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Abstract
Objective This study aimed to observe the cell growth status and multidirectional differentiation ability in
a 3D-bioprinted tissue model of self-assembled nanopeptides and human adipose-derived mesenchymal
stem cells (Ad-MSCs). Methods Primary Ad-MSCs were isolated, cultured, and identi�ed by �ow
cytometry. Tissue models were printed via 3D bioprinting technology using a "biological ink" consisting of
a mixed solution of self-assembled nanopeptides and Ad-MSCs. Ad-MSCs were induced into osteogenic,
adipogenic, and endothelial differentiation and compared with the control groups by staining. Results
The nanopeptide �ber was 10-30 nm in diameter and 200-500 nm in length under the atomic-force
microscope. It had the characteristics of nano-scale materials. Flow cytometry showed that the isolated
and cultured cells were positive for CD29 (98.51%), CD90 (97.87%), and CD166 (98.32%) but did not
express CD31 (1.58%), CD34 (2.42%), CD45 (2.95%), or human leukocyte antigen (HLA)-DR (0.53%),
consistent with the immunophenotype of Ad-MSCs. Then, a tissue model was printed using the biological
ink, followed by induction of differentiation of Ad-MSCs within the tissue model. Alizarin red S staining
showed the formation of calcium nodules in the osteogenesis induction experimental group, and oil red O
stained lipid droplets in Ad-MSCs in the adipogenesis induction experimental group, whereas the two
control groups were not stained. Conclusion Ad-MSCs from primary cultures have the characteristics of
stem cells. Self-assembled nanopeptide hydrogel is a good tissue engineering material that can serve as
an extracellular matrix. Ad-MSCs in the 3D-printed tissue model using a biological ink consisting of a
mixed solution of self-assembled nanopeptides and Ad-MSCs grew well and still had strong
differentiation ability.

Introduction
Stem cell differentiation is not only related to the pre-existing programming inside the cell but also
regulated by the microenvironment in which the cell is located. Regulation of stem cell differentiation
mainly occurs between cells and between the cell and the extracellular matrix, with cytokines ful�lling the
functions of signal transduction and nutrition between cells and between the cell and the extracellular
matrix. Therefore, factors affecting targeted endothelial differentiation of stem cells consist mainly of
three aspects, cytokines, extracellular matrix, and microenvironment [1-2]. Zuk et al. isolated, cultured, and
identi�ed adipose tissue–derived mesenchymal stem cells (Ad-MSCs) and showed that under speci�c
induction conditions, Ad-MSCs could differentiate into osteoblasts, chondrocytes, adipocytes, cardiac
muscle cells, and endothelial cells, making them new seed cells of great interest [3-4].

Taking peptides as the basic building blocks and relying on the natural self-assembly of peptide
molecules to obtain novel nanohydrogel materials has become a research hotspot in the �eld of tissue
engineering. This type of peptide nanohydrogel has high biocompatibility and degradability plus the more
prominent advantages of being biologically active and being easily compounded with different
biologically active molecules according to different needs, thus carrying the feature of “bio-intelligence”
[5].
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In recent years, with the development of stem cell technology and 3D bioprinting technology, people have
begun to explore the generation of new tissue-engineered organs through 3D bioprinting [6-7]. At present,
some scienti�c research institutes have taken the lead in achieving 3D printing using biological materials
and cells under sterile conditions. The printed human living cells have a survival rate of up to 90%. A few
human tissues, such as ear cartilage tissue, liver units, and renal units, have been successfully printed [8-

10].

We cultured and validated Ad-MSCs, prepared functionalized self-assembled nanopeptide hydrogels,
utilized a mixed solution of Ad-MSCs and self-assembled nanopeptides as the "biological ink," and
printed the tissue model using 3D bioprinting technology, thereby inducing the Ad-MSCs to undergo
osteogenic and adipogenic differentiation. Lastly, the success of the model was validated.

Materials And Methods
1. Isolation, culture, and immunophenotypic identi�cation of Ad-MSCs

1.1 Isolation, culture, and passaging of Ad-MSCs

All patients signed an informed consent form, which was approved by the hospital ethics committee.
Fresh adipose tissue was cut into pieces and added to type I collagenase. After digestion, centrifugation,
resuspension, and �ltration, the obtained cells were added to Dulbecco's modi�ed Eagle's medium
(DMEM)/F12 complete culture medium, and the resulting P0 culture was placed in a 37 °C, 5% CO2

incubator with saturated humidity. Cell growth and cell morphology were observed daily under an inverted
phase-contrast microscope. The P0 Ad-MSCs were digested with trypsin and ethylene diamine tetraacetic
acid (EDTA). The digestion was stopped when the cells became oval-shaped and the intercellular space
became larger. The adherent cells were suspended, added again to DMEM/F12 complete culture medium,
and inoculated into a new culture bottle at a 1:3 ratio with 10% fetal bovine serum (FBS) complete culture
medium, which became the P1 culture. Cell morphology and growth were observed under an inverted
phase-contrast microscope. Cells were subsequently passaged using the same method.

1.2 Immunophenotyping of Ad-MSCs

A su�cient amount of digested P3 suspension was taken and centrifuged at 1000 r/min. The cells were
resuspend with 900 µl 1× phosphate-buffered saline (PBS) and distributed evenly into nine 2-ml
Eppendorf tubes, to which PE mouse IgG1 20 µl, PE CD29 20 µl, PE CD31 20 µl, PE CD34 20 µl, PE CD45
20 µl, PE CD90 10 µl, PE CD166 20 µl, PE IgG2a 20 µl, and HLA-DR 20 µl were added, respectively. The
Eppendorf tubes with added antibodies were incubated in the dark for 20 minutes with gentle shaking
every few minutes. Cells were resuspended with PBS and then centrifuged, and this step was repeated
twice to wash away the residual antibodies. The cells were �nally resuspended with 500 μl 1× PBS and
placed in a �ow cytometry–speci�c tube for detection on the machine.

2. Preparation and detection of self-assembled nanopeptide hydrogel
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2.1 Preparation of self-assembled nanopeptide solution

The powders of three peptides, RADA16-I, RGD, and KLT, were dissolved with biological-grade, sterile,
deionized water. Their concentrations were adjusted to 10 g/L, and the mixtures underwent ultrasonic
vibration for 15 minutes with an ultrasonic cell pulverizer. RADA16-I, RGD, and KLT were mixed at a
volume ratio of 2:1:1, and the mixture was again mixed well by ultrasonic vibration with an ultrasonic cell
pulverizer to successfully prepare a self-assembled nanopeptide mixed solution. The self-assembled
nanopeptide solution was diluted to a concentration of 0.01% and was ultrasonically vibrated with an
ultrasonic cell pulverizer. A small amount of this 0.01% self-assembled nanopeptide mixed solution was
added dropwise onto a special mica sheet for observation of the nanopeptide �ber structure by atomic-
force microscopy could.

2.2 Preparation of self-assembled nanopeptide hydrogel

The required Transwell chambers were placed in a 24-well plate and kept at room temperature overnight
to allow the PBS in the 24-well plate to fully penetrate the Transwell basement membrane. The PBS
solution was removed by aspiration, and the self-assembled nanopeptide mixture solution was slowly
added along the edge of the Transwell chamber to replace the PBS in the 24-well plate until the surface of
the PBS solution was higher than the height of the self-assembled nano-peptide mixture in the Transwell
chamber. The self-assembled nano-peptide hydrogel gradually formed after standing still. The Transwell
chamber was then taken out, the lower membrane of Transwell was removed, and the formed
nanopeptide hydrogels were observed.

2.3 Scanning electron microscope (SEM) detection of self-assembled nanopeptide hydrogel

After following the above steps to obtain self-assembled nanopeptide hydrogel, the self-assembled
nanopeptide hydrogel was �xed with glutaraldehyde �xing solution and then dehydrated. The dehydrated
specimens were made into electron microscope specimens, and the internal structure of the specimens
was observed under SEM.

3. Compound experiments of self-assembled nanopeptide hydrogels and Ad-MSCs

The P3 Ad-MSCs were taken, and after PBS washing, cells were added to 1 ml 0.125% trypsin-EDTA for
digestion in a 37 °C incubator for 5 minutes. The �ask was gently shaken, and cells were repeatedly
observed under an inverted phase-contrast microscope. When the cells became spherical and the
intercellular space became large, the digestion was stopped by the addition of 1 ml of DMEM/F12
complete culture medium (10% FBS), and the adherent cells were suspended by repeated pipetting to
form a single cell suspension. The suspension was added to a sterile centrifuge tube and centrifuged at
1000 r/min after balancing. Cells were resuspended with 10 g/L self-assembled nanopeptide mixed
solution and mixed by pipetting. The self-assembled nano-peptide hydrogel containing cells was placed
into Transwell chambers, PBS was added to the 24-well plate, and DMEM/F12 complete culture medium
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(10% FBS) was added to the chamber immediately after gelation. Cell morphology and growth status
were observed daily under an inverted phase-contrast microscope.

4. Self-assembled nanopeptide hydrogel combined with Ad-MSCs as the biological ink for 3D-printed
tissue models and induced differentiation assay of cells

4.1 Self-assembled nanopeptide hydrogel combined with Ad-MSCs as the biological ink for 3D-printed
tissue models

Ad-MSCs of P2 were added to 0.125% trypsin-EDTA, digested in a 37 °C incubator, and resuspended by
repeated pipetting to form a single-cell suspension. The cells were then resuspended with the 10 g/L self-
assembled nanopeptide mixed solution and mixed well. The self-assembled nanopeptide solution
containing Ad-MSCs was quickly added to the sterile "cartridge" of the 3D bioprinter, and the required
model parameters were adjusted using the AnyPrint software on a computer to form a cylinder with a
diameter of approximately 1 cm and height of approximately 5 mm, containing small cavities of different
sizes. After the parameters were set, printing was started, and the substrate used for printing was 1× PBS.
The printed 3D tissue model was quickly transferred to a six-well plate, added to DMEM/F12 complete
culture medium (10% FBS), and placed in a 37 °C, 5% CO2 cell incubator with saturated humidity. The
morphology of the 3D tissue model was observed 24 hours later, and the state of the cells inside the
model was observed under the inverted phase-contrast microscope.

4.2 Phalloidin staining of cells inside the 3D-printed tissue model

The printed tissue model was stained with phalloidin to observe the cell structure in the tissue model.
After the printed tissue model was cultured for 7 days, the tissue model was washed with PBS, then sliced
into para�n sections. The sections were soaked in 0.1% Triton X-100 for 3-5 minutes and washed with
PBS, and the cells were incubated with 1× PBS containing 1% BSA for 20-30 minutes. The staining
solution was added dropwise to the cover glass, and the sections were stained at room temperature for
20 minutes, dried, sealed, observed under a laser confocal microscope, and stored in a dark environment.

4.3 Induction of osteogenic differentiation of cells in the 3D-printed tissue model and alizarin red S
staining

The printed tissue model was cultured for 3 days, and the mesenchymal stem cell osteogenic
differentiation complete culture medium was added to the six-well plate, followed by medium changes
once every 3 days. After 4 weeks of induction, the tissue model was para�n-sectioned and �xed with 4%
paraformaldehyde. Alizarin red S staining solution was added dropwise, and the culture plate was placed
under a microscope to observe the effect of osteogenic staining.

4.4 Induction of adipogenic differentiation of cells in the 3D-printed tissue model and oil red O staining

The printed tissue model was cultured for 3 days, and mesenchymal stem cell adipogenic differentiation
medium A was added to the six-well plate. Every 3 days, this medium was alternated with adipose-derived
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mesenchymal stem cell adipogenic differentiation medium B. After �ve switches between media A and B
(approximately 20 days), cells were kept in medium B for 7 days, until the lipid droplets became large and
round. After the adipogenic differentiation induction was completed, the tissue model was frozen-
sectioned. Oil red O dye working solution was added dropwise to it, and the culture plate was placed
under a microscope to observe the effect of adipogenic staining.

4.5 Induction of endothelial differentiation of cells in the 3D-printed tissue model and �ow cytometry
validation

The printed tissue model was cultured for 3 days, the cells were resuspended in endothelial cell support
solution, that is, 100% EGM2-MV induction culture medium, and placed into the six-well plate. The
morphological changes of the cells were observed with an inverted phase-contrast microscope every day.
The medium was refreshed every 3 days, and the growth of the cells was closely observed. After 4 weeks,
CD31-PE was used to label cells that had gone through induction of differentiation and those that had
not undergone differentiation, and immunophenotyping was performed using �ow cytometry.

Results
1. Isolation, culture, and identi�cation of Ad-MSCs

1.1 Morphological characteristics of Ad-MSCs

Adipose tissue was diced and digested with type I collagenase. When the adipose tissue was mixed with
collagenase, it mostly �oated on top of the collagenase (Figure 1-1A). After centrifuging the adipose
tissue, we found that the centrifuged liquid was divided into three layers: the top layer was the digested
adipose tissue, the middle layer was the clear solution of type I collagenase, and the bottom layer was a
mixed precipitate with mesenchymal stem cells and a small number of erythrocytes (Figure 1-1B). After
48 hours of culture, observation under the inverted phase-contrast microscope showed that there were
round, nonadherent cells, dead cells, and suspended erythrocytes in the culture medium, and the bottom
of the tissue culture vessel had adherent cells, which were spindle-shaped, had few cell protrusions, and
were �broblast-like (Figure 1-1C). After 5 days of culture, there were more cells than at 48 hours. However,
the cells grew slowly and were long and spindle-shaped, and only few cells were triangular or irregularly
shaped (Figure 1-1D). Daily observations showed that the cell growth rate gradually accelerated. On the
15th day, the degree of cell con�uency was high, and the cell morphology did not change signi�cantly, but
the entire population of cells showed a swirling or school-of-�sh-like growth trend (Figure 1-1E). Later
subcultures showed no obvious morphological or growth changes (Figure 1-1F).

1.2 Immunophenotyping of Ad-MSCs

Flow-cytometric immunophenotyping showed that endothelial marker antibody CD31 was negative, the
hematopoietic stem cell and endothelial marker antibody CD34 was negative, the leukocyte marker
antibody CD45 was negative, the �broblast marker antibody HLA-DR was negative, and the rest of the
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mesenchymal stem cell marker antibodies (CD29, CD90, and CD166) were all positive, which can exclude
the possibility of other cell types. Flow-cytometric phenotype identi�cation showed that the cells that we
isolated and cultured conformed to the immunophenotypic characteristics of Ad-MSCs, that is, the cells
obtained from the isolation and culture were Ad-MSCs (Figure 1-2).

2. Preparation of self-assembled nanopeptide hydrogel and detection by electron microscopy

2.1 Preparation of self-assembled nanopeptide solution

The three self-assembling nanopeptides RADA16-I, RGD, and KLT are all white, powdery substances.
When biological-grade, sterile, deionized water was added, the aqueous solution was initially thick and
turbid. After an ultrasonic cell pulverizer was used to sonicate the viscous and turbid self-assembling
nanopeptide solution, the viscous and turbid peptide solution gradually clari�ed to become transparent or
translucent, indicating that the self-assembling nanopeptide solution had been fully dissolved and mixed.
Atomic-force microscope observations showed that the nanopeptides varied in length. They were mostly
200-500 nm in length and 20-50 nm in diameter (Figure 2-1).

2.2 Preparation of self-assembled nanopeptide hydrogel

The self-assembled nanopeptide mixed solution was added to the Transwell chamber and kept in the
chamber overnight, and a solid gel structure appeared in the chamber. The basement membrane of the
chamber was cut off, and the hydrogel was gently removed. The hydrogel was cylindrical, colorless, and
transparent, the texture was loose and brittle, and it was high in water content (Figure 2-2).

2.3 SEM detection of self-assembled nanopeptide hydrogel

The self-assembled nanopeptide hydrogel was �xed and dehydrated. SEM observation showed that the
sample had a �brous or porous like structure. The diameter of the nano�bers was approximately 20-50
nm, and the cavities were approximately 5-100 nm in size (Figure 2-3).

3. Compound experiments of self-assembled nanopeptide hydrogel and Ad-MSCs

Ad-MSCs were inoculated on the self-assembled nanopeptide hydrogel. It was found that the cells were
distributed uniformly, and the cell morphology changed slightly, but the cells were in a good state of
extension and were tightly connected (Figure 3).

4. Self-assembled nanopeptide hydrogels combined with Ad-MSCs as the biological ink for 3D-printed
tissue models; induced differentiation assay of cells

4.1 Self-assembled nanopeptide hydrogels combined with Ad-MSCs as the biological ink for 3D-printed
tissue models

After mixing the self-assembled nanopeptides with Ad-MSCs and performing 3D printing, the 3D-printed
tissue engineering model was a transparent cylinder approximately 1 cm in height and approximately 5



Page 8/20

mm in diameter. It had a predesigned porous structure to promote the full contact and material exchange
between cells and the culture medium as well as the proliferation, differentiation, and signaling of Ad-
MSCs in the 3D-printed tissue model. The materials we used could be printed by a 3D printer, but the
printed model was not a regular cylinder in shape, suggesting that the plasticity was slightly poor (Figure
4-1).

4.2 Phalloidin staining of cells in the 3D-printed model

There are many choices of immuno�uorescent dyes for immunostaining the printed model. Here, we used
phalloidin staining to observe the macroscopic structure of cells in the tissue model, which should have
the same effect as other �uorescent dyes. After staining, we found that the cells were in a good growth
state, were arranged tightly and orderly, and were in close contact with the model. The porous structures
in the model let the cells fully contact the culture medium (Figure 4-2).

4.3 Induced osteogenic differentiation of cells in the 3D-printed model and Alizarin Red S staining

After inducing osteogenic differentiation of cells in the 3D model, sectioning of para�n-embedded
samples, and staining, observation under the microscope revealed that the cells were still closely packed
and ordered, and dark-brown calci�ed nodules appeared in the cells, whereas no obvious staining was
seen in the control group. These �ndings suggest that the induction of osteogenic differentiation and
staining in the 3D-printed tissue model were successful (Figure 4-3).

4.4 Induction of adipogenic differentiation and oil red O staining of cells in the 3D-printed model

After inducing adipogenic differentiation of cells in the 3D model, sectioning of para�n-embedded
samples, and staining, observation under the microscope revealed that the cells were still arranged tightly
and orderly, and there were many lipid droplets in the cells, seen as round, red bubbles, but no obvious
staining was seen in the control group. This shows that the induction of adipogenic differentiation and
staining in the 3D-printed tissue model was convincing (Figure 4-4).

4.5 Induction of endothelial differentiation in 3D-printed tissue models and �ow-cytometric identi�cation

After inducing endothelial differentiation of cells in the 3D model, we found that the spindle-shaped cells
became shorter, cells presented polygonal or triangular-like changes, and they showed an overall paving
stone–like growth, whereas there was no obvious morphological change in the control group (Figure 4-
5A). Flow-cytometric immunophenotyping was performed on the stem cells after induction of endothelial
differentiation. After labeling, cells were loaded into the �ow cytometer, and it was found that the labeling
with endothelium-speci�c antibody CD31 changed from negative to positive, whereas the control group
still had negative CD31 labeling (Figure 4-5B, C).

Discussion
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Ad-MSCs have the characteristics of easy culture, strong proliferation ability, and low immunogenicity,
offering great possibilities for allogeneic transplantation and an excellent source of seed cells [11]. Ad-
MSCs also have the most critical ability of stem cells, that is, multidirectional differentiation ability. Under
different induction conditions, Ad-MSCs can differentiate into different types of cells, such as
osteoblasts, adipocytes, cardiomyocytes, chondrocytes, endothelial cells, and nerve cells. Therefore, Ad-
MSCs, as an emerging type of seed cell, have good prospects in the �eld of regenerative medicine.

In this study, we isolated and cultured a certain number of Ad-MSCs from adipose tissue for passaging
and expansion. Observation of the morphological structure revealed that the cells were spindle-shaped or
showed �broblast-like changes, and the entire population showed a swirling or school-of-�sh-like growth
state. The growth rate of the P0 generation of cells was slow. After passaging, the growth rate of Ad-
MSCs gradually increased until it mostly stabilized at P3.

The immunophenotypes for CD29, CD31, CD34, CD45, CD90, CD166, and HLA-DR were typed in this
study. CD31 is an endothelial cell–labeling antibody, CD34 is a hematopoietic stem cell– and endothelial
cell–labeling antibody, CD45 is a leukocyte-labeling antibody, and HLA-DR is a �broblast-labeling
antibody. Staining using these four antibodies was negative in our study, showing that the isolated and
puri�ed cells were not the above cell types. In contrast, CD29, CD90, and CD166 are antibodies labeling
Ad-MSCs, and they all showed positive staining in our study, indicating the characteristics of stem cells
and showing that our culture had the immunophenotype of Ad-MSCs.

Self-assembled nanopeptides can be transformed from a liquid state to a solid hydrogel structure under
speci�c induction and stimulation conditions, forming many nano�bers [12]. Self-assembled nanopeptide
hydrogels have great advantages in medical research: (1) they are synthesized from natural amino acids
under arti�cial conditions and can be produced in large quantities; (2) these nanopeptides have good
biocompatibility, can be degraded into natural amino acids and absorbed by the human body, and have
no toxic and side effects; (3) they can be combined with active peptide fragments with different functions
to construct new functionalized self-assembled nanopeptide hydrogels [13].

As an extracellular matrix, tissue-engineered materials are of great signi�cance to cell viability [14-16]. The
nanopeptide used in this study was a mixture of three peptides of RADA16-I, RGD, and KLT. After RADA16-
I forms a solid-phase hydrogel, the hydrogel contains many pores inside, which is suitable for cell
adhesion and migration and bene�cial to nutrient transportation. KLT is a vascular growth factor
polypeptide fragment that stimulates vascular endothelial growth factor receptors and promotes
endothelial cell proliferation [17]. RGD is a repetitive peptide motif of cell adhesion growth factor and a key
binding site for cell adhesion [18,19] that can promote the adherent growth of cells. Observing the
dehydrated self-assembled nanopeptide hydrogel with an SEM revealed that the microstructure in the gel
was made of an ordered intertwined porous scaffold structure, the diameter of the nano�bers was
approximately 20-50 nm, the pore size was approximately 5-100 nm, and the pores accommodated Ad-
MSCs.
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We prepared the functionalized self-assembled nanopeptide hydrogel combined with Ad-MSCs for 3D
culture. Observation with an inverted phase-contrast microscope showed the same things that SEM of the
hydrogel alone did. Ad-MSCs tightly adhered to the polypeptide scaffold and presented a 3D structure.
From the above, it is not di�cult to see that the functionalized self-assembled peptide hydrogel has the
function of an extracellular matrix and can provide cells with a more suitable microscopic environment
for survival, promote cell growth, and maintain cell viability.

With the rapid development of cell biology, materials science, and 3D printing technology, 3D bioprinting
has received increasing attention in the �eld of cultivation and repair of tissues and organs. The concept
of “cell printing” was proposed by Boland et al. in 2003 [20,21], and 3D bioprinting has been used for the
generation and transplantation of certain tissues and organs in the �eld of regenerative medicine, as well
as in the �elds of pharmacology and toxicology [22-24].

In the study, we �rst prepared the biological ink using the mixed solution of self-assembled nanopeptides
and Ad-MSCs, then added the biological ink into the sterile cartridge of the 3D bioprinter and printed and
stacked the solution layer by layer using PBS as the substrate. The printed 3D model was roughly
cylindrical, with a diameter of approximately 1 cm and a height of approximately 0.5 cm. There were
several small holes in it, which was of great signi�cance for the exchange of substances between cells
and the surrounding environment. We conducted 3D culture of Ad-MSCs in the printed tissue model.
Fluorescent staining with phalloidin showed that the overall arrangement of the cells was tight and
orderly, the growth was good, and the adherence of cells was tight. The cells in the printed tissue model
were induced to differentiate and stained accordingly. The cells were stained, indicating that Ad-MSCs
still grew normally in the 3D-printed tissue model, and there was still a strong differentiation phenomenon
after appropriate induction.

We used Ad-MSCs as seed cells in this study because they have many advantages, such as easy
availability and low immunogenicity. Self-assembled nanopeptides are used to support cell growth and
play the role of extracellular matrix. Ad-MSCs in the 3D-printed tissue models using a mixed solution of
self-assembled nanopeptides and Ad-MSCs as the biological ink showed good growth status and still
had strong differentiation ability.

List Of Abbreviations
adipose-derived mesenchymal stem cells (Ad-MSCs)

human leukocyte antigen (HLA)

dulbecco's modi�ed Eagle's medium (DMEM)

ethylene diamine tetraacetic acid(EDTA)

fetal bovine serum (FBS)
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Figure 1

Fat digestion and morphology of Ad-MSCs A: Fat mixed with type I collagenase. B: Complete digestion of
fat by type I collagenase and centrifugation. C: Primary Ad-MSCs at 48 h (× 200). D: Ad-MSCs at 5 d (×
100). E: Ad-MSCs at 15 d (× 100). F: P2-generation Ad-MSCs (× 40).
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Figure 2

Ad-MSC immunophenotyping A: CD29-positive expression. B: CD31-negative expression. C: CD90-positive
expression. D: CD34-negative expression. E: CD45-negative expression. F: CD166-positive expression. G:
HLA-DR-negative expression.
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Figure 3

Atomic-force microscope image of self-assembled nanopeptide solution: A: The nano�ber arrangement
can be seen by imaging for the three-peptide mixed solution at 2.0 μm. B: The nano�ber arrangement can
be seen by imaging for the three-peptide mixed solution at 200 nm. Figure 2-2. Image of gelation of the
nanopeptide solution through the Transwell chamber: A: Observation of the nanopeptide hydrogel
structure from a long distance (the bottom plate is a 12-well plate). B: Observation of the nanopeptide
hydrogel structure from a close distance (the bottom plate is a six-well plate). Figure 2-3. SEM
observation of the nanopeptide hydrogel: A, B: SEM observation of the nanopeptide hydrogel shows that
its microstructure is tightly arranged, with pores that can accommodate cells (50 μm).
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Figure 4

Observation of cells in a self-assembled the nanopeptide hydrogel model combined with Ad-MSCs A, B, C,
D: Images of cells in the hydrogel photographed at different angles, showing that the cells in the hydrogel
have a good growth condition with good adherence (×100).
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Figure 5

3D-printed tissue model based on self-assembled nanopeptides and Ad-MSCs: A: Front side of the 3D-
printed model, revealing that it is not a regular cylindrical structure and there are pore-like structures as
designed by the software. The red arrow in the �gure points to the pore (the diameter of the cylinder is 1
cm). On the reverse side of the 3D model, a pore-like structure is still visible (the diameter of the cylinder is
1 cm). Figure 4-2. Phalloidin staining of cells in a 3D-printed tissue model: A: After the 3D-printed model
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was sectioned and stained, the internal structure was observed by �uorescence microscopy. Red arrows
point to pore-like structures (×40). B: After the 3D-printed model was sectioned and stained, �uorescence
microscope observation of the interval structure shows that the cells are arranged in an intricate and tight
manner (×40).

Figure 6

Alizarin red S staining after osteogenic induction of cells in the 3D-printed model: A: Alizarin red S
staining was performed on the Ad-MSCs in the 3D-printed models after osteogenic differentiation and
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sectioning. Cells were densely packed with red calcium nodule precipitation (×40). B: The model without
induction of differentiation. Ad-MSCs show no obvious staining (×40). Figure 4-4. Oil red O staining of
cells in the 3D-printed model after adipogenic differentiation: A: After adipogenic differentiation of Ad-
MSCs in the 3D-printed model, oil red O staining was performed after sectioning. Red lipid droplets are
seen in the cells (×40). B: Oil red O staining on cells in the models with no adipogenic differentiation. No
obvious staining is seen (×100). Figure 4-5. Induced endothelial differentiation of cells in the 3D-printed
model and immunophenotyping via �ow cytometry: A: Induction of endothelial differentiation of Ad-
MSCs in the 3D-printed model. Cells demonstrate paving stone–like changes (×100). B: CD31-negative
expression in the control group. C: CD31-positive expression in the experimental group.


