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Cell-secreted extracellular matrix, independent of cell source, 
promotes the osteogenic differentiation of human stromal 
vascular fraction

Jenna N. Harvestine, B.S.a, Hakan Orbay, M.D., Ph.D.b, Jonathan Y. Chena, David E. Sahar, 
M.D.b, and J. Kent Leach, Ph.D.a,c,*

aDepartment of Biomedical Engineering, University of California, Davis, Davis, CA 95616

bDepartment of Surgery, Division of Plastic Surgery, UC Davis Health, Sacramento, CA 95817

cDepartment of Orthopaedic Surgery, School of Medicine, UC Davis Health, Sacramento, CA 
95817

Abstract

Lipoaspirates contain a readily accessible heterogeneous cell source for use in bone regeneration 

collectively referred to as the stromal vascular fraction (SVF). However, the osteogenic potential 

of SVF is inferior to other progenitor cell populations, thereby requiring alternative strategies to 

potentiate its effective use in cell-based therapies of bone repair. Cell-secreted extracellular matrix 

(ECM) is a promising substrate to guide cell phenotype or for use in biomaterial design, yet the 

instructional capacity of ECMs produced by various cell types is unknown. To determine whether 

the bioactivity of cell-secreted ECM was dependent on cell source, we assessed the osteogenic 

response of human SVF on ECMs secreted by bone marrow-derived mesenchymal stem cells 

(MSCs), adipose stromal cells (ASCs), and human dermal fibroblasts (HDFs). Tissue culture 

plastic (TCP), type I collagen, and ECM induced expression of integrin subunits α2, α5, and β1 in 

SVF, yet seeding efficiency was only improved on MSC-derived ECM. Regardless of ECM 

source, SVF deposited over 8- and 1.3-fold more calcium compared to TCP and collagen-coated 

controls, respectively. Flow cytometry confirmed that SVF cultured on ECM retained CD31 and 

CD34 positive cell populations better than TCP. After depleting accessory cells, ASCs deposited 

significantly less calcium compared to donor-matched SVF. This function was partially restored in 

the presence of MSC-derived ECM when donor-matched endothelial cells (ECs) were added in an 
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ASC/EC co-culture, confirming a role for ECs in osteogenic differentiation. These findings 

support the use of cell-derived ECM as a means to promote cell retention and osteogenic 

differentiation of SVF.

Graphical Abstract
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1. INTRODUCTION

The extracellular matrix (ECM) is the fabric that supports tissue-specific functions of 

associated cells by presenting a complex milieu of soluble and insoluble signals.1 Essential 

ECM components have been identified that promote cell adhesion, migration, self-assembly 

into larger structures, and differentiation.2, 3 However, this bottom-up approach to 

biomaterials design, commonly employing individual proteins or functional peptide 

sequences of proteins, fails to capture beneficial interactions with other ligands and restricts 

the potential benefit of ECMs to guide cell fate.

Cell-secreted ECMs preserve the complex nature of ECMs and have utility as bioactive 

platforms to instruct stem and progenitor cells.4 Following decellularization, acellular ECMs 

can be used as coatings on various substrates to recapitulate physical and chemical cues that 

guide cell function.5–8 For example, we demonstrated the efficacy of a bone marrow-derived 

mesenchymal stem cell (MSC)-secreted ECM to promote MSC trophic factor secretion, 

survival, osteogenic differentiation, and bone formation in vivo.9–13 The limited number of 

MSCs within bone marrow aspirations and lasting patient discomfort following collection 

represent significant challenges to harvesting MSCs for producing ECM as a biomaterial. 

Moreover, Ragelle et al. reported stem cell-specific proteomic composition and cell response 

to cell-derived ECMs.14 Therefore, the potential of other readily accessible cell populations 

to secrete an osteoinductive matrix warrants further investigation. To address this knowledge 

gap, this work compares the osteoinductive capacity of MSC-derived ECM to matrices 

produced using more readily accessible cell types, including human adipose-derived stromal 

cells (ASCs) and human dermal fibroblasts (HDFs).
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A reliable and economical source of autologous progenitor cells is an integral component to 

propel tissue engineered therapies into the clinical setting. Bone marrow aspirates do not 

supply a sufficient number of cells, requiring ex vivo cell expansion to reach the desired cell 

density for re-implantation. The culture expansion of cells under Good Manufacturing 

Practice standards can be costly and limit clinical translation, further motivating the 

investigation into alternative cell sources that may be used with minimal manipulation. 

Adipose stromal cells (ASCs) can be isolated in greater numbers from adipose tissue 

obtained via liposuction, a less invasive procedure than bone marrow aspiration. The volume 

of cells obtained from lipoaspirate, collectively referred to as the stromal vascular fraction 

(SVF), contains stromal, endothelial, and hematopoietic cells.15 Compared to bone marrow 

aspirates, stromal cells can be isolated at 10–100 fold higher frequency from SVF.16 

However, ASCs exhibit comparable or reduced osteogenic potential,17 motivating the need 

for improved methods to enhance osteogenic potential of SVF.

We hypothesized that the bioactivity of cell-secreted ECM is dependent upon the identity of 

the secreting cell. To investigate this hypothesis, we assessed the osteogenic response of 

SVF on ECMs produced by human MSCs, ASCs, and dermal fibroblasts (HDFs), three 

common cell populations used to manufacture ECM due to their accessibility and 

proliferative potential. We compared the composition, osteogenic potential, and capacity to 

retain SVF cells from primary adipose tissue for each ECM. The results of this study support 

the use of cell-secreted ECMs to enhance the therapeutic potential of SVF.

2. MATERIALS AND METHODS

2.1 Cell culture

Human bone marrow-derived MSCs, ASCs, and HDFs (Lonza, Walkersville, MD) were 

used without further characterization. MSCs were expanded under standard conditions until 

use at passages 4–6 in 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, Mediatech, Manassas, VA) (P/S). ASCs were expanded 

under standard conditions until use at passages 4–6 in Dulbecco’s modified eagle medium 

(DMEM; Invitrogen) supplemented with 10% FBS and 1% P/S. HDFs were expanded until 

use at passages 9–11 in low glucose DMEM (Invitrogen) supplemented with 10% FBS and 

1% P/S.

2.2 ECM production and characterization

Cell-secreted ECMs were prepared as we described.9–13 Briefly MSCs, ASCs, or HDFs 

were seeded at 50,000 cell cm−2 and cultured in media supplemented with 50 μg mL−1 

ascorbate 2-phosphate for 10 days with media changes every 2–3 days. After culture, 

monolayers were washed with phosphate buffered saline (PBS) and cells were removed 

using a detergent-based solution followed by DNase (Sigma, St. Louis, MO) treatment 

(37°C for 1 hr) to effectively remove 99.9% of DNA content from culture post-

decellularization.10 ECM morphology before and after decellularization was visualized 

using a Nikon Eclipse TE2000U microscope (Melville, NY, USA) and Andor Zyla digital 
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camera (Oxford Instruments, Abingdon, UK). Decellularized ECM was washed 3x with PBS 

and mechanically dislodged from culture flasks using a cell scraper. Total protein within the 

collected ECM was quantified using a bicinchoninic acid (BCA) protein assay (Thermo 

Fisher, Rockford, IL). ECM solutions were frozen at −20°C until use.

To prepare protein-coated substrates, ECM solutions were thawed and sonicated to generate 

a homogeneous distribution. Equal quantities of ECM or type I collagen (Fisher Scientific, 

Santa Clara, CA) were deposited on well plates (15 μg cm−2 unless otherwise stated) and 

spread using a micropipette. ECM and collagen solvents were allowed to evaporate, then 

wells were washed 2x with PBS prior to use. For gross visual inspection of ECM 

distribution, wells were washed with PBS, submerged for 15 min in 1% (w/v) Coomassie 

Brilliant Blue (MP Biomedicals, Solon, OH), and washed in PBS before imaging.12 To 

measure glycosaminoglycan (GAG) content, ECMs were digested in papainase buffer at 

60°C for 16 hrs and GAG was quantified using a dimethylmethylene blue (DMMB) assay.18 

ECM composition was determined using liquid chromatography–mass spectrometry (LC-

MS) by MS Bioworks, LLC (Ann Arbor, MI).19

2.3 Isolation of stromal vascular fraction (SVF)

Human SVF was harvested from adipose tissue samples retrieved via liposuction or excision 

from the abdomen, breast, and thigh of female patients (n=10; 40–75 years old, mean age 54 

± 10 years) after obtaining consent under an IRB protocol approved by UC Davis. Adipose 

tissue was cleaned and transferred to a new culture dish to be minced into small pieces as 

needed.20 Minced tissue/lipoaspirate was digested in 0.1% (w/v) type I collagenase 

(Calbiochem, San Diego, CA) and 0.3 U dispase (Thermo Fisher) for 1 hr at 37°C with 

external agitation. Enzymes were quenched by the addition of an equal volume of growth 

medium containing FBS, and cells were pelleted by centrifugation at 1,000xg. Cells were 

incubated in a red blood cell lysis buffer (154.4 mM ammonium chloride, 10 mM potassium 

bicarbonate, and 97.3 mM EDTA tetrasodium salt)21 for 5 min at 37°C, washed with PBS, 

and resuspended in culture medium.

2.4 Characterization of SVF response to ECM coating

Directly after isolation, viable cells were quantified using a Countess® II Automated Cell 

Counter (Thermo Fisher) and plated onto TCP, type I collagen- or ECM-coated culture 

dishes at 30,000 cells cm−2 in growth media composed of α-MEM supplemented with 10% 

FBS and 1% P/S. Media was refreshed after 24 hrs with osteogenic media composed of α-

MEM supplemented with 10% FBS, 1% P/S, 50 μg mL−1 ascorbate 2-phosphate, 10 mM β-

glycerophosphate, and 10 nM dexamethasone (all from Sigma) and then every 3 days until 

collection. Cell metabolic activity was determined using an alamarBlue assay (Invitrogen) 

per the manufacturer’s instructions. Prior to collection, cells were incubated in 2 μM calcein 

AM (Invitrogen) at 37°C for 30 min, washed with PBS, and imaged to visualize viable cell 

morphology. Cell area was quantified from fluorescent images. Cell boundaries were traced, 

and total cell area was calculated in NIS Elements (Nikon Instruments Inc., Melville, NY).

To determine seeding efficiency and substrate-mediated integrin expression during adhesion, 

freshly isolated SVF was seeded on TCP, type I collagen-, or ECM-coated culture dishes in 
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growth media and collected after 7 hrs. Baseline DNA content and gene expression were 

determined from equal aliquots of cells in suspension. To interrogate integrin expression, 

samples were collected in TRIzol Reagent (Invitrogen) for PCR analysis following 

manufacturer’s instructions. After RNA isolation, 600 ng of RNA was reverse transcribed 

with the QuantiTect Reverse Transcription kit (Qiagen, Valencia, CA) and qPCR was 

performed using Quantifast Probe PCR kit (Qiagen) on a QuantStudio5 system (Applied 

Biosystems). Primers and probes for housekeeping gene RPL13 (Hs00744303_s1) and 

integrin subunits ITGA1 (α1, HS01061271_M1), ITGA2 (α2, HS00158127_M1), ITGA5 
(α5, HS01547673_M1), ITGA10 (α10, HS01006910_M1), and ITGB1 (β1, 

HS01127536_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 fold change in 

expression relative to the housekeeping gene was calculated using 2−ΔCt.22 To evaluate 

seeding efficiency, samples were collected in passive lysis buffer (PLB, Promega, 

Sunnyvale, CA). Following a freeze–thaw cycle, the lysate was sonicated (10 s on ice) and 

centrifuged to pellet cell debris. DNA content of adherent cells was compared to viable cells 

from an aliquot of cell suspension using a Quant-iT PicoGreen dsDNA Assay Kit 

(Invitrogen).

2.5 Osteogenic differentiation of SVF and retention of endothelial cells on ECM

Cells were plated onto TCP, collagen-, or ECM-coated culture dishes at 30,000 cells cm−2 in 

growth media. After 24 hrs, media was refreshed with osteogenic media, and media was 

exchanged every 3 days. To collect samples, wells were rinsed in PBS, incubated in PLB and 

then in 0.9N H2SO4 and scraped for collection. DNA content was measured using a Quant-

iT PicoGreen dsDNA Assay Kit (Invitrogen). Alkaline phosphatase (ALP) activity was 

quantified from cell lysate as described.23 Calcium deposition was quantified using an o-

cresolphthalein assay and visualized using a 2% Alizarin Red S solution (Sigma).10 Matrix 

composition and morphology was evaluated using a Masson’s Trichrome staining kit 

(AB150686, Abcam, Cambridge, MA).

The identity of cells present after differentiation was determined by flow cytometry. Briefly, 

cells were immersed in trypsin under external agitation for 5 min at 37°C, followed by 

gentle scraping to detach cells from the culture dishes. Cell solutions were passed through a 

41 μm filter (EMD Millipore) to remove ECM and washed in PBS. Non-specific binding 

was blocked by incubation in Protein Block (AB156024, Abcam, Cambridge, MA) for 30 

min and then incubated with antibodies per manufacturer’s instructions for CD31 (303110), 

CD45 (368518), CD34 (343623), CD90 (328112), and CD73 (344008) (all from BioLegend, 

San Diego, CA).

Donor-matched endothelial (CD31+) or adipose-derived stromal cells (CD271+) were 

selected from freshly isolated SVF by magnetic activated cell sorting (MACS). Briefly, 

freshly isolated, unfractionated SVF was incubated in microbead kits to select for 

endothelial (CD31 Microbead Kit, 130-091-935; Miltenyi Biotech, Auburn, CA) or stromal 

cells (CD271 Microbead Kit, 130-099-023; Miltenyi Biotech) following manufacturer’s 

instructions. Positive selection of desired cell types was performed using MS columns in a 
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MidiMACS separator (Miltenyi Biotech). CD31+ cells were expanded under standard 

conditions until use at passage 2 in EGM-2 MV (PromoCell, Heidelberg, Germany). 

CD271+ cells were expanded under standard conditions until use at passage 2 in DMEM 

(Invitrogen) supplemented with 10% FBS and 1% P/S. To evaluate the contribution of 

endothelial cells to osteogenic differentiation, a co-culture containing 3:2 ratio of ASC:EC 

was seeded at 30,000 cells cm−2 onto TCP, collagen-, or ECM-coated wells in GM. Donor-

matched unfractionated SVF and monocultures of ECs or ASCs containing the same total 

cell number were used as controls. Media was changed to osteogenic media 24 hrs after 

plating, with media changes every 3 days until collection.

2.6 Statistical analysis

Data are presented as means ± standard deviation of n=3–6 replicates from 2–3 biological 

donors unless otherwise stated. Statistical analyses were performed with two-way ANOVA, 

followed by Tukey’s multiple comparison post hoc test (GraphPad Prism 7.0, San Diego, 

CA) to determine significance (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 a letter. A lack of significance between groups is indicated with “ns” and a line 

bridging non-significant groups.

3. RESULTS AND DISCUSSION

3.1 ECM composition and quantity are cell-type specific

Tissue decellularization is useful to generate biomaterials that retain the structure and 

composition of native tissues.24 Matrices have been derived from numerous tissues including 

skeletal and cardiac muscle, cartilage, adipose, and others.25–28 Compelling evidence 

demonstrates that tissue-specific ECMs more effectively guide the function of cells that 

reside in that tissue.29 The harvest of cell-secreted ECM from human cells in culture 

provides an alternative to whole tissue decellularization and an opportunity to tailor the 

ECM properties through manipulation of culture conditions.10 In this study, MSCs, ASCs, 

and HDFs each secreted ECM over a ten day protocol optimized for the production of an 

osteoinductive ECM.10 Following the culture, ECM was retrieved following a gentle 

detergent-based decellularization method. We selected these three cell populations for 

manufacturing ECM due to their relative ease of accessibility from donor patients, 

proliferative capacity for potential use in cell banking, and previous use.9–13, 30, 31 During 

ECM deposition, all cells exhibited characteristic spindle-like morphologies (Fig. 1A–C) 

and maintained a confluent sheet throughout culture. MSCs and HDFs were well-organized, 

demonstrating a compact cell arrangement, while ASCs were noticeably less organized and 

densely packed. After decellularization, the cell-secreted ECM could be visually observed 

with no discernable differences in gross morphology (Fig. 1D–F). All ECMs were briefly 

sonicated to mechanically homogenize the proteins into a spreadable solution and stained 

with Coomassie Brilliant Blue to view ECM protein distribution on tissue culture plates 

(Fig. 1G–I). Compared to ASC- and HDF-derived ECMs, MSC-derived ECMs exhibited a 

more homogeneous size distribution and ECM coverage on the culture surface.
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To produce cell-derived ECM, equal numbers of MSCs, ASCs, or HDFs (50,000 cells cm−2) 

were seeded and cultured for 10 days prior to decellularization. Total protein content within 

secreted ECMs was measured after decellularization (Fig. 2A). MSC-derived ECM 

contained 15.1 ± 4.1 μg protein cm−2, nearly 3-fold and 1.5-fold greater than the protein 

mass secreted by ASCs and HDFs, respectively. Considering the capacity to achieve greater 

numbers of ASCs and HDFs at the time of tissue harvest or due to their rapid proliferative 

potential, this may represent only a modest benefit for MSCs in producing cell-secreted 

ECMs. However, bone marrow aspiration only necessitates local anesthetic. In contrast, 

ASC collection often requires general anesthesia, and skin biopsy to retrieve autologous 

dermal fibroblasts results in a visible wound with the potential to scar. While ASCs and 

HDFs offer increased availability of accessible tissue, the impact of depot-specific 

characteristics and variability necessitate further investigation prior to widespread use.

Mass spectrometry analysis identified 278, 225, and 150 distinct proteins within MSC-, 

ASC-, and HDF-derived ECMs, respectively, suggesting that stromal cell-derived ECMs are 

more complex than HDF-derived ECMs which contained nearly 50% fewer distinct proteins. 

On average, collagens make up approximately 24% of total protein within MSC-derived 

ECMs, while ASC- and HDF-derived ECMs contain 36% and 53% collagen by mass, 

respectively (Fig. 2B). In agreement with other reports,5 when normalized to molecular 

weight, collagens represented the largest family of molecules in each ECM, representing 

11.3%, 16.0%, and 24.3% of MSC-, ASC-, and HDF-derived ECM proteins, respectively. 

Type I collagen comprised 39%, 50%, and 69% of MSC-, ASC- and HDF-derived ECM 

total collagens (Fig. 2D). In contrast, others reported significantly higher levels of collagen 

VI and XII (85–90%) versus collagen I (10–15%) in ECM produced by bone marrow and 

adipose stromal cells that were used at lower passages and lower cell seeding densities.5 In 

this work, collagens III and V, which commonly associate with types I and VI, were well-

represented in all ECMs. The number and type of remaining collagens present was ECM-

specific. Interestingly, type IV collagen, a basement membrane protein important for blood 

vessel integrity, and type VIII collagen, found in the subendothelium and responsible for 

endothelial cell differentiation and angiogenesis, constituted 5.7% and 11%, respectively, of 

collagens within MSC-derived ECM. In contrast, type IV collagen represented 0.37% and 

0.22% of ASC- and HDF-derived ECMs, and type VIII represented 1.2% of ASC-derived 

ECM yet was not present in HDF-derived ECM. Fibronectin, an ECM protein required for 

osteoblast mineralization,32 was a major component of MSC- and ASC-derived ECM. 

Conversely, HDF-derived ECM was dominated by collagens, containing less fibronectin 

than either stromal cell-derived ECM. Glycosaminoglycan (GAG) content within ECMs was 

minimal (less than 5% of ECM content). However, the greatest GAG content was observed 

in ASC-derived ECM compared to MSC- or HDF-derived EMCs (Fig. 2C). Various proteins 

associated with osteogenic differentiation, pro-angiogenic potential, and immunomodulation 

were identified within the ECMs (Table 1). Although each of these proteins are within the 

top 50 most abundant ECM proteins detected, the relative percentages are low due to the 

complexity and number of total proteins present.
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3.2 ECM-coated wells support SVF adhesion, proliferation, and metabolic activity

We measured DNA content 7 hours after seeding to assess the contribution of ECM coatings 

to cell adhesion. While all substrates exhibited lower DNA content than the initial number of 

plated cells, SVF cultured on collagen-coated wells had significantly less DNA content 

compared to all other substrates (Fig. 3A). SVF seeded on MSC-derived ECMs achieved 

73% seeding efficiency, significantly greater than all other substrates (Fig. 3B). In contrast, 

SVF on TCP and collagen exhibited 62% and 44% seeding efficiency, respectively.

To investigate if differences in seeding efficiency were due to substrate-specific integrin 

expression, we performed qPCR on freshly isolated cells and cells cultured for 7 hours. 

Freshly isolated cells had relatively low expression of integrin subunits α1, α2, α5, α10, and 

β1 (Fig. 3C). However, after 7 hours in culture, we detected strong expression of integrin 

subunits α2, α5, α10 and β1 on all substrates. The β1 integrin subunit binds various 

collagens, and the α2β1 integrin pair binds fibrillar collagen. We previously demonstrated 

the critical role of α2β1 on MSC adhesion to cell-secreted ECMs and retention of 

osteoblastic phenotype.11, 33 Integrin subunit α2 was most highly expressed on collagen and 

ASC-derived ECM and exhibited the lowest expression on MSC-derived ECM (Fig. 3E). 

Similarly, expression of the α5 subunit was greatest on ASC-derived ECM and least on 

MSC-derived ECM (Fig. 3F). Unlike other ECMs, MSC-derived ECM contained 

appreciable levels of collagens IV and VIII, both important for blood vessel formation and 

maintenance. Indeed, we observed increased expression of collagen IV-binding integrin 

subunit, α10, on MSC-derived ECM (Fig. 3G). Expression of integrin subunits α1 (Fig. 3D) 

and β1 (Fig. 3H) were similar across all substrates.

The early benefits of seeding efficiency on MSC-derived ECMs were lost over time in 

culture, with cells proliferating consistently on all ECM substrates (Fig. 4A). During the first 

days of culture, cells remained rounded with relatively low metabolic activity (Fig. 4B–C). 

After 4 days in culture, there were appreciable increases in metabolic activity and 

elongation. In fact, cells were sub-confluent and distinct cell morphologies were clearly 

visible, suggesting that substrates may differentially retain various cell types from the 

heterogeneous SVF population. Quantification of cell area revealed substrate-specific 

morphologies (Fig. 4D). Cells on TCP and collagen were distinctly stratified in two size 

clusters, with a majority of cells in the larger cluster. In contrast, cells on ECM substrates 

exhibited a more continuous distribution and were smaller, on average. After 7 days in 

culture, SVF exhibited greater DNA content on cell-derived ECMs compared to TCP or 

collagen-coated wells. This effect was maintained over 14 days in culture on MSC- and 

HDF-derived ECMs, which had greater DNA content compared to all other substrates.

3.3 ECM enhances SVF osteogenic differentiation

SVF can be obtained from several locations including the abdomen, breast, arm, back, and 

thigh and is commonly subcultured to separate multipotent ASCs from other cell 

populations. In these studies, ECM promoted osteogenic differentiation of the more 

heterogeneous SVF derived from multiple donors and donor sites. Importantly, this approach 

eliminates the need to isolate and expand ASCs in culture prior to use, potentially 

accelerating the formation of osteogenic grafts. ALP activity, an early and cyclical marker of 
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osteogenic differentiation, increased in all groups over the first 7 days, with SVF on collagen 

and MSC-derived ECM demonstrating the lowest levels. After 14 days, SVF on TCP 

possessed the highest ALP levels. SVF on ECMs exhibited comparable and significantly 

lower ALP activity compared to TCP, and SVF on collagen had the lowest activity (Fig. 5A). 

Calcium deposition, a late stage functional output of osteogenic differentiation, increased in 

all groups over 2 weeks in culture (Fig. 5B). While negligible amounts of calcium were 

present after 1 day of osteoinduction, confirming the lack of calcium within the secreted 

ECM, calcium was detectable on cell-derived ECMs after 7 days, with the highest levels 

evident on MSC-derived ECM. After two weeks in culture, SVF deposited over 8- and 1.3-

fold more calcium when cultured on ECM, regardless of source, compared to TCP and 

collagen-coated controls, respectively. Alizarin red staining confirmed the quantitative 

values of calcium evidenced by dark red staining throughout the entire well compared to 

lighter, more diffuse staining when SVF was cultured on TCP or collagen (Fig. 5C). 

Masson’s Trichrome staining revealed differences in matrix content and morphology 

between all groups (Fig. 5D). SVF on collagen-coated wells exhibited the most intense 

collagen staining, followed by MSC-derived ECM. Staining on TCP, ASC-, and HDF-

derived ECMs was appreciably lighter with patchy regions staining strongly for collagen. 

However, the magnitude of osteogenic differentiation was comparable for SVF on each cell-

secreted ECM, demonstrating the consistency of this material to direct cell fate.

Although SVF from some biological donors produced only minimal levels of calcium on 

TCP, SVF from all donors produced appreciable calcium in the presence of cell-derived 

ECMs. In fact, the magnitude of calcium deposition by SVF was significantly greater in all 

cases (n=4 biological donors) on cell-derived ECMs compared to TCP or collagen 

(Supplemental Fig. 1). Due to the temporal dependence of ALP expression, heterogeneous 

nature of cells in SVF expressing ALP, and increased rate of osteogenic differentiation in the 

presence of cell-derived ECMs,11 the bioactivity of each cell-derived ECM was evaluated 

using calcium deposition by SVF. In previous studies, we observed increases in MSC 

osteogenic differentiation using MSC-derived ECMs spanning numerous donors.9–13 In this 

study, osteogenic differentiation in SVF was consistently increased across ECM produced by 

several biological donors for MSCs (n=3), ASCs (n=3) and HDFs (n=3) (Fig. 5E), 

demonstrating the robustness of cell-derived ECM as an instructive biomaterial. While SVF 

donors were generally healthy, factors such as age, gender, unknown health conditions, and 

tissue compartment may have contributed to donor-to-donor variation in osteogenic 

potential.34 Current reports addressing the impact of age, gender, and co-morbidities on the 

proliferative and osteogenic potential of SVF are contradictory35, 36 and warrant continued 

investigation.

To evaluate the potency of cell-derived ECM, we investigated two doses of protein density 

for calcium deposition by SVF (Fig. 5F). We selected 15 μg cm−2 to match the concentration 

deposited by MSCs during the 10-day ECM deposition period and 7.5 μg cm−2 as a half-

dose to study a significantly lower ECM concentration. At the higher dose, SVF deposited 

similar quantities of calcium on all ECMs and outperformed SVF on both collagen-coated 

and TCP controls. At the lower dose, SVF maintained higher calcium deposition on MSC- 

and ASC-derived ECMs, yet SVF on HDF-derived ECM deposited similar calcium as an 

equal quantity of collagen. The ability of MSC- and ASC-derived ECMs to maintain 
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superior osteoinductive capacity over HDF-derived ECM is not surprising due to the greater 

complexity of proteins represented in MSC- and ASC-derived ECMs. The complex milieu 

of cell-derived ECMs presents greater opportunities to bind growth factors and retain 

heterogeneous cell populations via activation of diverse integrin pairs when compared to a 

single ECM molecule such as collagen.37, 38

3.4 ECM promotes the retention of accessory cells to enhance SVF osteogenic 
differentiation

Specific subpopulations present in SVF and their interactions play a critical role in calcium 

deposition and vessel formation.39 Furthermore, minimal manipulation of SVF may expedite 

or obviate FDA approval and reduce translation time to clinical application. Flow cytometry 

revealed that more than 10% of cells within freshly isolated SVF were CD31+, a classical 

endothelial cell marker (Fig. 6A). Stromal cells secrete vascular endothelial growth factor 

that may stimulate proliferation of endothelial cells40 and promote neovascularization to 

preserve viability of engineered tissue in vivo and reduce risk of central necrosis. In turn, 

endothelial cells increase the osteogenic differentiation of osteoprogenitor cells by 

expression of bone morphogenetic protein-2 (BMP-2), an effect that is abrogated by 

knockdown of BMP-2 production.40, 41 After 14 days of osteoinduction, fewer than 0.1% of 

cells on TCP were CD31+ (Fig. 6B). However, concomitant with increased osteogenic 

differentiation, the percentage of CD31+ cells increased on collagen-coated wells and was 

significantly improved on ECM-coated wells. Similarly, retention of CD34+ cells was 

increased on collagen- and ECM-coated wells (Fig. 6B), indicating a role for these accessory 

cells in osteogenic differentiation.

Calcium secretion by SVF was compared to ASCs to assess the contribution of endothelial 

cells to osteogenic differentiation (Fig. 6C). Regardless of substrate, ASCs deposited 

significantly less calcium compared to SVF. In fact, when the dose of protein was reduced 

from 15 μg cm−2 to 7.5 μg cm−2, ASCs were unable to mineralize their matrix. Calcium 

deposition by SVF was also ECM dose-dependent, yet SVF on the lower ECM dose 

deposited more calcium than ASCs on the higher ECM dose. To determine the impact of 

accessory cells on ASC differentiation, the osteogenic potential of unfractionated SVF was 

compared to its donor-matched ASC or ASC/endothelial cell (EC) co-culture counterparts. 

Magnetic-activated cell sorting (MACS) was used to separate donor-matched ASCs and 

endothelial cells (ECs) for expansion from freshly isolated SVF. After 14 days, all groups 

exhibited similar DNA content except SVF cultured on MSC-derived ECM, which had 

significantly higher DNA content compared to all other groups (Fig. 6D). SVF cultured on 

ASC-derived ECM also exhibited greater DNA content, yet significantly less than SVF on 

MSC-derived ECM. Consistent trends demonstrating a dip in ALP activity for expanded 

ASCs compared to SVF and ASC/EC co-culture counterparts were observed across culture 

substrates (Fig. 6E). However, this trend only reached statistical significance for cells 

cultured on HDF-derived ECM. As observed with previous donors, calcium deposition by 

SVF was enhanced on all cell-derived ECMs compared to TCP or collagen, where calcium 

deposition was minimal, regardless of cell composition (Fig. 6F). ASCs on cell-derived 

ECMs deposited significantly less calcium compared to their SVF counterpart. While the 

addition of ECs did not impact calcium deposition on ASC- or HDF-derived ECM, calcium 
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deposition by the ASC/EC co-culture was restored to the level of SVF on MSC-derived 

ECM. Interestingly, in both TCP and collagen-coated groups where accessory cell retention 

was previously demonstrated to be poor, the removal or re-introduction of cells from SVF 

did not impact calcium deposition. These data confirm the capacity of ECMs to support 

endothelial cell adhesion and survival but suggest additional accessory cells removed during 

MACS (e.g., CD34+ cells) and their interactions with the collective cell population may be 

critical to increase osteogenic differentiation of SVF.

4. CONCLUSION

Decellularized cell-secreted ECMs provide the complex signaling available only by 

presenting numerous ligands in a biomimetic manner.13, 42, 43 However, there is little 

evidence as to whether there are differences in the instructive potential of ECM secreted by 

various cell types. Despite differences in ECM composition as a function of cell source, 

these findings demonstrate the superior capacity of cell-secreted ECM compared to collagen, 

a single ECM molecule, to serve as an osteoinductive biomaterial for SVF. In fact, this effect 

was independent of the ECM-depositing cell, implicating the complex niche of signaling 

cues and ligands present within cell-derived ECM as the driving factor. Moreover, cell-

derived ECM preserved accessory cell populations present in SVF, thereby maintaining the 

inherent vasculogenic potential of a clinically accessible cell source for bone tissue 

engineering. These studies were performed in monolayer, but the true impact may be 

achieved in 3-dimensions when complex geometries and material properties (i.e. stiffness, 

porosity, degradation kinetics) can further inform cell behavior and osteogenesis. Others 

reported the retention of hematopoietic cells in 3D and its value in expanding MSCs for 

clinical use.44, 45 The capacity to form osteogenic grafts through ECM-mediated retention of 

the heterogeneous SVF population within 3D biomaterials warrants further investigation.
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Figure 1. Morphology of MSCs, ASCs, and HDFs in culture and their resulting ECMs
(A–C) Brightfield images of cell monolayer on day 10 of ECM deposition and (D–F) 
decellularized ECM visible on culture surface after cell removal. Scale bar represents 200 

μm (10x magnification). (G–I) Equal quantities of ECM stained with Coomassie Brilliant 

Blue after transfer to the surface of new well plates. Scale bar represents 500 μm (4x 

magnification).
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Figure 2. Quantification and characterization of ECM composition secreted by MSCs, ASCs, 
and HDFs
(A) Total ECM protein content after decellularization (n=6). (B) Relative mass percentage of 

collagens within ECM (n=3–6). (C) Relative mass of glycosaminoglycans (GAGs) within 

ECM (n=3–4). (D) Percentage of collagen subtypes within ECMs relative to total collagen 

content. For (A–C), groups with no significance are linked by the same letter, while groups 

with significance do not share a letter.
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Figure 3. ECM-mediated adhesion of freshly isolated SVF
(A) DNA content of viable cells upon isolation or 7 hours of culture on various substrates 

(n=4). (B) Seeding efficiency of SVF (n=4). (C) Relative gene expression of integrins 

involved in adhesion to substrates within freshly isolated SVF (n=4). (D–H) Relative gene 

expression of integrin subunits after 7 hours in culture (n=4). For (A–H), groups with no 

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

letter. Lack of significance between groups is denoted by “ns”.
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Figure 4. SVF proliferation is supported by all substrates
(A) DNA content over 14 days in culture (n=4). (B) Metabolic activity measured by 

alamarBlue assay (n=4). (C) Representative images of cells stained with calcein AM at 1 

(top row) and 4 days (bottom row) in culture. Images are SVF on TCP, collagen, MSC-, 

ASC-, or HDF-derived ECM (left to right). Scale bar represents 200 μm (20x 

magnification). (D) Quantification of cell area (n=16–20 cells per image quantified from n=3 

images). For (A, B, D), groups with no significance are linked by the same letters, while 

groups with significance do not share a letter. Lack of significance between groups is 

denoted by “ns”.
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Figure 5. ECM enhances SVF osteogenic differentiation in osteoinductive media
(A) Alkaline phosphatase (ALP) activity of SVF (n=4). (B) Total calcium deposition (n=6). 

Representative (C) Alizarin red stain for mineralized matrix deposition (Scale bar represents 

5 mm) and (D) Masson’s Trichrome (Scale bar represents 500 μm) after 14 days in culture. 

(E) Total calcium deposition after 14 days in culture by 1 biological SVF donor on ECM 

produced by several biological donors for MSCs (n=3), ASCs (n=3) and HDFs (n=3). (F) 
Total calcium deposition after 14 days in culture on TCP or low (7.5 μg cm−2) and high (15 

μg cm−2) doses of collagen and ECM. For (A–B, E–F), groups with no significance are 

linked by the same letters, while groups with significance do not share a letter. Lack of 

significance between groups is denoted by “ns”.
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Figure 6. Retention of CD31+ cells on ECM potentiates SVF osteogenic differentiation
(A) Quantification of cell markers present in freshly isolated SVF determined using flow 

cytometry (n=3). (B) Percentage of CD34+ (blue data) and CD31+ (red data) cells 

remaining after 14 days in osteogenic media. Letters denote differences within a single CD 

marker. Groups with no significance are linked by a shared letter and groups with 

significance do not share a letter. (n=3). (C) Total calcium deposition by ASCs or SVF after 

14 days in culture on TCP or low (7.5 μg cm−2) and high (15 μg cm−2) doses of collagen and 

ECM (n=4). (D–F) Osteogenic potential of donor-matched samples by quantification of (D) 

total DNA content, (E) ALP activity, and (F) calcium deposition by SVF, expanded ASCs, 

or co-culture of expanded ASCs and endothelial cells (ECs) after 14 days in osteogenic 

media (n=3–4). For (B–F), groups with no significance are linked by the same letters, while 

groups with significance do not share a letter. Lack of significance between groups is 

denoted by “ns”.
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