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scaffolds. These results indicate that cell-derived decellu-
larized matrices were successfully prepared as desirably-
shaped 3D scaffolds with the aid of 3D-printed scaffolds. 
Moreover, the matrices exhibited cell adhesiveness. These 
results indicate that 3D-printing techniques will aid fabri-
cation of cell-derived decellularized matrices as desirably 
shaped 3D scaffolds. Improved production of such desir-
ably-shaped 3D scaffolds of cell-derived decellularized 
matrices will expand the applications in tissue engineering 
and regenerative medicine.

1  Introduction

Extracellular matrix (ECM) is an adhesive substrate for the 
cells in our body. ECM can regulate various cell functions, 
including cell adhesion, survival, proliferation, differen-
tiation, migration, and responses to growth factors (Hynes 
2009; Giancotti and Ruoslahti 1999). ECM plays a key 
role in regenerative medicine and tissue engineering. ECM 
is composed of numerous types of proteins and carbohy-
drates, and its composition depends on tissue types as well 
as developmental and pathological states (Manabe et  al. 
2008; Larsen et  al. 2006; Ioachim et  al. 2002). Thus, the 
reconstitution of native ECM in vitro is difficult with con-
ventional chemical and physical methods. Decellularization 
has been widely used to reconstitute native ECM in vitro 
(Badylak 2007; Crapo et  al. 2011; Hoshiba et  al. 2010). 
Decellularization is a technique to specifically remove 
cells from cell-ECM constructions. Decellularized matri-
ces, which are reconstituted ECM by decellularization, are 
mainly derived from two sources: (1) ECM in tissues and 
organs and (2) ECM deposited on substrates by cultured 
cells (Hoshiba et  al. 2010, 2016; Hoshiba 2017). Each 
source has both advantages and disadvantages. Specifically, 
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cell-derived decellularized matrices can mimic native ECM 
located in limited regions, such as the stem cell niche, 
which is a big advantage over tissue-/organ-derived decel-
lularized matrices (Hoshiba et  al. 2016; Hoshiba 2017). 
Conversely, it is difficult for cell-derived decellularized 
matrices to mimic macro-structures of tissues and organs, 
whereas decellularized matrices derived from tissues/
organs maintain their micro-structures (Hoshiba et al. 2016; 
Hoshiba 2017). Thus, fabrication of cell-derived decellular-
ized matrices into desirably-shaped three-dimensional (3D) 
scaffolds which mimic the shapes of tissues and organs is 
highly desirable for future tissue and organ substitutions.

To fabricate cell-derived decellularized matrices as 3D 
scaffolds, cells are seeded for culture upon 3D template 
scaffolds with various materials to facilitate deposition of 
ECM components on the surface of the scaffolds (Liao et al. 
2010; Pham et  al. 2008). Thus, cell-derived decellularized 
matrices may be fabricated as desirably-shaped 3D scaffolds 
through the use of 3D templates. There are many methods 
to construct 3D scaffolds. Recently, 3D-printers have been 
used to construct desirably-shaped scaffolds (Guvendiren 
et al. 2016). In this study, we sought to fabricate cell-derived 
decellularized matrices as desirably-shaped 3D scaffolds 
with the aid of 3D-printed biodegradable polymer scaffolds. 
Additionally, we tested whether prepared matrices possess 
the cell adhesiveness. It is expected that cell-derived decel-
lularized matrices may be fabricated as desirably-shaped 3D 
scaffolds using 3D-printed templates.

2 � Materials and methods

2.1 � Fabrication of biodegradable polymer scaffolds 
with 3D printer

A honeycomb 3D model was created with free 3D mod-
eling software from Autodesk 123D Design (Autodesk 
Inc., USA), then the digital 3D model was saved in STL 
format and sent to a fused deposition modeling (FDM) 
type 3D printer from UP Mini (Japan 3D printer Co., Ltd, 
Tokyo, Japan). Real honeycomb scaffolds were built up on 
UP Mini layer-by-layer from the bottom up by heating and 
extruding thermoplastic poly (D, L-lactic acid) (PLA) fila-
ment (Japan 3D printer Co., Ltd, Tokyo, Japan).

2.2 � Cell culture

HT-1080 cells (Japanese Collection of Research Biore-
sources Cell Bank, Osaka, Japan) were maintained in 
Dulbecco’s Modified Eagle/Nutrient F-12 Mixture (1:1) 
medium (Gibco, Carlsbad, CA, USA) supplemented with 
10% fetal bovine serum (FBS, Equitech-Bio, Kerrville, 
TX, USA) (serum medium) in tissue culture polystyrene 

(TCPS) flasks (Greiner Bio-One GmbH, Kremsmünster, 
Austria). Prior to the experiments, the cells were harvested 
by treatment with 0.25% trypsin/EDTA solution (Gibco).

2.3 � Preparation of cell‑derived decellularized matrices 
on 3D printed scaffolds

The scaffolds were sterilized by soaking in 70% ethanol for 
15  min and washed with PBS twice. The cells were sus-
pended in serum medium at a concentration of 500,000 
cells/mL. The scaffolds were then immersed in 2  mL of 
this cell suspension and were incubated for 6  h at 37  °C 
in 15  mL tubes. After incubation, cell suspensions were 
removed and the scaffolds were immediately immersed in 
2 mL of freshly prepared cell suspension in 15 mL tubes. 
The scaffolds were then incubated at 37  °C overnight to 
ensure firm cell adhesion on the scaffolds. After incubation, 
the cell-scaffold constructs were transferred into a 6-well 
tissue culture plate cast-coated with 360 μL/well of 0.2% 
poly (2-methacryloyloxyethyl phosphorylcholine-co-butyl 
methacrylate) (30:70 mol%, generously provided by NOF, 
Tokyo, Japan). Transferred cell-scaffold constructs were 
further cultured in serum medium for 10  days to deposit 
ECM components by the cells.

2.4 � Decellularization

Decellularization was performed with the method described 
previously (Hoshiba et  al. 2012; Hoshiba and Tanaka 
2016). Briefly, the cell-scaffold constructs were incubated 
in PBS containing 0.5% Triton X-100 and 20 mM NH4OH 
for 5  min at 37  °C. After incubation, the constructs were 
incubated in PBS containing 100  μg/mL of DNase I 
(Roche Applied Science, Penzberg, Germany) and RNase 
A (Nacalai Tesque, Kyoto, Japan) for 1 h at 37  °C. After 
incubation, the constructs were incubated in 0.1% glutar-
aldehyde containing PBS for 6 h at 4 °C to fix the depos-
ited ECM components. After fixation, the constructs were 
treated with 0.1  M glycine containing PBS at 4  °C over-
night to quench unreacted aldehyde groups. The decellular-
ized matrices were stored at 4 °C until use.

2.5 � Confirmation of cell removal

After the culture of cell-scaffold constructs for 10 days, the 
cells were fixed with 0.1% glutaraldehyde for 6 h at 4 °C 
without decellularization. Decellularized matrices and cell-
scaffold constructs without decellularization were treated 
with 1% Triton X-100 containing PBS for 2 min at room 
temperature to permeabilize cell membranes. The samples 
were then incubated with Alexa 488-conjugated phalloidin 
(Invitrogen, Carlsbad, CA, USA) for 1 h at 37 °C to visu-
alized actin filaments. After incubation, the samples were 
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incubated in 10 μg/mL Hoechst 33258 (Wako) for 5 min at 
37 °C to visualize cell nuclei. The samples were observed 
with fluorescence microscope.

2.6 � Immunocytochemical analysis of fibronectin

The decellularized matrices were incubated in Blocking 
One (Nacalai Tesque) for 30  min at 37  °C to block non-
specific antibody reactions. After the blocking process, the 
samples were treated with primary anti-fibronectin antibody 
(Sigma, St Louis, MO, USA) for 2  h at 37  °C. The sam-
ples were incubated with corresponding secondary antibody 
conjugated with peroxidase (Dako, Carpinteria, CA, USA) 
for 1 h at 37 °C. Finally, the samples were incubated with 
3, 3′-diaminobenzidine (DAB) solution (Dako), a colorimet-
ric substrate used to visualize peroxidase-labeled proteins. 
Gross appearance of the samples was recorded with a digi-
tal camera (Panasonic, Osaka, Japan). The samples were 
observed using an optical microscope with a light emitting 
diode (LED), lighting from the lower side of the sample 
instead of the lighting equipped with the microscope.

2.7 � Re‑seeding of the cells on the decellularized 
matrices

Freshly harvested HT-1080 cells were suspended at a con-
centration of 250,000 cells/mL in serum medium. The 
matrices were immersed in 2  mL of the suspension and 
incubated for 6 h at 37  °C in 15 mL tubes. After incuba-
tion, non-adherent cells were removed from the cultures 
and adherent cells were fixed with 0.1% glutaraldehyde 
containing PBS. The cells were observed by fluorescence 
microscopy after staining of cell nuclei as described above.

3 � Results

3.1 � Preparation of cell‑derived decellularized matrices 
on 3D‑printed scaffolds

To fabricate cell-derived decellularized matrices as desir-
ably shaped 3D scaffolds, HT-1080 cells were seeded on 
3D-printed PLA scaffolds (Fig. 1), and the cells were cul-
tured for 10  days. After the culture, the decellularization 
was performed. To confirm whether the cells were removed 
from cell-scaffold constructs, cell nuclei and actin fib-
ers were detected in the samples with Hoechst 33258 and 
Alexa 488-conjugated phalloidin (Fig.  2). Evident cell 
nuclei and actin fibers were observed in the samples before 
decellularization whereas no cell nuclei and actin fibers 
were observed after decellularization. These results indi-
cated that cells were successfully removed from the cell-
scaffold constructs by decellularization. 

Additionally, deposited fibronectin was detected to con-
firm whether ECM components remained even after decel-
lularization (Fig. 3). Deposited fibronectin was labeled by 
immunocytochemistry and visualized with DAB, which 
develops a brown deposition after a peroxidase-catalyzed 
reaction. The decellularized sample was stained brown 
whereas bare PLA scaffolds were not stained following 
gross examination (Fig.  3a). Additionally, brown deposi-
tion was observed in decellularization samples but not in 
bare PLA scaffolds following optical microscopic observa-
tion (Fig. 3b). These results suggest that ECM components 

Fig. 1   Design of the PLA scaffold. a Digital 3D honeycomb 
model created with Autodesk 123D Design. b Gross appearance of 
3D-printed PLA scaffold

Fig. 2   Confirmation of decellularization. Blue and green indicate cell 
nuclei and actin fibers, respectively. Bar indicates 500 μm (color fig-
ure online)
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remained even after decellularization and cell-derived 
decellularized matrices were successfully prepared on 
3D-printed PLA scaffolds as templates.

3.2 � Cell adhesion on the decellularized matrices

To examine whether cells can adhere on the cell-derived 
decellularized matrices, freshly harvested HT-1080 cells 
were seeded on the matrices. After 6 h incubation, adher-
ent cells were detected by the visualization of cell nuclei 
(Fig. 4). Freshly harvested HT-1080 cells adhered on bare 
PLA scaffold (Fig.  4, right panel) Additionally, the cells 
adhered on the cell-derived decellularized matrices (Fig. 4, 

left panel). This result indicated that the cell-derived decel-
lularized matrices possess the cell adhesiveness even when 
the matrices were prepared on 3D-printed PLLA scaffolds.

4 � Discussion

Cell-derived decellularized matrices are widely used cell 
culture substrates in tissue engineering and regenera-
tive medicine (Hoshiba et  al. 2010, 2016; Hoshiba 2017). 
However, cell-derived decellularized matrices generally 
lack tissue- and organ-macrostructure (Hoshiba et al. 2016; 
Hoshiba 2017). Thus, fabrication of cell-derived decellular-
ized matrices into desirably-shaped 3D scaffolds is required. 
In this study, we prepared cell-derived decellularized matri-
ces on 3D-printed PLA scaffolds to fabricate matrices in 
desirably-shaped 3D scaffolds. Preparation of cell-derived 
decellularized matrices on 3D-printed scaffolds offers a rel-
atively straightforward solution for this problem.

In this study, we demonstrated that cell-derived decellu-
larized matrices can be prepared on 3D-printed scaffolds for 
fabrication as desirably-shaped 3D scaffolds. However, cells 
were distributed heterogeneously on PLA scaffolds dur-
ing the culture for deposition of ECM components (Fig. 2). 
Deposited fibronectin was also detected as both dense and 
pale brown regions (Fig. 3). These results indicate that cell-
derived decellularized matrices were prepared heterogene-
ously in this study. To prepare cell-derived decellularized 
matrices on the 3D scaffolds homogeneously, the homog-
enous distribution of adherent cells is critical. In this study, 
the scaffolds were simply immersed in cell suspension and 
the cells were allowed to adhere. Several cell seeding tech-
niques (e.g., seeding with a low-pressure system, dynamic 
cell seeding) are available for homogeneous cell seeding 
(Torigoe et al. 2007; Vitacolonna et al. 2015).

In addition to the homogeneous preparation of cell-
derived decellularized matrices on 3D scaffolds, sufficient 
deposition of ECM components is also critical fully to exert 
the ability of the matrices for the induction of cell func-
tions. The amounts of deposited ECM components depend 
many factors, such as cell density and culture period. These 
factors must be optimized in future studies. Additionally, 
medium composition can influence the production of ECM 
components in cells. For example, ascorbic acid promotes 
the production of collagens and accelerates their deposition 
(Soucy et al. 2011). Recently, accelerated ECM deposition 
was reported under macromolecular crowding conditions in 
the medium (Satyam et al. 2014; Prewitz et al. 2015).

It is possible to fabricate 3D scaffolds with various 
materials, such as metal, polymers, and inorganic com-
pounds, using a 3D printer (Guvendiren et  al. 2016; Fra-
zier 2014; Wu et  al. 2011). It is expected that the hybrid 
scaffolds of cell-derived decellularized matrices with these 

Fig. 3   Detection of deposited fibronectin. Deposited fibronectin was 
labeled by immunocytochemistry and visualized with brown color 
developed from DAB. a Gross appearance. b Microscopic observa-
tion. Bar indicates 200 μm (color figure online)

Fig. 4   The adhesion of freshly harvested HT-1080 cells on the decel-
lularized matrices. Blue indicates cell nuclei. Bar indicates 200 μm 
(color figure online)
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materials can be prepared and these hybrid scaffolds will 
helpful to expand the applications, for example, bone and 
dental tissue engineering. In addition to 3D-printing using 
these materials, Pati et al., reported that solubilized tissue-
derived decellularized matrices could be used as a bio-ink 
for the 3D-printing of cells (Pati et  al. 2014). However, 
solubilized decellularized matrices lose their microstruc-
tures, which can also influence cell functions as well as 
ECM compositions. We have reported that poly (lactic-co-
glycolic acid) (PLGA) scaffolds can be used as template 
scaffolds, where cell-derived decellularized matrices are 
prepared. PLGA scaffolds were completely removed after 
cell-derived decellularized matrices preparation, indicating 
that PLGA scaffolds can be used as a removable template 
(Lu et al. 2011a, b). It is expected that cell-derived decel-
lularized matrices can be prepared as desirably-shaped 3D 
scaffolds without the loss of microstructure using removal 
scaffolds such as PLGA scaffolds.

5 � Conclusions

Cell-derived decellularized matrices can be prepared on 
3D-printed scaffolds. The combination with 3D-printing 
techniques will aid fabrication of cell-derived decellu-
larized matrices as desirably shaped 3D scaffolds. This 
achievement will expand applications in tissue engineering 
and regenerative medicine.
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