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1. Introduction

Mesenchymal stem cells (MSCs) have shown marked potential
in cell therapies for treating various diseases due to their

regenerative characteristics and have been
widely utilized in clinical trials.[1] However,
MSC-based therapy still faces several unre-
solved challenges, including immunoge-
nicity, tumorigenicity, and ectopic tissue
formation.[2] Since MSC-based therapies
depend on the use of live cells, they inher-
ently face challenges in precisely regulating
cellular behavior after transplantation.
Consequently, there is a growing demand
for therapeutic strategies that can retain
the advantages of cell-based therapies while
minimizing the risks associated with the
unpredictable nature of live cells. In this
regard, extracellular vesicles (EVs)—key
mediators of MSC paracrine effects—are
emerging as a compelling alternative to
direct MSC transplantation. Recent studies
have highlighted MSC-derived exosomes
(MSC-exosomes) as key factors in MSC
therapy, drawing considerable attention
as a cell-free therapy. Exosomes are a sub-
class of EVs with diameters ranging from
�50 to 150 nm. They are structurally com-
posed of a phospholipid bilayer membrane
and are secreted by nearly all cell types.[3]

Exosomes contain bioactive components,
such as mRNA, microRNA, proteins, and

amino acids, which enable them to regulate intercellular metab-
olism and activate various signaling pathways through paracrine
effects.[4] Notably, exosomes play a critical role in maintaining
normal cellular functions and act as key regulators of disease
development and progression.

Recent studies have demonstrated the therapeutic efficacy of
MSC-exosomes in tissue regeneration.[5] For instance, MSC-
exosomes have shown renoprotective effects in acute kidney
injury via anti-inflammatory, immunomodulatory, antinecropto-
sis, and antiapoptotic mechanisms.[6] Furthermore, in chronic
liver diseases, such as liver fibrosis, MSC-exosomes modulate
M2 macrophages and contain factors with immunoregulatory
roles, such as PGE-2, contributing to the alleviation of disease
conditions.[7] However, the clinical application of exosome-based
therapies remains limited, primarily because of the low exosome
production efficiency.[8] A sufficient supply of exosomes is essen-
tial to achieve therapeutic efficacy in clinical applications by effec-
tively mediating intercellular communication and regulation. 2D
culture plates, which are a commonly used cell culture method,
have limitations in effectively producing exosomes. In particular,
the exosome yield per cell is limited in 2D cultures, often neces-
sitating the collection of liters of conditioned medium (CM) to
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Mesenchymal stem cell (MSC)-derived exosomes (MSC-exosomes) are emerging
as promising cell-free therapeutic agents that address many challenges associ-
ated with traditional cell-based therapies. However, conventional methods for
isolating MSC-exosomes using 2D culture systems are often limited in their
efficiency, posing challenges to large-scale production. This study introduces a
novel approach to boost MSC-exosome production by promoting cell–cell and
cell–extracellular matrix (ECM) interactions. Specifically, ECM-integrated MSC
spheroid bioprinting technology is employed to optimize exosome secretion,
analyzing the effects of spheroid size and ECM composition on exosome pro-
duction. It is demonstrated that smaller spheroids constructed using MSCs
exhibit an enhanced production of exosomes. Additionally, incorporating ECM
components, such as fibrin, Matrigel, and collagen, particularly at higher con-
centrations, further boosts exosome production. Among these, MSC spheroids
with a 150 μm diameter and 0.6% w/v collagen integration demonstrate the
highest exosome secretion, achieving an 18.4-fold increase compared to tradi-
tional 2D culture systems. Furthermore, exosomes derived from ECM-enhanced
MSC spheroids exhibit strong efficacy in an in vitro scratch wound assay,
underscoring their therapeutic potential. Thus, the newly developed ECM-
incorporated spheroid bioprinting technology offers a highly effective strategy
for scaling up MSC-exosome production, paving the way for exosome-based
therapeutic applications.
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obtain a clinically relevant quantity of exosomes.[9] This limita-
tion is regarded as a key barrier for the large-scale production
of exosome-based therapeutics.[10] Therefore, the development
of novel culture methods to improve exosome production effi-
ciency is necessary.

3D culture methods, such as cell spheroids, can be utilized to
enhance exosome production efficiency.[11] For example, meth-
ods to increase exosome production by mass culturing MSCs
in 3D using bioreactors have been investigated.[12] In addition,
Kim et al. demonstrated that inducing 3D MSC spheroid forma-
tion through the hanging drop method or nonadherent surface
coating resulted in higher exosome yields than in 2D cultures.[13]

However, conventional cell spheroids often form simple cell clus-
ters without considering the presence of proper extracellular
matrix (ECM). The ECM plays a critical role in recapitulating
the in vivo environment, which is essential for maintaining
and enhancing MSC functionalities, such as stemness and multi-
potency.[14] While several studies have employed micropatterned
or micromold systems to incorporate ECM components during
spheroid formation.[15] For instance, Zhu et al. induced cell
aggregation by seeding cells onto micropatterned ECM-coated
substrates. In contrast, Gonzalez-Fernandez et al. fabricated cell
spheroids by directly pipetting a mixture of cells and ECM com-
ponents into micromolds. Notably, 3D bioprinting technology
has emerged as a promising approach for the precise and
controllable fabrication of ECM-incorporated spheroids.[16]

However, studies on fabricating spheroids that consider ECM
components specifically designed to optimize exosome produc-
tion are still limited. Therefore, there is a need to develop a novel
MSC culture platform with ECM-incorporated spheroids, ulti-
mately aiming to enhance exosome yield and facilitate clinical
translation.

In this study, we utilized human placenta-derived stem cells
(PSCs) as a source of exosomes for therapeutic applications.
Previously, we evaluated the capacity of PSC-derived EVs
to induce cellular differentiation in vitro, comparing their
performance to that of EVs derived from well-characterized bone
marrow-derived MSCs (BMSCs).[17] Our findings demonstrated
the feasibility of using PSC-derived EVs for bone tissue engineer-
ing. Results showed that PSCs proliferate at a significantly faster
rate than BMSCs and produce EVs with greater potency. These
advantages position PSCs as a promising alternative to BMSCs
for applications requiring large quantities of EVs or enhanced
therapeutic efficacy. Building on these insights, we further aimed
to enhance the therapeutic potential and production efficiency of
exosomes by developing ECM-incorporated spheroids using 3D
bioprinting technology. This approach was designed to simulta-
neously enhance cell–cell and cell–ECM interactions. This spher-
oid printing method enables precise control over the morphology
and biochemical properties of PSC spheroids by adjusting the
process parameters and bioink composition. To optimize the
exosome extraction process, we first analyzed the effect of
the spheroid diameter on exosome productivity. Subsequently,
we investigated the composition and concentration of the
ECM incorporated into PSC spheroids and analyzed their impact
on the characteristics and quantity of isolated exosomes. Finally,
we evaluated the therapeutic efficacy of ECM-incorporated PSC
spheroid-derived exosomes by assessing their in vitro wound
healing functionality. The results demonstrate that exosomes

derived from ECM-incorporated PSC spheroids offer enhanced
production efficiency and hold significant potential for applica-
tion in exosome-based therapeutics and clinical research.

2. Results

2.1. Isolation of ECM-Incorporated MSC Spheroid-Derived
Exosomes

To enhance the MSC-exosome production yield, we developed
an ECM-incorporated MSC spheroid printing technology
(Figure 1A). To fabricate ECM-incorporated spheroids, a poly(ε-
caprolactone) (PCL) frame was first printed, followed by the
deposition of a cell-free alginate-based bioink. MSC-laden,
ECM-based bioinks were then printed into this alginate layer.
After crosslinking to form alginate matrix and subsequent cul-
ture, noncrosslinked and soluble components such as gelatin
and hyaluronic acid gradually diffused out, creating voids within
the matrix (Figure S1, Supporting Information). Because of the
noncell-adhesive nature of the alginate matrix, the printed cells
aggregated within these voids and formed spheroids. During this
aggregation process, ECM components distributed among
the cells were incorporated into the spheroids, resulting in the
formation of ECM-incorporated spheroids. Consequently,
early cell–ECM interactions were induced within these ECM-
incorporated MSC spheroids. The in vivo relevant microenviron-
ment created through the simultaneous consideration of cell–cell
and cell–ECM interactions enhanced the therapeutic exosome
secretion of MSC spheroids (Figure 1B). Figure 1C illustrates
the process of exosome extraction from the printed spheroids.
The CMwas collected, and secretedMSC-exosomes were isolated
in pellet form using a precipitation-based method.

2.2. Effect of the Size of Printed Spheroid on Exosome
Production

To evaluate the effects of the printing process and spheroid size
on exosome production, MSC spheroids with diameters ranging
from 150 to 250 μm were fabricated using the bioprinting
method. Figure 2A presents a still image of the MSC spheroid
printing process, demonstrating the precise patterning of
the PSC-laden bioink into spherical shapes within the PCL frame
and an alginate-based matrix using a needle nozzle. Microscopic
observations revealed that the cells were dispersed right after the
printing process. However, by day 1, the cells began to form
spheroid structures with smooth surfaces. Live/dead staining
on days 1 and 3 showed that most PSCs stained green, indicating
high cell viability (Figure 2B). This confirmed that the developed
printing process did not adversely affect the viability of the PSCs.
In addition, bright-field images taken on day 3 confirmed that
spheroids with diameters ranging from 150 to 250 μm main-
tained their printed sizes (Figure 2C). Next, the morphological
characteristics of the printed spheroids were analyzed
(Figure 2D,E). Regardless of spheroid diameter, all samples
exhibited aspect ratios below 1.2 and roundness values above
0.8. These findings demonstrate that uniformly shaped, spherical
spheroids with diameters ranging from 150 to 250 μm can be
consistently fabricated by optimizing the printing dispensing
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parameters. Furthermore, the live/dead staining images for each
spheroid size on day 3 demonstrated consistently high cell
viability across all groups (Figure 2F). To further assess the
impact of spheroid size on exosome production, we quantified
the amount of isolated exosomes from spheroids with varying
diameters. ATP levels measured from each size group were used
to normalize exosome yields, serving as an indicator of viable cell
numbers. As spheroid diameter increased, ATP levels increased
accordingly, suggesting a higher number of viable cells in larger
spheroids (Figure 2G). When exosome yield was normalized to
ATP content, smaller spheroids demonstrated greater exosome
production efficiency (Figure 2H). Notably, spheroids with a diam-
eter of 150 μm exhibited �2.6-fold higher exosome production
efficacy compared to spheroids with diameters of 200 and 250 μm.

2.3. Characterization of Exosomes Derived from 3D Printed
Spheroids

To evaluate the effects of the spheroid printing process on
exosome productivity and characteristics, we compared exo-
somes derived from the spheroid printing group with those from
the 2D and conventional mold groups prepared using ultralow

attachment U-shaped microwells (Figure 3A). A comparison
of the exosomal protein yields isolated from each group revealed
that the spheroid printing group exhibited �5.5- and 2.7-fold
higher exosome productivity than the 2D and conventional mold
groups, respectively (Figure 3B). Next, we analyzed the mor-
phology and size of exosomes isolated from each group.
Transmission electron microscopy (TEM) imaging confirmed
the presence of a lipid bilayer structure in the exosomes from
all groups (Figure 3C). Additionally, dynamic light scattering
(DLS) measurements showed that the average diameters of
the exosomes across all groups ranged from 91.3 to 110.8 nm,
with no significant differences observed (Figure 3D). The
isolated exosomes were further characterized by Western blot
analysis of exosome-specific protein markers (Figure S2,
Supporting Information). The membrane-associated marker
CD9 and the endosome-related marker TSG101 were both
detected, confirming the presence of typical exosomal proteins.
These results indicate that exosomes produced via the 3D
spheroid printing technique retain typical structural features
and marker expression comparable to those derived from
conventional culture methods, while exhibiting enhanced
production efficiency.

Figure 1. Schematic illustration of ECM-incorporated spheroid printing process and exosome isolation procedure. A) Schematic illustration of
ECM-incorporated spheroid printing process. B) Formation of ECM-incorporated MSC spheroids with enhanced early cell–ECM interactions and elevated
exosome production. C) Schematic overview of exosome isolation from conditioned media.
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2.4. Effect of ECM Incorporation on Exosome Secretion in
Printed MSC Spheroids

The effects of the ECM components in the printed MSC sphe-
roids on exosome characteristics were evaluated. Spheroids
incorporating fibrin, Matrigel, or collagen were printed at
0.1–0.6% w/v concentrations (Figure 4A). Viability assessment
of ECM-incorporated spheroids demonstrated a high cell survival
rate, indicating that the ECM-incorporated spheroid printing pro-
cess is cytocompatible (Figure S3, Supporting Information).
Exosomal protein yield was measured, and the results were
compared with those obtained from the conventional mold
group (Figure 4B–D). The results indicated that the amount of
exosomal proteins increased with higher ECM concentrations
across all ECM groups. Notably, at a concentration of 0.6%w/v,
all ECM groups exhibited a dramatic enhancement in exosome

production efficacy. Compared to spheroids produced using the
conventional mold, exosome production in printed spheroids
incorporated with 0.6%w/v fibrin, Matrigel, and collagen
increased by �5.9-fold, 8.4-fold, and 9.1-fold, respectively. To
evaluate the potential effect of biomaterials on protein content
in the CM, cell-free constructs were printed using the bioinks
and analyzed using a BCA assay. Only minimal protein levels
were detected, confirming that residual biomaterials in the bio-
inks have a negligible impact on the exosome isolation process
(Figure S4, Supporting Information). TEM analysis of exosomes
isolated from each group revealed the presence of a lipid bilayer
structure, a characteristic feature of exosomes, in all groups
(Figure 4E). To analyze the average size of exosomes derived
from the different ECM-incorporated spheroids, DLS analysis
was conducted. The results showed that the average sizes
of exosomes from fibrin, Matrigel, and collagen groups were
99.44� 39.83, 113.9� 45.20, and 93.11� 35.47 nm, respectively.

Figure 2. Characterization of various sizes of printed PSC spheroids. A) Still image (left panel) of the spheroid printing process with PCL frame, alginate-
based matrix and PSC-laden bioink, and bright-field images (middle and right panels) of PSC spheroids right after printing and on day 1, respectively
(scale bars: 2 mm for still image and 100 μm for bright-field images, respectively). B) Representative live (green) and dead (red) staining images of PSC
spheroid on day 1 after printing (scale bars: 100 μm). C) Bright-field images of PSC spheroids with diameters ranging from 150 to 250 μm on day 3 (scale
bars: 100 μm). Aspect ratio D) and roundness E) of printed spheroids with diameters ranging from 150 to 250 μm, calculated from bright-field images.
F) Representative fluorescence images of live (green) and dead (red) staining results depending on the spheroid sizes 3 days after printing (scale bars:
100 μm). G) ATP content of spheroids with diameters ranging from 150 to 250 μm, fabricated by adjusting the dispensing time. H) Extracted exosomal
protein concentration according to the sizes of spheroid. The total protein contents of exosomes were normalized with total viable cells. All data are
expressed as mean � SD (***P< 0.001; ns, not significant).
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Figure 3. Effect of 3D spheroid printing on the exosome productivity from PSCs. A) Schematic representation of the experimental groups. PSCs were
cultured in a cell culture dish (2D) or in an ultra-low attachment U-shaped microwell (conventional mold) or printed within alginate-based bioink
(Spheroid printing) (scale bars: 100 μm). B) Productivity of exosomes derived from each group. The total protein contents of exosomes were normalized
with total viable cells for each group. C) TEM images of exosome isolated from each group (scale bars: 50 nm). D) DLS analysis data of exosome isolated
from each group. All data are expressed as mean � SD (*P< 0.05; **P< 0.01; ***P< 0.001).

Figure 4. Effect of ECM incorporation on exosome productivity from PSCs. A) Schematic representation showing the PSC spheroid incorporated with
ECM material. Productivity of exosomes derived from B) fibrin-, C) Matrigel-, and D) collagen-incorporated spheroid. The total protein contents of
exosome were normalized with total viable cells and was expressed as fold change based on the conventional mold group. E) Representative TEM
images of exosomes isolated from each group (scale bars, 50 nm). F) DLS analysis data of exosomes isolated from each group. All data are expressed
as mean � SD (*P< 0.05; **P< 0.01; ***P< 0.001).
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These results confirm that the size distribution of exosomes was
uniform, regardless of the type of ECM incorporated (Figure 4F).
These findings demonstrated that ECM incorporation
significantly enhanced exosome production in MSC spheroids.
Based on these experimental results, the 0.6%w/v collagen-
incorporated spheroid group which exhibited the highest
exosome yield was selected for subsequent experiments.

2.5. Wound Healing Effect of Exosomes Derived from
Collagen-Incorporated MSC Spheroids

A scratch wound assay was performed to evaluate the wound
healing efficacy of the isolated exosomes. After treating human
dermal fibroblasts (hDFs) monolayers with exosomes for 8 h,
bright-field imaging revealed that the exosome-treated groups
exhibited enhanced wound closure through cell migration
(Figure 5A). Quantitative wound closure data based on bright-
field images showed that the wound healing ability increased
significantly and dose-dependently with higher exosome concen-
trations (Figure 5B). Notably, the collagen-incorporated spheroid-
derived exosome group demonstrated a significant wound clo-
sure effect at a low concentration of 10 μgmL�1 (54.4� 2.7%),
compared with the depleted medium group (38.1� 6.6%). At
a high exosome concentration of 100 μgmL�1, both the conven-
tional mold group and the collagen-incorporated spheroid group
exhibited high wound healing efficacy, achieving 76.5� 4.7%
and 78.4� 3.8% wound closure, respectively.

3. Discussion

In this study, MSC-exosome production was significantly
enhanced using ECM-incorporated spheroid printing. MSC-
exosomes have shown therapeutic effects in various tissue dam-
age models, including angiogenesis, osteogenesis, and wound
closure.[18] However, traditional 2D cell culture methods result
in low exosome production yields, which limit the efficiency
and clinical applicability of exosome-based therapies.[19]

Therefore, addressing these time-consuming and inefficient

issues is critical for clinical applications. To overcome these
limitations, we utilized an ECM-incorporated spheroid-printing
technology that significantly increased the exosome yield
(Figure 1A). Unlike traditional spheroid culture methods that pri-
marily focus on cell–cell interactions, ECM-incorporated sphe-
roids facilitate the integration of both cell–cell and cell–ECM
interactions within the spheroid.[20] Our previous studies demon-
strated that ECM-incorporated spheroids, which consider both
cell–cell and cell–ECM interactions, improve hepatic functional-
ity of primary hepatocytes compared to spheroids where ECM
materials are not incorporated.[21]

Our experimental results revealed that the spheroid size sig-
nificantly affected exosome production. After printing spheroids
of various diameters and comparing their exosome yields, we
found that smaller spheroids yielded higher amounts of exo-
somes (Figure 2C,D). It is known that the diameter of the cell
spheroid affects functionality of cell spheroids.[22] Especially,
Kim et al. demonstrated that smaller spheroids created using
conventional hanging drop or nonadherent coating methods
resulted in more efficient exosome production.[13] These findings
highlight the importance of optimizing the spheroid size to
maximize exosome production efficiency.

The 3D culture method provides an environment similar to
in vivo, enhancing cell proliferation and increasing exosome
secretion. In particular, for MSCs, it helps maintain stemness
and improve the paracrine effect.[13,23] When MSCs are cultured
in a nonadherent environment to form spheroids, the decreased
expression of F-actin creates a favorable environment for exo-
some production and secretion.[13] Additionally, the mildly hyp-
oxic environment in the center of spheroids formed during
culture enhances exosome production.[24] The developed spher-
oid printing group, a type of 3D culture method, showed a
significantly increased exosome production yield compared to
the 2D group (Figure 3B). Furthermore, our spheroid printing
method was shown to improve exosome production compared
to conventional spheroid fabrication methods. Traditional
spheroid fabrication methods typically use hanging drop or
nonadherent coating methods, in which ECM materials are
not properly considered. In this study, bioinks made from

Figure 5. Investigation of wound healing ability of PSC-derived exosomes using scratch assay. A) Bright-field images of the wounded hDF monolayer at 0
and 8 h after treatment with depleted medium, or exosomes (10 or 100 μgmL�1) derived from conventional mold spheroids or collagen-incorporated
spheroids. Blue line indicates the edge of the wound (scale bars, 200 μm). B) Percentage of wound closure 8 h after treatment with various concentrations
of exosomes. All data are expressed as mean � SD (**P< 0.01; ***P< 0.001; ns, not significant).
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various cytocompatible biomaterials were used to fabricate sphe-
roids. Among the bioink components, gelatin and hyaluronic
acid are known to support MSC proliferation and functional-
ity.[25] Additionally, the biomechanical cues of the bioink used
in the spheroid printing process likely contributed to increased
exosome production. When MSCs are cultured on surfaces with
lower stiffness, the secretion of various factors increases com-
pared to those cultured on tissue culture plates or surfaces with
higher stiffness.[26] In this study, the printed MSC spheroids
were encapsulated within an alginate matrix, which exhibits
lower stiffness compared to conventional plastic culture surfaces
or agarose molds commonly used for spheroid formation.[27]

This softer microenvironment may have contributed to enhanced
exosome secretion. Therefore, the biochemical and biomechani-
cal properties of the bioink likely contributed to the increased
exosome production in printed spheroids compared with conven-
tional spheroid formation methods.

The exosome production yield can be significantly increased
through ECM incorporation.[28] The incorporation of fibrin,
Matrigel, and collagen into the printed MSC spheroids enhanced
exosome production in an ECM concentration-dependent man-
ner (Figure 4B–D). This increase in ECM content is presumed to
have supported improved MSC viability and functionality by pro-
moting enhanced cell–ECM interactions within the spheroids.
Notably, the spheroids containing 0.6%w/v collagen showed
approximately a 9.1-fold increase in exosome production com-
pared to conventional mold group. In a previous study, we con-
firmed that, in ECM-incorporated spheroids, a thin ECM layer
was formed between the cells constituting the spheroid.[21]

Unlike conventional spheroid formation, which primarily enhan-
ces cell–cell interactions, ECM incorporation also facilitates early
cell–ECM interactions within the spheroid. As a result, spheroids
fabricated using the ECM-incorporated printing technique
exhibit both enhanced cell–cell and cell–ECM interactions, which
collectively contribute to significantly increased exosome
production compared to spheroids formed by 2D or conventional
methods.

Dermal fibroblasts play a key role in ECM remodeling and
wound contraction during wound healing. In chronic wound
models, the functions of fibroblasts, including migration,
proliferation, and growth factor secretion, are diminished.[29]

According to Shabbir et al. MSC-derived exosomes influence
wound healing signaling pathways such as STAT3 in fibroblasts,
promoting migration and demonstrating wound healing
effects.[30] Exosomes derived from ECM-incorporated spheroids
created in this study also exhibited therapeutic effects in an in
vitro wound healing assay. Notably, even at a low concentration
(10 μgmL�1), exosomes from ECM-incorporated spheroids
showed improved wound closure compared to those from con-
ventional molds, and at a high concentration (100 μgmL�1),
around 80% wound closure was observed (Figure 5). These data
showed that the incorporation of the ECM into spheroids can
enhance their therapeutic efficacy. Therefore, exosomes
extracted from ECM-incorporated spheroids are likely to contain
components that influence fibroblast migration signaling path-
ways, contributing to effective results in the scratch wound assay.
Zhang et al. also demonstrated that when BMSCs are cultured on
collagen scaffolds, not only is exosome production increased but
their therapeutic effects are also enhanced.[31] However, further

research is required to analyze the different profiles of proteins
and genetic material present in the exosomes from printed
spheroid group.

This study demonstrates that ECM-incorporated spheroid
printing technology can significantly enhance MSC-derived exo-
some production. Notably, exosomes extracted using this method
also exhibited excellent therapeutic effects, making a substantial
contribution to the large-scale production of exosome-based
therapeutics and greatly expanding their clinical applicability.
In future studies, exosomes derived from spheroids incorporat-
ing various cell types and tailored ECMmaterials will be extracted
and effectively utilized in cell-free therapies for disease
treatment.

4. Conclusion

In this study, we developed a novel ECM-incorporated MSC
spheroid that significantly enhanced exosome production by
simultaneously considering cell–cell and cell–ECM interactions.
Using 3D bioprinting technology, we were able to precisely con-
trol the diameter and biochemical properties of MSC spheroids
by adjusting the printing process and bioink composition. Using
this precise control technology, we compared and analyzed exo-
some production yields based on spheroid size and the type
and concentration of incorporated biomaterials. The collagen-
incorporated MSC spheroids, with an optimized size of
�150 μm in diameter, exhibited an 18.4-fold increase in exosome
production compared to 2D culture methods. Furthermore, exo-
somes extracted from the fabricated spheroids showed excellent
wound-healing effects in a scratch wound assay using hDF. The
ECM-incorporated MSC spheroids produced in this study are
expected to enhance the exosome production efficiency, thereby
increasing the potential for the clinical application of
exosome-based therapies.

5. Experimental Section

Cell Culture: To print the MSC spheroids, human PSCs were used for
this study. Human PSCs were obtained and isolated from healthy donors
with informed consent approved according to the procedures of
the Institutional Review Board (IRB, # 00 056 941) at Wake Forest
University (Winston-Salem, NC), and cells from passage 5 to 7 were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, USA),
10% v/v fetal bovine serum (FBS, ScienCell, USA), 100 UmL�1 penicillin
G, and 100 μgmL�1 streptomycin (Gibco) at 37 °C in an incubator with 5%
CO2 atmosphere and 100% relative humidity. hDFs were purchased from
ATCC cultured in DMEM high glucose supplemented with 10% v/v of FBS
(Gibco) and 100 UmL�1 penicillin G, and 100 μgmL�1 streptomycin and
cells from passages between 5 and 7 were used. For the 2D culture group,
PSCs were cultured in 225 cm2 cell culture flasks (Corning, USA). For the
conventional spheroid group, PSCs were seeded in Elplasia 6-well black
round-bottom ultralow attachment plates (Corning).

Preparation of Bioinks: Five types of bioinks were prepared for this study:
alginate-, gelatin-, fibrin-, Matrigel-, and collagen-based bioinks. First,
hyaluronic acid (HA; Sigma, USA) was dissolved in Minimum Essential
Medium (ATCC, USA) at 37 °C overnight under gentle rotation.
Following complete dissolution, gelatin (Sigma) and sodium alginate
(Sigma) were added to formulate the alginate-based bioink. For the prep-
aration of gelatin-based and ECM-based bioinks, gelatin, CaCl2 (Junsei
Chemical Co., Japan), fibrinogen (Sigma), Matrigel (Corning), and colla-
gen (Corning) were similarly dissolved in the HA solution under the same
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conditions. The specific concentrations of each component in the respec-
tive bioinks are provided in Table S1 (Supporting Information). All bioinks
were sterilized using a 0.45 μm filter and stored at –80 °C until use.

3D Printing of MSC Spheroids: To print the spheroids, a previously devel-
oped biodot printing process was performed.[26] Briefly, PCL as a structural
frame was printed through a 300 μm dispensing nozzle (ARQUE, TECDIA,
Republic of Korea) at 90 °C, 200 kPa, and 150mmmin�1 printing speed.
The soft matrix part composed of alginate-based bioink was printed with
600 μm height, 0.221 μL s�1 dispensing rate, and 50mmmin�1 printing
speed, through a 300 μm dispensing nozzle (ARQUE, TECDIA). For cell
printing, 7� 108 cells mL�1 of PSCs were homogeneously mixed with
gelatin-, fibrin-, Matrigel-, or collagen-based bioink and loaded into a syringe.
The gelatin-based bioink, which lacked fibrin, Matrigel, and collagen, was
used to print spheroids without ECM incorporation and served as the
control group. The cell-laden bioinks were printed into a dot shape through
a needle nozzle with an inner diameter of 120 μm at a 0.0069 μL s�1 dis-
pensing rate. To achieve various size such as 150, 200, and 250 μmdiameter
of printed spheroids, dispensing time of 2, 5, and 8 s was applied, respec-
tively. Following printing, the constructs were crosslinked at 37 °C for 30min
using a 40mM CaCl2 solution containing 2.5 UmL�1 thrombin. During this
process, alginate was ionically crosslinked by CaCl2, fibrinogen was
enzymatically crosslinked by thrombin, and both collagen and Matrigel
underwent thermal gelation. The crosslinked constructs were subsequently
cultured at 37 °C in a CO2 incubator, allowing for the gradual dissolution of
noncrosslinked and soluble sacrificial components.

Characterization of the Bioprinted Cell Spheroid: Bright-field images of
the printed cell spheroids were captured using a microscope (Leica,
Germany). Morphological characteristics were analyzed using ImageJ
software (NIH, USA). The aspect ratio was determined by dividing the
major axis length by the minor axis length of each spheroid.
Roundness was calculated using the following equation:

Roundness ¼ 4� Area
π �Major axis2

MSC Spheroid Viability Test: The viability of PSC spheroids was analyzed
using a LIVE/DEAD viability kit (Invitrogen, USA). The fabricated PSC
spheroids were washed with Dulbecco’s phosphate-buffered saline
(DPBS) and incubated with 0.5 μLmL�1 of Calcein AM and 2 μLmL�1

of Ethidium homodimer-1 in DPBS. After incubation, fluorescence images
were obtained using an Olympus Fluoroview Fv10i laser confocal micro-
scope (Olympus, Tokyo, Japan). For quantification, ImageJ software (NIH,
Bethesda, MD, USA) was used with triplicate images to calculate viable cell
percentages.

Isolation of Exosomes: For exosome isolation, 2D-cultured PSCs and PSC
spheroids were initially cultured in growth medium for 3 days. During this
period, spheroid formation occurred in the printed groups, accompanied
by the gradual diffusion of uncrosslinked biomaterials. The medium was
then replaced with serum-depleted MEM (Gibco), and the cultures were
maintained for an additional three days. After 3 days, the CM containing
exosomes secreted by either 2D-cultured cells or cell spheroids was col-
lected and centrifuged at 3 000 g for 15min at 4 °C to eliminate dead cells
and cellular debris. Then, the supernatant was transferred to the 0.2 μm
syringe filter unit (Sartorius, Germany), followed by centrifuged with
100 kDa membrane filter unit (Merck-Millipore, USA) at 4 000 g for
30min at 4 °C to concentrate CM and remove unwanted small proteins.
The concentrated medium was mixed with ExoQuick-TC (System
Biosciences, USA) reagent with volume ratio of 5:1 and incubated over-
night at 4 °C. Then, the mixture was centrifuged at 1 500 g for 30 min
at 4 °C, and the pelleted exosomes derived from PSCs were resuspended
in 100 μL of PBS.

Measurement of the Cell Number and Exosomal Proteins: To compare and
normalize the exosome yield among the experimental groups, the concen-
tration of exosomal proteins was normalized to total ATP. To extract
exosomal proteins, exosomes were lysed for 30min in ice-cold radioim-
munoprecipitation assay buffer supplemented with a protease inhibitor
cocktail (Thermo Scientific, USA), followed by vortex mixing. The lysed
samples were centrifuged at 12 000 rpm for 10min at 4 °C to harvest

proteins. The concentrations of exosomal proteins were measured by
Pierce Bicinchoninic acid (BCA) protein assay kit (Thermo Scientific).
The total ATP from PSCs in each group was quantified using the
CellTiter-Glo 3D Cell Viability Assay (Promega, USA) according to manu-
facturer’s instructions. Since the number of cells in each group could influ-
ence the amount of extracted exosomal proteins, exosome quantities
measured by the BCA assay were normalized to ATP levels to enable a
comparative analysis of exosome yield.

SDS-PAGE and Western Blot Analysis: Isolated exosomal proteins were
separated by 10% SDS-PAGE and transferred onto PVDF membranes
(Merck-Millipore). After blocking with 5% skim milk in tris-buffered saline
with Tween 20, the membranes were incubated overnight at 4 °C with pri-
mary antibodies against CD9, TSG101, and β-actin (all from Abcam, UK).
The membranes were then incubated with HRP-conjugated secondary
antibodies (Abcam) and developed using an enhanced chemilumines-
cence solution (Invitrogen). Protein bands were visualized using
a ChemiDoc imaging system and analyzed with ImageLab software
(Bio-Rad, USA).

TEM and DLS Analysis of Exosomes: The morphology and size of
exosomes were analyzed using TEM and DLS. For TEM analysis,
100 μgmL�1 exosome solution was dried on copper mesh grid. The
exosome-loaded copper mesh grid was negatively stained with uranyl ace-
tate (Polysciences) and imaged using TEM (FEI, Tecnai BioTwin 120 kV
TEM, Thermo Scientific). To analyze the size distribution of the isolated
exosomes, DLS was performed using a particle size analyzer (Brookhaven
Instruments Corporation, USA). Each group was analyzed in triplicate, and
a Gaussianmodel was fitted to the particle size distribution to calculate the
average diameter.

Scratch Wound Assay: hDFs were seeded in 6 well-plate and cultured
until reaching 90% confluency. Wounds were mechanically created by
scraping with a 200 μL micropipette tip. Detached cells were washed with
PBS and wounded monolayers were treated with different sources and
concentrations of intact PSC-derived exosomes (0, 10, or 100 μg mL�1)
and tracked through bright-field microimaging. The exosome treatment
concentration was determined based on BCA assay results of lysed
exosomes obtained from conventional mold-derived and collagen-
incorporated spheroid groups.

Statistical Analysis: Data are presented as mean � standard deviation
(SD). Multiple comparisons between experimental groups were con-
ducted using one-way analysis of variance, followed by Tukey’s multiple
comparison test.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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