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Bone marrow niches

Marrow niches in osteosarcoma (OS) are a specialized microenvironment that is essential for the maintenance
and regulation of OS cells. However, existing animal xenograft models are plagued by variability, complexity,
and high cost. Herein, we used a decellularized osteosarcoma extracellular matrix (dOsEM) loaded with extra-
cellular vesicles from human bone marrow-derived stem cells (hnBMSC-EVs) and OS cells as a bioink to construct

a micro-osteosarcoma (micro-OS) through 3D printing. The micro-OS was further combined with a microfluidic
system to develop into an OS-on-a-chip (OOC) with a built-in recirculating perfusion system. The OOC system
successfully integrated bone marrow niches, cell-cell and cell-matrix crosstalk, and circulation, allowing a more
accurate representation of OS characteristics in vivo. Moreover, the OOC system may serve as a valuable research
platform for studying OS biological mechanisms compared with traditional xenograft models and is expected to
enable precise and rapid evaluation and consequently more effective and comprehensive treatments for OS.

1. Introduction

Osteosarcoma (OS), the most common primary malignant bone
tumor, has an unsatisfactory prognosis due to its high aggressiveness
and rapid metastasis. Existing research evaluating novel therapies and
metastasis in OS research mostly involves 2D culture approaches and
xenograft mouse models [1]. However, traditional 2D culture ap-
proaches do not accurately replicate the physicochemical characteristics
of the ECM microenvironment of native cancer in vivo [2,3]. Thus, they
do not conserve the original shape and polarization of cells and exhibit
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discrepant expression levels for key genes involved in angiogenesis, cell
migration, and invasion. In contrast, xenograft mouse models (tumor--
bearing models) involve the utilization of immune-deficient animals
injected with human tumor cells (MG63 cell lines [4]), which have been
shown to better mimic tumor growth and metastasis in vivo [5,6].
However, xenograft models can rarely completely recapitulate the for-
mation of bone tumors in the same anatomical locations as in humans
and with spontaneous development of metastases [1]. Xenograft models
are also plagued by variability, complexity, and high cost. Therefore,
neither type of model can be used for rapid and accurate simulation of
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the response of human tumors to drugs [7], and a more accurate and
rapid model is needed for the study of OS stroma-cell interactions.

Tumor biomimetic systems, such as the many variations of three-
dimensional (3D) tumor-on-a-chip models, are important platforms for
studying tumor physiology and pathological functions in vitro. Our
previous research showed that the chip model could combine the ad-
vantages of human cell culture models in vitro and rodent models in vivo
to accurately simulate the characteristics of the tumor ECM [8-10], as
well as the functions of tumor cell morphology, proliferation, drug
metabolism, gene expression, and protein synthesis [9,11,12]. More-
over, it could reveal how specific components within the tissue and
organ microenvironment influence cancer development and visualize
how individual cancer cells behave over time when they interact locally
with stromal cells [13]. In the case of OS, most tumor-on-a-chip studies
have focused on the influence of molecular gradients on cell morphology
or on the adhesive properties of OS cells under shear flow or at various
temperatures and pH values [14,15]. In addition, due to current limi-
tations of processing and biofabrication technologies, most existing
tumor-on-a-chip models still cannot recapitulate the spatial structure of
OS on a microscopic level or the cell distribution inside the OS matrix
[16]. 3D printing is a technology that can introduce biomaterials to
regulate cell functions by incorporating ECM ingredients, which facili-
tates the delivery of oxygen and nutrients in the OS matrix [17].
Therefore, it has great potential for constructing a particular arrange-
ment and orientation of ECM constituents [18] on the tumor-on-a-chip
to form an OS-specific microenvironment that supports OS cell adhe-
sion and migration for further study of OS progression.

Recent studies have revealed that the stromal microenvironment of
0OS, which is composed of extracellular matrix (ECM) as well as cell
secretions containing extracellular vesicles (EVs) and signaling mole-
cules, is closely linked to OS occurrence and development [19]. These
three components form a three-dimensional molecular network system
that supports the physical structure, maintains the biochemical ho-
meostasis of the tumor microenvironment [20], and regulates most
tumor cell behaviors, including cancer cell invasion [21], proliferation,
drug resistance [22,23], cancer stem cell maintenance [24], and
immunosurveillance evasion [22,25,26]. Bone marrow-derived stem
cells (hBMSCs), an essential component of the bone marrow microen-
vironment, are involved in the proliferation and migration of tumor cells
[27], formation of the tumor microenvironment, and interaction with
tumor cells [28]. Accumulating evidence shows that paracrine secretion
of cytokines, such as IL-6, VEGF, and TNF-alpha, promotes the growth,
metastasis, and immune escape of tumor cells [29]. As the main loading
medium of secretory factors, EVs secreted by human bone marrow stem
cells (hBMSC-EVs) are vesicles with a diameter of 40-100 nm that exist
in the extracellular environment and contain multiple bioactive pro-
teins, lipids, and nucleic acids [30]. In recent years, many studies have
confirmed that BMSCs affect the occurrence and progression of OS [31].
Our previous studies indicated that EVs can mimic the effects of their
parental cells of origin [32,33], induce the formation of blood vessels in
tumors by regulating angiogenesis, stability, and maturation, and pro-
mote the proliferation of cells in tumor tissues [3,34,35]. Therefore,
integrating the OS ECM with hBMSC-EVs could better simulate the
stromal microenvironment of OS, facilitating the expansion of patient
biopsy samples, the study of OS stroma-cell interactions, and the
response of human tumors to drugs.

Here, we used a decellularized osteosarcoma extracellular matrix
(dOsEM) with fibrin to construct a dOsEM-fibrin hydrogel loaded with
hBMSC-EVs as an acellular bioink (dOsEM-EVs) to accurately replicate
the physicochemical characteristics of the OS microenvironment. A 3D
micro-osteosarcoma (micro-OS) was further constructed with dOsEM-
EVs through 3D printing to recapitulate the spatial structure and cell
distribution of OS. Then, the micro-OS combined with a microfluidic
system was integrated into a multistage biomimetic osteosarcoma-on-a-
chip (OOC) with a built-in recirculating perfusion system to test its drug
screening potential. Our study established the feasibility of using a
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microfluidic OS chip model to precisely recapitulate the microenviron-
ment of OS marrow niches, which facilitated comprehensive evaluations
for developing more effective treatments for OS.

2. Results
2.1. Acquisition and characterization of the dOSEM

To replicate the high proliferation rate and metastatic characteristics
of OS in vivo, we generated decellularized extracellular matrix from OS
tissues (Fig. 1A, B). SEM results first demonstrated that dOsEM main-
tained the fibrous stromal composition of the OS tissue (Fig. 1C), which
might drive from the collagen fibers. Then, quantitative analysis of the
components inside dOSEM during decellularization showed that the
cellular DNA and GAG contents were significantly reduced to 1.49 % +
0.78 % (4.28 + 2.20 ng/mg) and 18.55 % =+ 1.34 %, respectively, while
the content of the bioactive ingredient collagen was maintained at
118.65 % + 1.36 % (Fig. 1D). To further quantitative analysis of other
bioactive components, Mass spectrometry results showed that dOsEM
was rich in ECM components such as collagen, fibrinogen, and laminin,
which were found to promote cell adhesion and proliferation, as evi-
denced by Gene Ontology (GO) analysis (Fig. 1E and F). Besides, XPS
results showed that the mineral components such as Ca and P could be
detected inside the lyophilized dOSEM powder (Supplementary Fig. S1).
These results showed that the mineral components could be maintained
inside dOSsEM component after decellularization process. However,
some active components in the ECM (such as fibrinogen) were reduced
from 14.645 % to 0.236 % during decellularization, which might derive
from tissue mechanical disruption processes [36]. Therefore, to improve
the biomimicry of the components, dOsEM-fibrin bioink was con-
structed by supplementing with fibrinogen and gelatin to further
improve the stability of the structure (Fig. 1B).

2.2. Preparation and biological characterization of the dOsEM-fibrin
hydrogel for 3D printing

Rheological properties are crucial for material processing. The loss
factor is an important indicator of viscoelastic self-supporting properties
and is defined as the ratio between the loss modulus (G") and the storage
modulus (G’). A value less than 1 means predominantly elastic behavior
that enables self-support in a definite shape without easy deformation.
Our results showed that with a gelatin concentration from 2 % to 3 %
(w/w), the dOsEM-fibrin hydrogel behaved as a viscoelastic solid that
was self-supporting before 3D printing (Fig. 1G and H, Supplementary
Fig. S2), making it an ideal bioink in terms of rheological properties.

Subsequently, the proliferation activity of the OS cell line MG63
inside dOsEM-fibrin was compared with that in four other commercial
hydrogels (GeIMA hydrogel [37], hyaluronan/Gelin/PEGDA hydrogel
[38], collagen hydrogel and fibrin hydrogel). The results showed that
the prepared dOsEM-fibrin hydrogel enabled the highest proliferation in
vitro, which might derive from the fact that the bioactive macromole-
cules and small-molecule components in dOsEM-fibrin are partly
retained, promoting higher proliferation of OS cells than other com-
mercial hydrogels, which is consistent with the results of related
research [39]. (Fig. 1I). Confocal imaging of cytoskeleton staining by
phalloidin showed that OS cells inside the dOsEM-fibrin group displayed
stretched cytoskeletons with extended cytoplasmic protrusions and
exhibited strong motility and higher proliferation activity in the 3D
microenvironment than the Fibrin hydrogel (Fig. 1J). As expected,
RNA-seq analysis showed that the dOsEM-fibrin hydrogel significantly
promoted gene expression corresponding to the cell cycle, DNA repli-
cation, cell adhesion, and ECM-receptor interaction (Fig. 1K). Taken
together, these results demonstrated that dOsEM-fibrin is an ideal bioink
for cell proliferation, cell adhesion, and matrix-receptor interactions in
OS cells.
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Fig. 1. Preparation and characterization of the dOSEM-fibrin hydrogel. (A) Schematic illustration of the fabrication of the dOsEM-fibrin hydrogel. (B) Preparation of
the dOsEM-fibrin hydrogel. Scale bars represent 1 cm. (C) SEM identification of the microscopic topography within the dOSEM. Scale bars represent 200 pm. (D)
Quantitative analysis of DNA, collagen, and GAG components of the dOsEM and OS tissues (n = 4). (E) Mass spectroscopy detection of the components of dOSEM. (F)
GO analysis of the dOsEM proteins detected using mass spectrometry. (G) Rheological characterization of the dOsEM-fibrin hydrogels. Dependence of the storage
modulus (G') and loss modulus (G") on the shear strain of dOsEM-fibrin hydrogel materials with gelatin concentrations from 0 % to 3 %. (H) Dependence of the loss
factor on the shear strain of dOsEM-fibrin hydrogel materials with gelatin concentrations from 0 % to 3 % (n = 3). (I) MTT assay of cell proliferation inside dOSEM-
fibrin hydrogels in vitro (n = 8). (J) Cell adhesion and viability of the OS cell line MG63 inside the dOsEM-fibrin hydrogel. Scale bars represent 100 pm. (K) RNA-seq
combined with KEGG analysis for cell proliferation, cell adhesion, and matrix-receptor interactions inside the dOsEM-fibrin hydrogel. Analysis of variance (ANOVA)
was performed for all parameters. Newman-Keuls comparison tests were performed after ANOVA. Mean =+ SD are presented. *, **, *
< 0.01, p < 0.001, and p < 0.0001, respectively.

¢, and **** indicate p < 0.05, p
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2.3. hBMSC-EVs promote the proliferation and migration of OS cells

After characterizing the morphology of the hBMSCs (Supplementary
Fig. S3), hBMSC-EVs were collected. The concentration of hBMSC-EVs
was 1.15 + 0.07 mg/mL (3860 particles/cell). TEM showed that
hBMSC-EVs had a typical round vesicular morphology [40] (Fig. 2A).
The size distribution detected by nanoparticle tracking analysis (NTA)
showed that the average diameter of the hBMSC-EVs was 133.3 + 4.5
nm (Fig. 2B). Staining hBMSC-EVs with PKH26 [41] revealed that they
fused with OS cell membranes, which facilitated the release of small
molecules into OS cells [42] (Fig. 2C). Western blot analysis verified the
presence of CD9, TSG101, and HSP70 (Fig. 2D), which are three typical
markers for hBMSC-EVs, as well as the absence of calnexin, which is a
negative marker for hBMSC-EVs but a positive marker for hBMSCs [43].

Then, we measured the proliferation under different concentrations
of hBMSC-EVs from 3 pg/mL to 300 pg/mL hBMSC-EVs at 300 pg/mL
showed the highest facilitation of OS cell growth (Fig. 2E). The scratch
assay verified that 300 pg/mL hBMSC-EVs also showed the highest
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migration rate (Fig. 2F and G). The differentially expressed genes after
hBMSC-EV treatment were examined using GO and KEGG analysis. The
results showed that the hBMSC-EVs significantly promoted cell prolif-
eration, cell adhesion, and matrix-receptor interactions (Fig. 2H, Sup-
plementary Fig. S4). Taken together, these results showed that hBMSC-
EVs promoted OS cell proliferation, cell adhesion, and cell-matrix
interactions.

2.4. 3D-printed micro-OS models simulate OS marrow niches to maintain
OS cell viability and characteristics in vitro

We then used dOsEM-fibrin mixed with hBMSC-EVs as an acellular
bioink to construct micro-OS tissue with MG63 cells. The results showed
that the molding properties of the printed micro-OS improved as the
gelatin concentration was increased (Fig. 3A). However, the pneumatic
pressure and the calculated shear stress increased dramatically (Fig. 3B
and C), which caused more cell death [44] (Fig. 3D). Therefore, 2 %
(w/w) gelatin was the best option for good formability and low shear
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Fig. 2. Characterization of hBMSCs and hBMSC-EVs. (A) TEM topography of hBMSC-EVs. Scale bars represent 500 nm. (B) Particle size distribution of hBMSC-EVs
using NTA (n = 3). (C) Cellular phagocytosis assay of hBMSC-EVs. Scale bars represent 50 pm. Positive staining is indicated by a white arrow. (D) Western blot
analysis of hBMSC-EV-specific markers (CD9, TSG101, and HSP70). (E) hBMSC-EVs promoted the proliferation of MG63 cells. MTT assays measured the proliferation
effects of different concentrations of hBMSC-EVs, 3 pg/mL, 30 pg/mL, and 300 pg/mL (n = 4). Scale bars represent 200 pm. (F, G) A scratch test was used to measure
cell migration with different concentrations of hBMSC-EVs, 3 pg/mL, 30 pg/mL, and 300 pg/mL (n = 6). (H) The biological process, cellular component, and
molecular function analysis showed that the hBMSC-EVs promoted cell proliferation, cell adhesion, and cell-matrix interactions. Analysis of variance (ANOVA) was
performed for all parameters. Newman-Keuls comparison tests were performed after ANOVA. The mean + SD are presented. *, * indicate p < 0.05, p
< 0.01, p < 0.001, and p < 0.0001, respectively.
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Fig. 3. The fabrication and characterization of the micro-OS. (A) Side view of the 3D-printed micro-OS scaffold with different concentrations of gelatin. (B) Printing
pneumatic pressure and calculated shear stress (C) of different concentrations of gelatin (n = 4). (D) The viability of OS cells in the 3D-bioprinted micro-OS after
extrusion through the nozzle. (E) Live/dead staining of OS cells in the 3D-printed dOsEM-fibrin hydrogel and 3D-bioprinted micro-OS under 200 x and 400 x
magnifications. Cells were stained with CaAM (green) and PI (red). Scale bars represent 100 pm (upper) and 40 pm (lower). (F) SEM images of the 3D micro-OS and
the hBMSC-EVs inside (white arrow). Scale bars represent 200 pm (left) and 20 pm (right). (G) Proliferation of MG63 cells, MSCs, monocytes, osteoclasts, chon-
drocytes and patient-derived OS cells inside the micro-OS (n = 4). (H) Expression profiling of genes with RNA-seq analysis for the 2D culture, micro-OS, and
xenograft model. (I) MG63 expression of the cell proliferation-related genes CD133, MMP9 (J), and OPN (K) was enhanced inside the micro-OS compared to the 2D
culture and xenograft model. (K) Osteo-related gene expression of OPN, ALP (L) and COL-1 (M) in the micro-OS (n = 4). (N) Immunofluorescence detection and
quantification of the expression of CD44 (0), CD133 (P), OCN (Q) and OPN (R) in MG63 cells inside the micro-OS (n = 8). Scale bars represent 200 pm. Analysis of

variance (ANOVA) was performed for all parameters. Newman-Keuls comparison tests were performed after ANOVA. Mean =+ SD are presented. *, **

indicate p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.

damage. We further print the osteosarcoma-specific structures with 2 %
gelatin based on the Computed Tomography (CT) pictures of patient’s
OS tissue (Supplementary Fig. S5). By comparing the Young’s Modulus
between OS tissue and Micro-OS, the results showed that the modulus
(stiffness) of the prepared micro-OS tissue was closed to the OS ECM in
vivo (Supplementary Fig. S6), which illustrate physiological relevancy

~A-JA-, and ****

between the 3D printed micro-OS and the OS tissues from patients.
Live/dead staining showed that the 3D-printed micro-OS model had
better cell adhesion viability and morphology than the 3D-printed
dOsEM-fibrin hydrogel (Fig. 3E). The SEM results verified the pres-
ence of hBMSC-EVs (Fig. 3F). In addition to OS cell lines (MG63 cells),
micro-OS model significantly maintained the proliferation of different
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cells in the marrow niche, including MSCs, monocytes, osteoclasts, fi-
broblasts, and chondrocytes (Fig. 3G). Most importantly, micro-OS
model also supported the proliferation of patient-derived OS cells
(Fig. 3G). As the modulus (stiffness) has been proved to be vital for OS
cells attachment and proliferation capabilities [20,21], the similarities
in modulus of the prepared micro-OS tissue and the OS ECM in vivo
might explain the similarities in cell proliferation behavior within these
two groups (Supplementary Fig. S6).

To further examine the differences in gene expression in micro-OS
and in the typical 3D model in vivo (xenograft model), we performed
hierarchical clustering analysis of metabolism-related gene expression
profiles. The results showed that cells inside the micro-OS clustered in a
manner more similar to cells in vivo conditions (xenograft model) than
cells in 2D culture (Fig. 3H). The gene expression of cancer-specific
markers (e.g., CD133 and MMP9) and osteo-related genes (e.g., OPN,
ALP and COL-1al) in the micro-OS was elevated (Fig. 3I-M). Immuno-
histochemical analysis of CD44, CD133, OPN and OCN (Fig. 3N) further
verified that the micro-OS mimicked the tumor microenvironment in
vitro more accurately than 2D culture or culture in a 3D-printed dOsEM-
fibrin hydrogel (Fig. 30-R). These results suggested that the micro-OS
could support the viability and maintain the characteristics of OS
cells, comparing with the 2D culture approaches and xenograft mouse
models.

2.5. The marrow inspired OOC system mimicked OS marrow niches and
maintained the high aggressiveness and rapid metastasis of OS tissues in
vitro

An OOC system was then constructed that integrated the micro-OS
with a microfluidic platform to simulate the diffusion behavior of
drugs within the circulatory system inside the bone marrow niches
(Fig. 4A-E). IHC staining for the cancer stemness marker CD133 in the
OOC system was 46.37 % =+ 3.40 %, which was significantly higher than
that in the 2D and static models (Fig. 4F and G). The relative expression
level of CD44 was also significantly elevated in the OOC system
compared to the 2D and static (without perfusion) models (Fig. 4H and
). Positive staining for N-cadherin, a typical marker for metastasis,
increased from 3.31 % =+ 0.33 % in the 2D culture to 40.63 % + 0.53 %
in the OOC system, which was higher than that in the static model
(Fig. 4J). In the OOC system, the secretion of MMP2 and MMP9, which
contribute to OS invasion and metastasis, was significantly increased
(MMP2: 79.89 % + 1.22 % and MMP9: 69.69 % + 4.57 %) (Fig. 4K and
L). Then, we further compared the gene expression of CD133, MMP9,
and N-cadherin among the 2D, static, OOC, and xenograft models and
patient OS tissue, and the results confirmed that the aggressive and
metastatic characteristics of OS were well maintained in the OOC system
(Fig. 4M — 0). Taken together, these results illustrated that the OOC
system mimicked the OS marrow niches to maintain high OS aggres-
siveness and rapid metastasis and might serve as an ideal tool for indi-
vidualized drug screening.

2.6. The OOC system exhibits high OS aggressiveness and rapid metastasis
through activation of the CXCL12/CXCR4 signaling axis

An in vivo biomimetic platform could provide real-time, accurate,
and individualized results for OS drug screening. We next explored the
mechanisms by which the artificial OS marrow niches (the OOC system)
maintained the high aggressiveness and rapid metastasis of OS cells.
Previous results (Supplementary Fig. S4) showed that the ECM and ECM-
receptor interactions significantly affected the characteristics and
maintenance of OS cells. Thus, we performed a STRING analysis to
determine the key secreted protein candidates inside the OOC system.
Cytokine-related proteins were the key clustered molecules (Supple-
mentary Fig. S7). ELISA results further demonstrated that CXCL12
accounted for a large proportion of the hBMSC-EV-secreted proteins
(approximately 3478.473 + 86.979 ng/mL) (Fig. 4P-Q). Apart from
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CXCL12, its receptor CXCR4 showed greater enhancement in the dOsEM
groups than in the 2D or static group (Fig. 4R and S). Immunohisto-
chemical analysis (Fig. 5A-C) and gene expression analysis (Fig. 5D)
showed that the expression of CXCR4 and CXCL12 in the OOC system
was more similar to that in xenograft and patient OS tissues. Moreover,
our xenograft model and patient OS tissue model also verified the ex-
istence of CXCL12, which was mainly secreted by CD90-positive
mesenchymal stem cells in vivo, rather than vascular endothelial cells
or tumor cells (Fig. 5E), which was consistent with the results of a
previous study [45] and further clarified that adding hBMSC-EVs to the
OOC system in vitro could partially restore the OS bone marrow niches
and the related CXCL12/CXCR4 interactions in vivo.

We then verified whether the restoration of CXCL12/CXCR4 in-
teractions is closely related to cell proliferation enhancement inside our
OOC system. Previous results showed that the classic proliferation reg-
ulatory pathway PI3K/AKT was upregulated in our OOC system (Sup-
plementary Fig. S8). Western blotting also verified the increased protein
expression of PI3K and p-AKT, which was consistent with the RNA-seq
results (Fig. 5F-0). The addition of AMD3100 (also known as plerix-
afor), a small-molecule inhibitor that specifically inhibits CXCR4 re-
ceptors, offset the regulatory effects of the OOC system by decreasing the
expression of PI3K and p-AKT proteins (Fig. 5F). We then determined the
inhibitory mechanism of AMD3100 on the CXCR4 signaling axis through
protein docking and molecular docking, and the results showed an
inhibitory effect of AMD3100 on the CXCL12/CXCR4 axis that was
exerted by targeting the Asp262 residue of CXCR4 and the Cys11 residue
of CXCL12 (Fig. 5P, Q, Supplementary Figs. S9 and S10).

Taken together, these results indicated that the OOC system simu-
lated marrow niches and maintained PI3K/AKT-mediated proliferation
and metastasis in OS cells by sustaining the CXCL12/CXCR4 axis.

2.7. Evaluation of therapeutic effects in the OOC system

Because the OOC system exhibits high OS aggressiveness and rapid
metastasis through the CXCL12/CXCR4 axis, we then evaluated the
potential of the OOC system in drug screening and compared it with a
xenograft model. DOX is the first-line chemotherapy drug for OS. We
combined DOX with AMD3100 (plerixafor) in our OOC system to verify
the efficiency of comprehensive therapy. The primary OS specimens
were freshly isolated from the OS patient (Fig. 6A). The results showed
that the proliferation of patient-derived OS cells in the OOC group was
greater than that in the 2D and static groups (Fig. 6B), which is
consistent with previous research results [10]. The results of the
viability test preliminarily revealed that although the killing effect of
plerixafor was not as strong as that of DOX, the combination of plerix-
afor (40 pM) and DOX (0.8 pM) significantly increased the lethal effect
of DOX on patient-derived OS cells. The cell viability decreased from
57.07 % + 3.39 % (for DOX alone) to 31.52 % + 4.23 % (for the com-
bination group) (Fig. 6C and D), and the cell proliferation measurement
through the CCK8 assay showed similar results (Fig. 6E). Then, we used
the OOC system to compare the pharmacokinetic and pharmacodynamic
properties of different concentrations of DOX with the xenograft model
invivo (Fig. 6F and G). We found that 1.5 pg/mL DOX in the OOC system
more closely simulated the concentration changes in vivo (Fig. 6H). The
model prediction of the average volume of the OOC system successfully
simulated the concentration changes in the in vivo model (Fig. 6I-K).
Taken together, these results suggested that the OOC system is an
effective model for drug screening and toxicity prediction.

2.8. The xenograft model verified the therapeutic effect of the CXCR4
inhibitor plerixafor in the OOC system

Based on the abovementioned results, we further verified the effec-
tiveness of the CXCR4 inhibitor plerixafor combined with traditional
combination therapy (doxorubicin and cisplatin [46,47]) (Fig. 7A). The
size of the tumor in nude mice decreased significantly in the APA group
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Fig. 4. Fabrication of the osteosarcoma-on-a-chip (OOC) system and immunofluorescence detection of metastatic markers of tumor cells inside the OOC system. (A)
Schematic illustration of the 3D-printed OOC model. (B) Steps for in situ fabrication of a 3D-printed OOC model. (C-E) Experimental setup of the OOC model. The
chip was connected in a closed loop to a reservoir with medium and drugs passing through a peristaltic pump. (F) Immunofluorescence detection and quantification
of the expression levels of CD133 (G) and CD44 (H), vinculin (I), N-cadherin (J), MMP2 (K) and MMP9 (L) inside the 2D, static, OOC, and mouse xenograft models
and patient OS tissue (n = 8). Scale bars represent 200 pm. Positive staining is indicated by a white arrow. (M) RT-qPCR measurement of the expression levels of
CD133, MMP2 (N), and N-cadherin (O) in MG63 cells inside 2D, static, OOC, and mouse xenograft models and patient OS tissue (n = 4). Expression was normalized to
that of the 2D culture conditions. (P) Expression of cytokeratin concentrations inside hBMSC-EVs (n = 3). (Q) Concentration of CXCL12 inside hBMSC-EVs at 24, 48,
and 72 h (n = 3). (R) Expression and quantification (S) of CXCL12 with different volumes (30 pL and 300 pL) of hBMSC-EVs. CXCL12 protein was used as the positive
control. (T) Expression and quantification (U) of the CXCL12-specific receptor CXCR4 in 2D, static, and OOC models and patient OS tissue. (n = 3). Data are presented
as the means + SDs (n = 4). Analysis of variance (ANOVA) was performed for all parameters. Newman-Keuls comparison tests were performed after ANOVA. *, **,
**% and **** indicate p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.



Z. Lu et al. Bioactive Materials 34 (2024) 1-16

(A) Patient (B) s (C) i
—
= 50+ % 804
% *kk  —— sokkk
S Qo e 8 ¢ é
e L — %% $60
3] = o B = (o]
3 X 304 9
k3 340
<
o 20 4
%) 2
> -
O 10+ Qe

CXCR4/DAPI

3 &'
9 oo >
> &
(F) +° o%" (G) Hrx (H) —n (I)
¢ . c@ E 0.6 e D 067 wass ]
K Q — >
H& & o 3 — _cl H
PI3K [— - e [110KD '5 0.4 i .g 0.4 5
w —
p-AKT 5} ~ | 60KD 3 § - ﬁ
[  — s 0.2 g 0.2 g
4 = ]
L LSO L OO
ey 00&\“ » &P EN
S -
N
o o
o 9
S M (N)
(K) ° 0.6 e K]
9 0 wer < o
K] : s S
- 3 K
p-ERK1/2 2 06 & S & S
2 O 04 @
]
o ] 3
p-AKT go4 @ 4
S
o X 0.2 3
Bcl-2 N2 @ [
B-actin § a2} <
T
w o0 8 00 -
e L& R &
P & & &
T & Q”" &
4@ _\_e°
AR )
ey AL
"/ ;'},k‘ § /J a
(52 \on
- SL
- e v Aspl93(R)]
0 & i
s
(> {)“'} - N g @
g EHF
% ¢ Arg8(L)
[0 2 .
EJRTAN Y e

|t
o
PN
X
bl

n.-z:(s;g

>
Y e

CXCL12

Fig. 5. Activation of the CXCL12/CXCR4 signaling pathway increased proliferation characteristics in the OOC system. (A) Immunofluorescence detection and
quantification of the expression levels of CXCL12 (B) and CXCR4 (C) in the 2D culture, static, OOC, and mouse xenograft models and patient OS tissue. (n = 8). Scale
bars represent 200 pm. Positive staining is marked as a white arrow. (D) RT-qPCR detection of the expression levels of CXCR4 in MG63 cells inside the 2D, static,
00C, and mouse xenograft models and patient OS tissue (n = 4). (E) Immunofluorescence detection of the localization of CXCL12 (red), CD90 (blue), and CD31
(green) inside the mouse xenograft model and patient-derived OS tissues. Scale bars represent 10 pm. (F) Protein expression levels and quantification of PI3K (G), p-
AKT (H), Bax (I), and Bcl-2 (J) for the static model, OOC, and OOC with CXCR4 inhibitor (AMD3100) and 2D culture (n = 3). (K) Protein expression levels and
quantification of p-ERK1/2 (L), PI3K (M), p-AKT (N), and Bcl-2 (O) in the OOC model, patient OS tissue, and xenograft model (n = 3). (P) Construction of the
CXCR4-CXCL12 complex by protein-protein docking. (Q) 3D imaging and (R) 2D imaging of molecular docking for the plerixafor and CXCR4-CXCL12 complex. The
carboxyl hydroxyl group O-H of the Asp262 residue (yellow) of the CXCR4 protein formed a hydrogen bond of 2.2 A with the N of plerixafor (green). The main chain
carboxyl group O of the Cys11 residue (blue) of the CXCL12 protein formed a hydrogen bond with a length of 3.0 A with an N-H group of plerixafor (green). Data are
presented as the means + SDs. Analysis of variance (ANOVA) was performed for all parameters, followed by a Newman-Keuls comparison test. *, **, *** and ****
indicate p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.
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Fig. 6. Evaluation of the drug screening potential of the OOC system. (A) Primary OS specimens were freshly isolated from the OS patient (i), and after being minced
with scissors (ii), OS tissues were digested with tissue dissociation solution under magnetic stirring (iii). The digested cells were then separated from the digestion
solution by centrifugation at 1300 rpm for 10 min (iv). (B) Proliferation of patient-derived OS cells inside the 2D, static and OOC systems. (C) The combination of
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is indicated by a white arrow. (F, G) The pharmacokinetic and pharmacodynamic properties of DOX in OS tissues (n = 4). HL_Lambda_z: Terminal half-life = In (2)/
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indicate p < 0.05, p

(Fig. 7B) compared to that in mice treated with traditional chemo-
therapy drugs (control: PBS; AP: doxorubicin and cisplatin; APA: AP and
AMD3100). The weight changes of the mice showed no significant dif-
ference among the three groups (Fig. 7C and D). Immunofluorescence
results further verified that CXCR4 expression was inhibited (Fig. 7E).
Moreover, decreases were observed in the expression of tumor stem cell
markers (CD44 and CD133) and tumor metastasis markers, such as
N-cadherin and EpCAM for EMT processes and MMP2 and MMP9 for
matrix degradation. (Fig. 7F-M). Caspase-3 staining showed signifi-
cantly increased expression from 36.66 % + 0.21 % to 84.52 % + 0.76
% (Fig. 7N, P), and apoptosis increased from 23.69 % + 0.63 % to 46.56
% + 2.00 % (Fig. 70, Q). Taken together, these results verified that our
OO0C system simulated the therapeutic effect of drugs in vivo and that
plerixafor could be a potential targeted treatment for OS in the future.

In summary, the constructed bone marrow-inspired OOC system
simulated marrow niches to support the high aggressiveness and
metastasis of OS cells and can be used as a potential drug screening
platform for OS in the future.

3. Discussion

Tissue-engineered 3D OS models have demonstrated great potential
for studying the mechanism of OS cell-matrix interactions and assessing
drug efficacy by incorporating key features of OS niches [48]. As the key
component of OS niches, the ECM, extracellular vesicles and signaling
molecules work together to constitute a three-dimensional molecular
network system [20], which provides physical support for the structures
and maintenance of biochemical functions for OS cells, such as cell
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invasion, migration and proliferation [21]. To imitate the actual
microenvironment in vivo, and further determine its role in modulating
OS progression and drug responses, it is necessary to construct an OS
model with controllable matrix stiffness, cell-cell interactions,
cell-matrix interactions and a perfusion system.

Herein, this study created an acellular OS marrow niche (the OOC)
system by combining dOsEM with marrow-specific hBMSC-EVs in a
microfluidic recirculation perfusion system. The dOSEM was used as a
soft material for modeling OS in 3D and maintained the biochemical
properties of the bone tissue and the spatial patterning of the matrix
during OS invasion. Our results first show that the amplification effi-
ciency of dOsEM is significantly better than that of other commercial
hydrogels (Fig. 1I). In addition, dOsEM-EVs in OOC have good expan-
sion efficiency and could maintain important characteristics of the OS
microenvironment (Figs. 2 and 3). We speculate that the promotion of
OS cell proliferation by the OOC system may be attributable to three
reasons. (1) The 3D molecular network of dOSEM partially maintains the
physical structure and biochemical homeostasis of the OS microenvi-
ronment after decellularization treatment. (2) The hBMSC-EVs provide a
growth factor microenvironment, possibly derived from bioactive small-
molecule contents. (3) The softness of the dOsEM in our OOC may also
be vital for the maintenance of cancer stem cells and the related
epithelial-mesenchymal transition (EMT) markers for osteosarcoma,
such as CD133, CD44 and N-cadherin (Fig. 31, N; Fig. 4F, M), which is
consistent with previous research findings [49].

In addition, 3D printing technology integrated with the OOC perfu-
sion system, as an efficient method to construct porous scaffolds with
intricate microstructures, has been proven to be vital in controlling the
oxygen and nutrient distribution to alleviate hypoxia [9,10,50]
throughout the constructed OS tissue (Fig. 3E), which is indispensable in
constructing high-viability tissues for drug screening applications [51,
52]. Vasculature, another key component affecting tumor progression
and treatment response, has also been proven to be necessary to provide
sufficient oxygen and nutrients to cells within tissues above the milli-
meter scale and to convey circulating tumor cells (CTCs) outward for
cancer metastasis [12,25,44]. Accordingly, future work will integrate
the vasculature networks of 3D-printed organ-on-chip models into a
vascularized multiorgan-on-chip model to facilitate preclinical phar-
maceutical investigation and basic research on cancer biology.

Moreover, hBMSC-EVs, a human-derived biological component rich
in bone marrow-specific secreted factors (such as CXCL12, IL-6, VEGF,
and TGF-f), could mimic multiple biochemical components in the
microenvironment (Fig. 4P). hBMSC-EVs have also been found to pro-
duce a sustained release of these secreted factors [53], facilitating
long-lasting nourishment for OS cells, which is superior to simply adding
these factors to the hydrogel. In addition, compared with the recent
results of directly adding stem cells, this improved method significantly
reduced stem cell contamination for future drug screening processes.
Therefore, hBMSC-EVs might be used as an optional bone marrow
replacement for human-derived hBMSCs inside the OOC system, and
hBMSC-EVs could be used as effective additives for tissue amplification
in vitro.

To further elucidate the specific regulatory mechanism of hBMSC-
EVs on OS cells, we used RNA-seq and mass spectrometry to explore
the possible crosstalk between BMCS-EVs and OS. The results showed
that cytokine—cytokine receptor interactions, especially
CXCR4-CXCL12 interactions, played a vital role in their regulatory ef-
fect. CXC motif chemokine ligand 12 (CXCL12; SDF-1) is a chemokine of
the CXC family, is often expressed in bone marrow stem cells, and in-
teracts with CXC motif chemokine receptor 4 (CXCR4) [54]. CXCR4 has
been shown to be expressed in several cancers, including breast, renal,
prostate, and gastric cancers [55,56]. Studies have shown that mesen-
chymal stem cells promote the proliferation of OS cells through para-
crine action and regulate the downstream pro-proliferation pathway by
directly secreting CXCL12 [57]. CXCL12 has also been found to play a
critical role in OS metastasis [58]. The expression of CXCL12 might be
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stimulated by HIF-1a during OS growth [59,60], which could further
promote OS migration, angiogenesis, and stemness maintenance (e.g.,
CD133 and CD44) at a high cell density. As expected, our results showed
that hBMSC-EVs upregulated the CXCL12/CXCR4 axis and shared a
similar role in patient OS proliferation and migration (Fig. 5).
hBMSC-EV-enriched secretory components (such as CXCL12) might
have a strong synergistic effect with matrix stiffness (modulus) and
bioactive ingredients remaining in dOSEM-fibrin after decellularization
treatment (such as heparan sulfate [61] and hyaluronan [62]) for
regulating cell behavior [63], further validating the necessity of this
model for elucidating the pathological progression of OS. This is also
reflected by the elevated expression of CXCR4 in our OOC system
compared with other models (Fig. 5C and D).

AMD3100 (also known as plerixafor), a CXCL12 and CXCR4 inhibi-
tor, has been approved by the FDA for patients with lymphoma and
multiple myeloma [64]. However, its potential applications and the
specific mechanism by which it regulates CXCR4 remain unclear. We
found that AMD3100 in the OOC system impaired PI3K/AKT-mediated
cell proliferation and migration (Figs. 5F and 6C), which was consistent
with previous research results [65]. Molecular docking showed that the
mechanism might drive competitive inhibition effects between the
binding domain of CXCL12 and CXCR4 at the Asp262 residue in CXCR4
and the Cys11 residue in CXCL12 (Fig. 5Q-S). These results showed that
CXCL12 may be a major factor in regulating OS proliferation and that
PIBK/AKT could be the key downstream pathway under
CXCL12/CXCR4 axis activation after AMD3100 treatment, which could
regulate OS growth, metastasis, and drug resistance [66,67]. Further
work would include constructing a lentivirus delivery system via
CRISPR/Cas9 RNP to specifically knock out CXCR4 and further verify its
killing effect on OS. Further research will explore the specific functions
and mechanisms of other bioactive ingredients in BMSC-EVs (such as
DNA/miRNA/IncRNA) in regulating OS cell proliferation and
metastasis.

4. Conclusions

An acellular bioink consisting of dOSEM loaded with hBMSC-EVs was
used to construct a micro-OS. By integration with a microfluidic system,
the micro-OS was further developed into an OOC system, which imitated
bone marrow niches, cell-cell and cell-matrix crosstalk, and circula-
tion, allowing a more accurate representation of OS characteristics in
vivo. We confirmed that the marrow niche-inspired OOC system regu-
lated multiple OS pathological processes via the CXCL12/CXCR4/PI3K/
AKT pathway and that plerixafor, by targeting CXCR4, has potential as a
targeted treatment for OS. The OOC system could also be used as a drug
screening platform for OS to study the therapeutic effects of systemic
therapies to design individualized comprehensive treatments in the
future (Fig. 8).

5. Materials and methods

5.1. Preparation and characterization of the 3D-printed dOsEM-fibrin
scaffold

5.1.1. Extraction and characterization of hBMSC-EVs

hBMSCs were purchased from the cell bank of the Chinese Academy
of Sciences (Shanghai, China). Then, P2 and P3 hBMSCs were used to
extract hBMSC-EVs. When the cell confluency reached approximately
70 %, the cell culture medium was replaced with serum-free medium.
The cell culture supernatant was collected after culturing for 72 h. Cell
impurities were removed by centrifugation at 1200 rpm, and then ul-
tracentrifugation was performed at 100,000 xg and 4 °C for 90 min. The
supernatant was hen discarded and resuspended in 0.5 mL of Dulbecco’s
phosphate-buffered saline (DPBS) to obtain the hBMSC-EVs. The con-
centration of hBMSC-EVs was determined using a BCA kit (Thermo
Fisher, MA, USA).
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Fig. 8. Schematic diagram showing the marrow-inspired OOC system imitating bone marrow niches, cell-cell and cell-matrix crosstalk, and circulation, allowing a

more accurate representation of OS characteristics and drug responses in vivo.

The morphology of hBMSC-EVs was observed using transmission
electron microscopy (TEM, TecnaiTM G2 Spirit BIOTWIN). The particle
size distribution of hBMSC-EVs was observed using nanoparticle
tracking analysis (NTA, NanoSight NTA v3.2) after 1:1000 dilution with
particle-free PBS [68], and the characteristic markers (CD9, TSG101,
and HSP70) of hBMSC-EVs were verified using Western blotting. The
effect of hBMSC-EVs on the proliferation and migration behavior of the
OS cell line MG63 (ATCC, VA, USA) was determined using an MTT assay
and a scratch test. The effects of three different concentrations of
hBMSC-EVs (3 pg/mL, 30 pg/mL, and 300 pg/mL) on the proliferation of
the OS cell line MG63 were determined using MTT assays on day 2 and
day 4. The effects of different concentrations of hBMSC-EVs (3 pg/mL,
30 pg/mL, and 300 pg/mL) on the migration of MG63 cells were
determined using a scratch test in serum-free medium at 72 h.

5.1.2. Extraction and identification of dOSEM

Six fresh human OS tissue samples (preserved in medium) were first
minced with ultrasonic mechanical disruption and placed in 0.25 %
trypsin for 6 h while stirring at 250 rpm, washed three times with water,
treated with 100 mL of 70 % ethanol at 250 rpm and stirred for 10 h, and
washed with 3 % Hy05 for 15 min. After washing three times, 1 % Triton
X-100 and 0.26 % EDTA/Tris were added for 6 h. Next, the tissue was
washed three times with water for 15 min, treated with 0.1 % peracetic
acid and 4 % ethanol for 2 h, washed with double-distilled water for 15
min three times, and then freeze-dried. The DNA content in the acellular
matrix was quantified using a NanoDrop (Thermo Fisher, MA, USA), and
the aforementioned components were quantified using a Human GAGs
ELISA Kit (FineTest, Wuhan, China) and Collagen ELISA Quantification
Kit (Abcam, Cambridge, UK). Furthermore, qualitative and quantitative
analyses of the matrix components were performed using the protein
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spectrum. The XPS spectrum was measured on K-Alpha (Thermal Sci-
entific, USA).

5.1.3. Biomass spectrometry and protein profiling for dOsEM and hBMSC-
EVs

Biomass spectrometry was used to analyze the protein macromole-
cules in dOSsEM and hBMSC-EVs. After cleavage the protein from three
separated samples, the proteins were preliminarily separated by SDS—
PAGE electrophoresis, and a sequencing-grade trypsin solution was
added to react overnight at 37 °C. Data were then quantitively analyzed
using MaxQuant software.

5.1.4. Preparation of the micro-OS

Lyophilized dOsEM and pepsin (Sigma, St. Louis, MO, USA) were
dissolved at a ratio of 10:1 with stirring for 48 h. The pH was adjusted to
7.4 using NaOH, and a final concentration of 6 mg/mL was reached.
According to our previous study [69], the bioink for micro-OS was
produced using the components and proportions listed in Table 1.
Furthermore, the rheological and mechanical properties of the bioink
are described in Fig. 1G and H.

Briefly, the rheological behavior of the dOsEM-fibrin solution (3%-
5%) with different concentrations of gelatin (1%-3%) (Sigma, St. Louis,
MO, USA) was characterized using an HR-2 Discovery rheometer (TA
Instruments, Newcastle, DE, USA) with a 25-mm steel parallel plate
geometry [44]. The gap between the plate and the surface of the
dOsEM-fibrin solution was 105 pm. Strain was measured from 0.01 to
100 at an angular frequency of 6.28 rad/s. The rheometer was operated
using the programmable software of the instrument. Data were collected
from triplicate samples, and the temperature of the solution was main-
tained at 20 °C. The MG63 cell proliferation activity in dOsEM-fibrin
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Table 1
Composition of printable dOSEM-fibrin hydrogels.
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EV concentration dOsEM Fibrinogen Gelatin Glycerol MG63 cell density
hBMSC-EV-dOsEM-fibrin 300 pg/mL 6 mg/mL 20 mg/mL 20 mg/mL 10 % 1.0 x 107/mL
dOsEM-fibrin None 6 mg/mL 20 mg/mL 20 mg/mL 10 % 1.0 x 107/mL

was compared with that in four other typical hydrogels, GelMA hydro-
gel, hyaluronan/Gelin/PEGDA hydrogel, collagen hydrogel, and fibrin
hydrogel, using CCK-8 assays on days 1, 3, and 5. A 3D printer (Rege-
nove Bio-Printer-WS, China) was used to construct 3D-printed
hBMSC-EV-loaded micro-OSs by extruding and stacking the hydrogel
layer-by-layer. After installing the cartridge to the head of the bio-
printer, the printing speed was set to 3 mm/s, and the printing figure
was set to be a cuboid (10 x 10 x 5 mm). In addition, based on the
results of previous studies of oxygen diffusion, 1.0-mm printing spacing
models were used. Then, the micro-OS was formed using extruded bio-
materials driven by air pressure. At least three replicate samples of each
hydrogel scaffold were used. After printing, the 3D-printed micro-OS
samples were added to a thrombin (200 IU/mL, Sigma, St. Louis, MO,
USA) solution at 37 °C for crosslinking for 30 min. The Young’s Modulus
of the micro-OS was performed on an Instron 5982 universal testing
system.

5.2. Characterization of physicochemical properties of the micro-OS

5.2.1. Cell viability and proliferation analyses

The proliferation of the OS cell line MG63 (ATCC, VA, USA) in the
hydrogel was measured using a CCK-8 Lit (Biosharp, China) and a Live/
Dead Viability Kit (Invitrogen, USA). The CCK-8 reagent was diluted in
the medium at a ratio of 1:10. The medium inside the well plate was
aspirated. Then, 300 pL of the CCK-8 diluted solution was added and
incubated at room temperature for 2 h. At 1, 3, 5, and 7 days, the
absorbance was assessed at 450 nm inside the well plate using four
parallel samples in each group. For live/dead staining, the samples were
treated with 5 pL/mL calcein AM and 2 pL/mL propidium iodide (PI) for
45 min at 37 °C. The fluorescence was examined using a fluorescence
microscope (X-Cite® 120 LED Boost, Olympus). Six random fields for six
samples were used to analyze viability using ImageJ software.

5.2.2. Ultrastructure analysis

After culturing the scaffolds for 24 h, the medium was removed, and
the scaffolds were washed three times with PBS. Next, 2.5 % para-
formaldehyde was added for fixation at room temperature for 60 min.
The hydrogel scaffolds were then washed three times with PBS and af-
terward with ddH,0. An ethanol gradient was used for gradient dehy-
dration treatment, and the samples were dried. Finally, the samples were
sputter coated with gold, and the surface morphology of the scaffold was
observed using scanning electron microscopy (SEM, FlexSEM 1000;
Hitachi, Tokyo, Japan). The pseudopodium extensions for cell adhesion
on the scaffold were also observed through SEM.

5.2.3. RNA-seq and RT-PCR

RNA-seq technology was used to analyze the key regulatory genes in
MSC-EVs and their downstream activated signaling pathways. RNA was
obtained from the 2D culture group, 3D micro-OS group, and xenograft
group to obtain RNA using the TRIzol cleavage method. A TruSeq Strand
mRNA Sample Preparation Kit was used to construct the cDNA library.
The cDNA in the library was subsequently sequenced using an Illumina
HiSeq X Ten detection platform. Each group of three replicate sample
reads was recorded. The raw data were processed using Trimmomatic
software and analyzed and compared using the DESeq (2012) R package
to obtain the differential gene expression results, including biological
processes (BP), cell components (CC), molecular functions (MF), and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis. For RT-PCR, total RNA was isolated using an RNeasy Mini Kit
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(QIAGEN, Germantown, PA, USA). qPCR analysis of the genes was
performed with the probes listed in Supplementary Table S1. All qPCR
experiments were performed on a QuantStudio 3 PCR system (Thermo
Scientific, Waltham, MA, USA).

5.2.4. Histology and immunofluorescence

The sample was washed three times with PBS, and 2.5 % para-
formaldehyde was added. The sample was fixed at room temperature for
60 min. Then, the sample was washed three times with PBS containing
0.1 % Triton X-100 and blocked using BSA (Dako, Santa Clara, CA, USA)
at room temperature. Next, the sample was incubated with the primary
antibodies (Supplementary Table S2) overnight at 4 °C and then incu-
bated with the fluorescence-conjugated secondary antibody at room
temperature. DAPI (Invitrogen) was used to stain the nuclei. A confocal
laser scanning microscope (X-Cite® 120 LED Boost, Olympus) was used
to image the cells.

5.3. Preparation and characterization of the OOC model

5.3.1. Isolation of patient OS cells

The primary OS specimens were freshly isolated from the OS patient
(i), and after being minced with scissors (ii), OS tissues were digested
with Tissue Dissociation Solution (Cytowise, Shanghai, China) under
magnetic stirring (iii). The digested cells were then separated from the
digestion solution by centrifugation at 1300 rpm for 10 min (iv). The OS
specimens were also used as positive controls for the OOC and xenograft
models.

5.3.2. Preparation of the OOC model using the 3D-printed micro-OS

The hBMSC-EV-loaded dOsEM-fibrin scaffolds loaded with MG63
cell line or patient-derived OS cells were then constructed using 3D
bioprinting. The glass slides, adhesive films (DSF), and PMMA were
stacked and firmly fixed together after printing. The top assembly con-
sisted of plasma-bound adhesive and a PDMS cover. The port on the lid
was fitted using polytetrafluoroethylene tubing (Cole Parmer, Vernon
Hills, IL), and the chip was connected to a micro peristaltic pump (MP2
Precision, Elemental Scientific, Inc., Omaha, NE) circuit. Then, the pipe
from the inlet port was connected to the medium container using the
PVC pipe, and the outlet pipe was set to discharge into the container,
thus establishing a closed loop system. PVC tubing was installed on the
micro peristaltic pump to initiate medium recirculation in the system.
The 3D-printed OS tissue was grown in a simulated circulatory system
by filling each medium reservoir with 1.6 mL of medium and then
pumping at a very low flow rate of 4 pL/min for 48 h, based on our
previous research [9,10].

5.3.3. Characterization of the OOC model

The effectiveness of the culture system was verified based on OS cell
proliferation, migration, and apoptosis in the chip through CaAM/PI
staining, MTT assay and IHC staining (Supplementary Table S2). 2D:
MG63 cells under 2D culture for 48 h; Static: MG63 cells under the OOC
culture system without perfusion for 48 h; OOC: MG63 cells under the
OOC culture system with perfusion for 48 h; Xenograft: MG63 cell
mouse xenograft models 2 weeks after seeding. Patient: Fresh OS tissues
from patient.
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5.4. Construction of the CXCR4-CXCL12 complex by protein—protein
docking

The crystal structures of CXCR4 and CXCL12 were retrieved from the
RCSB Protein Data Bank (https://www.rcsb.org/): PDB ID 30DU for
CXCR4 and 2J7Z for CXCL12. The proteins were then prepared for
docking by removing water molecules and ligands. Hydrogen was added
before performing protein—protein docking.

First, rigid docking was carried out through the ClusPro online server
(https://cluspro.bu.edu/) to adjust the initial conformations of the two
proteins. Then, based on the results of rigid docking, RosettaDock was
used for flexible docking. The results were selected by screening with
Rosetta’s built-in score module. Then, we used LigPlot to analyze
intermolecular interactions. The binding energy between CXCL12 and
CXCR4 was calculated by the Interface analyzer module from Rosetta
software. Finally, the CXCR4-CXCL12 complex was visualized in PyMOL
molecular graphics software to identify the interactive residues.

5.5. Molecular docking of the CXCR4—-CXCL12 complex

We then used the optimized the CXCR4-CXCL12 complex obtained
by protein-protein docking as the protein structure for molecular
docking. The 3D structure of plerixafor was obtained from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/).

First, AutodockTool was utilized to hydrogenate the predicted pro-
tein structure and assign atom types. Then, we performed molecular
docking with Autodock4 based on the protein structure output from
AutodockTool. Based on the results of the key residues for the interac-
tion between CXCR4 and CXCL12, a local docking mode was adopted.
The Autodock4 program automatically predicted the binding free en-
ergy according to an algorithm based on the AMBER force field. The
final confirmation of the ligand was chosen according to the predicted
binding free energy. The interaction force between CXCL12 and CXCR4
was analyzed by Ligplot software, and the 3D ligand-receptor confor-
mation was displayed by PyMOL software.

5.6. Preparation of a tumor-bearing nude mouse model and drug
evaluation

MG63 cells were seeded subcutaneously in BALB/c nude mice (JSJ
Laboratory, Shanghai, China) at a cell density of 5 x 10/50 pL. After
two weeks of tumor formation, the body weight and tumor size of the
nude mice were recorded, and different doses of drugs were adminis-
tered. Six mice were included in each group. The drugs were adminis-
tered intraperitoneally (DOX: 3 mg/kg [70,71], cisplatin: 6 mg/kg [72],
AMD3100: 5 mg/kg mouse weight [73,74]) (Fig. 7A), and the body
weight and tumor size of the nude mice were recorded every two days.

The DOX concentration inside the OS chip and the tumor-bearing
mouse model were determined at different standard concentrations
using a microplate spectrophotometer (Multiskan GO, Thermo Scienti-
fic, USA). The excitation and emission wavelengths were 470 and 590
nm, respectively. Linear regression was performed for the absorbance
values and the DOX concentration to obtain the absorbance-concen-
tration standard curve y = 0.4661x — 14.313 (R? = 0.9992). Then, the
measured absorbance of each sample solution was converted to the
concentration according to the standard curves. The pharmacokinetic
and pharmacodynamic properties of DOX inside the OS tissues were
determined using Phoenix 64 (version 8.1.0.3530) based on the DOX
concentration in the blood and tumor.

HL_Lambda_z: Terminal half-life = In (2)/Lambda Z;

Cmax: Maximum observed concentration;

AUClast: Area under the curve from the time of dosing to the time of
the last measurable (positive) concentration (Tlast);

AUCINF _obs: AUC from time of dosing extrapolated to infinity, based
on the last observed concentration (_obs) or last predicted
concentration;
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Vz_F_obs: Volume of distribution based on the terminal phase;
CLF_obs: Total body clearance for extravascular administration;
MRTINF _obs: Mean residence time (MRT) extrapolated to infinity.

5.7. Computational simulation of DOX release

We used the model developed in this study to determine the related
parameters in the OOC system. The transport of DOX in the chips was
simulated using the finite element software COMSOL Multiphysics
(version 5.4). The permeability of DOX in an OOC system with cells was
expected to be lower than the permeability in medium, as described by
the obstruction theory, because dOsEM is composed of biofibers that can
hinder DOX transport, and the DOX diffusivity of cells suspended in the
gel is less than that of cells in medium (scaffold porosity). Therefore, the
diffusion coefficients in the hydrogel and water were assumed to be 2.3
x107%m?s™ ! and 3.8 x 107 m? s~ 1, respectively, based on our
previous studies [10,50]. Then, simulations were performed using the
concentration data measured at steady-state points to determine the
release rate of DOX and to yield the best fit between the measured and
predicted DOX concentrations inside the hydrogel [10].

5.8. Statistical analyses

GraphPad Prism and SPSS software were used to perform statistical
analyses on functional and histological data. The data are displayed as
the mean + standard deviation. To compare two groups, significant
differences between values were calculated using Student’s t tests. To
compare more than two groups, one-way analysis of variance (ANOVA)
was used. When the ANOVA results revealed a significant difference, a
Newman-Keuls test was performed. Significance thresholds are indi-
cated by *p < 0.05, **p < 0.01, and ***p < 0.001.
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