degradation of tissue engineered biological scaffolds, cross-linking has been widely used for a long time.
As a natural extracted cross-linking agent, GP was dissolved in pure alcohol at a concentration of 0.625%
(wt). The fabricated scaffolds were kept at room temperature for 20 min and then at 4°C for 12 h for
complete crosslinking (Fig. 1D).

2.5 Mechanical Properties

After the fabrication with optimized parameters from orthogonal test, samples were tested to explore the
mechanical properties of ADM scaffolds. The size of samples was 30 mm % 10 mm. To obtain the suture
strength, suture threads were used to simulate the actual suture in vivo at a short end 2 mm from the edge
of samples and the fixture of materials testing machine. A constant speed of 0.5 mm/min was applied to
each construct until fracture, and the space between the upper and lower clamps was 10 mm. Six samples
were tested and the stress of each sample was recorded from the beginning of the test to the point of the
complete fracture.

2.6 Degradation Property

The degradation property of composite scaffolds were tested by monitoring the weight changes before
and after being immersed in the RPMI 1640 culture medium(CM) (Thermo Fisher, USA) with 10% fetal
bovine serum, 0.30 mg/mL L-glutamine, 4.766 mg/mL HEPES, 0.85 mg/mL NaHCO3, 1% penicillin (10
000 units/mL), and 10 000 pg/mL streptomycin, phosphate buffered saline (PBS) (GE Healthcare, USA)
and artificial serum/plasma (ASP) (Huzhou InnoReagents biotechnology Co., Ltd., China). First, the
ADM scaffolds were weighed. Then, the weighted samples were incubated in a carbon dioxide incubator
at 37°C until the set time. Specimens were taken out at each degradation periods, and washed thoroughly
with distilled water and then dried. Scaffolds of experiment group and control group were weighed after
vacuum dried (n = 3 per group), and the weight of scaffolds were recorded.
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2.7 Cell Characterization

Before cells attachment, HUVECs (Zhonggiaoxinzhou Biotech Co., Ltd., Shanghai, China) were
routinely cultured and maintained in a 5% CO, humidified incubator at 37°C in a standard Petri dish
(Corning, NY) with RPMI 1640 culture medium. Besides, cells were passaged every 3 days, and the
culture medium should be refreshed every day. Meanwhile, scaffolds were immersed in 75% ethanol for
12 h under UV radiation, and also washed with PBS for three times. Then, scaffolds were immersed in
fresh RPMI 1640 culture medium for 6 h before injection. After trypsinization, cell suspension with a
density of 5 x 10° cells/mL was prepared with fresh medium and 10 mL of prepared suspensions were
slowly injected into the dish to cover the whole scaffold. After 4 h of cell attachment, the cell-laden
scaffolds were statically cultured.

To assess the cell viability of the attached HUVEC:s, a Live-Dead Cell Staining Kit (Biovision, Inc., San
Francisco, CA) was used. Live cells and dead cells were stained by green fluorescent dye and red fluorescent
dye propidium iodide (PI) respectively. With the help of an inverted fluorescent microscope (Eclipse Ti-U,
Nikon Instruments Inc., Japan), the cellular morphology and Live-Dead fluorescence were observed.

2.8 Cell Viability

The rat myogenic cells (L6) from the Chinese Academy of Sciences were routinely cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher Scientific Inc., USA) containing 10%
fetal bovine serum (FBS, Thermo Fisher Scientific Inc., USA) and shaken in an incubator for 24 h. The
cells were maintained at 37°C in 5% CO, incubator in a standard Petri dish, passaged every 3 days, with
the media being refreshed every day. The ADM scaffolds were immersed in 75% ethanol for 12 h under
UV radiation, then, washed three times with PBS to replace the ethanol from scaffolds. After that, the
construct was immersed in fresh DMEM medium for 12 h before injection. After trypsinization, a cell
suspension with a density of 5 x 10° cells/mL was prepared in medium. Then, 10 mL of cell suspensions
was slowly perfused into scaffolds. After 4 h of cell attachment, the cell-laden constructs were statically
cultured, with the medium changed every day in a CO, incubator. The CCK-8 assay (KeyGEN BioTECH
Co., Ltd., Jiangsu, China) was used to measure the cytotoxicity of the ADM scaffolds and blank control
group at different time points (1, 2, 3, and 4 days).

The ADM scaffolds were histologically examined to assess its suitability for cell profiling. The fibers
were fixed in the 6-well plate, and 1 mL L6 cell suspension was added to each well at a density of 5 x
10° cells/mL. After culturing for 3 and 5 days, the fiber was fixed in 4% paraformaldehyde for 24 h. To
assess the morphology of cells on the fabricated scaffolds, the samples were observed by SEM.

2.9 In Vivo Study

Five male SD rats (200 g, Animal laboratory center of Shanghai Ninth People’s Hospital, Shanghai
JiaoTong University School of Medicine) were inhaled with isoflurane, the abdominal wall was
disinfected after anesthesia, and the abdominal wall muscle tissue defect measuring 25 mm % 25 mm was
created in the middle of abdominal wall. Then ADM scaffolds were used for repair, and the skin was
closed after repair. The rats were sacrificed at 4 weeks and the abdominal wall repair and abdominal
adhesion were observed [28]. After HE (KeyGEN BioTECH Co., Ltd., China) staining, tissue
regeneration was observed under normal microscope.

2.10 Statistical Analysis

The Origin 2017 software was used for statistical analysis. In order to determine which populations were
significantly different, all data are presented in form of mean + standard deviation (SD) and analyzed
with one-way analysis of variance. Data differences were statistically significant when values of p were
lower than 0.05.
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3 Results

3.1 Observation of Fiber Forming Effect

The fibers’ morphology of 9 experiment groups are shown in Fig. 2, which can directly and roughly
express the forming effect of different groups of fibers. From Figs. 2A-2C, we can see the fiber forming
morphology of experiment 1-3 and the fiber forming is discontinuous and uneven. Among them, the
samples in Fig. 2A (experiment 1) basically could not form continuous fiber, the samples in Fig. 2B
(experiment 2) partly formed continuous fiber with uneven diameter of single fiber and samples of
experiment 3 basically formed continuous fiber, but the material caking phenomenon did not improve
significantly. The fibers of experiment 4—6 were formed continuously and their diameters were relatively
uniform (Figs. 2D-2F). Among them, the fibers in Fig. 2D (experimmt 4) were thin and deformed, while
the fibers in Fig. 2F (experiment 6) were thick and the visible pores were significantly reduced. The fibers
in Figs. 2G-2I (experiment 7-9) were formed continuously, but the low material concentration resulted in
obvious structural collapse. Among them, the samples in Fig. 2G (experiment 7) showed very little pore
structure and were superior to those in Figs. 2H (experiment 8) and 21 (experiment 9).

Figure 2: Morphology of fibers in different factors. (A) Experiment 1, ADM solution concentration is 8%,
nozzle diameter is 250 um, extrusion rate is 0.5 ml/min, printing rate is 4 mm/s. (B) Experiment 2, ADM
solution concentration is 8%, nozzle diameter is 340 pm, extrusion rate is 0.6 ml/min, printing rate is
6 mm/s. (C) Experiment 3, ADM solution concentration is 8%, nozzle diameter is 410 um, extrusion rate
is 0.7 ml/min, printing rate is 8§ mm/s. (D) Experiment 4, ADM solution concentration is 10%, nozzle
diameter is 340 um, extrusion rate is 0.7 ml/min, printing rate is 4 mm/s. (E) Experiment 5, ADM
solution concentration is 10%, nozzle diameter is 410 um, extrusion rate is 0.5 ml/min, printing rate is
6 mm/s. (F) Experiment 6, ADM solution concentration is 10%, nozzle diameter is 250 pm, extrusion
rate is 0.6 ml/min, printing rate is 8 mm/s. (G) Experiment 7, ADM solution concentration is 12%, nozzle
diameter is 410 um ,extrusion rate is 0.6 ml/min, printing rate is 4 mm/s. (H) Experiment 8§, ADM
solution concentration is 12%, nozzle diameter is 250 um, extrusion rate is 0.7 ml/min, printing rate is
6 mm/s. (I) Experiment 9, ADM solution concentration is 12%, nozzle diameter is 360 um, extrusion rate
is 0.5 ml/min, printing rate is 8 mm/s

3.2 Measurement of Fiber Average Diameter

Through the observation of fiber morphology, we can observe the forming effect of different parameter
combination. However, this does not mean that we can get the optimal parameter combination, nor can we
directly get the influence degree of each parameter on the fiber forming quality. Therefore, this experiment
will be quantified by measuring and calculating the average diameter of fiber. Results of the effect of the four
factors on the average diameters of ADM fibers is presented in Tab. 3, where K;; represents the average of the
results of factor “i” if the level is 1. For instance, K11 is the average of the results of the first factor (ADM
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solution concentration) when the level is 1 ((254 + 369 + 441)/3 = 354.67). R; represents the difference
between the largest and the smallest Kj; values of row “j”. For example, 42.00 is the difference between
354.67 and 312.67. A large value of R; indicates that the effect of factor “i” on average fiber diameters is
significant. Based on the R; value in Tab. 3, 159.67 > 42.00 > 20.00 > 14.00, and the effect of the four
factors on the average diameters of ADM fibers can consequently be listed in the following order: nozzle

diameter > ADM solution concentration > extrusion rate > printing rate.

Table 3: Effects of the four factors on average fiber diameters

Experiment Factors Average fiber diameters (um)
A B C D

1 1 1 1 1 254

2 1 2 2 2 369

3 1 3 3 3 441

4 2 1 2 3 251

5 2 2 3 1 342

6 2 3 1 2 406

7 3 1 3 2 246

8 3 2 1 3 309

9 3 3 2 1 383

K 354.67 250.33 323.00 326.33

K 333.00 340.00 334.33 340.33

K;s 312.67 410.00 343.00 333.67

R; 42.00 159.67 20.00 14.00

Thus, ADM powder was fully mixed with glacial acetic acid in the mass-volume ratio of 1:10. The
mixed solution was extruded from a syringe with a 23-gauge needle at room temperature. The extrusion
rate and the printing rate are 0.7 ml/min and 6 mm/s.

3.3 Morphology of Fabricated Scaffolds

After the fabrication with determined process parameters, the microstructure and morphology of the
ADM scaffolds was shown in Fig. 3. The surface of the control group scaffold looked rough (Fig. 3B),
which could benefit the cells to attach and proliferate. Based on the SEM pictures of the surface and
inner part of the ADM scaffold, Origin software was used to quantitatively calculate the fiber diameter
and pore size in the supporting materials (Figs. 3C and 3D). According to the results, the fiber diameter
and pore diameter distribution of ADM scaffolds prepared by 3D printing process had the following
characteristics. About 80% of fibers had diameters of 300 um-360 pum, and 92% of the holes showed
diameters of 300 um—500 pm.

3.4 Mechanical Properties

The suture and tensile properties of the engineered scaffolds are key parameters in clinical tissue
regeneration. The results can be seen from Fig. 4. The average maximum load of ADM scaffolds was
18.05 N, which could meet the accepted clinical standards and higher than the scaffold without
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crosslinking process. Also, Modulus of Elasticity (MOE) of cross-linked ADM scaffolds was far above
which of uncross-linked ADM scaffolds (Tab. 4).
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Figure 3: (A) Macro structure of the ADM scaffold made by 3DP. (B) Micro structure of the ADM scaffold
made by 3DP. (C) Fiber diameter distribution of the ADM scaffold. (D) Pore size distribution of the ADM
scaffold

3.5 Degradation Property

The degradation rate of scaffolds increased basically the same during the culture process in PBS
(Fig. 5A), ASP (Fig. 5B) and CM (Fig. 5C). As shown in figures, the degradation curves of ADM
scaffolds in AP were relatively flat for first 14 days, while the subsequent degradation curves were
relatively uniform in CM, PBS and AP.
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Figure 4: Load—displacement curves from the suture test of the scaffolds

Table 4: Mechanical properties of ADM scaffolds before and after crosslinking

Uncross-linked scaffolds Cross-linked scaffold
Maximum load (N) 11.96 +2.03 18.05 +2.65
Modulus of elasticity (MPa) 0.433 £ 0.011 28.384 + 0.560

3.6 Cell Viability of the Scaffold

To investigate the biocompatibility of the ADM scaffolds, HUVECs were seeded and statically cultured
in scaffolds. Fig. 6A showed the microscopic morphology of cells attached to fiber surface after 4 h, which
proof that seeded cells could attach to the surface of the scaffolds quickly. However, the cell distribution in
this part was not uniform. Also, the absence of cells was mainly found in the center part of the scaffold, which
was caused by the nonuniformity and flow of the cell suspension during the 4 h attachment period. After
2 days of culturing, the increasing of cells was observed from Fig. 6C, and the cells grew into the blank
part. From Fig. 6E, HUVECs are distributed on the fiber uniformly after culturing for 3 days. Figs. 6B,
6D, and 6F showed the fluorescent images of die cells. These results indicate that cell distribution in the
scaffold was not very uniform at the initial stage, cells maintained high viability and were distributed
uniformly after culturing for 3 days. This suggests that the materials and the fabrication process were
nontoxic for cells and the engineered 3D scaffold is favorable for cellular attachment, spreading and growth.

3.7 Cell Viability and Morphology

The SEM image showed that the L6 cells adhered on ADM scaffold rapidly and effectively (Figs. 7A—
7C). The ADM scaffold was almost covered by cells after culturing for 24 h and cells completely covered the
scaffold for 12 h more. Furthermore, the CCK-8 assay results revealed no significant differences (p > 0.05)
among the ADM scaffolds and the blank control group on days 1, 2, 3, and 4 (Fig. 7D).

3.8 In Vivo Study

In the experiment, intestinal fistula recurrence and other complications did not found in all the rats at
4 weeks after implantation (Fig. 8). Fig. 8B showed the reparation in without scaffold and intestinal
adhesions have appeared at defect area (Fig. 8B). At 4 weeks, the subcutaneous tissue in the defect area
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was well repaired, and infection, seroma, hematoma and other conditions weren’t observed in experiment
group (Fig. 8C). According to the observation of the abdominal surface, the surface was well repaired
with ADM scaffolds, covered with complete tissue at 8 weeks (Fig. 8D), and no obvious intestinal
adhesion was observed and the average adhesion score was 2.2 + 1.1 (Tab. 5). HE staining showed that
at 4 weeks, most ADM scaffolds were degraded, and the black arrows showed that the peritoneal tissues
were repaired, forming a relatively complete repair area (Fig. 9).
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Figure 5: Degradation rate of ADM scaffolds. (A) The mass variation curves of ADM scaffolds in PBS. (B)
The mass variation curves of ADM scaffolds in ASP. (C) The mass variation curves of ADM scaffolds in CM

4 Discussion

With the development of tissue engineering, many scaffolds from different materials are used to replace
defective tissues. ADM, as a biomaterial derived from tissue, has been successfully applied to improve
wound healing [29]. In addition, the scaffolds fabricated by using ADM showed high biological stability
and the characteristics of small pore both in vitro and in vivo, which could support the proliferation and
growth of cells [8]. In this study, the lyophilized ADM powder was dissolved and reconstructed with 3D
printing technology to fabricate tissue engineering scaffold.
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Figure 6: Live/Dead cell morphology and fluorescent images of the scaffolds. (A, B) Fluorescent images of
cells after 4 h attachment. (C, D) Fluorescent images of cells cultured for 2 days. (E, F) Fluorescent images of
cells cultured for 3 days

The fabrication process parameters could influence the formation and properties of the scaffolds. This
paper introduces the orthogonal test design [30] to obtain the optimal process parameter combination of
ADM scaffold. It is a balanced arrangement of groups and applied broadly in many fields to optimize test
designs. In this study, nozzle diameter, ADM solution concentration, extrusion rate and printing rate were
selected as targets for investigation. All other factors, such as ambient temperature and humidity
were maintained. According to the analysis of average diameter of ADM fibers, the nozzle diameter has
the greatest impact on fiber diameter size. Besides, the microscopy images of the fibers showed that the
concentration of ADM solution effects the formation of ADM fibers a lot. Combining these process
parameters, we can obtain 3D printing supports with pore size of about 300 um-350 pum, which can
stimulate cells to show better activity, achieve better growth and proliferation, which is suitable for tissue
construction and repair.

However, current reconstructed ADM scaffolds still have some issues, such as weak mechanical
strength. Mechanical properties play an important role in tissue engineering and tissue regeneration [31].
Through the experimental study, we found that the suture load value of the cross-linked scaffolds was
18.05 N (Fig. 4), which could basically meet the suture strength for tissue repair [31-33].
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Figure 7: Cell viability of the ADM scaffold. (A) Cell adhesion at 24 h after culturing. (B) Cell adhesion at
48 h after culturing. (C) Cell adhesion at 72 h after culturing. (D) Cell viability of the cells on the ADM
scaffolds at days 1,2,3,4

To confirm whether the cross-linked ADM scaffolds would degrade rapidly before the tissue
regeneration and lead to failure of reparation and recurrence, Live/Dead staining were tested and rat
myogenic cells were cultured on the fabricated scaffolds. Live/Dead staining results showed high viability
of cells, which proves that the fabrication process and materials were nontoxicto cell growth. The SEM
of cultured scaffolds give out the result that the cells could completely cover the scaffolds after culturing
for 48 h, which indicated the scaffolds are suitable for early vascularization and beneficial to tissue repair.
Besides, CCK-8 results showed that the process of 3D printing ADM scaffold did not produce
cytotoxicity and Genpin cross-linking agent did not produce new cytotoxicity. We planted L6 cells on the
composite scaffold. And the ADM composite scaffold was conducive to cell adhesion and proliferation,
which was completely covered by cells in 36 h. The 3D printed ADM scaffold retains the advantages of
ADM material for cell adhesion and proliferation.

Furthermore, ADM scaffolds were implanted in vivo to evaluate their practical application. A defect was
created in the abdominal wall of SD rats and the ADM scaffolds was covered and replaced by regenerated
muscle tissue in 4 weeks (Fig. 8). From Fig. 9, a large number of new blood vessels and fibrous tissues can be
seen between the degraded ADM scaffolds, which further proves that ADM materials rich in collagen and
extracellular matrix can promote cell proliferation, angiogenesis and tissue regeneration in the scaffolds.
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Figure 8: Morphology of implanted ADM scaffolds and surrounding tissue. (A) Defect creation before
implantation. (B) The observation of blank group at 4 weeks. (C) The observation of experiment group at
4 weeks. (D) The observation of experiment group at 8 weeks
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Table 5: Site-specific classification of adhesions

Adhesion characteristics Score

Extent of site in involvement

None
<25%
<50%
<75%
<100%

Type
None
Filmy, transparent, avascular
Opaque, translucent, avascular
Opaque, capillaries present
Opaque, larger vessels present
Tenacity

None

Adhesion falls apart

Adhesion lysed with traction
Adhesion requiring sharp dissection

Possible total

MWD —~=O EENS IS R =)

—_— W N = O
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3 ,‘.’é’ad',‘ n\%édr
Figure 9: Histological evaluation of ADM scaffolds four weeks after implantation. (A) The black silk arrow
points to the non-degraded AMD material, and the red arrow points to the tissue covering the scaffold

surface. (B) The yellow arrow indicates that a large amount of neovascularization occurs around the
ADM material

5 Conclusion

In this study, we have successfully demonstrated the design and manufacturing of the ADM material to
tissue engineering scaffolds. More experiments should be conducted to study the physical properties of the
scaffolds and match the degradation rate of the ADM scaffolds. Moreover, the co-culture of multiple cells
should be proceeded to explore the cell-cell and cell-matrix interaction and the potential tissue
engineering applications.
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