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Abstract

A native organ has heterogeneous structures, strength, and cell components. It is a big challenge to fabricate organ proto-
types with controllable shapes, strength, and cells. Herein, a hybrid method is developed to fabricate organ prototypes with
controlled cell deposition by integrating extrusion-based 3D printing, electrospinning, and 3D bioprinting. Multi-scale
sheets were first fabricated by 3D printing and electrospinning; then, all the sheets were assembled into organ prototypes by
sol—gel reaction during bioprinting. With this method, macroscale structures fabricated by 3D printing ensure the customized
structures and provide mechanical support, nanoscale structures fabricated by electrospinning offer a favorable environment
for cell growth, and different types of cells with controllable densities are deposited in accurate locations by bioprinting.
The results show that L929 mouse fibroblasts encapsulated in the structures exhibited over 90% survival within 10 days and
maintained a high proliferation rate. Furthermore, the cells grew in spherical shapes first and then migrated to the nanoscale
fibers showing stretched morphology. Additionally, a branched vascular structure was successfully fabricated using the pre-
sented method. Compared with other methods, this strategy offers an easy way to simultaneously realize the shape control,
nanofibrous structures, and cell accurate deposition, which will have potential applications in tissue engineering.
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Introduction and shape; (2) the method needs to produce microscale or

nanoscale fibers for simulating ECM; (3) the method enables

Organ prototypes based on scaffolds or cell-laden structures
have been widely used in tissue engineering and regenera-
tive medicine, because they could provide carriers for cell
attachment and microenvironment similar to the extracel-
lular matrix (ECM) for cell growth [1-4]. To be close to
native organs, an ideal organ prototype must mimic the
structure features, cell-favorable environment, and cell dis-
tribution of the natural organs. Therefore, the corresponding
requirements are put forward for the fabrication method: (1)
The method should fabricate user-specific patterned struc-
tures for getting complicated tissues with controlled size
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to obtain controlled cell deposition for building complicated
tissues with multiple cell types and gradient ECM.
Currently, numerous methods have been reported for
the fabrication of scaffold-based organ prototypes [5—8],
among which extrusion-based 3D printing is a widely
used method because it can easily fabricate 3D custom-
ized structures by using thermoplastic biodegradable
polymers, such as polylactic acid (PLA) and polycapro-
lactone (PCL) [9-11]. Although the fibers produced by
3D printing were relatively large (> 100 pm) for providing
mechanical strength, they are not close to the scale of the
extracellular matrix (ECM) or the cells (10-20 pm), thus
cannot provide the cell-favorable environment for cell
adhesion [12, 13]. Due to its ability to produce nanoscale
fibers which is better for cell adhesion, electrospinning
technology is widely used to fabricate scaffolds for simu-
lating ECM [14-16]. However, electrospinning can only
fabricate two-dimensional (2D) membranes. Although
several strategies have been presented to fabricate 3D pat-
terned electrospun nanofibrous structures [17-19], they
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are all limited by the poor mechanical strength. Moreover,
it is a challenge for the existing scaffold fabrication meth-
ods to realize accurate cell deposition, namely, they fail
to obtain controlled distribution of cell density and cell
types. Recently, 3D bioprinting has attracted increasing
attention in tissue engineering due to its ability to fabri-
cate complicated cell-laden structures with multiple cell
types and different cell densities [20-22]. Nevertheless,
the strength of hydrogel is too low to meet the require-
ment of long-term cell culture and induction. Therefore,
here comes a question: could we realize fabrication of
organ prototypes with controllable shape, nanofibrous
structures, and controllable cell deposition by combin-
ing these three techniques?

Here, we presented a novel method to fabricate organ
prototypes with controllable cell-laden multi-scale sheets
by integrating the merits of extrusion-based 3D printing,
electrospinning, and 3D bioprinting. With this method,
the macroscale structures could ensure 3D shape and
strength support, the nanoscale structures could offer a
favorable environment for cell growth, and cells could
be deposited in a controlled manner by bioprinting. In
this study, we demonstrated the feasibility of this method
for the manufacture of multi-scale sheets with controlled
cell deposition. Cell viability, cell proliferation, and cell
morphology were systematically studied compared to 2D
culturing condition to confirm the excellent biocompat-
ibility of the fabricated structures. These studies indicated
that this method is superior to other approaches in that
it offers an easy way to simultaneously realize the shape
control, nanofibrous structures, and cell accurate deposi-
tion in fabricating organ prototypes, which may open up
new potential applications in tissue engineering.

Materials and methods
Materials

In this study, PLA filament (PLA 1.75, Alkht Co., Ltd., Bei-
jing, China) was used to fabricate macroscale structures,
and polycaprolactone (PCL, Mw = 80,000, Solvay company)
was used to fabricate nanoscale structures. Sodium alginate,
gelatin, and calcium chloride (CaCl,) were purchased from
Sigma-Aldrich, and alginate/gelatin hydrogel was used to
encapsulate cells to realize controlled deposition on multi-
scale sheets. Red dye was added to the alginate/gelatin
hydrogel for visualization. MEM, ECM, FBS, and PBS were
all purchased from Tangpu Biological Technology Co., Ltd.,
Hangzhou, China.

Experimental setup

In order to fabricate multi-scale sheets with controlled cell
deposition, a combination of three manufacturing equip-
ments was used, as shown in Fig. 1. A extrusion-based 3D
printer (D-Force 400, Trianglelab Co., Ltd., Jiangsu, China)
was used to fabricate macroscale structures (Fig. 1a), a
robot-controlled TL-01 electrospinning setup (Shenzhen
Tongli Co. Ltd, Shenzhen, China) was used to fabricate
nanoscale structures (Fig. 1b), and a 3D bioprinter (EFL-
BP-6600, Suzhou Intelligent Manufacturing Research Insti-
tute, Suzhou, China) was used to print alginate/gelatin/cells
(Fig. 1c).

Fabrication process of organ prototypes
with controllable cell-laden multi-scale sheets

Figure 2 shows a schematic illustration of fabrication of
organ prototypes with controllable cell-laden multi-scale
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Fig. 1 Schematic showing of the experimental setup: a extrusion-based 3D printer used to fabricate macroscale structures; b electrospinning
setup used to fabricate nanoscale structures; ¢ 3D bioprinter used to print alginate/gelatin/cells
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Fig.2 Schematic showing of fabricating organ prototypes with controllable cell-laden multi-scale sheets

sheets. First, the model was sliced to several grid structures
(Fig. 2a). Then, the grid structures were fabricated by an
extrusion-based 3D printer using PLA (Fig. 2b). And we
used an electrospinning device to fabricate PCL nanofibrous
membrane for covering the PLA structures, which resulted in
a multi-scale sheet (Fig. 2c). By printing cell-laden hydrogel
onto the sheets, controlled cell deposition within the multi-
scale sheets was achieved (Fig. 2d). And cells of different
types and concentrations can be deposited. In this process,
the cell-laden hydrogel was performed by temperature cross-
linking of gelatin at 4 °C. Next, the sheets consisting of
PLA/PCL/Gel/cells were stacked to a 3D structure (Fig. 2e).
Finally, the structure was immersed in the CaCl, solution for
complete cross-linking (Fig. 2f). In this process, the sheets
were bonded together by the ionic cross-linking of alginate
with calcium ion (Ca®"). Thus, organ prototypes with con-
trollable cell-laden multi-scale sheets were obtained.

Cell culture and cell deposition

Mouse fibroblasts (1.929) and human umbilical cord vein
endothelial cells (HUVECS, labeled with red fluorescent
protein (RFP)) were cultured in MEM and ECM, respec-
tively, which were added with 10% fetal bovine serum, 1%
penicillin (100 units/ml), and streptomycin (100 pg/ml). The
cells were incubated at 37 °C in 5% CO2 in polystyrene tis-
sue culture flasks. The culture media were changed every
other day, and cells were passaged using trypsin—EDTA dis-
sociation every 4 days.

When depositing cells directly on multi-scale sheets
(PLA/PCL), the sheets were first immersed in 75% ethanol
under UV light for 1 h, washed three times with PBS, and
incubated in 24-well plates containing culture media over-
night. The cell suspensions were seeded on the sheets (one
sheet in each well of 24-well plates, at 2 X 10* cells/sheet in
1 ml MEM). The fibroblasts were incubated at 37 °C in 5%
CO2, and the media were replaced every other days.

When depositing cells on multi-scale sheets using bio-
printing (PLA/PCL/Hydrogel), alginate/gelatin hydrogel
was used to encapsulate cells and CaCl, was used as cross-
linking agent. The preparation process of cell-laden hydro-
gel solution was described in our previous study [23] and
resulted in a concentration of 2% alginate (w/v), 6% gelatin
(w/v), and a cell density of 1x 10° cells/ml or 2 x 10° cells/
ml. Then, cells were deposited controllably on the multi-
scale sheets by bioprinting.

Biocompatibility analysis

Cell viability was analyzed using LIVE/DEAD assay rea-
gents (KeyGEN BioTECH Co., Ltd., Nanjing, China)
according to the manufacturer’s instructions. Live and dead
cells were stained by calcein AM (green, 6 pM) and pro-
pidium iodide (red, 24 uM), respectively, and imaged under
a confocal fluorescence microscope (ZEISS LSM780). Then,
the cell viability was calculated as the number of green
stained cells/total cells X 100% using Image] software.
Cell proliferation was analyzed using cell counting
kit-8 (CCK-8, Dojindo) according to the manufacturer’s
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instructions. Different groups of cell-seeding samples were
washed three times with PBS. Then, 1450 pl MEM medium
and 50 pl CCK-8 were added to each well of 24-well plates
and incubated for 3 h. Finally, the solutions were transferred
to a 96-well plate (200 pl per well) to read the OD values at
a wavelength of 450 nm.

Cell morphology was analyzed by using TRITC phal-
loidin and DAPI to stain F-actin and nuclei, respectively,
according to the manufacturer’s instructions. First, the
samples were fixed in 4% paraformaldehyde for 30 min,
followed by permeabilized with 0.5% Triton X-100 for
5 min. Then, they were stained with TRITC phalloidin
(0.1 pM, YEASEN BioTECH Co., Ltd., Shanghai, China)
for 30 min and stained with DAPI (10 pg/ml Solarbio,
Beijing, China) for 10 min. The samples were washed

Fig.3 Fabrication of a 3D structure: a fabricated sheets; b 3D struc-
ture bonded by cross-linking alginate with Ca**

three times with PBS before each step. Finally, the cell
morphology was imaged under the confocal fluorescence
microscope.

Results and discussion

Fabrication and characterization of multi-scale
sheets with controlled cell deposition

According to the schematic illustration shown in Fig. 2,
the actual fabrication process is shown in Fig. 3. By three
steps of manufacturing, including PLA structures printing,
PCL membrane spinning, and hydrogel printing, the sheets
were successfully fabricated (Fig. 3a). After bonding the
sheets by cross-linking alginate with Ca**, a 3D structure
was fabricated, as shown in Fig. 3b.

In order to characterize the features of the fabricated
structures, a sheet was fabricated as an example. By adjust-
ing printing parameters (printing speed, layer thickness,
filling rate, et al.), grid PLA structure with fiber diam-
eter of 400 um and distance of 1000 um was printed, as
shown in Fig. 4a, d. This structure could provide sufficient
strength for mechanical support. The electrospun PCL fib-
ers with 900 nm diameter covered the PLA structure to
fill the pores, as shown in Fig. 4b, e. It can be seen that
the nanoscale fibers effectively and equably attached to
the PLA structure, which could provide a cell-favorable
environment for cell growth. Figure 4c, f shows the printed
fibroblasts-laden hydrogel on the multi-scale sheet. It can
be seen that the cells were evenly distributed in the sheet.

\ K —il..f"‘i‘

N/

®

PCL fiber

Cell

Fig.4 Characterization of cell-laden multi-scale sheet: a, d PLA structure; b, e PLA/PCL structure; ¢, f deposited cells on the multi-scale sheet
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Biocompatibility analysis of bioprinted L929 mouse
fibroblasts

To evaluate the biocompatibility of the fabrication method,
L.929 mouse fibroblasts were mixed with alginate/gelatin
hydrogel, and the mixture were deposited onto the PLA/PCL
multi-scale sheet. As shown in Fig. 5a, b, most of the fibro-
blasts were alive (green) and a few were dead (red) through
the bioprinting process. Furthermore, the cell viability
analysis on day 1, 4, 7, 10 was performed to further assess
the biocompatibility of the fabricated multi-scale sheet, as
shown in Fig. 5c, d. The result showed that the printed fibro-
blasts had 94.0+ 1.9% cell survival after 1 day of culture,
95.0+0.9%, 92.3+1.0%, and 98.0 +0.6% survival after
4 days, 7 days, and 10 days, respectively, which confirmed
that the method had a good biocompatibility. Additionally,
it can be seen that the fibroblasts began to elongate on day
4, and several cells began to migrate to the sheet on day 7.
This was further confirmed by the cytoskeletal staining, as
shown in Fig. Se. This behavior demonstrated that the PCL
nanoscale fibers were favorable for cell growth.

Because 3D bioprinting method enabled to fabricate com-
plex cell-laden structures with multiple cell types and con-
trollable cell densities, we attempted to use 3D bioprinting to
obtain a controllable cell deposition on the multi-scale sheet.
Here, fibroblasts with density of 1 X 10° cells/ml or 2 x 10°
cells/ml were mixed with alginate/gelatin and printed onto
the multi-scale sheet, respectively. As shown in Fig. 6a, b,
multi-scale sheets with different cell-seeding densities were
obtained. Additionally, two types of cells, mouse fibroblasts
(L929), and human umbilical cord vein endothelial cells

(@

(b)

1 00pm

Fig.5 Biocompatibility analysis of bioprinted 1929 mouse fibro-
blasts: a, b cell live/dead staining after printing; ¢ cell live/dead stain-
ing on day 1, 4, 7, and 10; d cell viability on day 1, 4, 7, and 10 (the

(RFP-HUVECs) were successfully deposited on the multi-
scale sheets, as shown in Fig. 6c¢, d.

Comparison of cell proliferation and cell
morphology in 3D and 2D culture

In order to compare cell growth in 3D and 2D culture within
the multi-scale sheets, in this study, cells cultured in the
hydrogel-embedded sheets (PLA/PCL/GEL) were acted as
3D culture model, and the cells seeded on the pure multi-
scale sheets without hydrogel ((PLA/PCL) and tissue culture
plates (TCPS) were regarded as 2D culture model (control
groups). The cell proliferation, morphology, and interaction
with the fibers were investigated during the culture period.

A cell proliferation analysis using cell counting kit-8
(CCK-8) assay was performed during a 20-day culture
period. As shown in Fig. 7, in the first 14 days, the prolifera-
tion rate of cells seeded on TCPS and PLA/PCL sheets was
higher that of PLA/PCL/GEL sheets. Whereas, the prolifera-
tion rate declined and the cell number decreases significantly
in the control groups, while the cells in the PLA/PCL/GEL
sheets continued to proliferate. This was probably because
the cell contact inhibition occurred due to the limited space
in 2D culture condition, while the space is enough for cell
growth in 3D growth. Therefore, the PLA/PCL/GEL sheets
were good for cell amplification.

Cytoskeletal observations by F-actin staining were used
to determine the changes in cell morphology to study cell
growth and interaction with different sheets. As shown
in Fig. 8, the cells seeded on TCPS and PLA/PCL sheets
showed elongated shapes in the first 5 days and changed to

Viability (%)
wm
<

error bars show mean+SD of 5 independent replicates); e cell mor-
phology change on day 4
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Fig.6 Cell deposition with con-
trollable cell densities and cell
types: a fibroblasts with density
of 1x 108 cells/ml; b fibroblasts
with density of 2 x 10° cells/
ml; ¢ mouse fibroblasts (1.929)
stained with DAPI; d human
umbilical cord vein endothelial
cells (RFP-HUVECS) stained
with DAPI
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Fig.7 Comparison of cell proliferation between 2D culture (TCPS
and PLA/PCL sheets) and 3D culture (PLA/PCL/GEL sheets)

circle shapes due to the contact inhibition and covered full of
the sheet surface. Differently, the cells cultured in the PLA/
PCL/GEL sheets showed spherical shapes and the diameter
of the cellular spheroids gradually increased. The cellular
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spheroids fused together to form a tissue. Interestingly, in
the PLA/PCL/GEL sheets, the cells began to migrate to the
thin PCL fibers, as shown in Fig. 9. This occurred because
the cells preferred to adhere to nanoscale fibers, which
could mimic the extracellular matrix (ECM). In a word, the
comparison of cell proliferation and cell morphology in 3D
and 2D culture confirmed the excellent compatibility of the
hydrogel-laden multi-scale sheet.

Fabrication of a multi-scale vascular structure

Recently, fabrication of a vascular structure is a hot research
topic in tissue engineering. Many methods have been
reported to fabricate vascular structures, including electro-
spinning vascular scaffolds [24, 25] and bioprinting cell-
laden hydrogel-based vascular structures [26—28]. However,
it is very difficult to accurately seed cells on the electrospun
vascular scaffolds, and hydrogel-based vascular structures
have poor mechanical strength. Here, using the presented
method, we attempted to fabricate a multi-scale branched
vascular structure, illustrated in Fig. 10a. According to the
fabrication process described in “Fabrication process of
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Fig.8 Comparison of cell mor-

phology change within different (a)
structures: a TCPS; b PLA/PCL

sheets; ¢ PLA/PCL/GEL sheets

(b)

PLA/PCL

(c)
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I

Fig.9 Phenomenon of cell migration to PCL fibers: a F-actin stain-
ing; b live/dead staining

(@)
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organ prototypes with controllable cell-laden multi-scale
sheets” section, the multi-scale branched vascular structure
was successfully fabricated, as shown in Fig. 10b. Next, a
perfusion test was performed by pumping cell culture media
(MEM) using a syringe pump into the fabricated vascular
structure, as shown in Fig. 3c, and the result shows that
the cell culture media were perfused through the channel
smoothly, which demonstrated that the structure was tightly

Day 5

Day 10 Day 14

.
.
.

bonded. Furthermore, 1.929 fibroblasts were encapsulated
in the structure, and the result shows that the cells evenly
distributed in vascular structures, and the fluorescent images
show that almost all of the cells were alive (green). In future
studies, three types of vascular cells including fibroblasts,
smooth muscle cells, and endothelial cells could be depos-
ited on the multi-scale vascular structure for better simula-
tion of real vascular structures.

Conclusions

In this study, a novel method in which organ prototypes with
controllable shapes, nanofibrous structures, and cell deposi-
tion was fabricated layer by layer by combining the technol-
ogy of extrusion-based 3D printing, electrospinning, and
bioprinting. In this structure, the macroscale structures could
offer 3D shape and strength support, the nanoscale struc-
tures could offer a favorable environment for cell growth,
and cells could be deposited in a controlled manner by 3D
bioprinting. Through systematic experiments, we have dem-
onstrated the feasibility of this method for the manufacture
of organ prototypes with cell-laden multi-scale sheets and
confirmed the excellent compatibility of the hydrogel-laden
multi-scale sheets. Additionally, the success of manufac-
turing a branched vascular structure further confirmed the
stability and versatility of this method. We believe that the
hybrid fabrication of multi-scale sheets with controlled cell
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Fig. 10 Fabrication of a multi-
scale vascular structure: a a
designed branched vascular
model; b fabricated multi-scale
branched vascular structure; ¢
perfusion of cell culture media
into the vascular structure; d
cell culture within the vascular
structure

(d)

Liquid flow_ lpme

deposition will have wide applications in manufacturing
organ prototypes.
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