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Engineered Cell-Secreted Extracellular Matrix Modulates Cell
Spheroid Mechanosensing and Amplifies Their Response to
Inductive Cues for the Formation of Mineralized Tissues

Tomas Gonzalez-Fernandez, Alejandro J. Tenorio, Augustine M. Saiz Jr, and J. Kent Leach*

The clinical translation of mesenchymal stromal cell (MSC)-based therapies
remains challenging due to rapid cell death and poor control over cell
behavior. Compared to monodisperse cells, the aggregation of MSCs into
spheroids increases their tissue-forming potential by promoting cell–cell
interactions. However, MSCs initially lack engagement with an endogenous
extracellular matrix (ECM) when formed into spheroids. Previously the
instructive nature of an engineered, cell-secreted ECM is demonstrated to
promote survival and differentiation of adherent MSCs. Herein, it is
hypothesized that the incorporation of this cell-secreted ECM during spheroid
aggregation would enhance MSC osteogenic potential by promoting
cell–matrix and cell–cell interactions. ECM-loaded spheroids contained higher
collagen and glycosaminoglycan content, and MSCs exhibited increased
mechanosensitivity to ECM through Yes-associated protein (YAP) activation
via integrin 𝜶2𝜷1 binding. ECM-loaded spheroids sustained greater MSC
viability and proliferation and are more responsive to soluble cues for
lineage-specific differentiation than spheroids without ECM or loaded with
collagen. The encapsulation of ECM-loaded spheroids in instructive alginate
gels resulted in spheroid fusion and enhanced osteogenic differentiation.
These results highlight the clinical potential of ECM-loaded spheroids as
building blocks for the repair of musculoskeletal tissues.

1. Introduction

Cell-based approaches for bone regeneration are under investi-
gation as an alternative to autologous bone grafts and recombi-
nant proteins for treatment of large bone deficits. Among various
cell populations under consideration, mesenchymal stromal cells
(MSCs) are a central focus due to their multipotency in vitro, a po-
tent secretome that signals the endogenous healing program, and
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a safety profile confirmed through numer-
ous clinical trials. Clinical evidence sup-
ports the administration of MSCs to accel-
erate the repair of non-unions.[1] The es-
tablished correlation between the number
of viable transplanted MSCs and healing
outcome motivates the need for novel ap-
proaches to maximize cell survival and en-
graftment, both of which remain a signifi-
cant challenge for cell-based approaches to
bone tissue regeneration.[2]

Aggregation of MSCs into three-
dimensional (3D) spheroids enhances
cell survival, trophic factor secretion,
and tissue-forming potential compared
to monodisperse cells.[3,4] Despite their
therapeutic advantages, MSC spheroids
were unable to bridge segmental bone
defects without supplemental adminis-
tration of bone morphogenetic protein-2
(BMP-2),[5] hypoxic preconditioning,[6] or
chondrogenic priming.[7] MSC spheroids
are formed by promoting cell-cell contacts
via cadherin binding,[8] yet cells within
spheroids initially lack engagement with
an endogenous extracellular matrix (ECM)
that is only achieved over time.

The ECM is a heterogeneous network of proteins and polysac-
charides that provides sites for adhesion, mechanical stiffness,
and transduces physical and biological signals to influence cell
behavior.[9,10] Cell-secreted ECM produced in vitro is a promis-
ing approach to capture the complexity of the native ECM with
reduced variability, along with the capacity to tune matrix com-
position through control of the culture microenvironment.[11]

We previously described an MSC-secreted ECM composed of
278 distinct proteins, of which collagens make up ≈24% of to-
tal protein, with collagen types I, V, VI and VII being the most
abundant.[12] Additionally, we demonstrated that cells engaging
this MSC-secreted ECM, either in culture or on 3D macroporous
scaffolds, exhibited increased osteogenic differentiation, main-
tained their osteogenic phenotype upon induction, and enhanced
survival.[12–14] Thus, cell-secreted ECM is a naturally-derived plat-
form to effectively improve the efficacy of cell-based approaches
for tissue formation.

Given the prior success of spheroids and cell-secreted ECM
to individually enhance the efficacy of MSCs, we hypothesized
that the formation of MSC spheroids loaded with cell-secreted
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ECM would provide a platform to enhance MSC viability and dif-
ferentiation potential through accelerating integrin engagement.
As spheroids are formed by favoring cohesion to other cells over
adhesion and engagement with the ECM, these studies were de-
signed to explore the effect of loading spheroids with ECM at the
time of aggregation. We evaluated the influence of ECM mass on
cell survival and cell signaling. We further tested the response of
MSC spheroids to inductive cues in vitro before encapsulation in
instructive alginate hydrogels for the production of clinically rele-
vant mineralized tissues. These results demonstrate the promise
of activating cell-matrix signaling in conjunction with the bene-
fits of spheroid formation.

2. Results

2.1. ECM Influences the Spheroid Physical and Biochemical
Microenvironment

Cell-secreted ECM was incorporated into MSC spheroids at in-
creasing masses (0, 1, 2.5, 5, or 7.5 μg ECM/spheroid). Spheroid
diameter increased with increasing ECM mass (367.7 ± 36.4 μm
for 0 μg, 398.2 ± 31.3 μm for 1 μg, 489.7 ± 54.5 μm for 2.5 μg,
566.7 ± 68.1 μm for 5 μg, and 590 ± 63.6 μm for 7.5 μg of
ECM) (Figure 1A,F). Cells were more localized at the periphery
for spheroids loaded with 1 μg ECM, while we observed cells dis-
tributed homogeneously throughout the spheroid when incorpo-
rating higher ECM masses (Figure 1B). There were no significant
differences in DNA content among all groups (Figure 1G). MSCs
in ECM-loaded spheroids exhibited more prominently stretched
actin fibers (Figure 1C), larger cell area (Figure S2A, Supporting
Information) and larger, more elongated nuclei (Figure S2B–D,
Supporting Information). Collagen and GAG content increased
with increasing masses of ECM (Figure 1D,E,H,I), confirming
the manipulation of spheroid biochemical composition due to
the efficient incorporation of exogenous collagen and GAG into
the spheroids. Spheroid diameter, collagen, and GAG content
were not significantly different between spheroids loaded with 5
and 7.5 μg ECM (p = 0.9 for spheroid diameter, p < 0.9 for GAG
content, and p = 0.6 for collagen content), suggesting a plateau
in ECM incorporation efficiency (Figure 1H,I).

The mechanical properties of ECM-loaded spheroids were
measured to determine changes in the cellular microenviron-
ment due to ECM incorporation. After formation, the Young’s
modulus of spheroids loaded with either 2.5, 5, or 7.5 μg of ECM
was significantly higher (p < 0.023 for 2.5 μg ECM and p < 0.001
for 5 and 7.5 μg ECM) than the modulus of spheroids without
ECM (Figure 2A,B, Supporting Information).

2.2. ECM Regulates Integrin Expression and MSC
Mechanosensing

As cell adhesion is controlled by integrin binding to specific lig-
ands within the ECM, we next assessed the expression of inte-
grin subunits in MSCs aggregated into ECM-loaded spheroids.
We analyzed the expression of integrin subunits 𝛼2, 𝛼5, and 𝛽1
two days after spheroid formation, as these integrins were up-
regulated in MSCs on ECM-coated plates.[12] We detected signifi-
cantly greater expression of integrin subunits 𝛼2 (ITGA2) and 𝛽1

(ITGB1) in spheroids loaded with 5 and 7.5 μg of ECM compared
to unloaded spheroids (p = 0.047 and p = 0.024 for integrin sub-
unit 𝛼2, and p = 0.0013 and p = 0.0002 for integrin subunit 𝛽1)
(Figure 3A,C), while integrin 𝛼5 (ITGA5) was increased only in
spheroids loaded with 5 μg ECM (p = 0.035) (Figure 3B). We mea-
sured the expression of N-cadherin (CDH2) to confirm that cell–
cell contacts were not impaired in ECM-loaded spheroids. We ob-
served similar CDH2 expression among the groups, with signifi-
cantly higher expression in spheroids loaded with 5 μg ECM com-
pared to spheroids loaded with 1 μg ECM (p = 0.029) (Figure 3D).
We then explored the impact of increased integrin expression on
YAP gene expression and translocation into the nucleus, as YAP
is a key transcription factor for MSCs to sense changes in ECM
stiffness and adhesion proteins.[15] We observed significant in-
creases in YAP1 expression in spheroids loaded with 5 and 7.5 μg
ECM compared to unloaded spheroids (p = 0.013 and p = 0.0036,
respectively) (Figure 3E). Immunostaining of YAP revealed more
intense staining with increasing ECM content (Figure 3G), con-
firming changes in gene expression. In addition, the transloca-
tion of YAP into the cell nucleus 1 day after spheroid formation
was greater as ECM mass increased (Figure 3F,G).

Previous studies have shown that both substrate stiffness and
adhesion ligand density mediate cytoskeletal tension and YAP
activation.[16,17] To investigate the relationship between ECM lig-
and density achieved by ECM loading and YAP expression, inte-
grin 𝛼2𝛽1 was blocked by supplementation of the culture media
with an 𝛼2𝛽1 antibody. Media supplementation with the blocking
antibody did not impair spheroid cell viability (data not shown).
After 3 days of spheroid formation, gene expression of YAP1 and
CDH2 was significantly lower in ECM-loaded spheroids cultured
in 𝛼2𝛽1 blocking conditions (p = 0.0001 and p = 0.034, respec-
tively) compared to expression in spheroids without ECM (Fig-
ure 4A–C). In addition, imaging of the actin cytoskeleton and
YAP confirmed a more disorganized, loose actin cytoskeleton and
less YAP staining in ECM-loaded spheroids when 𝛼2𝛽1 was ab-
rogated (Figure 4D).

2.3. ECM Enhances MSC Survival and Proliferation

To assess the effects of ECM on MSC viability in vitro, we an-
alyzed cell viability, metabolic activity, proliferation, and apop-
tosis of spheroids loaded with increasing masses of ECM over
7 days (Figure S3, Supporting Information). Live/dead staining
of ECM-loaded spheroids confirmed that spheroids contained vi-
able cells in all groups and time points (Figure S3A, Supporting
Information). We observed significantly higher metabolic activ-
ity in spheroids containing 7.5 μg ECM compared to unloaded
spheroids at all time points (p = 0.0009 at day 1, p < 0.0001 at
days 3 and 7), while spheroids loaded with 5 μg ECM had sig-
nificantly higher metabolic activity compared to spheroids with
no ECM or 1 μg ECM at days 3 and 7 (p = 0.018 at day 3 and
p < 0.0001 at day 7) (Figure S3B, Supporting Information). We
detected higher DNA content in spheroids loaded with 2.5, 5, and
7.5 μg ECM compared to 0 and 1 μg of ECM at day 7 (Figure S3C,
Supporting Information). Moreover, spheroids loaded with 5 and
7.5 μg ECM contained significantly more DNA at day 7 compared
to day 1, suggesting increased MSC proliferation in ECM-loaded
spheroids (Figure S3C, Supporting Information). We observed
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Figure 1. Spheroid morphology, biochemical composition, and cellular tension is influenced by ECM incorporation. A) Brightfield microscopy of ECM-
loaded spheroids after production. B) Representative H&E staining of spheroids after formation. C) Fluorescent imaging of actin cytoskeleton (green)
and cell nucleus (blue) of MSCs in ECM-loaded spheroids 48 h after formation. Histological examination of D) GAG and E) collagen content through
Alcian blue/fast red and picrosirius red staining, respectively. F) Quantification of spheroid diameter (n = 8). Biochemical quantification of G) DNA
content, H) GAG content, and I) collagen content of the ECM-loaded spheroids after production (n = 4).
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Figure 2. ECM-loaded spheroids exhibit higher Young’s modulus with increasing ECM mass. A) Representative images of ECM-loaded spheroids before
compression and after compression to 50% deformation. B) Elastic modulus of ECM-loaded spheroids (n = 8).

higher caspase 3/7 activity in spheroids without ECM compared
to spheroids loaded with 2.5, 5, and 7.5 μg of ECM at every time
point (Figure S3D, Supporting Information).

2.4. MSC Differentiation is Increased in ECM-Loaded Spheroids

To assess the effect of ECM incorporation on the chondrogenic
and osteogenic potential of MSCs, spheroids with or without
ECM were differentiated in either chondrogenic (CM) or os-
teogenic media (OM). 5 μg ECM/spheroid was selected due to
plateaus in efficiency of ECM incorporation (Figure 1), integrin
subunits 𝛼2 and 𝛽1 and YAP expression (Figure 3), and cell vi-
ability at day 7 (Figure S4, Supporting Information). Due to the
role of integrin 𝛼2𝛽1 in MSC cytoskeletal conformation and YAP
expression (Figure 4) and the abundance of collagen type I in the
cell-secreted ECM,[12] spheroids loaded with 5 μg of collagen were
included as a control (Figure 5A). After 10 days of differentia-
tion, we assessed the gene expression of aggrecan (ACAN) and
collagen type II (COL2A) as chondrogenic markers and RUNX2
and osteocalcin (BGLAP) as osteogenic markers. The expression
of collagen type X (COL10A1) was analyzed in both differentia-
tion conditions as a marker of endochondral ossification. MSCs
in ECM-loaded spheroids exhibited significantly higher expres-
sion of ACAN when cultured in chondrogenic media and BGLAP
when cultured in osteogenic media (p= 0.0245 and p= 0.0001, re-

spectively) (Figure 5B,E). COL10A1 expression was significantly
higher in collagen and ECM-loaded spheroids in chondrogenic
media (p = 0.044 and p = 0.0038) and in ECM-loaded spheroids
when cultured in osteogenic media (p = 0.0089) compared to
spheroids without ECM (Figure 5F,G).

After 21 days of differentiation, ECM-loaded spheroids ex-
hibited significantly higher quantities of DNA, collagen, and
GAG content in either growth (GM), chondrogenic (CM), or
osteogenic (OM) culture conditions compared to control and
collagen-loaded spheroids (more than 4-fold increase across all
lineages, p < 0.0001 in GM for DNA, GAG and collagen, p < 0.05
in CM, p < 0.00001 in OM) (Figure 6A–C). Although no statisti-
cal differences in calcium levels were observed among the groups
in osteogenic media (Figure 6C), ECM-loaded spheroids exhib-
ited early foci of mineralization by day 11 with a highly miner-
alized matrix at day 21 that confirmed effective osteogenic in-
duction (Figure 6I). In contrast, calcium deposition in spheroids
with 0 μg ECM or 5 μg collagen was evident on the spheroid pe-
riphery and was not distributed through the internal matrix, as
observed by an increase in debris around these spheroids (Fig-
ure S4A, Supporting Information), decrease in spheroid diam-
eter (Figure S4B, Supporting Information), and lack of calcified
matrix in the spheroid interior (Figure S4C, Supporting Informa-
tion). Despite significantly higher collagen content at day 2 after
spheroid formation (Figure 6C), confirming effective ECM incor-
poration, spheroids loaded with type I collagen exhibited similar
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Figure 3. ECM incorporation into MSC spheroids enhances integrin expression and cell mechanosensing. Gene expression of integrin subunits A) 𝛼2
(ITGA2); B) 𝛼5 (ITGA5); C) 𝛽1 (ITGB1); D) N-cadherin (CDH2); and E) YAP (YAP1) 2 days after spheroid formation (n = 4). F) Quantification of nuclear
YAP by DAPI/YAP pixel correlation (n = 6). G) Immunofluorescent detection of YAP (red), actin cytoskeleton (green) and cell nucleus (blue) in MSCs on
spheroids loaded with increasing concentrations of ECM after 1 day of spheroid formation.
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Figure 4. Blocking of integrin 𝛼2𝛽1 adhesion regulates YAP and N-cadherin expression and the cytoskeletal tension of MSCs in ECM-loaded spheroids.
A) Schematic of the effects of integrin 𝛼2𝛽1 blocking on YAP expression and actin cytoskeleton. Gene expression analysis of B) YAP (YAP1) and C)
N-cadherin (CDH2) in spheroids loaded with 0 μg and 5 μg of ECM after 3 days of culture in standard media or media supplemented with 𝛼2𝛽1 antibody
(n = 3). D) Representative immunofluorescence of YAP (red), actin cytoskeleton (green) and cell nuclei (blue) in MSCs on spheroids loaded with 0 μg
and 5 μg of ECM after 3 days of culture in standard media or media supplemented with 𝛼2𝛽1 antibody. White arrows denote areas of positive YAP
staining.

diameters (Figure S4B, Supporting Information) and biochemi-
cal indices of differentiation as control spheroids (0 μg ECM) for
all media after 21 days (Figure 6B–D), confirming that the ob-
served response to ECM-loaded spheroids was not solely due to
the presence of collagen type I in the incorporated ECM.

2.5. ECM-Loaded Spheroids in Instructive Hydrogels as Building
Blocks for Mineralized Tissues

Having established the efficacy of ECM-loaded spheroids, we
then tested the osteogenic potential of ECM-loaded spheroids en-
trapped in clinically relevant alginate hydrogels, which are widely
studied for cell transplantation. Control spheroids (0 μg ECM) or
spheroids with 5 μg ECM were encapsulated in alginate hydro-
gels functionalized with either low (DS2) or high (DS10) concen-
trations of RGD adhesive ligands (Figure 7A). After 21 days in
OM, we observed viable cells that sprouted from the spheroids
into the alginate matrix in all groups suggesting promotion of
spheroid fusion (Figure 7B). DNA content in gels containing
ECM-loaded spheroids was significantly greater at day 21 com-
pared to gels containing control spheroids (Figure 7G). Addi-
tionally, gels containing ECM-loaded spheroids contained signif-
icantly more DNA content at day 21 compared to day 1, sug-
gesting the maintenance of cell viability and enhanced cell pro-
liferation. Histological analysis of the spheroid-laden hydrogels

revealed intense staining for collagen at day 21, specifically for
collagen types I and X, markers of endochondral ossification,
in ECM-loaded spheroids compared to control spheroids (Fig-
ure 7C–E). Biochemical quantification of collagen and GAG con-
tent confirmed higher GAG and collagen deposition in the ECM
spheroids independent of RGD content at day 21 compared to
control spheroids (Figure 7H,I). However, collagen content at day
21 was significantly higher compared to day 1 only in the ECM-
loaded spheroids encapsulated in high RGD alginate (p= 0.0053).
We observed calcified spheroids in all groups after 21 days of os-
teogenic differentiation (Figure 7F), the quantity of which was
not significantly different among groups (Figure 7J).

3. Discussion

The clinical effectiveness of cell-based approaches for muscu-
loskeletal repair has been underwhelming to date, particularly
when assessing their direct contribution to bone formation.
While it is widely agreed that MSCs play an important role
in tissue repair through secretion of trophic factors that sig-
nal neighboring host cells,[18] these cells die quickly upon im-
plantation and have limited ability to undergo differentiation in
situ. Transplanted cells die through anoikis following separation
from their native ECM, as occurs upon trypsinization during cul-
ture expansion. MSC spheroids exhibit improved survival and
therapeutic advantages over monodisperse cells due to increased
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Figure 5. ECM incorporation into MSC spheroids enhances the expression of chondrogenic and osteogenic differentiation markers. A) Schematic
describing experimental groups. B) Gene expression of aggrecan (ACAN); C) RUNX2; D) collagen type II (COL2A1); E) osteocalcin (BGLAP); and
F,G) collagen type X (COL10A1) in spheroids without ECM and spheroids loaded with 5 μg of collagen or ECM in chondrogenic or osteogenic conditions
(n = 3).

cell–cell interactions, yet these aggregates initially lack substan-
tial ECM to promote integrin–ligand interactions that modulate
MSC function.[10,19] The lack of ECM engagement may be a con-
tributing factor for why spheroids are unable to repair large bone
deficits without adjuvant inductive cues or other precondition-
ing approaches.[6,5b] In the current study, ECM incorporation into
MSC spheroids increased integrin expression and YAP nuclear
translocation within MSCs, which correlated with increased via-
bility, proliferation, and multilineage potential in vitro. The en-
capsulation of ECM-loaded spheroids in instructive alginate hy-

drogels led to spheroid fusion and the production of osteogenic
tissues, highlighting the potential of ECM-loaded spheroids for
their use in the repair of damaged bone.

Cell-secreted ECM offers similar advantages to tissue-derived
ECM, such as adhesion ligand complexity, ease of remodeling,
and cytokine interaction while overcoming its limitations by of-
fering improved tunability, availability, and reduced batch-to-
batch variability. We selected an MSC-secreted ECM previously
identified in our lab to maximize osteogenic differentiation of
MSCs[11–13,20,21] for incorporation into spheroids and to propel
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Figure 6. MSC spheroids containing cell-secreted ECM exhibit increased multilineage potential. Biochemical quantification of A) DNA; B) GAG; C)
collagen; and D) calcium content in spheroids loaded with no ECM (0 μg ECM), 5 μg of collagen type 1 (5 μg COLL), or 5 μg of ECM (5 μg ECM) at day
2 and 21 after formation and cultured in growth (GM), chondrogenic (CM), or osteogenic (OM) media (n = 4). E) Representative live/dead imaging; F)
H&E; G) GAG; H) collagen; and I) Alizarin red staining of spheroids loaded with 5 μg ECM at days 2, 11, and 21 after formation and cultured in GM,
CM, and OM. Scale bar = 100 μm for all images.
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Figure 7. Osteogenic potential of ECM-loaded spheroids in bio-instructive alginate hydrogels. A) ECM-loaded (5 μg ECM) or control spheroids (0 μg
ECM) were encapsulated in alginate gels functionalized with low (DS2) or high (DS10) concentration of RGD. B) Representative live/dead confocal
imaging of alginate hydrogels with MSC spheroids containing no ECM or 5 μg ECM at day 1 and 21 in OM. Histological and immunohistochemical
analysis of C) collagen; D) collagen type I; E) collagen type X; and F) calcium of hydrogel-encapsulated spheroids at days 1 and 21 of osteogenic culture.
Biochemical quantification of G) DNA; H) GAG; I) collagen; and J) calcium content of the spheroid-loaded alginate hydrogels after 1 and 21 days of
osteogenic culture (n = 4). Scale bar = 500 μm for (A) and 250 μm for (B), (C), and (D).
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their therapeutic potential. We observed increases in collagen and
GAG content with increasing mass of ECM, in agreement with
previous results reporting that collagen and GAGs account for
≈24% and 5%, respectively, of MSC-derived ECMs.[12] We ob-
served higher expression of integrin subunits 𝛼2 and 𝛽1, com-
ponents of integrin 𝛼2𝛽1 that MSCs require to bind to fibrillar
collagen. We also observed increased MSC spreading and forma-
tion of actin stress fibers, revealing improved cell–substrate in-
teractions in the ECM-loaded spheroids. These findings are in
agreement with similar studies in which MSCs were seeded on
2D substrates coated with MSC-secreted ECM.[12] Despite the in-
clusion of ECM that enhances cell-ECM engagement, gene ex-
pression analysis of N-cadherin confirmed that cell-to-cell con-
tact was not impaired in ECM-loaded spheroids. Thus, these re-
sults challenge the paradigm that spheroid formation must favor
cell–cell contact and suppress cell–ECM interactions, providing
an opportunity to better recapitulate the developmental process
of cell condensation.[22] In addition, spheroid loading with ECM
resulted in higher Young’s modulus, highlighting the capacity of
ECM enrichment to also modulate the spheroid mechanical mi-
croenvironment. The mechanical properties of cell spheroids de-
pend on cellular cytoskeletal forces, cell–cell interactions, and the
ECM.[23] Nanomechanical analysis of carcinoma cell spheroids
identified stiffer areas which correlated to the presence of colla-
gen fibrils,[24] and spheroid treatment with collagenase resulted
in a decrease in stiffness,[25] confirming the fundamental role of
ECM in modulating bulk spheroid stiffness.

MSC engagement with the surrounding ECM has downstream
effects on various signaling pathways through the activation of
Akt,[26] PI3K,[27] MAPK,[27] and YAP/TAZ,[15,17,28] among others,
which have decisive implications in cell mechanosensing, sur-
vival, and MSC differentiation. YAP is a key regulator of cell
response to the ECM, stability of the actin cytoskeleton, and
cell tension.[29] We observed increased YAP expression and nu-
clear YAP as the mass of incorporated ECM increased. These re-
sults agree with previous reports establishing that increasing lig-
and density can induce nuclear YAP translocation regardless of
the substrate mechanical properties, and blocking of 𝛼v𝛽3, 𝛼5,
and 𝛼2𝛽1 integrins impaired YAP nuclear translocation.[15,28,30]

To confirm the role of integrin 𝛼2𝛽1 in cellular cytoskeletal
conformation and YAP expression, this integrin was blocked,
leading to a decrease in YAP and N-cadherin expression and a
less tense actin cytoskeleton. Therefore, ECM incorporation into
MSC spheroids is a promising method to activate cell signaling
pathways that promote survival and differentiation.

Integrin binding, cytoskeletal tension, and YAP transloca-
tion mediate cell survival and differentiation.[15] We previously
demonstrated that cell-secreted ECM enhanced MSC osteogenic
differentiation in 2D through a2𝛽1 integrin binding and the ac-
tivation of the ERK1/2 pathway.[20] In this study, ECM-loaded
spheroids in chondrogenic or osteogenic conditions achieved
higher expression of aggrecan and osteocalcin, respectively, and
higher DNA, collagen, and GAG content compared to spheroids
with no ECM or collagen-loaded spheroids. Early calcification
and mineralized foci were observed at day 11 in ECM-loaded
spheroids in osteogenic conditions. Although the activation of
the ERK1/2 pathway was not investigated in this study, early cal-
cification in the ECM-loaded spheroids may be due to the syner-
gistic effect of YAP activation and ERK1/2 signaling, leading to

enhanced MSC osteogenic differentiation.[28,31] By day 21 of os-
teogenic culture, we observed a calcified collagen- and GAG-rich
matrix throughout ECM-loaded spheroids, whereas other groups
secreted calcium to the spheroid periphery.

The presence of a highly mineralized matrix in ECM-
loaded spheroids suggests that ECM incorporation facilitates
the biomineralization process that is characterized by deposi-
tion of apatite crystals inside collagen fibrils and the formation
of biomineralization foci through the action of non-collagenous
proteins.[32] Non-collagenous proteins, GAGs, and other proteo-
glycans in the ECM[12,20] could have a role in matrix biomin-
eralization, either by the direct binding of Ca2+ ions and con-
trol of crystal nucleation[33] or indirectly, by the entrapment of
MSC-secreted proteins during osteogenesis that may initiate
biomineralization.[32] GAGs may also bind growth factors such
as BMP-2,[34] TGF-𝛽1,[35] and VEGF[36] via ionic interactions and
synergize with cellular receptors to tune their biological action.
The interaction of GAGs in the incorporated ECM with soluble
growth factors in the differentiation media, such as TGF-𝛽3 and
other cytokines secreted by the MSCs, could have an essential
role for the observed increased chondrogenic and osteogenic dif-
ferentiation of MSCs in ECM-loaded spheroids.

The encapsulation of spheroids within instructive biomateri-
als prior to implantation is an effective strategy to promote cell
persistence and local engraftment,[37] preventing uncontrolled
spheroid dissociation and maximizing MSC function and sur-
vival after transplantation.[4,38] Previously, the encapsulation of
MSC spheroids in RGD-modified alginate hydrogels resulted in
improved survival, angiogenic factor secretion, and osteogenesis
compared to spheroids in unmodified alginate.[4] Compared to
unmodified gels, RGD-modified gels facilitated spheroid fusion
after 5 days of culture through the promotion of cell migration,[4]

which demonstrates the utility of RGD-modified alginate as plat-
form for spheroid fusion and the production of larger tissues.
Furthermore, the osteogenic potential of MSC spheroids can
be tailored through the concentration of RGD on the alginate
matrix.[39] In previous studies, MSC spheroids entrapped in algi-
nate gels with lower RGD concentration exhibited increased cell
migration from the spheroid into the surrounding alginate, while
restricted migration, achieved using unmodified alginate or al-
ginate with a high RGD concentration, was associated with in-
creased in vivo bone formation.[39] Although we observed signif-
icantly higher DNA, collagen, and GAG content in ECM-loaded
spheroids in both low and high RGD hydrogels compared to con-
trol spheroids after 21 days of osteogenic culture, we did not ap-
preciate differences in MSC migration or calcification between
the groups. This discrepancy may be due to the prior use of os-
teogenically primed MSCs[39] versus non-induced cells in this
work. Compared to unloaded spheroids, ECM-loaded spheroids
encapsulated in alginate gels also stained positive for collagen
type I and X, markers of endochondral ossification.[40] This is
likely due to the synergy between the ECM in the spheroid and
the RGD peptide in the alginate substrate. While the RGD pep-
tide was key to promote cell migration and spheroid fusion, the
ECM provided additional insoluble signals, such as those present
in fibronectin, perlecan, and other GAGs, to guide the MSC phe-
notype toward endochondral ossification. This synergistic effect
and the contributions of individual components of the ECM to-
ward endochondral ossification will be explored in future studies.
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4. Conclusions

These data demonstrate that the incorporation of cell-secreted
ECM into MSC spheroids is a promising approach for enhanc-
ing the therapeutic potential of spheroids. The addition of ECM
to MSC spheroids increased mechanosensing, survival, and dif-
ferentiation regardless of the desired lineage specification. These
results have implications for improving the efficacy of autologous
cell-based approaches to musculoskeletal repair using MSCs, a
clinically relevant, safe, and readily accessible cell source.

5. Experimental Section
Cell Culture: Human bone marrow-derived MSCs (Lonza, Walk-

ersville, MD) from a single donor (male, 22 years old, mycoplasma
negative) were expanded until passage 3–4 in standard culture con-
ditions (37 °C, 21% O2, 5% CO2) in growth media (GM) composed
of minimum essential alpha medium (𝛼-MEM; w/L-glutamine, w/o
ribo/deoxyribonucleosides (Invitrogen, Carlsbad, CA)) supplemented with
10% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA)
and 1% penicillin (10 000 U mL–1) and streptomycin (10 mg mL–1, Me-
diatech, Manassas, VA) (P/S). The trilineage potential of these cells was
characterized to confirm their multipotency before use (Figure S1, Sup-
porting Information).

MSC-Secreted ECM Production: Cell-secreted ECM was prepared as
previously described.[13,14,20] After culture, monolayers were washed with
phosphate buffered saline (PBS) and cells were lysed using a 0.5% Tri-
ton X-100 and 20 × 10−3 m ammonium hydroxide (NH4OH) solution
followed by DNase I (all from MilliporeSigma, St. Louis, MO) treatment
(37 °C for 1 h) to remove 99.9% of DNA content from culture post-
decellularization.[11] Decellularized ECM was washed 3× with PBS and
mechanically dislodged from culture flasks using a cell scraper. Total pro-
tein within the collected ECM was quantified using a bicinchoninic acid
(BCA) protein assay (Thermo Fisher, Rockford, IL). ECM solutions were
frozen in 0.02 N acetic acid at −20°C until use. Before use, cell-secreted
ECM was lyophilized for 24 h to form a powder that was then resolubilized
in GM.

Spheroid Formation and Differentiation: MSCs were aggregated
into spheroids using a microwell-based centrifugation method as
described.[41] The micropatterned agarose molds contained 29 microw-
ells for formation of 29 spheroids per well. Briefly, after trypsinization and
filtering using a 41 μm filter, MSCs (4.35 × 105 cells mL–1; 15000 cells
per spheroid) were pipetted into stamp-micropatterned agarose molds
inserted in 24 well plates and centrifuged at 500×g for 8 min. Plates were
maintained statically in standard culture conditions in GM for 48 h to
form spheroids. For ECM-loaded spheroids, the ECM suspension was
mixed with filtered MSCs to produce a homogeneous mixture and then
pipetted into the molds, centrifuged, and maintained statically for 48 h
for cell aggregation. Collagen type I from rat tail (Corning, NY, USA) was
used as a control.

For 𝛼2𝛽1 integrin blocking studies, integrin 𝛼2𝛽1 antibody (ab24697,
Abcam) was dissolved in growth media at 5 μg mL–1 as previously
described.[42] After cell seeding on agarose microwells and centrifugation,
media was replaced by media containing 𝛼2𝛽1 antibody and subsequently
refreshed every 48 h.

For osteogenic and chondrogenic induction, MSC spheroids were
maintained in either osteogenic (OM) or chondrogenic (CM) dif-
ferentiation media. OM was composed of GM supplemented with
50 × 10−3 m ascorbate 2-phosphate, 10 × 10−3 m 𝛽-glycerophosphate,
and 100 × 10−6 m dexamethasone (all from MilliporeSigma). CM was
composed of chemically defined media consisting of Dulbecco’s Mod-
ified Eagle Medium (DMEM, Invitrogen) supplemented with 1% peni-
cillin (10 000 U mL–1) and streptomycin (10 mg mL–1, Mediatech),
100 mg mL–1 sodium pyruvate, 40 mg mL–1 L-proline, 50 mg mL–1 ascor-
bate 2-phosphate, 1.5 mg mL–1 BSA, 1× insulin–transferrin–selenium,

100 × 10−6 m dexamethasone (all from MilliporeSigma) and 10 ng mL–1

transforming growth factor 𝛽3 (PeproTech, Rocky Hill, NJ). Media was
changed every 2–3 days.

Analysis of Biochemical Composition: Spheroids and hydrogels were
collected and digested with papain (125 mg mL–1, pH 6.5) in 0.1 m sodium
acetate, 5 × 10−6 m L-cysteine HCl, and 0.05 m EDTA (all from MilliporeS-
ima) at 60 °C under constant rotation for 18 h. DNA and GAG content
were quantified using the PicoGreen Quant-iT Assay Kit (Invitrogen) and
the dimethyl methylene blue dye-binding (DMMB) assay, respectively. To-
tal collagen content was determined by measuring hydroxyproline content
using the dimethylaminobenzaldehyde and chloramine T assay, assuming
a hydroxyproline to collagen ratio of 1:7.69.[43] Calcium content was deter-
mined using a Stanbio Calcium Liquid Reagent for Diagnostic Set (Thermo
Fisher) after digestion in 1 m HCl at 60 °C for 72 h.

Analysis of Mechanical Properties: Spheroids were tested in a
parallel-plate compression configuration using a CellScale MicroSquisher
(CellScale, Ontario, Canada) and SquisherJoy software program. Af-
ter spheroid formation, spheroids were collected and fixed in 4%
paraformaldehyde (PFA) overnight at 4 °C and washed in PBS. After fix-
ation, spheroids were placed in a PBS bath and compressed to 50% defor-
mation over 30 s using a 0.5599 mm diameter stainless steel beam and a
6 × 6 mm platen. The force-displacement data obtained from the test were
converted to stress/strain curves that were used to determine the Young’s
modulus in the linear portion of the curve as previously described.[44] Eight
spheroids were analyzed per group.

Histological Characterization: Samples were collected and fixed in 4%
PFA overnight at 4 °C and washed in PBS. Spheroids were encapsulated in
Histogel (Thermo Fisher) to form 4 × 1 mm discs and then dehydrated in
a graded series of ethanol baths and paraffin-embedded overnight. Each
sample was sectioned at 7 μm thickness (RM2235 Manual Rotary Micro-
tome) and affixed to microscope slides for subsequent staining. The sec-
tions were stained with hematoxylin and eosin (H&E), picrosirius red to as-
sess collagen content, Alcian blue/fast red to stain sulfated glycosamino-
glycans (GAG), and Alizarin red to assess calcification. Collagen type I
(1:200; AB90395, Abcam, Cambridge, MA) and collagen type X (1:100;
AB49945, Abcam) were detected using standard immunohistochemical
and immunofluorescence techniques, respectively.

To visualize cell morphology and the actin cytoskeleton, spheroids were
fixed overnight, washed twice with PBS, and permeabilized with 0.05%
Triton-X 100 for 5 min at room temperature. The cell actin cytoskeleton
was stained with Alexa Fluor 488 Phalloidin solution (Thermo Fisher; 1:40
in PBS), and cell nuclei were stained with DAPI (Thermo Fisher; 1:500
in PBS). Gels were imaged using a μ-Slide 8 Well (IBIDI, Planegg, Ger-
many) through confocal microscopy (Leica TCS SP8, Wetzlar, Germany).
Shape descriptors were analyzed using ImageJ with at least 4 separate im-
ages per group. YAP staining (1:100; sc-101199, Santa Cruz Biotechnology)
was detected using a standard immunohistochemical technique. Analysis
of YAP/nucleus colocalization was performed using CellProfiler (version
3.1.9) by correlation of staining DAPI/YAP pixels in 6 separate images per
group.

Analysis of Cell Proliferation, Apoptosis, and Gene Expression: Spheroids
were collected, washed with PBS, stained with live/dead assay per the
manufacturer’s protocol (Thermo Fisher), and fluorescent images were
taken using confocal microscopy. For quantification of DNA levels and
caspase 3/7 activity, constructs were collected, lysed in passive lysis buffer
(Promega, Madison, WI) and sonicated. Total DNA content was evaluated
using a PicoGreen Quant-iT DNA Assay Kit. Cell apoptosis was measured
using a Caspase-Glo 3/7 assay (Promega, Madison, WI). Cell metabolic ac-
tivity was evaluated through the alamarBlue assay per the manufacturer’s
protocol (Thermo Fisher).

For gene expression analysis, samples were collected in TRIzol (In-
vitrogen) for PCR analysis following the manufacturer’s instructions. Af-
ter RNA isolation, RNA was reverse transcribed with the QuantiTect Re-
verse Transcription kit (Qiagen, Valencia, CA) and qPCR was performed
using Quantifast Probe PCR kit (Qiagen) on a QuantStudio5 system (Ap-
plied Biosystems). Primers and probes for housekeeping gene RPL13
(Hs00744303_s1), integrin subunits ITGA2 (a2, Hs00158127_m1), ITGA5
(a5, Hs01547673_m1) and ITGB1 (b1, HS01127536_m1), YAP1 (YAP,
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Hs00902712_g1), CDH2 (N-cadherin, Hs00983056_m1), ACAN (aggre-
can, Hs00153936_m1), COL2A1 (collagen type II, Hs00264051_m1),
BGLAP (osteocalcin, Hs01587814_g1), RUNX2 (Hs01047973_m1), and
COL10A1 (collagen type X, Hs00166657_m1) were purchased from
Thermo Fisher. Amplification conditions were 95 °C for 3 min, followed
by 45 cycles at 95 °C for 3 s and 60 °C for 30 s. Quantitative PCR results
were normalized to RPL13 transcript levels to yield ΔCt and/or to cells
prior spheroid aggregation to yield ΔΔCt, and fold change in expression
was calculated using 2−ΔΔCt.

Entrapment of Spheroids in RGD-Modified Alginate Hydrogels: Ultra-
pure VLVG sodium alginate (Pronova FMC BioPolymer, Norway) was cova-
lently modified with Arg-Gly-Asp (RGD) peptide (Commonwealth Biotech-
nologies, Richmond, VA) using carbodiimide chemistry as reported.[4,45]

The molar ratio of RGD to alginate was varied such that each alginate chain
possessed a degree of substitution (DS) of either 2 or 10. Peptide conjuga-
tion was confirmed by nuclear magnetic resonance (NMR) and degree of
substitution was assessed through the LavaPep Fluorescent Protein and
Peptide Quantification Kit per the manufacturer’s instructions (Gel Com-
pany, San Francisco, CA). The modified alginate was then lyophilized for
one week and resuspended in PBS.

For entrapment, spheroids were mixed with the alginate solu-
tion to form a homogeneous 2% alginate-spheroid suspension
(10 × 106 cells mL–1) and pipetted into silicon molds. Hydrogels (6 mm
diameter × 2 mm height) were formed by crosslinking with 100 × 10−3 m
CaCl2 (MilliporeSigma) for 10 min using a dialysis membrane.[46] After
crosslinking, hydrogels were placed in growth or lineage-specific media
and cultured in vitro under standard conditions for 21 days.

Statistical Analysis: All data represent a minimum of three indepen-
dent experiments. Data are presented as means ± standard deviation un-
less otherwise stated. Statistical analysis utilized a one-way ANOVA with
post-hoc Tukey test. p < 0.05 was considered significant. In each graph,
data points with different letters are significantly different from one an-
other. Lack of statistical significance between the groups is marked with
“ns” and a line bridging non-significant groups.
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