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a b s t r a c t

The objective of this study is to evaluate the possibility of gelatin hydrogel nonwoven fabrics (GHNF) of a
cell culture scaffold to formulate 3-dimensional (3D) cell construct. The thickness of cell construct is
about 1 mm and the cells inside are live and bio-active, irrespective of their internal distribution. The
GHNF were prepared by the solution blow method of gelatin, following by dehydrothermal crosslinking.
The GHNF showed a mechanical strength strong enough not to allow the shape to deform even in a wet
state. The wet GHNF also showed resistance against repeated compression. After human mesenchymal
stromal cells (hMSC) were seeded and cultured, the inner distribution in GHNF, the apoptosis, hypoxia
inducible factor (HIF)-1a, Ki67, collagen or sulfated glycosaminoglycan (sGAG) secretion of cells were
evaluated. The hMSC proliferated inside the GHNF with time while a homogeneous distribution in the
number of cells proliferated from the surface to the 1000 mm depth of GHNF was observed. The number
of apoptosis and HIF-1a positive cells was significantly low compared with that of polypropylene
nonwoven fabrics with the similar fiber diameters and intra-structure. The GHNF were degraded during
cell culture, and completely replaced by collagen and sGAG secreted. It is concluded that the GHNF is a
promising cell culture scaffold for 3D cell constructs.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

One of the realistic strategies to enhance and maintain the
biological activities of cells is to achieve 3-dimensional (3D)
cellecell interaction in the in vivo condition [1]. As trials to
formulate 3D cell constructs in vitro, several approaches have
been investigated [1,2] to demonstrate the advantages of 3D cell
constructs over 2D ones, such as the promotion of cell differen-
tiation [3], the improvement of cell functions [4], the enhance-
ment of drug sensitivity [5e7], and an increased survival of cells
after implantation [8]. Among them, 3D cell culture scaffolds have
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been prepared from different materials in various designs for both
the in vitro and in vivo usages. It has been demonstrated that the
porous structures of scaffolds can provide cells with spaces for
their proliferation, migration, and differentiation or the promoted
construction of cell niche [9,10]. However, one of the big problems
for 3D constructs is the death and functional loss of cells due to
the poor supply of nutrients and oxygen to cells. When the
thickness of cell constructs becomes larger than 150e200 mm,
nutrients and oxygen do not reach to the construct inside,
resulting in cell necrosis inside the construct [11e14]. Hypoxia
often makes cells to decrease the functions and die [13,17,19]. To
rescue cells from their hypoxia, several experimental trials, such
as the promotion of angiogenesis [11,12], the addition of oxygen
releasing materials [15,16], the usage of gas permeable cell cul-
ture system [17,18], the design of interconnected porous structure
[19], and the incorporation of hydrogels [20e24] have been re-
ported. However, these are still some rooms to be improved for
this issue.
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Gelatin hydrogel is one of cell friendlymaterials available for cell
culture substrates. Because it has an inherent property of biocom-
patibility [25,26], and shows a nature to improve cellular hypoxia
[22]. The gelatin hydrogel has a high permeability of oxygen and
nutrients through thewater phase in hydrogels. It is experimentally
confirmed that the incorporation of gelatin hydrogels in 3D cell
constructs enables cells to enhance their survival rate and biolog-
ical functions [21e24].

Based on the characteristics, the gelatin hydrogels of a sponge
shape have been widely used, but the poor mechanical strength
should be considered for the usage of cell culture substrate
[27e29]. This property is one reason of difficulty to maintain their
porous structure and interconnectivity during the cell culture.
Some trials are reported to tackle the mechanical properties issue
of gelatin hydrogels [27e29], but these trial used other additional
components or chemical reagents. As one of the formulation stra-
tegies to overcome the problems, we have designed a nonwoven
fabric of gelatin hydrogels [24,30].

This study is undertaken to evaluate that feasibility of gelatin
nonwoven fabrics (GHNF) as a 3D cell culture scaffold by comparing
with polypropylene [31] nonwoven fabrics (PPNF) with the same
property and structure of GHNF. Following the culture of human
mesenchymal stromal cells (hMSC) with the GHNF, the cell prolif-
eration or distribution, hypoxia, apoptosis cells, cell proliferating
activity, the secretion of collagen and sulfated glycosaminoglycan
(sGAG) inside the cell-GHNF construct. We examine the degrada-
tion profile of GHNF with time and the consequent structural
component change.
2. Materials and methods

2.1. Preparation of GHNF

The gelatin hydrogel nonwoven fabrics (GHNF) were prepared
by the solution blow spinning method previously reported
[24,30,32]. Briefly, aqueous solution of 37.5 wt% gelatin with an
isoelectric point at 5.0, (Nitta Gelatin Inc., Osaka, Japan), was heated
at 60 �C. The gelatin solutionwas discharged through a nozzle with
an internal diameter of 250 mmat different discharge pressures (0.1,
0.15, 0.2, and 0.25 MPa). The discharged gelatin solution was blown
by a heated air for dry solidification, followed by collection by a
collector to obtain GHNF. Then, the GHNF prepared were freeze-
dried for 72 h. The dried and non-crosslink GHNF were treated in
a vacuum oven at 140 �C and 1� 10�5 MPa for 48 h to allow their to
dehydrothermally crosslink according to the method previous re-
ported [33]. The cross-linked GHNF were punched out into discs of
4 mm in diameter. The GHNF discs were swollen in 1 mM
phosphate-buffered solution (PBS) at 37 �C for 15 min. The weight,
thickness, disc diameter, and the fiber diameter of swollen GHNF
were measured, while the surface area of swollen GHNF was
calculated. The total fiber volume, fiber length, fiber surface area of
GHNF, and surface area per unit volume were calculated as below.

Total fiber volume per scaffolf
�
mm3

�

¼ Weight of swollen GHNF ðmgÞ
Density of swollen gelatin

�
mg

�
mm3

�

Fiber length per scaffold ðmmÞ

¼ Total fiber volume per scaffoldðmm3Þ
Cross section area of swollen gelatin fiber ðmm2Þ
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Fiber surface area per scaffoldðmm2Þ
¼ Fiber diameterðmmÞ � Fiber length ðmmÞ � p

Surface area per unit volume

¼ Fiber surface area per scaffoldðmm2Þ
Scaffold volumeðmm3Þ

After the excess water was removed with paper, the weight of
GHNF in the swollen state was measured. The density of swollen
gelatin was calculated from the weight and volume of swollen
gelatin film which are prepared from same gelatin solution con-
centration and dehydrothermal crosslinking condition of GHNF. As
a control, polypropylene fiber nonwoven fabrics (PPNF) were pre-
pared with the same diameter and structure by the needle punch
method [34,35]. Both the GHNF and PPNF were placed in each well
of 96 multi-wells plate (Corning® 96 well TC-treated Microplates,
Corning incorp., USA) and sterilized using ethylene oxide gas.

2.2. Characterization of GHNF

To observed the appearance and intra-structure of GHNF and
PPNF in a dried or swollen condition, scanning electron microscope
(SEM, FlexSEM 1000, Hitachi High Technologies corp., Japan) and a
light microscope (BX-X710, Keyence Corp., Japan) pictures were
taken. For the SEM observation, GHNF and PPNF dried were placed
on a stage and fixed with a conductive tape, and then coated with
sputtered gold by sputter coater (MSP-1S; Vacuum Device Inc.,
Japan). The diameter of 50 fibers was measured from the SEM and
light microscopic pictures, and the average diameter was calculated
by the computer software (PhotoRuler, Hyogo, Japan) and Image J.

Mechanical tests were done on Micro Autograph MST-I (Shi-
madzu Corp., Japan) with 2 flat-surface compressive stages. The
GHNF dried or swollen and PPNF dried were placed between the
stages and the compressive stressestrain curves were recorded.
The top stage was set to move downward at 1 mm/min from 0%
strain to 70% strain. The compressive modulus was calculated from
the stressestrain curves with strain ranges of 1e5%. To evaluate the
recoverability of GHNF swollen, the same compressive
stressestrain test was repeated 10 times for the same sample. At
time intervals of each test, the stage position was set to the start
position, and the same stress at 0% strain was applied. Immediately
after that, the next test was started.

2.3. Cell culture

Human bone marrow derived mesenchymal stromal cells
(hMSC) immortalized by introducing human telomerase reverse
transcriptase were kindly provided by Dr. Toguchida [36]. hMSC
were cultured in 100 mm dish with Minimal Essential Medium
alpha (MEMa) (Thermo Inc., Waltham, USA) supplemented with 10
vol% fetal bovine serum (FBS) (Thermo Inc., Waltham, USA) and 1
vol% penicillin and streptomycin (Nacalai tesque, Kyoto, Japan) at
37 �C in a humidified incubator with 5% CO2. The cells were de-
tached with 0.25 wt% trypsin-containing 1 mM EDTA solution
(Nacalai Tesque. Inc., Kyoto, Japan), and continued to culture in
100 mm cell culture dish (Corning Inc., Corning, NY) to allow them
to grow until to 80% confluency.

2.4. Cell seeding and culture in GHNF

Before the cell seeding, 200 ml of PBS was dropped onto the
dried GHNF and PPNF and left at room temperature for 30 min.
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After PBS was removed by pipetting, hMSC (18e19 passaged) cell
suspension (200 ml) was seeded onto the GHNF and PPNF at
1 � 106 cells/ml. Next, the hMSC-seeded GHNF and PPNF were
agitated on an orbital shaker (Optima Inc., Japan) at 300 rpm for 4 h.
The shaking culture is one methodology to make cells homoge-
neously distribute in the 3D scaffold [37].

The cell-GHNF and cell-PPNF constructs were immobilized with
22G spinal needles (TOP Corp., Japan). The GHNF and PPNF
immobilized were set in a spinner flask (Adjustable Hanging Bar
Flat Bottom Spinner Flask 250 ml, Bellco Corp., NJ, USA) by stung
needles top of flask. The schematic illustration of this cell culture
procedure is shown Fig. 2A. The cell manipulation was performed
in a clean bench at room temperature for 3 h. The spinner flask
placed ontomagnetic stirrer (4 position stirrer, Wakenyaku Co. Ltd.,
Kyoto, Japan) and stirred at 60 rpm for the initial 1 day and at
70 rpm for the following 34 days. The half volume of medium was
exchange every 3 or 4 days. The cell-GHNF constructs were
cultured for 1 day after the stirred culture, and then cultured for 4,
7, 14, 25, and 35 days by stirring culture.
Fig. 1. Light microscope and SEM pictures and mechanical properties of GHNF and PPNF. L
microscopic pictures of GHNF in the dried (C) or swollen (D). Light microscope (E) and SEM
curves of GHNF in the swollen state; (�) one time and (- -) 10 times repeated compression
groups.
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2.5. Cell proliferation assay

The number of cells proliferated in GHNF and PPNF was evalu-
ated by the DNA assay [38,39]. Briefly, the cell-GHNF and PPNF
constructs cultured werewashedwith the PBS solution three times,
and stored at �30 �C until to the assay. After thawing, cells in the
GHNF and PPNF were lysed by 30 mM saline-sodium citrate (SSC)
containing 0.2 mg/ml sodium dodecyl sulfate (Nakalai Tesque Inc.,
Japan) at 37 �C, 300 rpm for 24 h by thermomixer (Eppendorf Co.
Ltd., Germany). The dye solution of 30 mM SSC containing 1.25 ml/
ml Hoechst 33,258 DMSO solution (1 mg/ml, Nakalai tesque, Japan)
(160 ml) and the cell lysate (40 ml) was mixed in each well of 96
multi well black flat bottom plate (Corning Inc., NY), while the
fluorescence intensity of mixed solution was measured at excita-
tion and emission wavelengths of 355 and 460 nm on fluorescence
spectrometer (SpectraMax; Molecular Devices, California, USA).
The number of cells was calculated by a standard curve between the
fluorescent intensity and cell number known. The DNA assay was
performed for 4 materials at each time point and the average
number of cells was calculated.
ight microscopic pictures of GHNF in the dried (A) or swollen state (B). SEM and light
pictures (F) of PPNF. (G) Compressive Modulus of GHNF and PPNF. (H) Stresse strain
stress. The scale bar indicates 200 mm *, p < 0.05; significant difference between the



Fig. 2. 3D stirring culture of hMSC in GHNF or PPNF. (A) Schematic illustration of cell culture procedures. Appearance of GHNF (B, C) and PPNF (D, E) before stirring culture (B, D) or
35 days after culture (C, E). HE staining images of GHNF (F) and PPNF (G) cross-sections before stirring culture. The black arrowhead indicates the cell nucleus. (H) Time course of
cells proliferation for GHNF (,) and PPNF (-). The scale bar indicates 5 mm (B, C, D, E) and 50 mm (F, G). *, p < 0.05; significant difference between the groups.
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2.6. Histological examinations

The cell-GHNF or -PPNF constructs were fixed with 4 wt%
paraformaldehyde/PBS solution for 15 min, and then washed by
PBS 3 times. The samples were placed into 30 wt% sucrose/PBS
solution overnight, followed by the embedment in the OCT com-
pound (Sakura Finetek Japan Co. Ltd., Tokyo, Japan) and frozen by
liquid nitrogen. The frozen samples were sliced at 10 mm thickness
by a cryotome (CM3050S, Leica Microsystems, Wetzlar, Germany)
and the resulting sections were transferred to adhesion microscope
slides (Matsunami Ind. Ltd., Osaka, Japan) with an adhesive film
[40] (Cryofilm type 2C (10); Section Lab Co. Ltd., Japan).

For the hematoxylin and eosin (HE) staining of cross-sectionally
sliced section, first the coverage by water-soluble embedment
(Aquatex; Merck Ltd., Darmstadt, Germany) to inhibit the fiber
shrinkage in the swollen GHNF condition [30], and then stained
according to the conventional procedure. The stained sections were
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observed immediately by light microscope (BX-X710, Keyence
Corp., Japan) within one day after embedment. The same procedure
of sections preparation was performed for other stained samples
unless mentioned especially. The TUNEL staining was performed
using In Situ Cell Death Detection Kit, POD (Roche, Germany) ac-
cording to the user instruction. Apoptotic cells were detected by
DAB chromogen (DAKO, CA, USA) for approximately 1 min while
the samples counter-stained with hematoxylin. To detect hypoxia
and proliferating cells, HIF-1a and Ki67 immunostaining were
performed. Briefly, the sections werewashedwith PBS for 15min at
room temperature, and then the permeabilized 3 times with PBS
containing 0.1 wt% Triton X-100 for 5 min at room temperature.
Next, the sections were incubated 3 vol% hydrogen peroxide in
methanol for 10 min to block the endogenous peroxidase activity
and washed PBS for 5 min 2 times. The samples were treated
overnight at 4 �C with HIF-1a mouse monoclonal (ESEE122) anti-
body (1:100 dilution; 14-9100-82; eBioscience Inc., San Diego, USA)
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or Ki67 rabbit monoclonal (SP6) antibody (1:5000; ab16667;
Abcam plc, Cambrige, UK) in 1x tris-buffered saline solution (TBS)
containing 1 wt% bovine serum albumin (Nakalai Tesque, Kyoto,
Japan). After washed with TBS containing 0.1% Triton X-100 for
5 min at 2 times, the sections were incubated polymer conjugated
2nd antibody (Histofine Simple Stain MAX PO; Nichirei Bioscience
Inc., Japan) for 30 min. After PBS washing, HIF-1a and Ki67 positive
cells were detected by the DAB chromogen substrate and counter-
stained with hematoxylin. To evaluate cell distribution in GHNF,
cells were observed at different depth ranges of GHNF and PPNF,
0e200, 200e400, 400e600, 600e800, and 800e1000 mm depth
from the surface. The sections were prepared from 3 different
scaffolds at each time point, and cells were counted from each
divided images unless mentioned otherwise. The distribution of
TUNEL-positive cells and HIF-1a-positive cells were calculated as
the number percentage of positive cells to the total cells. The
number of Ki67-positive and -negative cells were also counted at
different depth ranges from the scaffold surface.

2.7. Secretion assay of collagen and sGAG

As one measure of cell functions, the secretion and distribution
of collagen and sulfated glycosaminoglycan (sGAG) in GHNF and
PPNF were measured. The sirius red/fast green staining was per-
formed to stain collagen-positive area in the scaffold [41]. The
sections were washed by PBS for 20 min and incubated in the sirius
red/fast green dye solution (Sirius Red/Fast Green Collagen Staining
kit; Chondrex Inc., WA, USA) for 3 min. Then, the sections were
washed by double-distilled water (DDW) until the water color
becomes clear, followed by immediately observed by the light
microscope. Collagen was colored in dark purple while gelatin and
cytoplasmwere in pink and green, respectively. The alcian blue (pH
1.0) staining was performed to stain sGAG-positive area in the
scaffold [42]. The sections werewashed by PBS for 20min and 0.1 N
HCl aqueous solution (Muto Pure Chemicals Co. Ltd., Tokyo, Japan)
for 1 min, and then incubated in alcian blue (pH 1.0) dye solution
(Muto Pure Chemicals Co. Ltd., Tokyo, Japan) for 60 min at room
temperature. Next, the sections were incubated in 0.1 N HCl
aqueous solution for 3 min andwashed by DDW, and then, counter-
stained with hematoxylin. sGAG was colored in light blue while
gelatin and cell were light purple and dark blue.

To evaluate the distribution of collagen and sGAG secreted, their
area was calculated at different depth ranges. The area of collagen
and sGAG was analyzed by image J software. Briefly, the images of
sirius red/fast green and alcian blue staining were binarized to
collagen- or sGAG-positive area respectively. The image binariza-
tion were utilized for separate the collagen- or sGAG-positive area
from gelatin fiber areawhich is slightly stained by the sirius red and
alcian blue staining.

2.8. Statistical analysis

Results were expressed as the means ± SD of 3 different sam-
ples. Statistical significance of differences between the two mean
values was performed by the student t-test. The p-value < 0.05 was
to be considered statistically significant.

3. Results

3.1. Characterization of GHNF

Fig. 1 shows the pictures and mechanical properties of GHNF
and PPNF. Table 1 summarizes the characteristic of GHNF and PPNF.
The GHNF had the similar properties and structure to the PPNF.
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GHNF had a network structure with gelatin fibers melt-jointed at
the cross-point (Fig. 1C).

The diameter of gelatin fibers was easily controlled by changing
the discharged pressure of gelatin solution in fiber preparationwith
ranges from 42.6 ± 1.96 to 59.4 ± 5.77 mm (Supporting Figures 1A,
1C, and 1E). As the fiber diameter of GHNF became thicker, the
stressestrain curves at the 1st time and the 10th times were not
overlapped at a large strain. The findings indicate that GHNF con-
sisting of smaller diameter fibers (42.6 ± 1.96 mm) was good in
terms of the compressive recovery property (Supporting Figure 1B).
In this study, the fiber diameter of GHNF was selected at
42.6 ± 1.96 mm. The GHNF swollen was transparent while the fiber
diameter became larger than that in dried state. The compressive
modulus of PPNF was significantly large compared with that of
GHNF (Fig. 1G). For the cyclic compressive recovery property, there
was no difference in the compressive stressestrain curves of GHNF
between one time and 10 times repeated testing (Fig. 1H).

3.2. Cell proliferation in GHNF and PPNF

The 3D cell culture by the stirring method was performed for
GHNF and PPNF. Fig. 2A illustrates the experimental procedure.
Fig. 2 shows the appearance and inner images for GHNF and PPNF at
different time points. The original GHNF was of a disk shape
(Fig. 2B), but after 35 days culture, they became smaller (Fig. 2C).
Cells proliferate inside GHNF while the GHNF were degraded to
form the cell aggregates (called as, the GHNF-based cell aggre-
gates). With incubation, the cell aggregates fused to each other to
form a large aggregates (Fig. 2C). On the other hand, the PPNF
became thicker with culture time (Fig. 2D and E). Cells were
attached onto the fibers surface for both of GNNF and PPNF (Fig. 2F
and G). The number of cells proliferated in a GHNF were signifi-
cantly larger than that of PPNF 0, 4 and 7 days after culture (Fig. 2H).

3.3. Distribution of HE, TUNEL, HIF-1 a, and Ki67-positive cells in
GHNF and PPNF

Fig. 3 shows the distribution of HE-positive cells in the GHNF
and PPNF at different culture days and the scaffold degradation
behavior. With the culture time, the profile of cells infiltrated into
the GHNF and PPNF changed. Cells were infiltrated and proliferated
in both of GHNF and PPNF after 7 days culture. After 14 and 25 days
cultures for the GHNF, many cells were infiltrated into NF while the
surface covering of cells with a thin layer was observed (Fig. 3E-H).
After 35 days culture, cells aggregates were seen at 500e800 mm
depth from the surface (Fig. 3I and J). On the contrary, although
cells infiltration into the PPNF was observed, a thick layer was
covered on the surface (Fig. 3O-T). The gelatin fibers in the GHNF
were degraded with the culture time and the shape changed
whereas the shape of PP fibers did not change. The cross-section of
gelatin fibers was spherical for the surface and center of GHNF at
after cell seeding and 7 days culture after (Fig. 3-D). The gelatin
fibers were degraded to adhere together around the surface of
GHNF 14 days after culture (Fig. 3E). On 25 days, the gelatin fibers
adhered became thinner, but the GHNF maintained a porous
structure (Fig. 3G). On the other hand, the shape of gelatin fibers did
not change at the center of GHNF (Fig. 3F and H). On 35 days culture,
most of gelatin fibers disappeared both on the surface and in the
center of GHNF (Fig. 3I and J).

Fig. 4A and B shows the number of HE-positive cells after culture
for 14 and 35 days. On 35 days culture, the gelatin fibers of GHNF
disappeared and a large aggregate was formed by binding 2 neigh-
boring cell-GHNF constructs (Fig. 4C). The number of cells prolifer-
ated in GHNF tended to became small with an increase in the depth
from the scaffold surface. However, many cells were present in the



Table 1
Material properties of GHNF and PPNF in the swollen state.

Type Nonwoven
fabrics
diameter (mm)

Nonwoven
fabrics
thickness (mm)

Nonwoven
fabrics
volume (mm3)

Nonwoven
fabrics
weight (mg)

Fiber
diameter
(mm)

Surface
area
of fiber (mm2)

Surface area of fiber
per nonwoven
fabrics volume
(mm2/mm3)

GHNF 6.01 ± 0.15a) 1.65 ± 0.11 46.9 ± 4.89 22.4 ± 2.67 45.2 ± 5.50 2001 ± 238 42.6 ± 1.96
PPNF 6.00 ± 0.00 1.56 ± 0.05 44.1 ± 1.46 21.0 ± 1.19 52.5 ± 3.93 1754 ± 1.15 39.8 ± 1.51

a Mean ± SD.
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GHNFevenat 600e1000mmdepth range14and35days later. On the
contrary, few cells were observed in the PPNF at the same depth
range (Fig. 4A and B). Fig. 4G and H shows the percentage of TUNEL-
positive cells 14 and 35days after culture. The percentage of TUNEL-
positive cells became large as the depth became deeper. On 14 days
culture, the percentage of TUNEL-positive cells for the GHNF at
600e1000 mm depth was less than 50%, whereas that of PPNF was
over 80% (Fig. 4G). On 35 days culture, the percentage of TUNEL-
positive cells at 400e800 mm depth of GHNF was significantly
smaller than that of PPNF (Fig. 4H). The number of TUNEL-negative
cells of GHNF at 400e800 mm depth was significantly larger than
Fig. 3. Time change of HE-positive cells images of GHNF (A, B, C, D, E, F, G, H, I, J) and PPNF(K
(B, D, F, H, J, L, N, P, R, T). 0 (A, B, K, L), 7 (C, D, M, N), 14 (E, F, M, N), 25 (G, H, Q, R), and 35 day
indicates 50 mm.
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that of PPNF, although some cells were TUNEL-positive (Fig. 4I-L).
Fig. 4MandNshowthepercentage ofHIF-1a-positive cells 14 and35
days after culture. The percentage of HIF-1a-positive cells became
largewith an increase in thedepthof scaffold.On14days culture, the
percentage of HIF-1a-positive cells at 400e1000 mm depth for the
GHNF was less than 40%, whereas that of PPNF was over 68%
(Fig. 4M). After 35 days culture, the percentage of HIF-1a-positive
cells at 400e600 mm depth of GHNF was significantly smaller than
that of PPNF (Fig. 4N). The number of HIF-1a-negative cells of GHNF
at 550e850 mm depth was significantly larger than that of PPNF,
although some cells were HIF-1a-positive (Fig. 4O-R).
, L, M, N, O, P, Q, R, S, T) edge (A, C, E, G, I, K, M, O, Q, S) and center (500e800 mm depth)
s after stirring culture (I, J, S, T). The black arrow indicates the fiber of NF. The scale bar



Fig. 4. Distribution of HE-, TUNEL-, and HIF-1a-positive cells in GHNF and PPNF 14 and 35 days after stirring culture. Depth profiles of HE-positive cells in GHNF (,) and PPNF (-)
14 (A) and 35 days (B) after stirring culture. The cross-sectional images of GHNF (C, E) and PPNF (D, F) 35 days after stirring culture. HE images at 600e900 mm depth from the
surface of GHNF (D) and PPNF (F). Depth profiles of TUNEL-positive cells in GHNF (,) and PPNF (-)14 (G) and 35 days after stirring culture (H). The cross-sectional images of GHNF
(I, J) and PPNF (K, L) 35 days after stirring culture. TUNEL staining images at 400e700 mm depth from the surface of GHNF (J) and PPNF (L). Depth profiles of HIF-1a-positive cells in
GHNF (,) and PPNF (-)14 (M) and 35 days after stirring culture (N). The cross-sectional images of GHNF (O, P) and PPNF (Q, R) 35 days after stirring culture. HIF-1a staining images
at 550e850 mm depth from the surface of GHNF (P) and PPNF (R). The scale bar indicates 1 mm (C, E, I, K, O, Q) and 50 mm (D, F, J, L, P, R). *, p < 0.05; significant difference between
the two groups.
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Fig. 5A and B shows the number of Ki67-positive and -negative
cells 35 days after culture. The number of Ki67-positive cells for the
GHNF at 600e1000 mm depth was larger than that of PPNF (Fig. 5A,
C-F). Moreover, the same significantly larger number of Ki67-
negative cells was seen at 400e1000 mm depth for the GHNF
(Fig. 5BeF).

3.4. Distribution of sirius red and alcian blue positive area in GHNF
and PPNF

Fig. 6A shows the distribution of sirius red-positive area in GHNF
and PPNF. The sirius red stained area tended to decrease with an
424
increased depth for both GHNF and PPNF after 35 days culture.
However, the area at 800e1000 mm depth for the GHNF was
significantly larger than that of PPNF. Fig. 6B shows the distribution
of alcian blue-positive area. The alcian blue stained area tended to
decrease with an increased depth for both GHNF and PPNF on 35
days culture. However, the area at 0e1000 mm depth in GHNF was
significantly larger than that of PPNF. Fig. 6CeN shows sirius red
staining images at different depth ranges of GHNF and PPNF on 35
days culture. The secreted collagen fiber in the GHNF at
200e800 mm depth was thick and bundle-shaped (Fig. 6I, K, and
M), whereas that of PPNF was thin and spread-shaped (Fig. 6J, L,
and N). Fig. 6OeZ shows alcian blue staining images at different



Fig. 5. Distribution of Ki67-positive and -negative cells in GHNF and PPNF 35 days after stirring culture. Depth profiles of the number of Ki67-positive (A) and -negative cells (B) in
GHNF (,) and PPNF (-) 35 days after stirring culture. The cross-sectional images of GHNF (C, D) and PPNF (E, F) 35 days after stirring culture. Ki67 immunostainig images at whole
of GHNF (C) and PPNF (E) and 550e850 mm depth from the surface of GHNF (D) and PPNF (F). The scale bar indicates 1 mm (C, E) and 50 mm (D, F). *, p < 0.05; significant difference
between the two groups.

T. Saotome, N. Shimada, K. Matsuno et al. Regenerative Therapy 18 (2021) 418e429
depth range of GHNF and PPNF on 35 days culture. The sGAG at
200e1200 mm depth of the GHNF was thick and bundle (Fig. 6Q, S,
U, W, and Y), whereas that of PPNF was thin and spread-shaped
(Fig. 6R, T, V, X, and Z). In addition, the gelatin fibers of GHNF dis-
appeared and replaced by collagen and sGAG with an increased
depth. At the 1000e1200 mm depth of GHNF, the gelatin fibers
remained in the initial spherical shape although they adhered,
while some cells adhered on the surface of gelatin fibers. The
collagen and sGAG were present around the cells and connected
between the cells and the gelatin fibers (Fig. 6E and Q). At the
600e1000 mmdepth, gelatin fibers were segmented and connected
by collagen and sGAG to each other. Some cells were embedded by
collagen and sGAG secreted (Fig. 6G, I, S, and U). At the 200e600 mm
depth, gelatin fibers almost disappeared while a network structure
including collagen and sGAG was formed. Many cells were present
in the collagen and sGAG network. The network structure tended to
become fine and high density with a decrease in the depth (Fig. 6K,
M, W, and Y). On the other hand, the PP fibers of PPNF did not
disappear and few cells attached to PP fibers. Collagen and sGAG
were seen separately without attached to the PP fibers (Fig. 6F, H, J,
L, N, R, T, V, X, and Z).
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4. Discussion

Gelatin hydrogel nonwoven fabrics (GHNF) were prepared by
the simple blow spinning [24,30,32]. The diameter of gelatin fibers
in GHNF is easily controlled by changing the discharge pressure in
preparation and the fibers are melt-connected at the cross-point of
fibers (Fig. 1C). This fiber's crosslinked intra-network structure
prevent slippage between contacting fibers during deformation of
nonwoven and enhanced modulus and deformation recovery
property. Chavoshnejad et al. reported mechanical properties of
nanofiber nonwoven enhanced according to bonded percentage of
contacting fibers became higher [43]. So far, a poor mechanical
property was one of the problems for gelatin usage as the cell
scaffold. This formulation is one method to tackle this problem. It is
difficult to maintain the pore structure of hydrogel in a wet con-
dition during cell culture. Several methods have been reported to
improve the mechanical property. There are reports on the usage of
specific reagents andmixingwith othermaterials [27e29]. Shi et al.
reported that a silk-mixed gelatin scaffold improved the compres-
sive modulus to approximately three times from the gelatin only
[28]. Laronda et al. reported the chemically crosslinked gelatin 3D



Fig. 6. Distribution of sirius red/fast green- and alcian blue-positive area in GHNF and PPNF 35 days after stirring culture. Depth profiles of sirius red- (A) and alcian blue- (B)
positive area in GHNF (,) and PPNF (-) 35 days after stirring culture. Distribution of sirius red/fast green-positive area images of GHNF (C, E, G, I, K, M) and PPNF (D, F, H, J, L, N) 35
days after stirring culture at whole images (C, D) 1000e1200 (E, F), 800e1000 (G, H), 600e800 (I, J), 400e600 (K, L), and 200e400 mm (M, N) depth from the surface. Distribution of
alcian blue-positive area images of GHNF (O, Q, S, U, W, Y) and PPNF (P, R, T, V, X, Z) 35 days after stirring culture at whole images (O, P), 1000e1200 (Q, R), 800e1000 (S, T), 600e800
(U, V), 400e600 (W, X), and 200e400 mm (Y, Z) depth from the surface. The scale bar indicates 500 mm (C, D, O, P) and 50 mm (E, F, G, H, I, J, K, L, M, N, Q, R, S, T, U, V, W, X, Y, Z). *,
p < 0.05; significant difference between the two groups.
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printing scaffold to increase the modulus (16.84 kPa) [29]. Liu et al.
showed a high compressive modulus of a chemically crosslinked
gelatin nanofibrous scaffold than the commercial gelatin sponge
and the shape maintenance during the 3D culture [27]. Chang et al.
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prepare a hyaluronic acid mixed gelatin sponge scaffold with a
compressive modulus of 22.4e43.9 kPa and a good compressive
recovery property at 0e30% strain [44]. Comparing with the
research results, GHNF showed both the low modulus (10 kPa) and
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excellent compressive recovery property (at 70% strain) by a good
contrive of a nonwoven fabrics formulation even although they are
prepared from gelatin only (Fig. 1H).

To evaluate the feasibility of GHNF as a 3D scaffold, the PPNF
with the similar structure was used as a control. It was apparent
from the HE staining images that cells were attached onto the fiber
surface both of GHNF (Fig. 2F) and PPNF (Fig. 2G), but the density of
attached cells for GHNFwas larger than that of PPNF. In terms of cell
attachment, the GHNF was superior to PPNF as the cell scaffold.
Over 14 days culture, the cell infiltration of GHNF was significantly
higher than that of PPNF (Fig. 3F, H, J, P, R, and T) while the thickness
of cell layers covered on the GHNF surface was significantly thinner
than that of PPNF (Fig. 3E, G, Q, and S). The cells distribution
analysis revealed that the number of cells at the 600e1000 mm
depth in GHNF was significantly larger than that of PPNF (Fig. 4A
and B). The percentage of TUNEL and HIF-1a-positive cells in GHNF
at the 600e1000 mm depth was significantly smaller than that of
PPNF (Fig. 4G, H, M, and N). Based on these findings, it is highly
conceivable that the GHNF have a nature good enough to promote
the diffusion of oxygen or the nutrient through the cell-GHNF
construct, resulting in a reduced cell apoptosis. In addition, the
number of Ki67-positive and -negative cells at the 600e1000 mm
depth in GHNF was significantly larger than that of PPNF (Fig. 5A
and B). Even if cells covered on the surface of scaffolds, it is likely
that the oxygen and nutrient diffuse into the GHNF through the
water phase of gelatin hydrogel fibers. As the result, the cells can be
infiltrated into deeper portion for GHNF, in remarked contract with
PPNF. Based on the GHNF characteristics, cells were proliferated
even inside the scaffold while only the thinner cell layers were
formed on the surface. Sachlos et al. suggest that cells on the top
layer of scaffolds consumed most of oxygen and nutrients and the
concentration of oxygen available reduces with an increase in the
depth of scaffold. Eventually, the cellular migration is stopped due
to the lack of oxygen and nutrients supply [14]. Such a typical
behavior of cell migration was observed for the PPNF. On the con-
trary, due to the good oxygen and nutrients permeation through
the hydrogel fibers, deeper infiltration of cells and larger number of
cells proliferated even at the deep portion were achieved for the
GHNF. The incorporation of gelatin hydrogel microspheres in 3D
cell constructs enabled cells to enhance their survival and biological
functions [20e24]. However, the utility of gelatin hydrogels as a 3D
scaffold was not always clear. This study clearly demonstrates that
GHNF are superior to PPNF in terms of reduced cell apoptosis and
maintained the activity of cell proliferation by the improved con-
dition of oxygen and nutrient supplies. This is experimentally
confirmed by a reduced HIF-1a-positive cells number (Fig. 4M, N,
and P). Moreover, the number of cells proliferated, the percentage
of TUNEL- and HIF-1a-positive cells, and Ki67-positive cells at the
600e1000 mm depth in GHNF after 35 days culture, were higher
than those of PPNF (Figs. 4B, H,N, and 5A) even though the gelatin
fibers of GHNF disappeared (Figs. 3I, J, 4C, and D). On 7 days culture,
there was significantly difference in the number of apoptotic and
HIF-1a-positive cells between GHNF and PPNF (data not shown). It
has been known that cells embedded in collagen and ECM gels
become an apoptotic state when the gel depth became larger than
150e200 mm thickness [13]. Moreover, Colom et al. reported that
the oxygen pressure was 10 mmHg in the ECM gels cultured cells
for 46 h [45]. Bone marrow derived MSC became to be apoptotic
when the oxygen pressurewas lower than 7e24mmHg (1e3% pO2)
[46,47]. Although the oxygen concentration in GHNF did not
measure directly, we can say with certainty that oxygen condition
in the GHNF was satisfied to maintain the survival and biological
functions of cells.

HE staining images at different culture days revealed that the
gelatin fibers were deformed and degraded around the scaffold
427
surface where many cells were present (Fig. 3). It is known that the
in vivo degradation of gelatin is derived byMMP-2 and -9 produced
from cells [48]. The amount of MMP-2 and -9 producedmay change
by altering the number of cells. The cell number tended to become
higher around the surface of GHNF scaffold. It is apparent that
oxygen and nutrient conditions in GHNF are superior to those of
PPNF (Fig. 4M and N). However, it is possible that the oxygen and
nutrients are gradually consumed with an increase depth in GHNF
by cells, resulting in generation of the gradient concentration of
oxygen. This is one of the reasons that the number of cells prolif-
erated and the percentage of HIF-1a-positive cells show the depth
dependence of GHNF.

Sirius red staining and alcian blue staining analysis of cells in
GHNF and PPNF of 35 days culture indicate that both the collagen
and sGAG of representation ECM components werewell secreted at
the site close to the scaffold surface. The amount of collagen and
sGAG for the GHNF was larger and thicker than that of PPNF (Fig. 6).
The results can be also explained in terms of the superior oxygen
and nutrient conditions of GHNF. It is likely that the superior con-
ditions enable cells to proliferate and function well, resulting in an
enhanced ECM secretion even in the deep portion of scaffold. In
addition, the gelatin itself has an affinity for the ECM component
via secreted protein like fibronectin [25,49,50]. Consequently, the
collagen and sGAG would be biologically bound on the surface of
gelatin fibers.

The gradual degradation of fibers in GHNF depending on the
scaffold depth would be useful to from the viewpoint of the ECM
remodeling process. Cell staining analysis at different depth of
GHNF on 35 days culture may be effective to discuss the ECM
remodeling behavior inside GHNF (Fig. 6C, E, G, I, K, M, O, Q, S, U, W,
and Y). In the connection, it is necessary to consider the ECM
remodeling by the following points. First, some cells were present
on the surface of gelatin fibers, while the collagen and sGAG were
well associated on gelatin fibers (Fig. 6E and Q). Second, when
gelatin fibers started to degrade with an increased cell number, the
gelatin fibers adhered to each other via collagen and sGAG associ-
ated on the surface of gelatin fibers, and then the network structure
was formed. Embedment of several cells in collagen and sGAG
secreted was observed (Fig. 6G, L, S, and U). Thirdly, the network
structure became fine and high density with the further degrada-
tion of gelatin fibers and the generation of ECM, and many cells
existed in the collagen and sGAG network (Fig. 6K, M, W, and Y).
The inner porous structure of GHNF was maintained even by an
increase of cell number and collagen and sGAG secretion. It is highly
conceivable that collagen and sGAG were well associated with
gelatin fibers and the consequent formation of network structure
between cells and the gelatin fibers. As the results, the collagen and
sGAG network structure was maintained even after degradation of
gelatin fibers and the network structure would contribute to
continued oxygen and nutrient supply into 3D cell constructs. In
addition, the ECM network structure formed is real scaffold for
cells, which enables cells to maintain or enhance their biological
functions.

The biodegradable GHNF is a promising 3D scaffold which al-
lows cells to proliferate homogeneously in the scaffold, secrete ECM
efficiently and enhance their survival rate of cells with the
apoptosis reduced. One of the applications is to provide a cell
scaffold for construction of 3D cell aggregate for drug research and
development. It is necessary to improve in vitro cell assay models
for more precise prediction of drug candidate [51]. The 3D cell
aggregate after degraded GHNF are highly organized from prolif-
erated cells and secreted ECM. These cellecell interaction and cell-
ECM interaction are expected to mimic in vivo situations. In addi-
tion, future application of GHNF is a cell scaffold for to enhance the
tissue regeneration. When GHNF are transplanted into the defect of
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tissue to reconstruction, promotion of angiogenesis is expected
because stromal cells and endothelial progenitor cells are infil-
trated into GHNF via the interconnected porous structure. Conse-
quently, the ECM production and the subsequent tissue formation
are also expected to promote.

However, further studies are needed to make clear about the
correlation among the oxygen supply, the cell survival and the ECM
secretion through the biochemical analysis and measurements of
partial oxygen pressure. In addition, to promote the cell survival
rate, ECM remodeling, and angiogenesis in the GHNF for usage of
tissue reconstruction scaffold, the structure and characteristic of
GHNF, such as the diameter of gelatin fibers, the pore size, the
density and degradation period, should be optimized.
5. Conclusion

When the GHNF were used to formulate a 3D cell construct,
GHNF had a mechanical property sufficient enough not to deform
the shape during cell culture.When the inner distribution of cells in
GHNF, the apoptosis, HIF-1a, KI67, collagen or sGAG secretions of
hMSC were evaluated, the cells were homogeneously proliferated
inside the GHNF from the surface to the 1000 mm depth. The
number of apoptosis and HIF-1a-positive cells was significantly low
compared with that of PPNF as a control material. Moreover, the
secretion of collagen and sGAG in GHNF was significantly superior
to that of PPNF. The GHNF were degraded with the time of cell
culture, and completely replaced by the collagen and sGAG
secreted. It is concluded that the GHNF is a promising cell culture
scaffold to formulate 3D cell constructs.
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