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Background: Osteoarthritis (OA) is a common degenerative disease. Chondrocyte dedifferentiation can
accelerate the progress of OA. Three-dimensional printing (3DP) is widely used in tissue regeneration
applications. A three-dimensional (3D) culture system with 3D printed scaffolds could reduce the
dedifferentiation of chondrocytes during passages, which would be a potential method for chondrocyte
expansion.

Methods: The viability and proliferation of chondrocytes on scaffolds and effects of scaffolds with
100, 150, 200, 250 or 300 pm spacing on chondrocyte dedifferentiation were analyzed in vitro. The
morphology of scaffolds and cell/scaffold constructs was observed by scanning electron microscopy
(SEM). Glycosaminoglycan (GAG) was evaluated by Alcian blue staining. The effects of different spacing
on chondrocyte dedifferentiation were evaluated by the messenger RNA (mRNA) and protein levels of
cartilage-related genes.

Results: With more binding sites, the proliferation and viability of chondrocytes on scaffolds with 100
and 150 pm spacing were better than those with 200, 250 and 300 pm spacing on day 1, but this advantage
diminished over time. The histology and quantitative real-time polymerase chain reaction (QRT-PCR) results
showed that 200 pm spacing inhibits chondrocyte dedifferentiation better.

Conclusions: 3D printed scaffolds with 200 pm spacing can inhibit chondrocyte dedifferentiation,
providing a basis for the future study of 3D printed scaffolds as an effective method for chondrocyte

expansion.
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Introduction

Articular cartilage lacks self-healing ability if injured (1,2),
which may initiate the progression of osteoarthritis (OA).
OA is a clinical syndrome that most commonly affects the
knee and hip joints; it is a painful condition that leads to a
reduction in physical function and quality of life (3,4). Non-
steroidal anti-inflammatory drugs, acetaminophen, and
opioids are most commonly used to treat the pain associated
with OA, with limited effectiveness (5). At present, there is
no approved disease-releasing drug available to treat OA (6),
and current management strategies that are typically limited
to the late stages of OA lead to joint replacement (7,8).
Tissue engineering (TE) is a promising option for the
surgical replacement of defective tissues (9).

Autologous chondrocyte implantation, which requires
numerous articular chondrocytes (ACs), is a prospective
treatment method for OA. ACs are extracted from cartilage
in articular joints and could be expanded iz vifro to obtain
a sufficient number of cells (10). It has been demonstrated
that chondrocytes cultured in flasks lose their typical
phenotype and subsequently undergo dedifferentiation (11).
Their morphology usually changes from polygon into
fibroblast-like cells that produce type-I collagen instead
of type-1I collagen during the proliferation of repeated
passaging, which influences their function in cartilage
TE (CTE) (12,13). Hypoxia, specific cytokines (14), and
mechanical loadings (15) are applied to inhibit chondrocyte
dedifferentiation but have limited application because of the
complex methods and experimental conditions involved.

Three-dimensional printing (3DP) has shown enormous
potential in tissue regeneration applications, which
could be attributed to the ease of fabrication of patient-
customized scaffolds (16). With the expansion of 3DP
technologies into TE, new tools have been provided
to researchers to independently control and optimize
the properties of scaffolds (17). 3DP technology could
create complex structures on medical image-based and
computer-aided design, which could be potentially used
in the musculoskeletal system, especially owing to their
flexibility, reproducibility, and ease of use (18,19). Three-
dimensional (3D) culture on 3DP scaffolds can effectively
induce dedifferentiated chondrocytes to become functional,
redifferentiated chondrocytes, enabling them to regenerate
mature cartilage (20). It has been demonstrated that high-
cell-density 3D cultures support the redifferentiation of
dedifferentiated ACs (21). Electrohydrodynamic printing
(EHDP) is a technique that uses electric fields rather than

© Annals of Translational Medicine. All rights reserved.

Liu et al. Scaffold with different spacing on cell dedifferentiation

thermal or acoustic energy, which can create fluid flow for
delivering inks to a substrate (22,23). It is compatible with a
variety of materials, and the high printing speeds maintain
a low system cost (23,24). The capability and specification
of 3D printers are continually evolving from the initial
printer using one type of material, whereas multiple
material extrusion is now possible (25). With these benefits,
electrohydrodynamic-printed scaffolds would be a potential
CTE method. With the different structures of porosity,
spacing, roughness, or surface micro- and nano-topography,
the scaffolds would exhibit different biomechanical, cell
adhesion, cell distribution, cell infiltration, cell proliferation,
and differentiation properties (26-30). However, the specific
indicator of 3D printed scaffolds for CTE remains unclear.
Spacing is one of the most important parameters in 3DP,
which determines the life space of cells and the secretion
of extracellular matrix (ECM); it has been discussed in
numerous studies (31-35), but the conclusions are not
consistent. Small pore size scaffolds (100-200 pm) are more
conducive to chondrogenesis (32); however, Prasopthum
et al. (33) recommended a scaffold size of 200-700 pm
for chondrogenesis during osteochondral regeneration.
Meanwhile, a spacing size <200 pm has not been adequately
investigated. Moreover, chondrocytes cultured on scaffolds
with different spacing sizes have not been discussed
previously, and research into chondrocyte dedifferentiation
is inadequate.

In this study, the effect of EHDP grid-like scaffolds
with different spacing (100, 150, 200, 250, or 300 pm) on
chondrocyte dedifferentiation in vitro was investigated,
which offers a potential method for chondrocyte
expansion and provides benefits for the design of scaffolds.
Specifically, the properties of materials, the viability and
proliferation of cells, and the process of chondrocyte
dedifferentiation were investigated. We present the
following article in accordance with the MDAR reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-2796/rc).

Methods
Materials

Medical-grade polycaprolactone (PCL) [molecular weight
(MW) =80,000 g/moL] was purchased from Jinan Daigang
Biomaterial (Jinan, China). Trypsin digestion solutions
[0.25% ethylenediaminetetraacetic acid (EDTA) with
phenol red; #PC-90001], penicillin-streptomycin solution
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Figure 1 Schematic of the electrohydrodynamic 3DP to fabricate PCL scaffolds (A) and general pictures of the scaffolds with different

spacing (unit: pm) (B). PCL, polycaprolactone; 3DP, three-dimensional printing.

(100X; #PC-86115), and collagenase type II (#PC-50995)
were purchased from PlantChemMed Biology Co., Ltd.
(Shanghai, China). 4’,6-diamidino-2-phenylindole (DAPI)
were purchased from Solarbio (Beijing, China). Growth
medium and fetal bovine serum (FBS) were purchased
from Gibco (Grand Island, NY, USA) for cell culture.
Alamar blue was purchased from Gibco for cellular
activities testing. IFluor'™ 488 phalloidin was purchased
from Yeason (Shanghai, China) for cytoskeleton staining.
The live/dead viability/cytotoxicity kit was purchased from
Invitrogen (Carlsbad, CA, USA). Anti-aggrecan antibody
(#ab36861), anti-collagen II antibody (#ab34712), and anti-
SOX9 antibody (#ab185966) were purchased from Abcam
(Abcam, Cambridge, MA, USA) for immunofluorescence.
CoraLite488-conjugated Affinipure Goat Anti-Rabbit
immunoglobulin G (IgG) (H + L) was purchased from
Proteintech (Wuhan, China) for immunofluorescence. Total
RNA kit I (#R6834) was purchased from Omega Bio-Tek
(Norcross, GA, USA) for total RNA extraction. PrimeSeript
RT Master Mix (#RR036A) and TB Green Premix Ex Taq
IT (Tli RNaseH Plus; #RR820A) were purchased from
TaKaRa (Kusatsu, Shiga, Japan) for quantitative real-time
polymerase chain reaction (QRT-PCR). All other reagents
were analytical grade.

Fabrication of microscale PCL scaffolds

The diagrammatic figure for the fabrication of PCL
scaffolds is shown in Figure 1, as reported in our previous
study (36). Briefly, PCL chippings were loaded into a glass
and stainless-steel syringe immersed in a water circulating
system with a controlled temperature, which was increased
to 90 °C to melt the PCL. The printing nozzle (diameter
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of 350 pm) was grounded to initialize the EHDP process.
A glass collector mounted onto an XY moving stage was
connected with the positive terminal of a high voltage
generator. The electric field force between the collector
and the nozzle induces the EHDP of tiny filaments, and a
specific pattern is obtained by controlling the movement of
the XY stage. On this basis, a 3D fibrous scaffold would be
jetted with the stacking of tiny filaments in a layer-by-layer
manner.

In this study, the nozzle-to-collector distance, moving
speed, voltage, and air pressure were fixed at 3 mm,
25 mm/s, 3.15 kV, and 300 Pa, respectively. The spacing
of scaffolds was set as 100 pm (group 100), 150 pm (group
150), 200 pm (group 200), 250 pm (group 250), and 300 pm
(group 300). For further in vitro experiments, a thin layer
of agarose film was coated on the glass slide, which could
inhibit cell adherence on the glass surface. Meanwhile, a
PCL membrane was made by adequate volatilization in a
24-well plate of a solution containing 10% w/v of PCL in
acetic acid as the control (Con) group.

Isolation and expansion of chondrocytes

Cartilage tissues were obtained from the femoral heads
and knee joints in 3-week-old female SD rats purchased
from the Experimental Animal Center of the Fourth
Military Medical University (Xi’an, China). They were
washed in phosphate-buffered saline (PBS) and chopped.
Chondrocytes were then isolated by 5-minute enzymatic
digestion with 0.05% trypsin and enzymatic digestion
with 0.2% type II collagenase overnight. The cells were
expanded in a growth medium containing 2.5 pg/mL
Amphotericin B and 0.1 mg/mL streptomycin with
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10% FBS. Upon reaching 70-80% confluence, adherent
cells were freed from the flask with 0.05% trypsin and
subcultured. All assays were performed on chondrocytes
of passage 2. All animal experiments were approved by
the Fourth Military Medical University Animal Ethics
Committee (permission number: JACUC-20220701) and
were implemented in accordance with the Guide for the
Care and Use of Laboratory Animals (NTH, 8" edition).

Cell culture on PCL scaffolds

PCL membranes and microscale PCL scaffolds with
different spacing were sterilized in a 75% alcohol solution
for 60 min, followed by ultraviolet irradiation overnight.
Next, the scaffolds were washed with PBS three times and
moved into a 24-well plate. The chondrocytes were seeded
on the scaffold at a density of 3x10" cells in each pore. After
chondrocyte attachment for 30 min, 1 mL of fresh culture
medium was added to each well. The culture medium was
replaced every 3 days.

Morphology of scaffolds

Scanning electron microscopy (SEM; S3400, Hitachi,
Japan) was applied to observe the scaffold and cell/scaffold.
After culturing for 7 days, the cell/scaffold constructs were
collected, washed three times with PBS, fixed in 2.5%
(v/v) glutaraldehyde for 1 day, followed by dehydration
with graded ethanol. Next, the scaffolds and cell/scaffold
constructs were coated with gold with a Sputter Coater for
1 min at a current of 30 mA and observed with a SEM at a
voltage of 5 kV. The spacing of scaffolds in the five groups

was measured simultaneously.

Analysis of scaffold biocompatibility, cell viability, and
proliferation

The cell/scaffold constructs, which were cultured for 24 h,
were stained with live/dead staining for the visualization
of cellular morphology and distribution on scaffolds. The
staining was visualized and photographed by fluorescence
microscopy (Carl Zeiss, Germany). Cell proliferation
and viability on the scaffolds were evaluated on days 1, 3,
5, and 7 by Alamar blue colorimetric assay according to
the manufacturer’s protocol. Briefly, the scaffolds were
incubated in 1 mL of growth medium and 0.1 mL Alamar
blue solution for 4 h. The fluorescence intensity of the
culture media at 560/590 nm was measured in triplicate
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using a Synergy H1 microplate reader (BioTek, USA).

Alcian blue staining

Glycosaminoglycan (GAG) was evaluated by Alcian blue
staining. The cell/scaffold constructs were harvested on day
7. The samples were washed with PBS three times, fixed with
4% (v/v) paraformaldehyde in PBS for 0.5 h, dehydrated
through a graded ethanol series, and stained with 1% (w/v)
Alcian blue solution in 3% (w/v) glacial acetic acid, pH
4.2, for 0.5 h, followed by washing with tap water for
10 minutes. Finally, the samples were photographed by
optical microscopy (Carl Zeiss, Germany).

Actin filament staining

The cell/scaffold constructs in groups were harvested on
day 7 for analysis. The samples were washed with PBS
three times and then fixed with 4% (w/v) paraformaldehyde
in PBS for 0.5 h. The samples were permeabilized with
0.1% Triton X-100 for 10 min and rinsed with PBS three
times, stained with iFluor™ 488 phalloidin according to the
manufacturer’s protocol, and then washed with PBS three
times. The samples were incubated with DAPI nuclear stain
for 3 min and then washed with PBS three times. Finally,
the cellular actin filaments were photographed using a
confocal laser scanning microscope (Al, Nikon, Japan).

qRT-PCR

The messenger RNA (mRNA) levels of AGG, Col2al, and
SOXY in the chondrocytes on scaffolds were respectively
measured by qRT-PCR analysis. Briefly, total RNA was
extracted using a total RNA kit. In total, 1,500 ng of RNA
was reverse transcribed by PrimeScript RT Master Mix
using the ProFlex PCR system (Life, USA). Subsequently,
qRT-PCR was conducted by using TB Green Premix Ex
Taq II (Tli RNaseH Plus) with a Bio-Rad CFX96 Real-
Time PCR system (Bio-Rad, USA). The mRINA expression
level was normalized against that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The primer sequences
of target genes were obtained from previous studies (Zable I).

Immunofluorescence

The PBS-washed and fixed cell-scaffold constructs were
incubated with normal goat serum (1:100) for 10 min at
room temperature and then rabbit monoclonal antibody
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Gene primer sequences Forward Reverse

GAPDH CCGCATCTTCTTGTGCAGTG ACCAGCTTCCCATTCTCAGC
AGG TGAGAGAGGCGAATGGAACG TTCTGCCCGAGGGTTCTAGC
Col2at GCCAGGATGCCCGAAAATTAG CTCGTCAAATCCTCCAGCCA
SOX9 CACAAGAAAGACCACCCCGA TGCACGTCTGTTTTGGGAGT

gRT-PCR, quantitative real-time polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; AGG, aggrecan.

against AGG (1:200), Col2al (1:200), or SOX9 (1:200) at
4 °C overnight. Next, the samples were rewarmed at room
temperature for 10 min and rinsed with PBS. Subsequently,
CoraLite488-conjugated goat anti-rabbit IgG (1:200)
was added to the samples for incubation at 37 °C for
50 min. Thereafter, the samples were washed with PBS
three times, incubated with DAPI nuclear stain for 3 min,
and then washed with PBS three times. Immunoreactivity
was visualized and photographed using a confocal laser
scanning microscope.

Statistical analysis

Graphs were drawn using GraphPad Prism 9 (GraphPad
Software, USA) and statistical analyses were performed
using SPSS 26 (IBM, USA). Multiple group comparisons
were performed using one-way analysis of variance

(ANOVA). P<0.05 was considered statistically significant.

Results
Morphologies of PCL scaffolds with different spacing

SEM micrographs of the surfaces of PCL scaffolds with
different spacing are shown in Figure 2. The surfaces of
all samples were basically ordered. Groups 200, 250, and
300 were neater than groups 100 and 150. The average
spacing of the five groups was 99.28+7.50, 151.21£9.54,
203.60+7.25, 246.17+6.42, and 293.77+7.58 pm, respectively
(n=4). The fitness of the printer and the static between the
fibers significantly affected the neatness of the scaffolds.

Viability of chondrocytes on scaffolds with different spacing

Figure 3 shows the fluorescence images of chondrocytes
based on the live/dead assay for the assessment of the
viability of chondrocytes on scaffolds with different
spacing for 24 h. Live cells take up fluorescein diacetate,

converting the non-fluorescent one into a green
fluorescent one. In contrast, propidium iodide cannot
pass through a viable cell membrane, which shows red
fluorescence for distinguishing living from dead cells (37).
Our results found that live cells were observed on each
sample, while a small number of dead cells were only
visible at the corners of the scaffold, probably due to the
lack of contacting growth medium and air.

Cell proliferation on scaffolds with different spacing

On day 1, the proliferation rate of cells cultured in groups
100 and 150 was better than that in groups 200, 250, and
300 (P<0.001). Moreover, group 200 was superior to groups
250 and 300 (P<0.05). There was no significant difference
between groups 100 and 150 or groups 250 and 300. This
phenomenon could be caused by smaller spacing offering
more cell growth space. The same situation occurred on day
3, but there were no significant differences between groups
200, 250, and 300. On day 5, the proliferation rate of cells
in group 200 became higher. There was no difference
between groups 100, 150, and 200. On day 7, only the
viability of cells cultured in group 100 was better than
that in groups 200, 250, and 300 (P<0.05). There was no
difference between groups 150, 200, 250, and 300 (Figure 4).
With more binding sites, the proliferation and viability of
chondrocytes in groups 100 and 150 were better than that
in groups 200, 250, and 300 on day 1, but this superiority
diminished over time.

Morphologies of chondrocytes on PCL scaffolds with
different spacing

As shown in Figure 5, the dark staining of Alcian blue in
groups 200, 250, and 300 indicated that more GAG was
produced compared to groups 100 and 150. Figures 2,6
showed that chondrocytes were aggregated at the corner of
the scaffolds and gradually extended on the microfibers. In
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Figure 2 Scanning electron microscope images of the scaffolds and cell/scaffold structures with different spacing. Con, control.
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Figure 3 Live/dead imaging of chondrocytes cultured on microfibrous structures with different spacing for 1 day, with a scale bar of
100 pm.
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Figure 4 Cellular activities of chondrocytes cultured on microfibrous structures with different spacing were observed using the Alamar blue

assay. Con, control.
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Figure 5 Images of chondrocytes cultured on microfibrous structures with different spacing stained with Alcian blue, with a scale bar of

100 pm.

groups 100 and 150, the cells could fill in the square caves.

Expression of related signalling molecules and proteins

The result of Figure 7 indicated that chondrocytes
cultured on scaffolds represent better maintenance of the
chondrocyte phenotype on both the mRNA and protein
levels. Among them, chondrocytes cultured in group 200
exhibited the highest AGG protein levels and mRNA
expression of AGG, Col2al, and SOX9 (P<0.001). However,
although group 200 still represented more protein of
Col2al and SOXY than group 100 and 150 (P<0.001),
there was no significant difference between groups 200,
250, and 300 in the SOX9 protein. Meanwhile, group 250
exhibited the highest Col2al protein levels among the five
different groups. Therefore, we believed that groups 200
or 250 might inhibit chondrocyte dedifferentiation better.
Chondrocytes cultured in groups 100 and 150 could fill in
the pores of the grids, rather than the cells in groups 200,
250, and 300. This phenomenon might weaken the effect
of inhibiting chondrocyte dedifferentiation in 3D culture
scaffolds with 100 and 150 pm spacing.

© Annals of Translational Medicine. All rights reserved.

Discussion

OA is characterized by a progressive reduction in cartilage
and lubricating synovia (38). Aging and trauma are risk
factors for the development of OA (39,40). Due to the
limited proliferative ability and avascularity, damaged
cartilage cannot heal spontaneously (41). OA chondrocytes
gradually lose their chondrogenic characteristics and display
a fibroblast-like morphology during OA progression (42).
The dedifferentiation and loss of chondrocyte phenotype
occur during monolayer culturing (13). The maintenance of
the chondrocyte phenotype has now emerged as the key to
OA treatment. Therefore, chondrocytes in passage 2 were
used in this study to mimic the progression of chondrocyte
dedifferentiation in OA.

The expressions of Co/2a1 (43) and SOXY9 (44), which
are markers of chondrocyte phenotype, are reduced after
chondrocyte dedifferentiation. Meanwhile, the reduction of
related components of ECM directly affects signalling and
conduction of adhesion molecules (45-48). GAG, collagen
type 1I, and AGG are the main components of ECM, the
reduction of which affects the weight-loading ability of
cartilage (49,50). Finally, dedifferentiated chondrocytes lose
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Figure 6 Fluorescent images of chondrocytes cultured on microfibrous structures with different spacing stained with iFluor™ 488

phalloidin and DAPI, with a scale bar of 100 pm. DAPI, 4’,6-diamidino-2-phenylindole.

the ability to form normal cartilage (43,51,52). 250, or 300 pm were established. In summary, chondrocytes
Spacing is the main focus of our study. To determine were aggregated at the corner of the scaffolds and gradually
whether larger or smaller spacing is better for maintaining extended on the microfibers. In groups 100 and 150, the

the chondrocyte phenotype, groups with 100, 150, 200, cells could even fill in the square pores. This phenomenon is
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Figure 7 The expression levels of AGG, Col2al, and SOX9 of chondrocytes in group Con, 100, 150, 200, 250 and 300 detected by
immunofluorescence and qRT-PCR. Immunofluorescence images of chondrocytes cultured on microfibrous structures with different
spacing, with a scale bar of 100 pm (A). Data are shown as mean + SE, n=6-8 (B). The mRNA expression levels of AGG, Col2a1, and SOX9
through qRT-PCR of chondrocytes cultured on microfibrous structures with different spacing. Data are shown as mean = SE, n=3 (C). Con,

control; AGG, aggrecan; DAPI, 4’,6-diamidino-2-phenylindole; qRT-PCR, quantitative real-time polymerase chain reaction; SE, standard

error; mRNA, messenger RNA.

similar to the findings of Lei ez 4/. (53) in which cells showed
a similar distribution tendency and general morphology to
rice seedlings during growth. Due to the surface tension
of liquid, seed cells are seeded at the corner of the grids
and gradually migrate to the fibers, crossing vertical even
parallel 2 fibers. Finally, proliferated cells filled in each
pore of the grids. Moreover, groups 200, 250, and 300 were
superior to groups 100 or 150 in terms of the GAG level,
as well as the mRNA and protein levels of AGG, Col2al,
and SOXY. We speculated that small spacing (100 and
150 pm) might not be suitable for chondrocyte culturing.
Chondrocytes in groups 100 and 150 could easily attach
onto crossed vertical or parallel 2 fibers with an elongated
cell shape, which was a different shape to chondrocytes
in natural cartilage (Figures 5-7). Moreover, we found
that chondrocytes were more susceptible to fill the pores
completely, which demonstrated less of a difference with
the monolayer culture. Meanwhile, the cells were gathered
in the corner of pores with round or oval shapes in groups
200, 250, and 300, which is more likely with chondrocytes
in natural cartilage. Thus, 200 pm is our recommended
spacing, which was also verified in Prasopthum ez a/. (33)
and Zhang et al. 34).

There are still multiple challenges for clinical
application of 3D printed scaffolds. The method of
printing, deposition of materials, determines low ability of
stretchability for the scaffolds (54). Composite materials
may be a good method dealing with this problem, but it is

© Annals of Translational Medicine. All rights reserved.

still a long way to go.

Conclusions

3D printed scaffolds with a spacing of 200 pm may serve
as a potential candidate for chondrocyte expansion and
the maintenance of chondrocyte phenotype, which would

benefit CTE.
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