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Hypoxic Preconditioning of Mesenchymal Stem Cells with 
Subsequent Spheroid Formation Accelerates Repair of 
Segmental Bone Defects

Steve S. Ho1, Ben P. Hung1, Nasser Heyrani2, Mark A. Lee2, and J. Kent Leach1,2

1Department of Biomedical Engineering, University of California, Davis, Davis CA 95616

2Department of Orthopaedic Surgery, UC Davis Health, Sacramento CA 95817

Abstract

Cell-based approaches for musculoskeletal tissue repair are limited by poor cell survival and 

engraftment. Short-term hypoxic preconditioning of mesenchymal stem cells (MSCs) can prolong 

cell viability in vivo, while the aggregation of MSCs into spheroids increases cell survival, trophic 

factor secretion, and tissue formation in vivo. We hypothesized that preconditioning MSCs in 

hypoxic culture before spheroid formation would increase cell viability, proangiogenic potential, 

and resultant bone repair compared to that of individual MSCs. Human MSCs were 

preconditioned in 1% O2 in monolayer culture for 3 days (PC3) or kept in ambient air (PC0), 

formed into spheroids of increasing cell density, and then entrapped in alginate hydrogels. 

Hypoxia-preconditioned MSC spheroids were more resistant to apoptosis than ambient air 

controls, and this response correlated with duration of hypoxia exposure. Spheroids of the highest 

cell density exhibited the greatest osteogenic potential in vitro and VEGF secretion was greatest in 

PC3 spheroids. PC3 spheroids were then transplanted into rat critical-sized femoral segmental 

defects to evaluate their potential for bone healing. Spheroid-containing gels induced significantly 

more bone healing compared to gels containing preconditioned individual MSCs or acellular gels. 

These data demonstrate that hypoxic preconditioning represents a simple approach for enhancing 

the therapeutic potential of MSC spheroids when used for bone healing.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are a promising cell source in tissue engineering and 

regenerative medicine. Following expansion in culture to achieve sufficient numbers of cells, 

MSCs are enzymatically separated from their newly deposited endogenous extracellular 

matrix (ECM) and transplanted as individual cells into harsh microenvironments 

characterized by low oxygen or an inflammatory milieu. This widespread approach results in 

catastrophic cell death within a matter of days, vastly limiting the therapeutic potential of 

cell-based approaches.[1]

As an alternative to transplanting individual cells, the aggregation of cells into spheroids 

prior to transplantation is an exciting approach to combat rapid cell death. Compared to 

individual cells, spheroids better recapitulate the cell-cell interactions observed in native 

tissue while exhibiting enhanced viability, angiogenic potential, and immunomodulatory 

potential.[2–5] Furthermore, MSCs within spheroids continue to engage and interact with 

their endogenous ECM that can enhance viability and preserve differentiation towards 

osteogenic phenotypes, fulfilling multiple needs for bone tissue repair.[6] MSC spheroids 

have been successfully used to promote neovascularization in hindlimb ischemia and 

mineralized ectopic tissue formation.[2, 3, 7–9] However, the transplantation of MSC 

spheroids into a segmental bone defect required synergistic stimulation with the potent 

osteoinductive cue, Bone Morphogenetic Protein-2 (BMP-2), to induce appreciable bone 

formation.[10] These data suggest that the native repair mechanisms catalyzed by MSC 

spheroids are insufficient to achieve complete bone repair, necessitating alternative 

approaches when using MSC spheroids in bone healing.

When transplanted into large bone defects, MSCs expanded in standard culture conditions 

endure stark changes in their local oxygen microenvironment, suddenly shifting from 

hyperoxic (21% oxygen) to hypoxic sites in vivo. Such rapid changes in local oxygen 

conditions induce apoptosis in transplanted cells if they are not rapidly resolved by 

vascularization. Hypoxic preconditioning represents one approach to address these 

challenges that activates key signaling pathways, enhancing MSC viability and 

proangiogenic potential via hypoxia inducible factor-1α (HIF-1α).[11, 12] Indeed, the 

injection of individual MSCs preconditioned for at least 48 hours exhibited markedly 
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increased cell survival over 3 weeks in vivo.[13] Hypoxic preconditioning of MSCs results 

in sustained downstream effects on cell survival, proangiogenic potential and associated 

neovascularization, and tissue regeneration.[14, 15] However, the effect of hypoxic 

preconditioning on the function of MSC spheroids is unknown.

We hypothesized that spheroids formed from hypoxic-preconditioned MSCs would exhibit 

increased survival, proangiogenic potential, and osteogenic potential compared to 

unconditioned MSCs. The function of preconditioned MSC spheroids in vitro and in vivo 
was evaluated when entrapped in RGD-modified alginate, a biomaterial platform presenting 

adhesion sites for entrapped cells that promotes MSC viability and trophic factor secretion.

[16–18] The capacity of preconditioned MSC spheroids to promote bone repair was then 

evaluated in a rat critical-sized femoral segmental defect.

MATERIALS AND METHODS

Cell culture

Human bone marrow-derived MSCs from a single donor were purchased from Lonza 

(Walkersville, MD) and used without further characterization. Cells were cultured in α-

MEM (Invitrogen, Carlsbad, CA) supplemented with 10% v/v fetal bovine serum (JR 

Scientific, Woodland, CA), 100 units/mL penicillin, and 100 μg/mL streptomycin (Gemini 

Bio-Products, Sacramento, CA) under standard culture conditions until use at passage 5-6 

(Fig. 1). At approximately 70% confluency, cells were moved from standard culture 

conditions to 1% O2 achieved using oxygen-controlled HERAcell 150i incubators (Thermo 

Scientific, Pittsburgh, PA) for 1 (PC1) or 3 days (PC3). MSCs maintained in standard culture 

conditions (PC0) and individual MSCs (not formed into spheroids, PC3-IND) served as 

controls. After preconditioning, MSCs were trypsinized (Corning, Manassas, VA) and 

immediately used to generate spheroids.

Fabrication of MSC spheroids

MSC spheroids were formed using a forced aggregation technique.[19] MSCs were seeded 

in nonadherent microwell plates formed of 1.5% agarose and centrifuged at 300×g for 5 min 

to yield spheroids of 3,000 (3K); 10,000 (10K); and 15,000 cells/spheroid (15K). Plates 

were kept static in the incubator under standard conditions for 48 hrs to enable full spheroid 

compaction.

Preparation of RGD-modified alginate and entrapment of MSC spheroids

RGD-modified alginate was prepared as described previously.[16, 20, 21] Briefly, 

G4RGDSP (Commonwealth Biotechnologies, Richmond, VA) was covalently coupled to 

UltraPure VLVG sodium alginate (Pronova, Lysaker, Norway) using standard carbodiimide 

chemistry, yielding hydrogels with 0.8 mM RGD. The resulting RGD-alginate was sterile 

filtered and lyophilized for 4 days. Lyophilized alginate was reconstituted in serum-free α-

MEM to obtain a 2% (w/v) solution. MSC spheroids or individual MSCs were then 

suspended in alginate at 5×106 cells/mL and crosslinked by dialyzing 200 mM CaCl2 for 10 

min.[22]
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Evaluation of MSC spheroid function within alginate gels

Gels were cultured in α-MEM under serum-deprived and hypoxic (1% O2) culture 

conditions for 4 days, collected, minced, and lysed in passive lysis buffer (Promega, 

Madison, WI). Apoptosis was measured by analyzing 100 μL lysate per sample using a 

Caspase-Glo 3/7 assay (Promega) as reported.[23] Luminescence was detected on a 

microplate reader and normalized to DNA content determined from the same lysate using 

the Quant-iT PicoGreen DNA Assay Kit (Invitrogen). To measure VEGF secretion, media 

was refreshed 24 hrs before collection, and VEGF concentration was determined using a 

human specific VEGF ELISA kit (R&D Systems, Minneapolis, MN) according to the 

manufacturer’s instructions.[24]

To quantify osteogenic potential of entrapped spheroids, gels prepared as described above 

were cultured in α-MEM overnight and then moved to osteogenic media, which consisted of 

the above expansion medium containing standard osteogenic supplements (10 mM β-

glycerophosphate, 50 μg/mL ascorbate-2-phosphate, and 100 nM dexamethasone; all from 

Sigma, St. Louis, MO). Osteogenic potential was assessed by quantifying intracellular 

alkaline phosphatase (ALP) activity from a p-nitrophenyl phosphate assay, cell number by 

DNA content, osteocalcin secretion via ELISA, and calcium deposition by o-cresolphthalein 

assay.[16, 25, 26] Constructs were embedded in OCT, cryosectioned at 5 μm, and underwent 

immunohistochemistry (IHC) using a primary antibody against osteocalcin (1:1000, 

ab13420, Abcam, Cambridge, MA) and a mouse specific HRP/AEC detection kit (ab93705, 

Abcam). Osteogenic assessments were performed up to 14 days in accordance with previous 

work.[27]

To assess cell viability within alginate gels, calcein AM and propidium iodide (Invitrogen) 

were added to α-MEM to create a 2 μM and 5 μM solution of each reagent, respectively. 

Gels were fully immersed for 30 min before imaging using an Olympus Fluoview FV1000 

system (Olympus, Tokyo, Japan).

Determination of HIF-1α in MSC spheroids by Western blot

Human MSCs were preconditioned under 1% O2 for 3 days or maintained in ambient air as 

stated above. Spheroids were then formed for 48 hrs under ambient air and collected 

immediately. For comparison with MSCs in monolayer culture, MSCs were seeded at 5 × 

104 cells/cm2 in well plates and allowed to attach overnight. Cells were then moved to 1% 

O2 for 3 days of preconditioning and then placed under ambient air for an additional 48 hrs 

before collection. Samples were collected in protein collection buffer (0.1% Triton-X, 1% 

Tris-EDTA, 1% protease inhibitor cocktail), and protein concentration was measured using 

the Pierce BCA protein assay (Thermo Fisher Scientific). 30 μg of protein per sample was 

resolved 10% Tris–HCl acrylamide gels and transferred onto 0.2 mm nitrocellulose. Blots 

were blocked in 5% nonfat milk in Tris-buffered saline with 0.05% Tween-20 (TBST) for 1 

hr and probed overnight at 4°C with mouse anti-human polyclonal antibody to HIF-1α 
(1:500 in blocking buffer; BD Biosciences, San Jose, CA) and the loading control, rabbit 

anti-human β-tubulin (1:1000; #2128P; Cell Signaling, Danvers, MA). Membranes were 

washed and probed with horseradish peroxidase-conjugated secondary antibodies (1:1000; 
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BD Biosciences and Cell Signaling) and reactive bands were visualized using enhanced 

chemiluminescence and the Bio-Rad Gel Imaging System.

Assessment of MSC spheroids to promote bone healing in vivo

Animals were treated in accordance with all UC Davis and National Institutes of Health 

(NIH) animal care and handling procedures. MSCs, either spheroids or individual cells, were 

entrapped in alginate hydrogels (2 mm diameter, 6 mm length) at 30 × 106 cells/mL and kept 

in complete media in standard culture conditions for 18 hrs before implantation. Male 

athymic rats (NIH/RNU, 10-12 weeks old, Taconic, Hudson, NY) were anesthetized and 

maintained under a 3-4% isoflurane/O2 mixture delivered through a nose cone. Six 

millimeter diaphyseal critical-size defects were created in the right femora of each animal 

and stabilized with a radiolucent polyetheretherketone (PEEK) plate and 6 angular stable 

bicortical titanium screws (RISystem AG, Davos, Switzerland) as described.[28] Defects 

were immediately filled with one of four RGD-modified alginate constructs: 1) MSC 

spheroids formed from PC3 preconditioned cells; 2) PC3 individual MSCs; 3) acellular gels 

containing 2 μg BMP-2 (Medtronic, Minneapolis, MN), previously reported to successfully 

promote union within 12 weeks[29], or 4) acellular gels.

Quantification of bone formation and assessment of mechanical properties of repair tissue

Bone formation was monitored noninvasively using contact high-resolution radiographs (20 

kVp, 3 mA, 2 min exposure time, 61 cm source-film distance) taken in a cabinet radiograph 

unit (Faxitron 43805N, Field Emission Corporation, Tucson, AZ) with high-resolution 

mammography film (Oncology Film PPL-2, Kodak, Rochester, NY) and digitized using a 

high-resolution flatbed scanner (SilverFast 500 ppi, LaserSoft, Sarasota, FL). Radiographs at 

4, 8, and 12 weeks were scored on a scale of 0 (implant failure) to 5 (homogeneous bone 

structure) by evaluation from 3 blinded, independent reviewers.

At 12 weeks post-surgery, animals were euthanized and femurs were explanted, wrapped in 

sterile gauze, submerged in PBS, and stored at −20°C until analysis. Excised femurs were 

imaged (45 kVp, 177 μA, 400 μs integration time, average of four images) at 6 μm resolution 

using a high-resolution μCT specimen scanner (μCT 35; Scanco Medical, Brüttisellen, 

Switzerland). Bone volume within the tissue defect and bone mineral density (BMD) were 

determined from resulting images. Explants were then analyzed via torsional testing to 

ascertain mechanical properties of repair tissue as we reported.[30] Prior to testing, all 

PEEK plates on the explants were cut to ensure stress was concentrated in the defect.

Explants were subsequently demineralized in Calci-Clear Rapid (National Diagnostics, 

Atlanta, GA), processed, paraffin embedded, and sectioned at 5 μm thickness. Sections were 

stained with hematoxylin and eosin (H&E) and imaged using a Nikon Eclipse TE2000U 

microscope and Andor Zyla 5.5 sCMOS digital camera (Concord, MA). We performed IHC 

using a primary antibody against Lamin A/C (1:250, ab108595, Abcam), a human nuclear 

envelope marker, to visualize transplanted human cells and von Willebrand factor (1:200, 

F3520, Sigma-Aldrich) to visualize the basement membrane of capillaries on 2-week tissue 

explants. Explants from 12-weeks underwent Masson’s trichrome staining to visualize 

collagen deposition within repair tissue.
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Statistical analysis

Data are presented as means ± standard deviation. Statistical analysis was performed using a 

two-way analysis of variance with Bonferroni correction for multiple comparisons in Prism 

7 software (GraphPad, San Diego, CA); p-values less than 0.05 were considered statistically 

significant. Significance is denoted by alphabetical letterings; groups with no significance 

are linked by the same letters, while groups with significance do not share the same letters.

RESULTS

Osteogenic potential is greater in spheroids of higher cell density

We evaluated MSC spheroids formed with increasing cell density prior to exposure to 

hypoxic preconditioning to select spheroids with the highest osteogenic potential. ALP 

activity increased with spheroid cell density (Fig. 2A), with greater activity in the 15K cell 

spheroids compared to the 3K cell spheroids at 7 and 14 days (2.1- and 2.4-fold increase, 

respectively). After 7 days, 15K spheroids contained significantly more calcium than did 

other spheroids, yet calcium levels remained flat over the next 7 days. Despite calcium levels 

comparable to baseline levels at 7 days, 10K spheroids exhibited the largest increase in 

calcium after 2 weeks (Fig. 2B).

Hypoxic preconditioning and spheroid cell density influence viability of MSC spheroids

We assessed cell viability of spheroids formed from increasing cell densities and hypoxic 

preconditioning durations. MSC spheroids formed from unconditioned or preconditioned 

cells exhibited similar diameters (approximately 400 μm) regardless of preconditioning 

duration (data not shown). Caspase 3/7 activity in MSC spheroids decreased with increasing 

cell density, with the lowest levels of caspase activity in the largest 15K cells/spheroid group 

(Fig. 3A–C). Additionally, PC1 and PC3 groups exhibited decreased caspase activity 

compared to unconditioned groups with sustained effects on cell viability through 4 days. 

DNA content was similar among groups (data not shown). Live/Dead staining revealed 

visibly greater cell death in spheroids formed from unconditioned MSCs compared to 

preconditioned spheroids (Fig. 3D).

VEGF secretion is dependent on hypoxic preconditioning but not spheroid cell density

Compared to preconditioning for 1 day, hypoxic preconditioning of MSCs for 3 days 

increased VEGF secretion in all spheroids, regardless of cell density (Fig. 4A–C). 

Additionally, all PC3 spheroids produced more VEGF compared to their PC3-individual cell 

controls, further confirming the benefits of spheroid formation on trophic factor secretion. 

No differences in VEGF secretion were observed in 3K cell spheroids at day 1, yet we 

detected a 2.25-fold increase in VEGF secretion for PC3 versus PC1 spheroids at day 4. The 

increase in VEGF secretion in preconditioned spheroids over unconditioned controls was 

greater in 3K spheroids than other cell densities. We observed significant increases in VEGF 

secretion in PC3 over PC1 spheroids at days 1 and 4 in both 10K (1.81- and 2.27-fold, 

respectively) and 15K cell spheroids (4.23- and 2.54-fold, respectively). No differences in 

VEGF secretion were detected between spheroid cell densities in alginate gels containing 

the same concentration of cells (data not shown).
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HIF-1α expression is maintained in MSCs through spheroid formation

PC3 monolayer MSCs exhibited minimal HIF-1α expression, while HIF-1α was 

comparably expressed in unconditioned (PC0) spheroids (Fig. 4D). HIF-1α bands were 

appreciably heavier in PC3 spheroid groups, confirming that hypoxic preconditioned MSC 

spheroids maintain HIF-1α expression, even after spheroid formation in ambient air. We did 

not detect HIF-1α expression in unconditioned MSCs in monolayer culture (PC0).

MSC spheroids possess osteogenic potential after hypoxic preconditioning

We selected 15K spheroids to study the effect of hypoxic preconditioning duration on 

osteogenic potential in vitro due to increases in VEGF secretion as a function of 

preconditioning duration, together with reduced caspase 3/7 activity and robust osteogenic 

potential in ambient air. PC3 groups exhibited decreased ALP activity at days 7 and 14 

compared to unconditioned (PC0) spheroids (Fig. 5A). However, regardless of 

preconditioning duration, MSC spheroids had greater ALP activity than did PC3-individual 

MSCs over 2 weeks. Calcium deposition increased in all groups over time with no 

differences among groups at day 7 (Fig. 5B). At day 14, PC3 spheroids secreted similar 

calcium mass as PC0 spheroids and more than PC3-individual cell controls. We did not 

detect any appreciable BMP-2 production in MSC spheroids or individual cells, regardless 

of preconditioning (data not shown). Gels containing individual cells exhibited faint positive 

staining for human osteocalcin when maintained in growth media and preconditioned for 0 

or 3 days, but diffuse intra- and extracellular osteocalcin was evident in both individual cell 

gels in osteogenic media (Fig. 5C). Osteocalcin staining at Day 14 was comparable for all 

gels containing spheroids, regardless of preconditioning duration or media composition. 

These results indicate that hypoxic preconditioning of MSCs for 3 days does not inhibit 

subsequent MSC osteogenic differentiation.

Hypoxic preconditioning promotes angiogenesis and MSC persistence in vivo

Tissues were retrieved two weeks after implantation into femoral segmental bone defects to 

evaluate the capacity of MSC spheroids to promote vascularization. We observed more 

neovessels in defects treated with preconditioned MSC spheroids compared to all other 

groups (Fig. 6). Residual alginate remained in all groups but was more widely distributed in 

acellular gels. Immunohistochemistry for Lamin A/C revealed positive staining in defects 

treated with spheroids but only rare staining in defects treated with individual MSCs. As 

expected, no positive staining was observed in acellular gels with or without BMP-2.

Bone formation is accelerated when treated with spheroids of preconditioned MSCs

Radiography of bone defects over 12 weeks was evaluated by three blinded reviewers. 

Blinded scoring of radiographs (Supplementary Fig. 1) revealed significantly improved 

healing that continued over time in defects treated with spheroids, while defects treated with 

individual preconditioned MSCs did not heal. Defects treated with BMP-2 eluting alginate 

hydrogels demonstrated full radiographic bone bridging as early as 4 weeks that remained 

throughout the 12-week duration, while defects treated with acellular gels had minimal 

healing. Ex vivo microCT analysis after 12 weeks was in agreement with the radiographic 

results. More bone growth was visibly apparent in defects treated with spheroids compared 
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to individual preconditioned MSCs (Fig. 7A). Quantification of microCT analysis revealed 

greater bone volume (Fig. 7B) and bone mineral density (Fig. 7C) compared to defects 

treated with individual MSCs. BMP-2 loaded hydrogels induced substantial bone formation 

over 12 weeks. Torsional testing revealed significantly greater stiffness in defects treated 

with spheroid-containing gels than either acellular gels or individual MSCs (Fig. 7D), and 

failure only occurred in the defect region. In agreement with increased bone volume and 

mineral density, the mechanical properties of repair tissue within BMP-2-treated defects 

were the most robust. Significant increases in collagen deposition were visually apparent in 

spheroid-treated defects compared to individual MSCs (Supplementary Fig. 2).

DISCUSSION

Cell therapies commonly involve direct injection or transplantation of individual cells into 

an injury site. Hypoxic preconditioning in monolayer culture enhances cell survival and 

proangiogenic potential both in vitro and in vivo through HIF-1α signaling pathway 

mechanisms.[13, 31, 32] We and others demonstrated the improved therapeutic potential of 

MSC spheroids compared to individual cells.[4, 24, 33] Moreover, we previously 

demonstrated that entrapment and transplantation of MSC spheroids in RGD-alginate 

hydrogels improves viability and function.[22] In light of the efficacy of each individual 

strategy, we anticipated a synergy between forming spheroids from MSCs preconditioned in 

hypoxia and transplanting MSC spheroids using instructive biomaterials. Therefore, the goal 

of our study was to determine the effect of hypoxic preconditioning and spheroid size on 

MSC contributions to bone formation when entrapped in RGD-alginate gels.

MSCs are typically expanded and maintained under standard culture conditions (21% O2, 

5% CO2, 37˚C, complete culture medium), yet this environment is starkly different from the 

site of implantation. Oxygen concentrations in healthy bone range from 3-8% O2 and may 

be less than 1% in large bone defects where nutrient availability is markedly reduced.[34] 

Preconditioning of MSCs for 48-96 hours at 1% O2 increased cell viability over time when 

transplanted as individual cells in vivo, but differences in therapeutic potential were not 

reported.[13] In these studies, we preconditioned MSCs for 1 and 3 days in serum- and 

oxygen-deprived conditions prior to spheroid formation in ambient air to investigate 

downstream effects on cell viability and regenerative potential. We deprived MSCs of both 

serum and oxygen to better mimic implantation conditions compared to removal of oxygen 

alone. MSCs were returned to ambient air for spheroid formation after preconditioning to 

ensure adequate aggregation. Although, we did not observe differences in spheroid diameter 

with preconditioning duration, glioblastoma spheroids formed under 1% O2 exhibited 

smaller diameters compared to spheroids formed under normoxia.[35] Caspase 3/7 activity, 

an indicator of MSC apoptosis, was reduced in higher density spheroids, yet we did not 

observe differences between preconditioning durations. In contrast, VEGF secretion was 

increased from PC3 spheroids compared to PC1 spheroids or unconditioned MSC spheroids 

and consistently higher than from individual MSCs preconditioned for 3 days. The response 

of MSCs to hypoxic microenvironments is in agreement with previous studies of individual 

cells in monolayer culture reporting improved survival and increased VEGF secretion when 

preconditioned in low oxygen.[13, 36] These results suggest that short preconditioning in 
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hypoxic conditions (≤ 1 day) is ineffective in upregulating VEGF secretion by MSC 

spheroids, and longer preconditioning durations are necessary to achieve therapeutic benefit.

The oxygen microenvironment plays a key role in osteogenic differentiation of MSCs in 

both 2- and 3-dimensions. Individual MSCs exposed to hypoxia exhibit increased 

transcription factors for stem cell plasticity including OCT4, NANOG, and REX-1.[37] 

Additionally, several studies report increased osteogenic differentiation of individual MSCs 

when maintained in low oxygen compared to ambient air conditions in monolayer culture.

[38, 39] However, dimensionality may also affect timing of differentiation, as osteogenesis 

in 3-dimensional culture may be reduced or slowed.[38] Since OCT4 is regulated upstream 

by HIF-2α, a closely related HIF-1α isoform, the increase of stemness with hypoxia could 

contribute to the enhanced osteogenic differentiation of preconditioned MSCs.[40] With an 

eye toward transplanting MSC spheroids into large, hypoxic bone defects, we investigated 

the interplay between preconditioning duration and osteogenic potential. In agreement with 

others reporting impaired osteogenic differentiation of MSCs in reduced oxygen, we 

detected lower ALP activity in spheroids formed from preconditioned MSCs versus 

unconditioned MSCs at 14 days. ALP activity was higher in gels containing spheroids than 

in individual cells at 1 and 14 days. Similarly, calcium deposition per cell was greatest in 

gels containing PC0 spheroids, yet gels containing PC3 spheroids produced more calcium 

than did other preconditioned groups including PC3 individual MSCs. Thus, hypoxic 

preconditioning of MSCs for 3 days prior to spheroid formation in ambient air and 

entrapment in RGD-alginate hydrogels maintains the osteogenic potential of MSC 

spheroids. These studies represent the first analysis of osteogenic potential of MSCs that 

were preconditioned in low oxygen and then formed into spheroids. Overall, hypoxic 

preconditioning enhances the viability and therapeutic potential of MSC spheroids while 

enabling their osteogenic differentiation.

We investigated the mechanism of sustained hypoxic preconditioning effects on spheroid 

function by probing for HIF-1α expression due to its role in VEGF secretion. The 

diffusional limit of oxygen into tissues and aggregates is assumed to be approximately 200 

μm,[41] similar to the radius of MSC spheroids used in this study. Although these 

boundaries may suggest an optimal cell size to activate hypoxic pathways that are anti-

apoptotic and proangiogenic, we previously demonstrated that spheroids of this size and 

larger, up to 700 μm, had no evidence of a hypoxic region when cultured in ambient air.[42] 

However, our data are in agreement with previous work demonstrating spheroid formation 

alone activates HIF-1α expression.[43] Hypoxia upregulated recruitment of αvβ3 and αvβ5 

integrins to the cell membrane of glioblastoma cells, while inhibition of these integrin 

dimers decreased intracellular HIF-1α.[14] In these studies, hypoxic preconditioning of 

MSCs prior to spheroid formation stabilizes and enhances HIF-1α expression, thereby 

sustaining VEGF secretion. Upon entrapment in RGD-modified alginate, MSCs in the 

spheroid engage with endogenous intraspheroid ECM and also bind to RGD ligands 

conjugated to alginate polymer chains. MSCs have numerous integrin dimers that will bind 

to the RGD motif including the αvβ3 and αvβ5 integrins implicated in HIF-1α expression.

[44] Whether interacting with endogenous ECM or RGD ligands, integrins are activated that 

may sustain HIF-1α signaling and activate VEGF secretion. Although prolonged hypoxia 

can lead to caspase-dependent cell apoptosis,[45] HIF-1α is protective against apoptosis, 
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likely through a p53-mediated pathway.[46] These data suggest an interplay between 

increased HIF-1α expression in MSC spheroids and integrin engagement to elements of the 

endogenous and engineered matrix which merits further investigation.

Bone repair of critical-sized bone defects represents a significant clinical challenge. Previous 

successful interventions to treat such large bone deficits in preclinical models require 

presentation of BMP-2 as a recombinant growth factor or via genetically modified MSCs 

that overexpress BMP-2 upon implantation.[47, 48] However, off-target effects or inefficient 

signaling, and undesirable effects due to high dosages limit the effectiveness of this 

approach.[49] To our knowledge, no studies have demonstrated significant repair of a 

critical-sized segmental defect strictly through transplantation of non-osteogenically induced 

cells, perhaps due to poor cell survival and long-term contributions to bone formation. In 

these studies, we observed increased cell persistence in tissues two weeks after implantation 

using spheroids formed from preconditioned MSCs compared to preconditioned individual 

MSCs. These data are in agreement with previous reports that transplantation of MSCs as 

spheroids increases cell viability in soft tissues in vivo.[2, 13] Moreover, bone formation 

was enhanced in vivo by increasing MSC survival when transplanted on engineered cell-

secreted matrices[17] or with concomitant delivery of BMP-2 to protect MSCs against 

apoptosis.[30] Therefore, our results suggest a potentially synergistic effect of hypoxic 

preconditioning and spheroid formation to enhance cell survival in vivo that may contribute 

to continual bone growth. Beyond histological examination at each time point, we did not 

monitor cell survival in vivo in MSC spheroids versus individual cells to correlate extended 

viability with bone healing, representing a limitation of this study. This relationship merits 

further investigation.

The quantity and function of repair bone was increased in defects treated with spheroids 

formed from preconditioned MSCs compared to preconditioned individual MSCs or 

acellular gels. Although mineralization in tissues treated with preconditioned individual 

MSCs was greater than in acellular alginate, bone formation was minimal and apparent by 

low, unchanging radiographic healing scores over 12 weeks. These data are in agreement 

with other studies reporting little bone formation with individual MSCs,[30, 50] likely due 

to poor survival in vivo that limits paracrine-acting signals to recruit endogenous host cells 

or responsiveness to osteoinductive cues. Conversely, bone defects treated with MSC 

spheroids exhibited steadily increasing radiographic healing scores that were 

indistinguishable from BMP-2 treated defects at 12 weeks, indicating robust and continual 

bone formation throughout the study period. We did not assess the capacity of unconditioned 

MSCs, either as spheroids or individual cells, to promote bone healing in this defect, 

representing a limitation of this study. Although we previously reported that MSC spheroids 

resulted in improved tissue formation compared to an equal number of individual MSCs 

when transplanted into an ectopic site[22], the characteristics of the orthotopic bone defect 

differ markedly where bone healing naturally occurs via endochondral ossification. The 

focus of these studies was to test the capacity of preconditioned MSCs, either as spheroids 

or individual cells, to promote bone repair. Future studies will evaluate bone healing by 

MSC spheroids that have undergone preconditioning compared to unconditioned MSC 

spheroids in order to isolate the role of preconditioning from transplantation of MSCs as 

spheroids.
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Previous attempts at treating femoral defects with MSC spheroids entrapped in alginate 

hydrogels were unsuccessful in forming bone and required synergistic presentation of 

BMP-2 to induce bone healing.[10] To our knowledge, this is the first demonstration of 

significant bone formation in a critical-sized femoral defect that is mediated by MSC 

spheroids alone without the use of BMP-2 or other exogenous growth factors. Although 

complete union was not achieved in this system, this approach suggests the benefit of 

following bone formation for longer periods or delivering minimal concentrations of 

osteoinductive factors. The supplementation of spheroids formed from preconditioned MSCs 

with low, functional dosages of BMP-2 to achieve complete healing may reduce 

complications associated with inflammation, ectopic bone formation, and prohibitive costs 

to treat large bone deficits.

CONCLUSION

These studies demonstrate that hypoxic preconditioning of MSCs prior to formation into 

spheroids and entrapment in RGD-alginate hydrogels is an effective strategy to enhance 

MSC therapeutic potential for bone formation and repair. Short-term exposure to low 

oxygen primes MSCs for survival and initiates angiogenesis by stabilizing HIF-1α 
signaling. Furthermore, these pathways are sustained through cell-cell signaling following 

spheroid formation. Hypoxic preconditioning of MSCs, in synergy with transplantation of 

cells as spheroids, should be considered for cell-based therapies to promote cell survival, 

angiogenesis, and bone formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of experimental workflow
Human MSCs are expanded flasks and then moved to oxygen-controlled incubators for 

hypoxic preconditioning for up to 3 days. After preconditioning, flasks for individual cells 

are either moved back to ambient air conditions (IND) or formed into spheroids for 48 hrs 

(SPH). Finally, individual cells or spheroids are entrapped in alginate hydrogels.
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Figure 2. Osteogenic potential is greater for MSC spheroids of higher cell density
(A) ALP activity and (B) calcium deposition evaluated over 14 days; n=4. Significance is 

denoted by alphabetical letterings; groups with no significance are linked by the same 

letters, while groups with significance do not share the same letters.
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Figure 3. Viability of entrapped MSCs is enhanced with hypoxic preconditioning and in larger 
spheroids
Caspase 3/7 activity as an indicator of apoptosis in (A) 3K cells/spheroid, (B) 10K cells/

spheroid, and (C) 15K cells/spheroid; n=4. (D) Representative live/dead staining of 15K 

spheroids preconditioned for 0, 1, or 3 days and entrapped in RGD-modified alginate for 1 

and 4 days. PCn indicates n days of hypoxic preconditioning and IND denotes individual 

(non-aggregated) cells. Live/dead images at 10× magnification; scale bar represents 200 μm. 

Different letters above bars indicate significance of at least p<0.05. Significance is denoted 

by alphabetical letterings; groups with no significance are linked by the same letters, while 

groups with significance do not share the same letters.
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Figure 4. Proangiogenic potential of MSC spheroids is enhanced with hypoxic preconditioning
VEGF concentration in conditioned media from gels cultured for 1 or 4 days containing 

preconditioned MSCs as (A) 3K cells/spheroid, (B) 10K cells/spheroid, and (C) 15K cells/

spheroid; n=4. *p<0.05, **p<0.01, ***p<0.001. Data are normalized to VEGF 

concentrations of unconditioned PC0 spheroids, and red dotted line indicates PC0 group. (D) 
Western blot for HIF-1α expression. Bands are (left to right) individual MSCs maintained in 

ambient air (PC0 IND) or preconditioned for 3 days (PC3 IND), spheroids from 

unconditioned MSCs (PC0 SPH), and spheroids formed from hypoxic preconditioned MSCs 

(PC3 SPH). β-tubulin served as the loading control. Density of bands was determined using 

ImageJ and normalized to housekeeping band density for quantification of protein (right, 

n=3). *p<0.05 vs. all groups.
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Figure 5. Hypoxic preconditioning does not inhibit osteogenic differentiation in MSC spheroids
(A) ALP activity in hypoxic preconditioned 15K spheroids. (B) Calcium deposition of 

hypoxic preconditioned 15K spheroids; n=4. Significance is denoted by alphabetical 

letterings; groups with no significance are linked by the same letters, while groups with 

significance do not share the same letters. (C) Osteocalcin staining in alginate gels 

containing individual MSCs or 15K spheroids at 14 days that were preconditioned for 3 

(PC3) or 0 (PC0) days and maintained in growth (GM) or osteogenic media (OM). Red 

arrows indicate secreted extracellular osteocalcin. Scale bar = 200 μm.
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Figure 6. MSC spheroids stimulate vascularization and persist in vivo at 2 weeks in a critical 
sized femoral defect
Representative H&E, Lamin A/C, and von Willebrand Factor (vWF) staining from acellular 

gels (ACELL), alginate gels containing BMP-2 (BMP-2), preconditioned individual MSCs 

(IND), or spheroids formed from preconditioned MSCs (SPH). Red arrows denote blood 

vessels, black arrows denote positive staining for human cells, and green arrows highlight 

positive staining for blood vessels. * indicates residual alginate. Images taken from the 

center of the defect. Scale bar = 100 μm for H&E; 200 μm for Lamin A/C and vWF.
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Figure 7. MSC spheroids formed from preconditioned cells promote bone formation in a critical-
sized orthotopic bone defect
(A) Microcomputed tomography images at week 12 in the defect space with quantified (B) 
bone volume and (C) bone mineral density. (D) Torsional stiffness of explanted femurs at 12 

weeks; n=3-5 per group. IND = individual (non-aggregated) MSCs; SPH = spheroids. 

Significance is denoted by alphabetical letterings; groups with no significance are linked by 

the same letters, while groups with significance do not share the same letters.
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