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A B S T R A C T

This study proposes to use alginate encapsulation as a strategy to assess the paracrine activity of 3D- and 2D-
cultured human bone marrow mesenchymal stem/stromal cells (BM MSC) in the setting of wound repair and
regeneration processes. A side-by-side comparison of MSC culture in three different 3D configurations (spher-
oids, encapsulated spheroids and encapsulated single cells) versus 2D monolayer cell culture is presented. The
results reveal enhanced resistance to oxidative stress and paracrine potential of 3D spheroid-organized BM MSC.
MSC spheroids (148 ± 2 μm diameter) encapsulated in alginate microbeads evidence increased angiogenic and
chemotactic potential relatively to encapsulated single cells, as supported by higher secreted levels of angiogenic
factors and by functional assays showing the capability of encapsulated MSC to promote formation of tubelike
structures and migration of fibroblasts into a wounded area. In addition, a higher expression of the anti-in-
flammatory factor tumor necrosis factor alpha-induced protein 6 (TSG-6) was demonstrated by RT-PCR for
encapsulated and non-encapsulated spheroids. Culture of spheroids within an alginate matrix maintains low
aggregation levels below 5% and favors resistance to oxidative stress. These are important factors towards the
establishment of more standardized and controlled systems, crucial to explore the paracrine effects of 3D-cul-
tured MSC in therapeutic settings.

1. Introduction

Wound healing is a complex process mediated by several cytokines
involved in inflammatory responses and tissue remodeling. The para-
crine activity of mesenchymal stem/stromal cells (MSC) can stimulate
tissue regeneration, namely promoting proangiogenic, im-
munomodulatory, antifibrotic and antioxidant cell activity (Caplan and
Dennis, 2006). Several MSC-secreted bioactive factors have been sug-
gested to be integrated in signaling networks that mediate wound
healing response. Such factors include vascular endothelial growth
factor (VEGF), interleukin-6 (IL-6) and hepatocyte growth factor (HGF),
known for their role on angiogenesis (Ding et al., 2003; Ferrara, 2001;
Gerritsen, 2005; Kwon et al., 2014); stem cell-derived factor-1α (SDF-
1α, also known as CXCL12), a chemotactic factor involved in cellular
migration (Liu et al., 2012); tumor necrosis factor alpha-induced pro-
tein 6 (TSG-6), an important cytokine for the regulation of

immunomodulatory processes (Lee et al., 2014), similarly to HGF and
IL-6 (Di Nicola et al., 2002; Janssens et al., 2015), which are involved in
inflammatory responses (in addition to their role on angiogenesis).

Although the potential benefits of MSC trophic activity have been
well described, lack of MSC retention in targeted tissues decreases their
impact once delivered in vivo. Typical ischemic wounded tissues present
high levels of local reactive oxygen species (ROS), such as hydrogen
peroxide (H2O2), severe hypoxia and inflammation, which dramatically
decrease cell viability in wounded sites (Khanna et al., 2010; Potier
et al., 2007; Song et al., 2010). In response to the alarm signals trig-
gered in a wounded area, MSC secrete a series of trophic factors in-
volved in the wound healing process. A hypoxic environment, for in-
stance, characteristic of ischemic wounds, leads to activation of
hypoxia-inducible factor-1α (HIF-1α), promoting angiogenesis (namely
through secretion of VEGF, fibroblast growth factor-2 (FGF-2), HGF,
insulin-like growth factor-1 (IGF-1) and thymosin beta-4 (Gnecchi,
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2006)) and inducing migration of fibroblasts and keratinocytes
(Tandara and Mustoe, 2004). Particularly, when cultured as 3D
spheroids, MSC evidence increased survival in ischemic tissues, while
simultaneously present a higher expression of anti-inflammatory and
proangiogenic factors with a key role on wound healing mechanisms
(Bhang et al., 2011). In a pro-inflammatory environment, MSC were
also shown to alter their secretome, in complex feedback mechanisms
with surrounding immune cells (Yagi et al., 2010). A stress response,
namely through a caspase-dependent mechanism, is thought to be in-
volved on the spheroids upregulated expression of anti-inflammatory
cytokines, such as TSG-6, prostaglandin E2 and stanniocalcin-1
(Bartosh et al., 2013; Tsai et al., 2015; Zimmermann and Mcdevitt,
2014). Human bone marrow (hBM) MSC could contribute to restore the
oxygen levels and function of wounded tissues through their capability
to promote angiogenesis, regulate inflammation and recruit native cells
involved in the wound healing process, particularly when organized as
spheroids. Nevertheless, the benefits associated with this 3D cell culture
might be lost when cells are delivered in vivo into the target tissue, as
cells tend to migrate from the spheroid to the surrounding extracellular
matrix (ECM) as it has been observed in both in vitro (Blacher et al.,
2014) and in vivo settings (Bhang et al., 2012).

To potentiate the response of MSC in regenerative processes, it is
crucial to maximize cell survival, retention and function at the injured
site. In an oxidative stress environment, matrices such as a pullulan-
collagen hydrogel could improve MSC delivery, quenching ROS within
ischemic wounds (Wong et al., 2011), an ability that has also been at-
tributed to alginate hydrogels (Eftekharzadeh et al., 2010; Matyash
et al., 2012). Encapsulation of BM MSC within a biocompatible and
inert biomaterial, such as alginate microbeads, able to mediate cellular
paracrine activity can be exploited as a MSC delivery system to study
and modulate 3D cellular configurations towards improved wound
healing processes. Alginate is an inert, European Medicines Agency
(EMA)- and Food and Drug Administration (FDA)-approved material
that has been used as a wound healing dressing and cell carrier
(Hashimoto et al., 2004; Lee et al., 2010). This polysaccharide can be
easily crosslinked with divalent cations (such as Ca2+), resulting in
formation of a hydrogel that allows diffusion of growth factors and
nutrients/metabolites while simultaneously excludes host immune cells
(Strand et al., 2002). Previous studies showed that alginate micro-
capsules can maintain their integrity for several months once implanted
in mice (Landázuri et al., 2012; Safley et al., 2008), therefore retaining
cells whose secretome can favor biological processes that take days to
months, such as vascularization and tissue repair (Broughton et al.,
2006).

Different studies have been exploring differences in the wound
healing potential of cell culture performed in 2D monolayer config-
urations in comparison to 3D-organized cells seeded on gelatin mi-
crobeads (Zhao et al., 2015a,b), encapsulated in hydrogel micro-
capsules (Bussche et al., 2015), aggregated in spheroids cultured under
static (Santos et al., 2015) or bioreactor platforms (Kwon et al., 2015).
Nonetheless, our study presents, at the best of our knowledge, the first
side-by-side comparison of the paracrine potential of BM MSC cultured
in three different 3D configurations (spheroids, encapsulated spheroids
and encapsulated single cells) against monolayer culture, focusing
wound healing and angiogenesis. Functional assays aiming to unravel
several aspects of wound healing, including the chemotactic, wound
closure and angiogenic potential of MSC were performed. The ad-
vantages of a 3D cell culture of non-encapsulated MSC spheroids were
assessed, particularly regarding their protection against an oxidative
stress environment and compared with the most conventional 2D cul-
ture of MSC grown as monolayer adherent cells to tissue culture poly-
styrene (TCPS). Importantly, the use of alginate to promote en-
capsulation of either single MSC or 3D-organized MSC spheroids
(Fig. 1) facilitated a direct comparative approach to assess the en-
hanced trophic properties of 3D spheroids over single-cultured MSC.
This could therefore favor a more straight evaluation of the role played

by cellular aggregation on the paracrine potential of MSC, not limiting
the study to comparison with TCPS-adherent cells, and further allowing
us to evaluate the advantages of using biomaterial vehicles to culture
MSC spheroids.

2. Materials &methods

2.1. Cell culture

hBM MSC (from at least 3 different individual donors, passage 4–6),
isolated and immunophenotypically characterized as previously de-
scribed (dos Santos et al., 2010), were cultured in low-glucose Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS) (MSC qualified), 1% Antibiotic-Antimycotic
(A/A) (all from Life Technologies). Cells were seeded at a density of
2–3 × 103 cells/cm2 on 75 cm2 Falcon® T-flasks in 10 mL of medium,
which was exchanged every three to four days. After reaching ap-
proximately 70% confluence, cells were harvested with 0.05% (w/v)
trypsin (Life Technologies) − 1 mM Ethylenediaminetetraacetic acid
solution (EDTA) (Sigma). MSC were then cultured as monolayer cells,
encapsulated as single cells or used to preform spheroids, which were
cultured either as non-encapsulated or alginate-encapsulated spheroids
for 7 days (Fig. 1). Non-encapsulated spheroids were cultured in sus-
pension on a rotary orbital shaker (Rotamax 120, Heidolph) at 65 rpm
whereas encapsulated single cells and encapsulated spheroids (all
added at a ratio of 5 × 104 cells/mL of expansion medium) and
monolayer cells (plated at an initial density of 3 × 103 cells/cm2) were
cultured under static conditions in Falcon® 6-well plates. Non-en-
capsulated spheroids were cultured on Ultra-Low Attachment plates
(Corning) and culture medium was changed at day 4 of culture.

2.2. Formation of spheroids and spheroid size measurement

MSC spheroids with 500 cells per spheroid were formed overnight in
an array of agarose (SeaKem® LE Agarose) 400 × 400 μm-sized

Fig. 1. Schematic representation of the experimental setup. BM MSC were expanded on
TCPS and cultured as monolayer adherent cells, encapsulated single cells, non-en-
capsulated spheroids or encapsulated spheroids. Spheroids incorporating 500 cells were
formed overnight in microwells and either cultured as non-encapsulated cells or en-
capsulated in alginate. Both spheroids and single MSC were embedded in alginate and
extruded through a syringe needle into a calcium bath. The wound healing potential of
encapsulated spheroids, encapsulated single cells, non-encapsulated spheroids and
monolayer adherent MSC was studied through evaluation of survival under oxidative
stress conditions, expression of relevant genes for the wound healing response, assessment
of their angiogenic potential and involvement on the migration/proliferation of sur-
rounding cells.
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microwells, as previously reported (Kinney et al., 2012; Ungrin et al.,
2008). Briefly, 6 × 105 cells were added to 24-well microwell inserts,
let sit for 5 min and centrifuged at 1500 rpm for 10 min. After 18 h,
spheroids were removed from the microwells and were either en-
capsulated in alginate or transferred to 6-well plates and cultured in
suspension on a rotary orbital shaker, as previously described. At days
0, 4 and 7 of culture time, photographs were taken using a Leica DMI
3000 B microscope with a Nikon DXM 1200F digital camera. The area
of the spheroids was measured using the area measurement algorithm
from ImageJ software, after adjusting the threshold of the image pixels
until the border of the spheroid.

2.3. Cellular encapsulation and cell retrieval from alginate beads

Alginic acid, sodium salt (Sigma) was dissolved in phosphate-buf-
fered saline (PBS; Life Technologies) at 2.2% (w/v) with gentle shaking
overnight and sterilized by filtration through 0.2 μm filters (Millipore).
Both single MSC and preformed MSC spheroids were added to a syringe
at a density of 4 × 106 and 6 × 106 cells, respectively, per mL of al-
ginate. The alginate/cell solution was pumped at a 5 mL/h flow rate
and extruded through a 250 μm nozzle into a 100 mM calcium chloride
(CaCl2) (Sigma) bath. Alginate droplets were detached from the tip of a
N2-driven bead generator (VAR J1 encapsulation unit; Nisco®) by ap-
plying a 0.8 bar pressure. The alginate beads generated were allowed to
crosslink for approximately 10 min and were then collected from the
CaCl2 bath and washed twice with DMEM 1% A/A medium.
Encapsulated cells were released from the alginate beads through in-
cubation with a solution of 80 mM EDTA (Sigma) for 5 min at room
temperature (RT).

2.4. Bovine serum albumin (BSA) release from alginate beads

To assess the rate of release of cytokines from an alginate matrix, a
bovine serum albumin (BSA) solution (Sigma) was used as a model
protein. To that purpose, alginate beads were prepared as described in
Section 2.3., with 3 mg/mL BSA alginate solution instead of a cell/al-
ginate solution. BSA released to the medium was quantified by the
Bradford protocol. Briefly, the collected medium was incubated with
Bradford reagent at the proportion 1:1 (v/v) for 10 min at RT. Absor-
bance was read at 595 nm on a spectrophotometer Infinite M200 PRO
(Tecan) and BSA present in the supernatant was quantified using a
calibration curve made with absorbance of solutions with known BSA
concentrations.

2.5. Cell apoptosis and viability assessment

At day 4 of culture, single cells were collected after incubation with
0.25% trypsin EDTA at 37 °C for 10 min and cell viability was de-
termined by flow cytometry using Annexin V-FITC/propidium iodide
(PI) apoptosis detection kit (BD Pharmingen). Due to the inability to
obtain an efficient dissociation of non-encapsulated MSC spheroids into
single cells at day 7 of culture, we limited the data analysis provided in
Fig. 3A and B to day 4 of cell culture. Dot plots display viable cells being
negative for Annexin V and PI staining, early apoptotic cells being
positive for Annexin V staining and negative for PI and dead cells being

positive for PI staining. At days 4 and 7 of culture, the viability of MSC
cultured as spheroids, encapsulated spheroids and encapsulated single
cells was analyzed by double staining using a LIVE/DEAD viability/
cytotoxicity kit (Life Technologies). Samples were incubated in PBS
containing 2 μM calcein AM and 4 μM ethidium homodimer-1 for 1 h at
RT, washed with PBS and immediately imaged under an optical mi-
croscope.

2.6. Resistance to oxidative stress

MSC cultured for 4 days as adherent monolayer, encapsulated single
cells, spheroids and encapsulated spheroids were exposed to 3 mM
H2O2 (Sigma) for 2 h to assess their resistance to oxidative stress. The
number of viable cells was evaluated before and after exposure to H2O2

using either Trypan Blue exclusion method (for the monolayer and
encapsulated single cells conditions) or CyQUANT Cell Proliferation
Assay Kit (Invitrogen) (for the conditions comprising spheroids and
encapsulated spheroids cell culture).

2.7. Real time (RT)-PCR for the expression of CXCL12, HGF, IL-6,
TNFAIP6 and VEGFA

To evaluate the expression of angiogenic, chemotactic and anti-in-
flammatory genes, RT-PCR was performed with TaqMan Gene Analysis
Assays (Life Technologies) for the primers GAPDH, CXCL12, HGF, IL-6,
TNFAIP6 and VEGFA. Taqman primers of selected genes for RT-PCR are
listed in Table 1.

Total RNA, harvested using RNeasy Mini Kit (Qiagen) at day 7 of
cell culture, was reverse-transcribed to cDNA with the IScript cDNA
synthesis kit (BioRad). cDNA was mixed with Taqman Gene Expression
Mastermix (Applied Biosystems) and each Taqman gene-specific primer
was subjected to the following PCR reaction performed in a RT-PCR
equipment (StepOne, Applied Biosystems): 50 °C for 2 min, 95 °C for
10 min, 40 cycles of 95 °C for 15 s, 60 °C for 60 s.

The 2−DΔCT method of relative quantification was used to determine
the fold change in mRNA expression. GAPDH was used as the house-
keeping gene and monolayer MSC as a baseline.

2.8. Quantification of secreted VEGF, HGF and IL-6 by ELISA

Secretion of VEGF, HGF and IL-6 was assessed in supernatant media
collected upon cell culture between days 4 and 7. The supernatant
samples were centrifuged at 1500 rpm for 10 min to remove cell debris,
placed in new collection tubes and frozen at −80 °C. The amounts of
total secreted proteins were determined by ELISA according to the
manufacturer’s instructions (Tebu-Bio).

2.9. Scratch wound healing assay

To assess the capability of L929 mouse fibroblasts (DSMZ,
Braunschweig, Germany) to migrate into a wounded area in response to
MSC-derived conditioned medium (CM), a scratch wound healing assay
was performed. CM was prepared by incubating 6 × 105 MSC cultured
as monolayer, encapsulated single cells, spheroids or encapsulated
spheroids for 24 h in 1 mL of DMEM 1% A/A without FBS

Table 1
Taqman primers for RT-PCR.

Gene symbol Gene name Role Assay ID

GAPDH Glyceraldehyde-3-phosphate dehydrogenase Endogenous control Hs02758991_g1
CXCL12 Chemokine (C-X-C motif) ligand-12 Chemotaxis Hs03676656_mH
HGF Hepatocyte growth factor Angiogenesis; immunomodulation Hs00300159_m1
IL-6 Interleukin-6 Angiogenesis; immunomodulation Hs00985639_m1
TNFAIP6 Tumor necrosis factor, alpha-induced protein-6 Immunomodulation Hs01113602_m1
VEGFA Vascular endothelial growth factor Angiogenesis Hs00900055_m1
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supplementation, after which medium was collected, centrifuged at
1500 rpm for 10 min and stored at −80 °C until further use.

L929 mouse fibroblasts were cultured in 24-well plates at 1 × 104

cells/cm2 and allowed to reach confluence. Cells were washed twice
with PBS and serum-starved overnight. A linear defect was created by
scratching the fibroblast monolayer with a 200 μL pipette tip, as de-
scribed in (Liang et al., 2007). After immediately washing the wells to
remove dislodged cells, CM was thawed and added to the wells.

Quantification of migration/proliferation was performed by mea-
suring the distance moved by fibroblasts along the wounded area 4 h
and 8 h after the scratch was performed. The percentage of wound
closure was calculated applying the following equation:

= −

percentage of wound closure

1

diameter of the wound
after x hours

diameter of the wound immediately
after the scratch was performed

2.10. Tube formation assay

The angiogenic potential of MSC-secreted factors was evaluated in a
tube formation assay where the ability of human umbilical vein en-
dothelial cells (HUVECs) (BD™) to form tubelike structures in the

Fig. 2. Phase images of encapsulated single MSC, non-encapsulated and encapsulated spheroids in alginate beads at days 0, 4 and 7 of culture. Scale bar = 100 μm (A). The diameter of
the alginate beads remains constant throughout culture time for both encapsulated single cells (826 ± 44.8 μm and 818 ± 40.1 μm at Days 4 and 7 of culture, respectively) and
encapsulated spheroids (846 ± 47.0 μm and 836 ± 46.5 μm at Days 4 and 7, respectively) (n ≥ 30) (B). Distribution of number of spheroids per alginate bead. The majority of the
beads contain one (29%) or two (22%) spheroids and the percentage of empty beads is of approximately 23% (n = 4) (C). Encapsulated spheroids evidence reduced agglomeration
relatively to non-encapsulated spheroids (n = 4) (D). Values are represented as mean + SEM. The presence of an alginate matrix favors maintenance of spheroids with more uniform size
overtime. While at day 0, non-encapsulated and encapsulated spheroids present a mean area of 19200 and 18500 μm2, respectively, this value dramatically increases to 56400 μm2 at day
7 when spheroids are cultured in the absence of an alginate matrix (E), with consecutive increase on the minimum distance from the center of non-encapsulated spheroids to the bulk
medium overtime (F). 50 events were analyzed per time point.
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presence of MSC-derived CM was measured by quantifying the length,
number of tubes and branch points formed using ImageJ software. At
day 4 of cell culture, MSC cultured as monolayer cells, encapsulated
single MSC, non-encapsulated and encapsulated MSC spheroids were
washed 3 times with DMEM 1% A/A and incubated in serum-free
supplemented medium for 72 h. CM was collected, centrifuged at
1500 rpm for 10 min to remove cellular debris and stored at −80 °C
until use in a Matrigel® assay (Arnaoutova and Kleinman, 2010).
Briefly, 50 μL of Matrigel® Matrix Basement Membrane (Corning) was
added to individual wells of a 96-well plate and allowed to polymerize
for 1 h at 37 °C. 200 μL of MSC-derived CM containing 2 × 104 HU-
VECs was then added on top of the Matrigel® layer for 5 h before as-
saying tube formation.

To assess the ability of single or 3D-organized spheroids of MSC
immobilized in an alginate matrix to secrete paracrine factors capable
to diffuse through alginate and induce neighboring HUVECs to form
networks of tubes, we performed a Matrigel® assay. A 2.2% (w/v) al-
ginate solution containing single MSC or MSC spheroids was added to
the bottom of 96-well plates, covered with 100 mM CaCl2 and allowed
to jellify for 20 min. The jellified alginate matrix with the encapsulated
cells was washed and 200 μL of DMEM 10% FBS was added to the wells.
After 4 days of culture, the Matrigel assay was performed. 50 μL
Matrigel® were added on top of the alginate/cell matrix, allowed to
polymerize for 1 h at 37 °C and 200 μL of DMEM 1% A/A containing
2 × 104 HUVECs were then added on the top of the Matrigel® layer. The
highly growth factor-enriched EGM-2 medium (Lonza) was used as a
positive control to culture HUVECs on Matrigel®.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6. Data are
presented as mean + standard error of the mean (SEM). Two-way
ANOVA was calculated between different experimental groups. Unless
comparing unmatched groups, where one-way ANOVA was performed,
repeated measures ANOVA was calculated. Tukey’s multiple compar-
isons test was performed to determine statistically significant differ-
ences (p < 0.05).

3. Results

3.1. Controlling the size of MSC spheroids

Isolation of individual spheroids in alginate beads prevents their
agglomeration overtime (Fig. 2A, D–F). Simultaneously, the seeding
density of spheroids in alginate rendered less than 25% of empty beads
(Fig. 2C). Whereas encapsulation in alginate beads with around
832 ± 6 μm of diameter (Fig. 2B) limits the percentage of aggregated
spheroids to 5 ± 1% at day 7 of culture, non-encapsulated spheroids
evidence 12 ± 1% aggregation as early as at day 1, reaching a level of
92 ± 1% aggregation at day 7 (Fig. 2D). Contrarily to the non-en-
capsulated spheroid condition, whose area increase from an initial
value of approximately 19200 ± 500 μm2 to 56400 ± 3100 μm2 at
day 7, simultaneously evidencing a larger spread on their size dis-
tribution, encapsulated spheroids present a more uniform size overtime,
ranging from 18500 ± 500 μm2 to 11600 ± 400 μm2 at day 7 of
culture (Fig. 2E). Moreover, progressive spheroid aggregation, observed
for non-encapsulated spheroids, increases the minimal distance from
the center of the spheroid to the bulk medium from a value of
74 ± 1 μm immediately post spheroid formation to 104 ± 4 μm at
day 7 of culture (Fig. 2F).

While encapsulation was able to avoid aggregation of spheroids, the
multipotency of MSC retrieved upon culture as encapsulated single cells
or spheroids and non-encapsulated spheroids and monolayer cells for
7 days was qualitatively confirmed, a relevant issue as it has been
suggested that the ability of cultured cells to retain their multilineage
differentiation potential might be essential to potentiate their

immunomodulatory activity (Ryan et al., 2014). The multipotency as-
sessment of each of the four cell culture configurations under study was
achieved upon specific induction with osteogenic, adipogenic and
chondrogenic media for 14 days, followed by staining for alkaline
phosphatase (ALP) and Von Kossa, Oil Red O or Alcian Blue and
identification of calcium deposits (osteogenic lineage), lipid vacuoles
(adipogenic lineage) and sulfated glycosaminoglycans (GAG) (chon-
drogenic lineage) (Supplementary Fig. 1), respectively. Despite evi-
dence of multilineage differentiation potential, the 3D, compact cellular
configuration associated with culture of MSC as spheroids hinders the
ability to distinguish single cells to positively stain for differentiation
markers of osteogenesis, adipogenesis and chondrogenesis in phase
photos (Supplementary Fig. 1). This limitation has also been pointed
out by Cerwinka and colleagues, for instance, who used im-
munohistochemistry studies to analyze 3D spheroids in cross-section
(Cerwinka et al., 2012). Besides, the cell viability upon culture for
14 days in differentiation media was not assessed.

3.2. Cell viability and exposure to oxidative stress

The viability of MSC cultured as monolayer, non-encapsulated
spheroids and encapsulated spheroids or encapsulated single cells was
determined by flow cytometry upon Annexin V-FITC and PI labelling at
day 4 of culture (Fig. 3A and B). Similar cell viability values were found
for both monolayer and non-encapsulated spheroids. Still, when re-
stricted to alginate beads, spheroids present a higher number of apop-
totic cells and a lower number of viable cells relatively to non-en-
capsulated spheroids, evidencing a decrease of 89 ± 5% to 71 ± 10%
of viable cells. Nevertheless, although both non-encapsulated and en-
capsulated spheroids evidence presence of dead cells within the
spheroid structure at days 4 and 7 of cell culture, an extensive green-
covered area, labelling viable cells, is observed in Fig. 3D.

To study if cellular encapsulation and/or culture as spheroids could
improve MSC survival in conditions of oxidative stress, we exposed
encapsulated single cells and spheroids, as well as non-encapsulated
spheroids and monolayer adherent cells to 3 mM H2O2 for 2 h. The
three 3D cell culture systems (encapsulated spheroids, encapsulated
single cells and non-encapsulated spheroids) were less susceptible to
oxidative stress than cells cultured as monolayer (survival of 72 ± 7,
69 ± 5 and 93 ± 12%, respectively, vs 23 ± 3%) (Fig. 3C). Not only
culture of MSC as 3D structures seems to increase cell survival in an
oxidative environment but also alginate shells might have contributed
to create a protective effect over encapsulated cells.

3.3. Wound healing and angiogenic potential of 3D-cultured MSC

In response to cytokines, cells can migrate and proliferate onto a
wounded area. Fibroblasts, for instance, are involved on synthesizing
components of the ECM and can therefore be involved in tissue re-
generation. In Fig. 4A, MSC-derived CM seems to provide chemotactic
stimuli to fibroblasts, promoting wound closure overtime. Contrarily to
DMEM 1% A/A (control), which lacks the paracrine factors secreted by
MSC, CM collected upon culture of MSC in DMEM 1% A/A for 24 h in
any of the four configurations assessed favored migration of fibroblasts
into the wounded area (Figs. 4B and C). Particularly, encapsulated
single cells-, non-encapsulated- and encapsulated spheroids-derived CM
evidenced higher closure of the wounded area 8 h after the scratch was
created relatively to monolayer-derived CM, as wound closure per-
centages of 40 ± 3, 39 ± 3 and 49 ± 6%, respectively, were evi-
denced relatively to a scratch closure of only 27 ± 1% in the presence
of monolayer-derived CM. Moreover, as early as 4 h after the scratch
was performed, encapsulated spheroid-derived CM led to significant
wound closure relatively to DMEM 1% A/A, at a value of 26 ± 5%.

In our study, we used alginate as a delivery vehicle of bioactive
factors being secreted by encapsulated MSC. We chose BSA as a model
protein to study the release profile of encapsulated cytokines in alginate
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beads for 4 days, showing that a rapid release of 67 ± 5% occurs post
24 h of BSA encapsulation (Fig. 4D). In addition to providing a fast
release of cellular secreted proteins, alginate does not seem to hinder
the expression of the proangiogenic genes VEGF and HGF at day 7 of
culture, as assessed by RT-PCR (Fig. 5A). Actually, we observe a higher
expression of these genes for 3D configurations, i.e. spheroids, en-
capsulated single cells and encapsulated spheroids, and a significantly
higher secretion of the correspondent angiogenic cytokines into the
bulk media by encapsulated spheroids relatively to 2D monolayer cul-
tured cells (Fig. 5B and C). However, no significant increase in ex-
pression of IL-6 and SDF-1α genes was observed between the MSC
culture configurations assessed and, once assessed by ELISA measure-
ments, the cytokine IL-6 actually evidences an increased secretion when
MSC are cultured in a 2D monolayer configuration (Fig. 5D). Moreover,
we observed the enhancing effect that MSC organization into spheroids,
either non-encapsulated or encapsulated in alginate, has on

upregulating the immunomodulatory factor TSG-6 (Fig. 5A), with fold
change over monolayer culture of 39 ± 18 and 68 ± 35, respectively.

The angiogenic potential of MSC cultured as monolayer cells, en-
capsulated single cells, non-encapsulated and encapsulated spheroids
was assessed in a tube formation assay (Fig. 6A), where the ability of
HUVECs to form tubelike structures was assessed in the presence of
MSC-derived CM. Greater tube length (Fig. 6B), number of tubes
(Fig. 6C) and branch points (Fig. 6D) was observed when HUVECs were
cultured in the presence of encapsulated spheroids-derived CM. Im-
portantly, to better analyze the angiogenic properties of BM MSC, a
tube formation assay was performed in direct co-culture with HUVECs
(Fig. 6E). Only encapsulated MSC (single MSC and 3D spheroids) were
tested to ensure that the effects observed were a direct consequence of
the secretome and not due to cell-to-cell contact. Culture of HUVECs in
EGM-2 medium on top of Matrigel® was used as example of a high case
scenario boundary considering the potential of formation of tubes by

Fig. 3. Percentage of viable, apoptotic and dead
cells cultured as monolayer, encapsulated single
cells, spheroids and encapsulated spheroids
(n = 4) (A) and respective dot plots of Annexin/
PI staining (B). Percentage of cells that were able
to sustain exposure to H2O2 (**p < 0.005,
***p < 0.0002, n = 4) (C). Values are re-
presented as mean + SEM. Live/Dead images of
encapsulated single cells, non-encapsulated
spheroids and encapsulated spheroids at days 4
and 7 of culture. Green-labelled cells detected by
calcein-AM indicate live cells whereas dead cells
are stained in red by ethidium homodimer. Scale
bar = 100 μm for encapsulated single cells and
50 μm for spheroids and encapsulated spheroids
(D). (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)
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HUVECs. Co-culture of encapsulated single cells or spheroids with
HUVECs seeded on top of Matrigel® in DMEM 1% A/A allowed to assess
the angiogenic potential of MSC in the absence of the growth factor-
enriched EGM-2 medium. Encapsulated spheroids promoted formation
of a more interconnected network of tubes as both the number of tubes

and nodes increased in the presence of spheroids relatively to single
encapsulated MSC (Fig. 6F–H).

Fig. 4. Representative images of migration of L929 fibroblasts into a wounded area created by mechanical disruption with a 200 μL tip, immediately (0 h), 4 h or 8 h after scratching, in
the presence of MSC-derived CM (B). CM was collected after culturing MSC as monolayer, encapsulated single cells, spheroids and encapsulated spheroids for 24 h in medium without
serum (DMEM 1% A/A) (A) and added to a wounded monolayer of fibroblasts. As control, non-conditioned DMEM without FBS (DMEM 1% A/A) was used. Migration of fibroblasts was
increased in the presence of encapsulated spheroids-derived CM (*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001, n=3) (C). Release profile of encapsulated BSA from
alginate beads (n ≥ 3) (D). Values are represented as mean + SEM.
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4. Discussion

When considering the development of therapeutic cell products,
namely MSC-derived, the predictability of the behavior of culture sys-
tems needs to be increased. Importantly, this higher control over ex-
perimental conditions should be able to maximize the paracrine activity
of cultured cells, one of the key features underlying the therapeutic
potential of MSC. In our study, we explored the paracrine potential of
BM-derived MSC organized as spheroids or as alginate-encapsulated
MSC and provide a side-by-side comparison of their wound healing
potential with cells cultured as monolayer, the conventional 2D con-
figuration used for cell culture.

4.1. Encapsulation as a tool to limit aggregation of MSC spheroids

The current study exploits a controllable system for delivery of MSC
spheroids, capable of producing trophic factors involved in a wound
healing response, through encapsulation in alginate beads.
Encapsulated spheroids range from an area of 18500 ± 500 μm2 at
day 0–11,600 ± 400 μm2 at day 7 of cell culture (Fig. 2E), corre-
sponding roughly to spherical spheroids with a diameter of 153 ± 2
and 121 ± 2 μm, respectively. The observed reduction of the en-
capsulated spheroids size has been suggested to be a result of com-
paction of multicellular aggregates (Tsai et al., 2015). On the other
hand, non-encapsulated MSC spheroids show progressive aggregation
of individual spheroids overtime, thus resulting in formation of spher-
oids with irregular shape and higher size (Fig. 2A, D–F). Such spheroid
heterogeneity might lead to uncontrolled cell properties and un-
predictable secretome profile. Indeed, it has been shown that for the use
of spheroids in drug testing models, culture of morphologically homo-
geneous spheroids must be attained in order to be biologically relevant
(Freyer and Sutherland, 1986; Zanoni et al., 2016). This fact positions
the use of hydrogel-based strategies to encapsulate spheroids as a va-
luable strategy to achieve higher control over the spheroids size.

Concerning the contributions of MSC-secreted trophic factors for
wound repair and regeneration, it has been hypothesized that creation
of a hypoxic environment in the spheroids core is responsible for

enhanced angiogenesis (Bhang et al., 2011) and activation of cellular
mechanisms that constitute a survival advantage under oxidative stress
conditions (Zhang et al., 2012; Zhao et al., 2015a,b). Although not
statistically significant, RT-PCR data of spheroids, encapsulated spher-
oids or single cells show increased expression of genes involved in an-
giogenesis, namely VEGF and HGF, in comparison to monolayer cells.
Beyond hypoxia-driven signaling, the enhanced angiogenic potential of
spheroids and encapsulated cells might be due to other mechanisms.
Indeed, in our study, MSC cultured as 500-cell spheroids present a
diameter far below the 300 μm diameter reported in the literature to be
responsible for the development of oxygen gradients within cell ag-
gregates (Sen et al., 2001). Even at the more stringent conditions, at day
7 of non-encapsulated spheroids culture, when high levels of aggrega-
tion are observed, the mean minimum distance from the center of the
spheroid to the bulk medium is of approximately 104 ± 3 μm
(Fig. 2F). In addition to hypoxia-induced stress, intercellular adhesions
such as the ones mediated by E-cadherin (Lee et al., 2012) have been
pointed out to be responsible for enhancing the angiogenic potential of
MSC.

It has been reported that necrotic areas could be formed within the
core of spheroids with large diameters due to nutrients and oxygen
limited diffusion (Sen et al., 2001). To minimize this effect, we pre-
formed MSC spheroids whose initial diameter of approximately 150 μm
is within the limits of oxygen diffusion (Sen et al., 2001; Wu et al.,
2014). We hypothesize that a compromise on the spheroid diameter
should be attained in order to maximize cellular viability while their
paracrine activity is potentiated.

Noteworthy, alginate encapsulation can also pose diffusion limita-
tions, despite the oxygen permeability in a 2% alginate solution
(3.43 × 10−14 mol/cm/mmHg/s) has been reported to be approxi-
mately three times higher than that in tissues (1.24 × 10−14 mol/cm/
mmHg/s) (Johnson et al., 2009). Still, such restraint to diffusion can
lead to oxygen limitations responsible for hypoxia-induced stress,
which can contribute to understand the results promoting the wound
healing response in encapsulated single cells.

Fig. 5. Quantification of genes (VEGF, HGF, IL-6, TSG-6, SDF-1α)
involved in the paracrine activity of BM MSC cultured as monolayer,
encapsulated single cells, spheroids and encapsulated spheroids
(*p < 0.05, **p < 0.005,****p < 0.0001, n = 4) (A). Secretion of
angiogenic factors − VEGF (B), HGF (C), and IL-6 (D) − was de-
termined in MSC-CM. Values are represented as mean + SEM
(*p < 0.05, n=4).
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Fig. 6. Tubelike structures formed by HUVECs in the presence of CM collected upon culture of MSC as monolayer cells, encapsulated single MSC, non-encapsulated and encapsulated
spheroids for 72 h in DMEM 1% A/A (A). The tube length (B), number of tubes (C) and number of nodes (D) were analyzed post 5 h (*p < 0.05, **p < 0.01, n = 4; single biological
donor, with replicates). Values are represented as mean + SD. Tubelike structures formed by HUVECs in co-culture with single MSC and spheroids encapsulated in an alginate disk.
HUVECs were added to Matrigel® seeded on top of an alginate layer containing encapsulated MSC (E) and their tube length (F), number of tubes (G) and number of nodes (H) were
analyzed post 5 h. To assess the angiogenic potential of single MSC vs 3D spheroids encapsulated in alginate, MSC were initially encapsulated in an alginate hydrogel and cultured for 4
days. HUVECs were then added to an upper Matrigel® layer in DMEM 1% A/A. HUVECs cultured alone on Matrigel® in the presence of EGM-2 media were used as control (*p < 0.05,
**p < 0.01, ***p < 0.0005, n ≥ 4). Values are represented as mean + SEM.
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4.2. 3D cell culture as a means to improve resistance against oxidative stress
injury

In the harsh environment of injured tissues, oxidative stress is
thought to lead to cell death. After wounding, ROS, including H2O2, are
produced, leading to excessive oxidative damage that contributes to the
pathogenesis of chronic wounds (Schafer and Werner, 2008). We ob-
served that culture of MSC as spheroids, even if not protected by an
alginate shell, increases their resistance to oxidative stress (Fig. 3C).
Zhang and colleagues (Zhang et al., 2012) have shown that upregulated
expression of hypoxia-adaptive genes, such as HIFs, superoxide dis-
mutase-2 and VEGF in spheroids, might be responsible for higher re-
sistance to oxidative stress relatively to monolayer cells. The increased
expression of stanniocalcin-1 by spheroids (Bartosh et al., 2010) has
been reported to be capable of suppressing ROS (Wang et al., 2009). On
the other hand, the higher percentage of cell survival to oxidative stress
when single cells are encapsulated might be attributed to a protective
effect of the alginate structure on the entrapped cells. Furthermore,
although oxidative damage in injured tissues can lead to cell death, lack
of oxygenation due to vasculature disruption is also a major issue that
needs to be addressed in order to favor tissue remodeling (Nauta et al.,
2014). Preservation of ECM and the enhanced proangiogenic potential
of 3D spheroid structures might improve survival under ischemic con-
ditions.

4.3. Alginate encapsulation – a delivery vehicle of encapsulated MSC-
secreted trophic factors

In this study, we selected non-functionalized alginate as a cell en-
capsulation vehicle to study the effect of having BM MSC cultured as
spheroids versus single cells on their paracrine potential, circumventing
the introduction of additional cues that a non-inert material would
provide. Other studies, however, have shown that MSC spheroids en-
capsulated in arginine-glycine-aspartic acid (RGD)-modified alginate
exhibit enhanced survival and VEGF secretion. Nevertheless, the 3D
spheroid configuration is lost over culture time in these functionalized
alginate matrices (Ho et al., 2016), which might limit the anti-in-
flammatory behavior of MSC, whose expression of immunomodulatory
factors is thought to be favored when MSC are compacted in a 3D
spheroid configuration (Bartosh et al., 2010). Furthermore, the alginate
burst release behavior of the model protein BSA positions alginate as an
interesting inert material to allow diffusion of proteins into the sur-
rounding environment while the secretory machinery of MSC is
working. Alternatively to preselect a group of proteins to be delivered
in an in vivo setting, through cellular encapsulation, we can rather take
advantage of the plethora of bioactive compounds that constitute the
MSC secretome. It has been shown that sequential delivery of three
growth factors (VEGF, platelet-derived growth factor-BB (PDGF-BB)
and TGF-β1) from alginate scaffolds resulted in better vascularization in
vivo than instantaneously or single factor delivery (Freeman and Cohen,
2009).

Moreover, through encapsulation, retention of MSC at an implanted
site can be increased (Ceccaldi et al., 2012; Landázuri et al., 2012),
enhancing cellular communication with the surrounding wounded en-
vironment. Interactions between different cell types are essential to
achieve fully functional tissues, which led us to study the paracrine
interactions of MSC cultured as single cells or as 3D spheroids with
HUVECs and fibroblasts.

Whereas encapsulated single MSC-derived CM seems to at least
equal the enhancing effects that non-encapsulated MSC-secreted factors
have on promoting fibroblast migration, similarly to what Bussche and
co-workers (Bussche et al., 2015) have observed with encapsulated
single equine MSC, we showed that encapsulation of MSC spheroids can
boost this effect.

In addition to cellular migration into the wounded site, which is
critical during the wound healing process, angiogenesis is essential to

achieve an efficient healing as it allows delivery of nutrients and oxygen
to living tissues. We observed that CM harvested from encapsulated
MSC spheroids for 72 h in DMEM 1% A/A enhances the ability of
HUVECs to form tubes, as observed by a statistically significant greater
number of tubes and branch points relatively to monolayer, en-
capsulated single MSC and non-encapsulated spheroids (Fig. 6A–D).
Interestingly, direct co-culture of HUVECs with encapsulated single
MSC or spheroids increases the formation of tubelike structures,
therefore highlighting the angiogenic potential of encapsulated MSC
(Fig. 6E–H). Similar reports have demonstrated that MSC entrapped in
RGD-functionalized alginate increases the ability of neighboring HU-
VECs to form tubelike structures and enhances endothelial cell invasion
in vitro (Bidarra et al., 2010). However, although having MSC en-
capsulated as single cells in alginate beads has been shown to promote
an increase of 70% in vascular density relatively to a more modest value
of 22% when cells were delivered as non-encapsulated cells in the
setting of mice hindlimb ischemia (Landázuri et al., 2012), combining
culture of MSC as 3D spheroids with encapsulation within an alginate
matrix could potentially further exploit the paracrine potential of MSC.
Indeed, in our study, we showed that HUVECs in co-culture with MSC
spheroids encapsulated in alginate can contribute to formation of an
interconnected network of tubes, with higher number of tubes and
branch points being formed in comparison to co-culture with en-
capsulated single cells (Fig. 6F–H). The lack of cell–cell contact between
MSC and HUVECs in these experiments suggests that paracrine factors
secreted by MSC, particularly when cultured as encapsulated spheroids,
such as VEGF and HGF, whose gene expression (Fig. 5A) and protein
secretion (Fig. 5B-C) was detected at day 7 of cell culture, might po-
tentiate the function of endothelial cells.

Gene expression of immunomodulatory factors was also assessed,
particularly IL-6 and TSG-6 (Fig. 5A), as they play a role in wound
healing, namely on mediating anti-inflammatory responses (Djouad
et al., 2007; Lee et al., 2014). Culture of MSC as spheroids has proven to
be an effective way to increase the expression of such im-
munomodulatory factors (Bartosh et al., 2010; YlÖstalo et al., 2012;
Zimmermann and Mcdevitt, 2014), although, in our study, we detected
higher secreted levels of IL-6 when MSC are cultured in a 2D monolayer
configuration (Fig. 5D). Importantly, enhanced expression of TSG-6 by
MSC spheroids relatively to monolayer cultures contributes to suppress
inflammatory reactions (Bartosh et al., 2010), which are exacerbated in
a wounding setting where the host immune system is activated to re-
spond to injury. Indeed, the efficacy of MSC on reducing inflammation
has been shown to be proportional to the mRNA levels of the anti-in-
flammatory protein TSG-6 (Lee et al., 2014, p. 6; Sala et al., 2015).
Knock-down experiments showed that improvement of the cardiac
function after myocardial infarction is, at least in part, mediated by
MSC secretion of TSG-6 (Lee et al., 2009). In our study, we showed that
both encapsulated and non-encapsulated spheroids express high levels
of the TSG-6 gene (Fig. 5A), although the former evidenced higher
expression, which might be at least in part explained by the higher
number of apoptotic cells detected in Fig. 3A and B, as cellular apop-
tosis has been linked to activation of anti-inflammatory signals (Bartosh
et al., 2010; YlÖstalo et al., 2012). This suggests that MSC culture either
as 3D spheroids or as biomaterial-encapsulated cells could potentially
increase the immunomodulatory potential of these cells, as recently
reviewed in (Follin et al., 2016).

Overall, in the setting of tissue repair and regeneration processes,
whose time course takes days to weeks, retention of cells with enhanced
proangiogenic, anti-inflammatory and chemotactic capabilities at an
injured site, protected from a harsh oxidative stress environment
characteristic of wounded sites, while maintaining controllable size
properties through encapsulation within an alginate matrix, might ex-
tend the therapeutic potential of MSC.
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