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1. Introduction

Osteosarcoma (OS), a type of primary malignant bone tumor which
occurs predominantly in children and young adults [1,2], remains largely
understudied and the standard therapy has not been improved for over
30 years. An urgent need exists to discover the mechanisms of OS path-
ogenesis, as well as to develop specifically targeted therapies and
screening methods [3].

The extracellular matrix (ECM) is a 3D network, and its remodeling of
structural features (eg. composition, stiffness, viscoelasticity) in the
tumor microenvironment (TME) often plays an essential role in biolog-
ical functions and cell signaling that may promote metastasis [4,5].
Therefore, the complexity of TME is necessary to be considered to
fabricate preclinical tumor models for oncology research and drug
screening. The 2D culture is widely used as the current gold standard for
in vitro cancer studies, but the cell-ECM interaction between cancer cells
and their native niche is absent, resulting in the inability to represent
actual cell morphologies, gene expression and signal transduction [6–8].
In vivo models may provide a relevant physiological context for tumor
growth [3], but Guijarro et al. reported that OS cell phenotype cannot be
fully retained in mouse subcutaneous models due to lack of interactions
with native bone [9]. The limitations of 2D cultures and in vivo models
have led to the request of tissue-engineered 3D in vitro bone cancer
models, to bridge the gap between preclinical in vitro screens and clinical
patient trials [3].

So far, the scaffolds employed for OS establishment and investigation
are usually soft hydrogels (1–150 kPa) fabricated by natural or synthetic
polymers, such as Matrigel [10–12], decellularised bone ECM [13],
gelatin [14,15], alginate [15], collagen [16–18], silk fibroin [19], poly-
ethylene glycol [20]. Certain advances in those 3D OS models have been
achieved to better recreate specific TME cues not available with the
traditional 2D culture. For example, the porous silk sponges were
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fabricated by Tan et al. for OS cell culture, revealing the angiogenic factor
expression profiles were able to better approximate that of the in vivo
tumor [19]. Hydrogel-based humanized 3D OS models developed by
Mano's team showed the influences of cellular-arrangement and
co-culture on tumor growth, invasion and drug resistance [21,22].

However, OS often develops in weight-bearing bones where rigidity is
magnitudes higher compared with other soft tissue tumors [23]. It is
reliable to fabricate 3D models that can specifically mimic the physico-
chemical environment of cortical bones, in which mechanical properties
(eg. 100–200 MPa stiffness) depend on interconnected porosity
(10–30%) and macro pores (size >100 μm) [24]. The poly(L-lactide)
(PLLA) is a biodegradable polymer with good biocompatibility and also
keeps certain mechanical properties and machinability. The PLLA-based
porous scaffold has been well applied in the field of bone tissue engi-
neering and show no cytotoxicity to original bone cells [25,26], which
make it as a potential candidate of fabricating in vitro OS scaffolds.

3D printing technology has been widely used to advance tissue
fabrication with tunable patterns and biomimetic structure [27]. It has
many advantages including precise control over porosity, pore size, and
pore interconnectivity as well as accurate deposition of biomaterials in
predetermined architectures to improve construct-tissue integration
[28]. Herein, a type of 3D-printed PLLA scaffolds, of which stiffness,
porosity and pore size were successfully adjusted to the range of native
cortical bones (Scheme 1). The scaffolds were further modified by
dopamine to improve their bioactivities for establishing OSmodels. Their
effects on OS development were evaluated by cell viability, proliferation,
cytoskeleton reorganization, energy expenditure, expression of ECM
components, cell-ECM receptors and growth factors.

High-throughput sequencing can provide comprehensive analyses on
gene expression patterns of cancer tissues, predict cancer subtypes at the
molecular level, and deepen the understanding of related issues [29]. The
transcriptomic analysis is one of the most popular high-throughput
Liu).
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Scheme 1. Schematics showing the procedure of design and evaluation of 3D scaffold-based OS model.
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techniques to systematically detect the variation of different pathways as
well as to discover biomarkers and therapeutic targets. The application of
transcriptomic analysis could more accurately identify the occurrence
and development of the disease than single analysis [30]. However, it has
not been well applied in OS model research. Therefore, the RNA-seq
analysis was then made to explore the involved molecular mechanisms
and biomarkers. The further comparison with OS clinical trials on the
predictive biomarkers demonstrated that the 3D scaffold-based OSmodel
could recapitulate OS properties much closer to patient biopsy samples.
Our observations suggest that this OS model is a promising platform for
OS fundamental and translational research.

2. Materials and methods

2.1. Preparation and modification of 3D-Printed PLLA scaffolds

The scaffolds were printed in a 3D printer (CR-6 SE, Shenzhen
Creality 3D Technology Co., LTD.) by a fused depositionmodeling system
with a standard 0.4 mm nozzle diameter. Commercial PLLA filaments
(Mw: 200, 000, purity: 99.2%) were used and its spool diameter was
1.75 mm. Printed 3D scaffolds were built from the online drawing tool
Tinkercad (https://www.tinkercad.com) by extruding the material layer
by layer at the fabrication temperature of 200 �C. Then the scaffolds were
immersed in a dopamine solution (2 mg/mL in 10 mM Tris�HCl buffer,
pH 8.5) and gently shaken for 12 h at room temperature. Following the
reaction, the polydopamine (PDA)-coated scaffolds were vigorously
washed with a large quantity of Mili-Q deionized water and placed in a
vacuum oven for 24 h. The scaffolds were sterilized by UV irradiation for
12 h before the subsequent experiments.
2.2. Characterization of physicochemical properties of 3D-Printed PLLA
scaffolds

3D-printed PLLA scaffolds were observed by a stereomicroscope
(Stemi 508, Carl Zeiss, Germany), and the ImageJ software was used to
analyze the photos for calculation of pore size and fiber diameter. The
porosity (P) was calculated using equation P––VP/(VP þ VPLLA) � 100%
(VP: volume of pores, VPLLA: volume of fibers).

Before and after PDA coating, a scanning electron microscopy (SEM,
Quanta 200, FEI, Holland) was used to investigate surface topography,
and a goniometer (KRUSS, Drop Shape Analysis System, Germany) was
applied to evaluated water contact angle (WCA). The surface elements
were analyzed by an X-ray photoelectron spectrum (XPS, AXIS-ULTRA
DLD-600W, Kratos, Japan) and processed by means of XPS PEAK41
software. Stiffness tests were performed using a Triboindenter TI-950
nanomechanical tester (Hysitron) with a berkvich needle (R ¼ 100 nm)
as the indenter, and 20 partial loading–unloading cycles were conducted
from 50 μN to 30 mN.
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2.3. Cell culture

OS cell lines (MG-63, SaoS-2 and HOS) were purchased from Chinese
Academy of Sciences and incubated in MEM medium supplemented
containing 10% FBS and 1% penicillin/streptomycin antibiotics at 37 �C
in a constant temperature incubator containing 5% CO2 and 95%
humidity.

The bare multi-well cell plates were considered as the control group
of tissue culture polystyrene (TCPS), and the cell suspension was added at
the concentration of 1� 104 mL�1 and incubated for the desired periods.

Spheroid formation was induced by growing cell suspensions in
agarose-coated wells. Briefly, 1.5% (wt/vol) agarose solution was made
with PBS, microwaved until agarose dissolution and kept on a hot plate to
prevent premature gelation. The hot agarose solution was pipetted into
each well and allowed to cool for 20 min. Next, the cell suspension was
added into each agarose-coated well at the concentration of 1 � 104

mL�1, and incubated for the desired periods.

2.4. Cell adhesion assay

OS cells were seeded at the concentration of 1 � 104 mL�1 and
cultured for 4, 12 and 24 h. Then the scaffolds were transferred to new
culture plates and treated with 10% CCK-8 solution (Dojindo, China) at
37 �C. After 2 h incubation, CCK-8 includedmediumwas collected and its
absorbance was measured following the manufacturer's manual and
normalized to surface area of scaffolds.

2.5. Cell viability assay

To evaluate the biocompatibility of scaffolds for a long-time incuba-
tion, OS cells were seeded at the concentration of 1 � 104 mL�1 and
cultured for 1, 4, 7 and 10 days. Afterward, the staining solution of
Calcein AM/PI (Beyotime, China) prepared in supplement-free media
was added into each well and further incubated for 30 min at 37 �C in the
dark. The live (green) and dead (red) cells were observed via fluores-
cence microscopy (Olympus).

2.6. ATP assay

Intracellular ATP levels were measured using ATP Assay Kit (Beyo-
time, China), according to the manufacturer's instructions. The cells were
lysed and gently shaken for 5 min at 4 �C. The supernatant was collected
after centrifuging at 12,000 g, and added into the black 96-well plate
containing ATP diluent. The relative light unit (RLU) value was measured
by a luminometer within 10 min. The lysed cells were stained with DAPI
and imaged with a fluorescence microscope. Cell number was calculated
from DAPI staining, it was used to normalize the ATP levels to ensure an
equal number of cells [31].

https://www.tinkercad.com
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2.7. Cellular morphology analysis

After incubation of a desired period or treatment, OS cells were fixed
with 4% paraformaldehyde and washed several times with PBS. After
permeabilization with 0.1% of Triton X-100 for 30 min, they were
blocked by 0.1% BSA for 1 h, stained by Actin Tracker (Beyotime, China)
or Dil Stain (Thermo Fisher) for 1 h, and the nuclei were stained with
DAPI. All samples were protected by antifade reagent and fluorescence
images were taken by an inverted fluorescence microscope (Olympus).
ImageJ software was used for analysis of cell area and circularity. The re-
organization of cytoskeleton was observed under a confocal microscopy
(Zeiss LSM 800).

SEM was used to observe OS cell morphology in different conditions
after 3- and 7-day incubation. The samples were washed and fixed in
2.5% glutaraldehyde for 2 h and 4% paraformaldehyde for 20 min at 4 �C
in the dark, and stepwise dehydrated in 30%, 50%, 70%, 80%, 90% and
100% ethanol for 15 min each, finally in hexamethyldisilane for 5 min.
The samples were dried overnight, coated with a thin gold layer, and
imaged by SEM (Quanta 200) at 20 kV.

2.8. Western blot

After protein samples were collected with RIPA buffer containing a
protease and phosphatase inhibitor cocktail (Roche), and the concen-
trations of total proteins were obtained using a BCA protein assay. The
protein level was analyzed using 10% (w/v) of SDS polyacrylamide gel
electrophoresis. After that, proteins from SDS gels were transferred into
onto PVDF membranes (Merck Millipore). The membranes were satu-
rated for 1 h in TBS containing 5% BSA and 0.1% Tween 20 and subse-
quently incubated with specific primary antibodies overnight at 4 �C. The
proteins were then reacted with peroxidase-conjugated secondary anti-
bodies for 1 h at room temperature. Finally, blot membranes were
visualized in a chemiluminescence imaging system (ZJX005, Gene) by
adding ECL western blotting substrate (Bio-Rad). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used for normalization of the
quantitative analysis. Quantitative analysis of the protein bands was
performed by Image J software.

2.9. Quantitative real-time PCR (qPCR)

RNA samples were harvested from OS cells cultured in different
conditions by the Trizol method, to analyze quantitative gene expression
levels for ECM components, cell-ECM receptors and growth factors. 1 μg
of total RNA was reversely transcribed into cDNA by the reverse tran-
scription kit (TaKaRa). Afterward, qPCR was carried out using a SYBR
Green qPCR Master Mix (TaKaRa, Japan). Data was analyzed with
�2ΔΔCt method and normalized to the control group of TCPS.

2.10. High-throughput RNA sequencing analysis

RNA was isolated from �106 cells for each group by using the Trizol
method, then RNA quality and quantity was assessed and libraries were
prepared according to recommendations of the supplier (BGI-Shenzhen,
China). Bioinformatic analysis of RNA sequencing data was performed by
DR. TOM provided by BGI (https://biosys.bgi.com). The heatmap was
drawn by according to the gene transcript expression in different sam-
ples. KEGG (https://www.kegg.jp/) enrichment analysis of differentially
expressed genes (DEGs) was also performed after the correction of sig-
nificant levels of pathways.

2.11. Statistical analysis

Statistical differences were determined by one-way ANOVA and
pairwise comparisons with GraphPad Prism 9 software. p < 0.05 was
considered statistically significant. Each experiment was performed in
duplicate or triplicate, with 3 or 6 samples per condition in parallel, and
3

data was presented as “mean value � standard deviation (SD)”. Data for
at least 50 cells were exhibited as box plots (1st quartile, median, 3rd
quartile, the limits being 10% and 90% and the extreme values 5% and
95%). *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significance.

3. Results

3.1. Morphology and hydrophilicity of 3D-Printed scaffolds

The 3D-printed PLLA scaffolds were fabricated by a 0/90� laydown
pattern from the top-down and through the sides of each object. The
extrusion rate of the paste was controlled to allow the formation of
regular filaments with a diameter of ~520 μm. Then these filaments were
stacked vertically at the centimeter scale, creating a lattice network with
controlled macroporosity and interconnected pores throughout with
regular filament deposition (Fig. 1A and B). Three types of scaffolds were
fabricated with different pore sizes (1.214 � 0.014, 0.851 � 0.008,
0.518 � 0.015 mm) and interconnected porosity (42.8 � 1.9%, 24.1 �
0.9%, 20.7 � 0.7%) (Table 1), which was named hereafter as big pore
(BP), medium pore (MP) and small pore (SP) respectively. The surface of
3D-printed PLLA scaffolds was further modified with a PDA layer formed
by the oxidative self-polymerization of dopamine, indicating by the
change of color from white to brown. The change of surface hydrophi-
licity was evaluated by the analysis ofWCA (Fig. 1C). The scaffold surface
before PDA coating presented an obviously hydrophobic property with a
value of 104.6 � 0.7�, while PDA modification resulted in an apparent
decrease to 62.5 � 0.5� (in accordance with the theoretical value of PDA
coating around 45–65� as reported previously [32–34]), which would be
in favor of cell adhesion.

3.2. Adhesion, proliferation and morphology of OS cells in three scaffolds

Cell behaviors, such as adhesion, viability and proliferation were
observed to evaluate the biocompatibility of the three 3D-printed scaf-
folds. The live/dead fluorescent staining of OS cells was shown after
different culture intervals (Fig. 2A) and cell adhesion was quantified by
CCK-8 assay at 4, 12 and 24 h after seeding (Fig. 2B). It was obvious that
more and more cells attached onto each scaffold along with incubation
time, and the increasing trend was the most significant in the SP one after
12 h incubation, with a ratio of 2.05 � 0.15 fold (12 h) and 2.00 � 0.24
fold (24 h) to LP as well as 1.79 � 0.18 fold (12 h) and 1.63 � 0.08 fold
(24 h) to MP. All the scaffolds exhibited good biocompatibility as >90%
cells were alive (green) and less than dead 300 cells could be found even
after 10-day incubation (Figure S1). Moreover, cells were visually evenly
distributed on the fibers on day 1, started to spread form the edges of
fibers to their interior area on day 4, and then covered the whole fibers on
day 7 in all the scaffolds. It was worth mentioning that the best confluent
performance appeared in the SP scaffold with no apparent single cells or
aggregates after 7 days. The preference of adhesion and proliferation on
the SP scaffold was also confirmed by ATP levels (Fig. 2C). The signifi-
cant increase of RLU value in SP started to emerge on day 1. The OS cells
cultured on all the scaffolds proliferated obviously over time especially
after 7 days of culture, and the highest RLU value was obtained for those
cells cultured in SP (p < 0.001).

The morphology of the OS cells cultured on different scaffolds were
further investigated by the staining of actin (Fig. 3A) or lipophilic
membrane (Fig. 3B). Accorded to actin images, OS cells attached in LP
and MP were lower than that in SP. Notably, cells cultured in LP or MP
mainly presented as a spindle-like shape, with mean cell areas of 802.6�
229.3 μm2 and 803.6� 213.2 μm2, respectively (Fig. 3C). In contrast, cell
spreading in the SP scaffold was significantly higher with a ~1.5-fold
increase in cell area (1257.4� 271.4 μm2), which indicated to formmore
mature adhesins. Circularity was significantly lower in SP (0.49 � 0.15)
than that in LP and MP (0.65 � 0.11 and 0.57 � 0.18, respectively)
(Fig. 3D), which indicated obvious protrusions at the cell periphery such
as stretched pseudopodia (pointed by yellow arrows in Fig. 3B).

https://biosys.bgi.com
https://www.kegg.jp/


Fig. 1. Morphology and hydrophilicity of 3D-printed PLLA scaffolds. Photographs (A) and stereomicroscope images (B) of the scaffolds with big pore (BP), medium
pore (MP) and small pore (SP). (C) Water contact angles before and after PDA coating.

Table 1
Fiber diameters, pore sizes and porosity of 3D-printed PLLA scaffolds.

Scaffolds Fiber Diameter (mm) Pore Size (mm) Porosity (%)

LP 0.524 � 0.014 1.214 � 0.014 42.8 � 1.9
MP 0.520 � 0.010 0.851 � 0.008 24.1 � 0.9
SP 0.524 � 0.012 0.518 � 0.015 20.7 � 0.7
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Moreover, the cell pattern of aligning with the printed fibers was the
most apparent in SP (Figure S2). The results suggested that all three
scaffolds were safe and nontoxic to OS cells and SP was the most bene-
ficial for cell adhesion, spreading and proliferation.
3.3. Surface characterization of the SP scaffold

The surface morphologies of SP were further observed by stereomi-
croscope and SEM, and demonstrated a rougher surface for the PDA-
modified scaffold compared to the smooth surface before coating
(Fig. 4A). The surface chemical composition of scaffolds before and after
PDA coating was analyzed by XPS (Fig. 4B). There existed a new peak at
Fig. 2. Adhesion and proliferation of MG-63 cells in three scaffolds. (A) The live/dead
(B) Relative quantification of cell adhesion to the SP scaffold at 24 h. (C) Cell prolif
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~400 eV in the PDA-modified scaffold due to the contribution of nitrogen
(N 1s) from the PDA layer. Furthermore, 6.9% nitrogen content was also
obtained on the surface of the PDA-modified scaffold (Table 2). The C 1s
spectrum of the non-modified scaffold showed three peaks at 285.1,
287.2, and 289.5 eV, which was attributed to C–C/C–H, C–O, and
O–C––O bonds in PLLA, respectively. After the PDA coating, the intensity
of the three C 1s resolved peaks significantly changed, mainly because a
new peak of imino-derived C–N in the PDA layer overlapped with the
original C–C peak. In addition, the two peaks at 532.6 and 534.2 eV in O
1s spectrum of the non-modified scaffold were attributed to C––O and
O–H, groups in PLLA respectively, while the intensity of C––O peak of the
PDA-modified scaffold decreased but the intensity of O–H peak
increased. The results of both SEM and XPS further confirmed that PDA
was successfully coated on the surface of the SP scaffold. As the matrix
stiffness determines the cell fate, stiffness was also tested with values of
141.4 � 9.2 MPa and 121.0 � 1.8 MPa for SP before and after PDA
coating respectively. Although the UV irradiation after PDA coating
caused a little decrease on stiffness, it did not weaken the mechanical
strength of scaffolds as the value was still in the range of that of the
cortical bone (100–200 MPa) [24]. In addition to its proper inter-
connected porosity 20.7 � 0.7 (10–30% in cortical bone), the
fluorescent staining of cells after 1-, 4- and 7-day incubation, scale bar: 500 μm.
eration by measuring ATP levels.



Fig. 3. Morphology of MG-63 cells cultured in three scaffolds. (A) Fluorescence images of actin (green) staining, scale bar: 50 μm. (B) Confocal images of lipophilic
membrane (red) staining, scale bar: 50 μm. Quantitative analysis of the cell area (C) and circularity (D). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 4. Stereomicroscope and SEM images (A), XPS wide scans (B) of the SP scaffold before and after PDA coating.

Table 2
Surface element percentages and stiffness of the SP scaffold before and after PDA
coating.

Atomic concentration (%) C 1s O 1s N 1s Stiffness (MPa)

Before 79.3 20.7 0 141.4 � 9.2
After 76.1 17.0 6.9 121.0 � 1.8
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PDA-modified SP scaffold was then expected as the candidate of
mimicking the cortical bone niche for fabricating in vitro OSmodel in the
following study.

3.4. Influence of 3D scaffold-based OS model on energy expenditure and
cytoskeleton reorganization in a short culture period

Incubation of cancer cells on TCPS to form 2Dmonolayers and the use
of tumor spheroids of spontaneous aggregation of cells are current gold
standards for in vitro cancer modeling of 2D and 3D respectively. Herein
TCPS and Spheroid were applied as the controls in the comparison of 3D
scaffold-based OS model. We first determined the influence of cancer
models on indicators of energy expenditure, such as intracellular ATP
levels at different time points from initial adhesion and spreading of cells
5

to steady state when no further changes of morphology were observed
(Fig. 5A). During the 7 h time window after seeding, intracellular ATP
levels of Spheroid slightly decreased but kept constant, while those of
TCPS did not significantly change in the initial 3 h incubation and
increased until 5 h. However, intracellular ATP levels of Scaffold sharply
decreased by ~50% after seeding and recovered since 7 h. At steady state
(20–30 h incubation), ATP levels increased from 246.55 � 10.24% to
277.15 � 6.03% in TCPS and from 136.75 � 13.95% to 167.53 � 8.91%
in Scaffold respectively, significantly exceeding those in Spheroid
(decrease from 64.52 � 5.22% to 51.73 � 4.62%) probably due to the
emergence of necrotic cells inside (Figure S3). Moreover, three types of
OS cells (MG-63, SaoS-2 and HOS) displayed similar intracellular ATP
levels when cultured for 7 h (Figure S4) and 20 h (Fig. 5B). The specific
manners of energy expenditure may indicate the concomitant changes of
cytoskeleton, especially on 7 h and 20 h.

Then morphology of individual OS cells was observed in the initial 20
h culture and showed significantly distinct in three conditions (Fig. 5C).
In TCPS, cells started to spread and actin cytoskeleton seemed to form
thick bundles at cell periphery at 7 h, while the cellular shape mainly
switched from round to polygonal after 20 h incubation with obvious
stress fibers over the cells. Not surprisingly, some OS cell aggregates were
clearly visible at 7 h in Spheroid and typical spheroids containing



Fig. 5. (A) Normalized ATP levels of MG-63 cells cultured in TCPS, Spheroid and Scaffold conditions over time. (B) ATP levels in different types of OS cells (MG-63,
SaoS-2 and HOS) at 20 h after seeding in three conditions. The initial ATP level on TCPS was set up as 1. (C) Confocal images of actin (red) after 1 h, 7 h and 20 h
incubation, Scale bar: 20 μm. (D) Western blot analysis of the expression of cytoskeletal proteins after 72 h incubation. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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multiple cells of blurred boundaries were found at 20 h. Although the OS
cells showed nearly round morphology, the protrusions began to appear
after 1 h adhesion in Scaffold and pseudopods could be seen at 7 h. It was
noteworthy that the elongated cell presented the projection of pseudo-
pods after 20 h incubation, predicting a correlation with an increased cell
elasticity [35,36].

Because the cytoskeleton provides a dynamic structural framework to
maintain cell activities including cellular shape, motion, division and
intracellular transport [37], we next studied the effects of scaffold-based
OS model on the expression of essential cytoskeletal proteins (Fig. 5D).
Among them, filamin A (also known as filamin-1) is crucial in the regu-
lation of intracellular trafficking, expression and signal transduction of a
number of membrane receptors [38]. The immunoblotting of filamin A
showed negligible or weak expression in TCPS and Spheroid, but
significantly increased in Scaffold. Talin-1 is a cytoskeletal protein for
regulating the function of integrins on cell membrane, which can activate
integrins and promote the focal adhesion (FA) between cells and ECM
[39,40]. The highest expression of talin-1 occurred in Scaffold, and a
much lower expression was observed in the other two conditions possibly
due to lack of appropriate cell-ECM interactions. The cellular
morphology indicated that OS cells could widely spread in TCPS and
Scaffold, thus it was reasonable for the increased expression of actin and
actinin A4 (a key actin cross-linker [41]) in both groups without signif-
icant differences. Thus, the 3D scaffold-based OS model not only pro-
moted the regulation of actin cytoskeleton, but also induced the
expression of relevant cytoskeletal proteins of FA and ECM-receptor
interaction.

3.5. Influence of 3D scaffold-based OS model on cell phenotypes, ECM
components, Cell-ECM receptors and growth factors and in a long culture
period

Since cytoskeleton changed soon after seeding into different condi-
tions, we next investigated if and how OS cell phenotypes were influ-
enced after a long culture period. The cellular morphology was observed
by SEM after 3-day and 7-day incubation (Fig. 6A). There was the
obvious formation of cellular spheroids in Spheroid after 3-day culture,
while the 3D scaffold-based OS model revealed a smooth cell layer
without distinguished inside peripheries of cells. After 7-day culture, OS
spheroids with much larger sizes (>200 μm) were visible in Spheroid.
Although the confluence was more than 90% in TCPS, the composited
cells showed random deposition directions. However, OS cells in Scaffold
Fig. 6. (A) SEM images of MG-63 cells cultured in TCPS, Spheroid and Scaffold cond
cell-ECM receptors (C) and growth factors (D) for 7-day incubation in three conditio
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exhibited elongated shape and formed into thick bundles. Most cells
displayed an obvious aligning behavior along the printed fibers with
degrees less than 10� (Figure S5).

ECM components influence cell-cell or cell-matrix contacts and
cellular signaling [42–44], which is also one of the first elements shown
to be altered in tumors [45]. We next analyzed the expression of primary
ECM components: fibronectin (FN1), collagen type I (COL1A1), collagen
type IV (COL4A2), collagen type V (COL5A1), collagen type VI (COL6A1,
COL6A2, COL6A3) and laminin (LAMA1, LAMA5, LAMB2) (Fig. 6B).
After 7 days, their expression was significantly higher in Scaffold
compared to that of TCPS, showing 2.11 � 0.24 fold in FN1, 1.91 � 0.24
fold in COL1A1, 3.38 � 0.23 fold in COL4A2, 2.52 � 0.35 fold in
COL5A1, 3.71 � 0.40 fold in COL6A1, 4.54 � 0.38 fold in COL6A2, 2.00
� 0.11 fold in COL6A3, 8.62 � 5.12 fold in LAMA1, 1.39 � 0.26 fold in
LAMA5, 3.47 � 0.48 fold in LAMB2 respectively. When comparing with
Spheroid, a noble promotion was also found in the expression of most
ECM components in Scaffold. These results showed that the 3D
scaffold-based OS model had a great potential of inducing different types
of ECM molecules to create a mature TME without adding external re-
sources, which demonstrated its convenience and economy advantages
for further applications.

Because integrins are important receptors for outside-in signaling
[46], their expression was also assessed to evaluate cell-matrix in-
teractions, which demonstrated significantly greater in Scaffold than
TCPS: 6.89 � 3.14 fold in α1 integrin (ITGA1), 3.06 � 0.41 fold in α3
integrin (ITGA3), 3.15 � 0.31 fold in α5 integrin (ITGA5), 1.33 � 0.16
fold in αv integrin (ITGAV), 1.37� 0.08 fold in β1 integrin (ITGB1), 2.55
� 0.11 fold in β3 integrin (ITGB3), 5.15 � 1.93 fold in β4 integrin
(ITGB4), respectively (Fig. 6C). The expression of α3, α5, αv, β1, β3 and
β4 integrins were still significantly higher for Scaffold in the comparison
with Spheroid. In according to previous publication of the formation of
cell matrix adhesions, FN1 is recognized by integrins α5β1 and αvβ3
integrins [47], the α1β1 integrin functions as a primary collagen receptor
[48] and a group of integrin family proteins serve as laminin receptors
including α1, α3, β1 and β4 heterodimers [49]. The relevant subfamily of
integrins of binding ECM components showed the most elevated
expression in Scaffold, which indicated a suitable condition for the ad-
hesive interactions of OS cells with their surroundings.

Many ECM proteins possess binding sites for both cell adhesion motifs
and growth factors, allowing controlled local availability of growth factors
to cell receptors [50]. Thus, we also analyzed the capacity of producing
angiogenic factors of OS cells in three conditions (Fig. 6D). The most
itions after 3 days (D3) and 7 days (D7). The expression of ECM components (B),
ns. The expression on TCPS was set up as 1.
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significantly increased expression in Scaffold was indicated as
platelet-derived growth factor B (PDGFB), with 75.96� 3.77 fold to TCPS
and 7.60 � 3.77 fold to Spheroid. The Scaffold group could also obviously
elevate the expression of transforming growth factor β1 (TGFB1), vascular
endothelial growth factor (VEGF) A and VEGFB, showing 3.40 � 1.21,
2.18� 0.07 and 1.96� 0.6 fold compared to that of TCPS, respectively. As
PDGF, TGF-β1 and VEGFs are involved in the formation of blood vessels to
promote tumor metastasis [51], the 3D scaffold-based OS model showed
beneficial for OS angiogenesis and development.
Fig. 7. Transcriptome profiles of MG-63 cells after 7-day incubation in three condit
TCPS, Spheroid and Scaffold. (B) The top 20 enriched pathways in Scaffold vs Spher
metabolic pathways. Data was presented by a heat map of transcripts per million (TP
in cancer.
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3.6. Transcriptome profiles of 3D scaffold-based OS model

The global changes of OS cells were further studied by transcriptome
analysis using RNA sequencing. In deep sequenced mRNA of OS cells, we
found 3490 genes downregulated and 3218 genes upregulated in the
comparison of Scaffold with Spheroid, while 3322 genes downregulated
and 3146 genes upregulated in the comparison of Scaffold with TCPS.
Then a Venn diagram was applied for all three comparisons (Fig. 7A), to
find out 1947 common enriched DEGs in Scaffold vs Spheroid \ Scaffold
ions. (A) A Venn diagram of significant enriched gene sets in the comparison of
oid \ Scaffold vs TCPS \ Spheroid vs TCPS. (C) Selected genes associated with
M) and fold change. (D) Expression of signaling transduction factors of pathways



Table 3
Summary of OS biomarkers from clinical trials.

Biomarker Increased or decreased Sampled tissue Ref.

ENO1 Increased Primary tumor [53]
TGFB1 Increased Primary tumor, serum [54,55]
PLOD1 Increased Primary tumor, metastasis [56]
MVP Increased Primary tumor, metastasis [57]
VEGF Increased Primary tumor, metastasis [58–60]
EHD1 Increased Primary tumor [61]
HER2 (ERBB2) Increased Primary tumor [62,63]
HES4 Increased Primary tumor [64]
CXCR4 Increased Primary tumor, metastasis [58,65]
hCG Increased Primary tumor, serum [66,67]
PDGF Increased Primary tumor, metastasis [68]
ASS Decreased Primary tumor, metastasis [69]
CDH11 Decreased Primary tumor, metastasis [70]

ENO1: enolase 1; TGFB1: transforming growth factor beta 1; PLOD1:
procollagen-lysine, 2-oxoglutarate 5-dioxygenase; MVP: major vault protein;
VEGF: vascular endothelial growth factor; EHD1: Eps15 homology domain 1;
HER2 (or ERBB2): human epidermal growth factor receptor 2; HES4: hairy/
enhancer of split 4; CXCR4: C-X-C motif chemokine receptor 4; hCG: human
chorionic gonadotropin; PDGF: platelet-derived growth factor; ASS: arginino-
succinate synthetase; CDH11: cadherin-11.

Table 4
Expression of OS biomarkers in TCPS, Spheroid and Scaffold models after 7-day
incubation.

Biomarker TCPS (TPM) Spheroid (TPM) Scaffold (TPM)

ENO1 2627.08 � 177.35 1986.47 � 73.65 2996.79 � 166.42
TGFB1 0.520 � 0.010 0.851 � 0.008 24.1 � 0.9
PLOD1 103.52 � 7.50 126.40 � 12.75 194.70 � 12.48
MVP 31.68 � 4.57 75.29 � 5.51 184.24 � 15.06
VEGFB 34.18 � 6.40 30.34 � 2.54 67.19 � 20.53
EHD1 29.68 � 1.96 16.68 � 1.20 45.94 � 8.32
ERBB2 16.70 � 1.26 12.78 � 0.78 24.03 � 3.18
HES4 6.19 � 1.52 8.22 � 0.45 17.82 � 0.36
CXCR4 0.29 � 0.02 2.30 � 0.16 5.11 � 0.88
CGB8 N.A. N.A. 1.45 � 2.04
PDGFB 0.0067 � 0.0115 0.0667 � 0.0153 0.51 � 0.02
ASS1 906.58 � 49.65 686.00 � 57.93 525.84 � 165.68
CDH11 12.04 � 1.39 11.05 � 0.76 9.16 � 0.22

CGB8: chorionic gonadotropin subunit beta 8; N.A.: Not applicable.
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vs TCPS \ Spheroid vs TCPS. Next, consistent differential expression of
these genes occurred with enrichment computed by KEGG pathways
analysis to demonstrate the top 20 enriched pathways (Fig. 7B), espe-
cially for metabolic pathway (206 enriched DEGs). As distinct intracel-
lular ATP levels and cytoskeleton reorganization started to appear since
the initial culture in three conditions (Fig. 6) and the expression of
glucose transporters exhibited significantly higher in Scaffold after 7-day
incubation (Figure S6), it was reasonable to predict metabolic pathway as
the most significant common KEGG pathway. Among them, the top 5
upregulating DEGs in the 3D scaffold-based OS model were IL4I1,
GALNT3, B3GALT2, PLCB2 and PLA2G5 while the top 5 downregulating
DEGs were UQCR11, ATP5F1E, NDUFA4, POLR2G, COX7B.

In addition, pathways in cancer showed as the second enriched
pathway and the top 10 DEGs in 3D scaffold-based OS model (SMAD3,
MAPK3, JUN, ARAF, STAT6, NOTCH2, PIK3R2, RUNX1, PIK3CD,
RASGRP3) were indicated for encoding multiple cell-signaling trans-
duction factors (Fig. 7C). The most involved pathway supposed to be
MAPK signaling pathway and 4 DEGs (JUN, MAPK3, ARAF, RASGRP3)
significantly increased in Scaffold. Moreover, the expression of activators
in several other crucial pathways was also illuminated to obviously
elevate in the 3D scaffold-based OS model: PIK3R2 and PIK3CD in the
PI3K/Akt signaling pathway, SMAD3 in the TGFβ/SMAD signaling
pathway, STAT6 in the JAK/STAT signaling pathway, NOTCH2 in the
Notch signaling pathway, and RUNX1 in the Hedgehog signaling
pathway. The results demonstrated that OS cells cultured in Scaffold
developed the capacity of activating multiple signaling pathways at the
same time.

3.7. The expression of biomarkers in the comparison with clinical OS trials

The effective diagnostical factors with clinical significance are
important for doctors to assess OS development and therapeutical results
of patients, thus much research has been performed to establish predic-
tive molecular biomarkers, based on biopsy samples of primary and
metastasis OS. Then, we did a systematic review of published studies of
clinical trials and summarized the emerging biomarkers most promising
in detecting pre-metastatic and post-metastatic susceptibility within OS
patients (Table 3). 11 upregulating biomarkers were shown as ENO1,
TGFB1, PLOD1, MVP, VEGF, EHD1, HER2 (also named as ERBB2), HES4,
CXCR4, hCG and PDGF. The main two downregulating biomarkers were
ASS and CDH11. Furthermore, the expression of 13 biomarkers above
was addressed in three conditions (Table 4). An obvious increase of 11
upregulating biomarkers occurred in Scaffold. Especially, the expression
of 6 genes (TGFB1, MVP, VEGFB, HES4, CXCR4, PDGFB) indicated � 2-
fold greater in the comparison to either TCPS or Spheroid and implicated
the potential to produce essential growth factors for OS angiogenesis, in
accordance with the expression result in Fig. 6. In addition, as the
decreasing expression of CDH11 was examined as a marker of the risk of
disease progression and metastasis in OS [52], a decline of its expression
in Scaffold also indicated that this model could be considered as an
appropriate culture alternative for studying OS development.

4. Discussion

The understanding of TME functions and the advancement of bio-
fabrication technique have opened new frontiers in the establishment
of in vitro 3D tumor models. As OS mainly occur in the long bones of
extremities and the bone matrix is highly organized up to its macro-
structure, the challenge of 3D OS fabrication is to define the essential
features that can adequately recreate the in vivo complexity in an in vitro
prototype. The scaffolds for OS establishment and investigation have
recently developed to represent the different aspects of TME [71].
Despite certain encouraging achievements, there still exists two main
problems: (a) the applied systems, mostly hydrogels, are too much softer
than native bone. (b) The structural cues of bone matrix are not always to
be considered.
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3D-bioprinting is an ideal method to replicate the meticulous struc-
tures and properties of tissues. However, up to date, a limited studies
have been found to employ the 3D-bioprinting technique in cancer model
research [72–74]. The main goal of this study was to fabricate in vitro OS
models that could mimic the main mechanical and structural properties
of bone matrix. Herein a type of 3D-printed PLLA scaffold with a similar
stiffness (141.4 � 9.2 MPa) and porosity (20.7 � 0.7%) as cortical bone
was successfully built by adjusting macroporosity and interconnected
pores in the process of 3D printing. Further investigation was performed
to characterize the model and evaluate its potential as a platform for OS
fundamental and translational research.

To understand the relationship of ECM and cell/tissue, it is generally
proposed to perform the comprehensive investigation of cell response at
different stages: starting from single cells to 3D tissue growth [75]. To
study the adhesion and morphology of single cells on different scaffolds,
several parameters were quantified such as cell area and circularity. The
SP one turned out to be the most appropriate scaffold for OS cell adhe-
sion, spreading and proliferation (Figs. 2 and 3) in a 3D culture manner of
multi-layer cells (Figure S7). As there were not significant differences in
surface characterization among three scaffolds before cell incubation
(Figure S8), the diverse results were possibly due to the large micropores
between the microfibers that induced rapid diffusion of nutrients [76] in
the case of MP or LP. Then surface roughness, hydrophilicity and bio-
logical activity could be further improved by modifying the surface with
a PDA layer without significant changes of the mechanical and structural
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properties (Fig. 4), in agreement with previous publication of our group
[77] and Chen et al. [34].

There were two control groups in this study: 2D monolayer cultured
on TCPS and 3D tumor spheroids. During the first 24 h incubation, OS
cells elongated in Scaffold and presented pseudopods with significant
expression of crucial cytoskeleton proteins (Fig. 5), unlike those cultured
on TCPS to form obvious stress fibers as a response to a magnitude higher
stiffness (~3 GPa [78]) than the nature bone matrix. In Spheroid, lack of
cell-ECM interactions from TME might be responsible for the lowest
cellular activity (indicated by ATP levels) after 20 h incubation.
Furthermore, influences of OS behaviors after a long culture period up to
7 days confirmed the utilization of 3D scaffold-based OS model to reca-
pitulate the TME and native OS cell characteristics: a) Three types of OS
cells could grow in an aligned arrangement (Fig. 6A and Figure S9). b)
Not only the major ECM constituents expressed significantly in Scaffold
(Fig. 6B and Figure S10), but also their recognizing integrin receptors
(Fig. 6C). Integrins are well known to mediate cell adhesion by multiple
interactions with ECM molecules [79], and involve in the cell�ECM
communication by regulation of different signal processes, like mecha-
notransduction [80] and bidirectional signaling [81]. In accordance,
plenty of signaling transition molecules exhibited a significantly
increasing expression in Scaffold (Fig. 7D).

OS is also known to promote angiogenesis for tumor growth and
metastasis [82]. OS cells cultured in Scaffold showed a dramatic increase
of angiogenic factors such as PDGFB, TGFB1, VEGFA and VEGFB
(Fig. 6D), in agreement with the study of Nigris et al. [83] which indi-
cated the potential to promote tube formation. The transcriptome anal-
ysis was applied to confirm the variety of pathways (Fig. 7) and help us
identify potential biomarkers (Table 4). Therefore, future angiogenesis
studies could leverage such platform to elucidate the crosstalk between
OS cell and TME, as well as to uncover predictive molecular biomarkers
in the OS progression. HER2 (or ERBB2) and CXCR4 are two typical
biomarkers (Table 3) involved in tumor growth and the homing of cancer
cells to distant sites. The higher levels and frequencies of HER2 expres-
sion were observed in malignant primary OS and related metastatic
carcinoma, which correlated with a significantly worse histologic
response and a significantly decreased event-free survival (47% v 79% at
5 years) [84]. Meanwhile, in the high-grade osteosarcoma patient sam-
ples, CXCR4 was the most commonly expressed (63%) and its expression
level was inversely correlated to overall survival [65]. There was also a
significantly positive correlation between immunohistochemical CXCR4
and VEGF expression [58]. The expression of the two biomarkers were
both found significantly increased in the 3D scaffold-based OS model
(Table 4). The nobly elevated expression of CXCR4 in Scaffold (>15-fold
to TCPS, >2-fold to Spheroid) could be highly correlated with dramatic
increase in angiogenic factors, as the same as previously published [85].
Our present findings demonstrate the feasibility of the 3D-printed
scaffold-based OS models, and also suggest that the combination of this
model with a high-throughput technique would help in the discovery of
clinical biomarkers and therapeutic targets.

This study had some limitations. Firstly, due to the highly heteroge-
neous property of tumor tissue, the major findings from the in vitro
scaffold-based OS model need to be further verified in more OS cell lines
(from rather indolent to very aggressive) [86]. Although the porous
structure is considered to be helpful for a long-time cell culture
(Figure S11) and the design of mimicking native bone stiffness can avoid
the over-response to a magnitude higher rigidity like on TCPS, the
decoupling effects of structural and mechanical properties could be
elucidated clearly in another study. Nevertheless, this study has already
highlighted possible research directions that could be investigated in a
near future.

5. Conclusion

The 3D-printed scaffold-based OS model have been well proved to
better represent in vivo bone tumor niche by different aspects:
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mechanical and structural properties (121.0 � 1.8 MPa stiffness, 20.7 �
0.7 porosity and >100 μm pore size), OS cell responses (morphology,
proliferation, cytoskeleton re-organization and energy expenditure),
expression of ECM components, recognizing receptors and growth fac-
tors, transcriptomics analysis of KEGG pathways and signaling molecules,
as well as predictive biomarkers in the comparison with clinical trials.
Our present results illuminate the feasibility of the 3D-printed scaffold-
based OS models, and also suggest that the combination of this model
with a high-throughput technique would help for elucidating molecular
mechanisms and developing new therapies of OS in the future clinical
applications.
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