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Abstract  

Background: Both Adipose-Derived Stem Cells (ASCs) and Bone Marrow-Derived Stem Cells 

(BMSCs) have been successfully induced to undergo osteogenic differentiation in-vitro and in-

vivo. Accordingly, we designed and conducted this study to test the osteogenic potential of 

Magnetic Cell Separation (MACS)-sorted ASCs compared to that of unsorted cells from SVF 

(unsorted ASCs; uASCs), Cultured-Sorted ASCs (CASCs) and unsorted cells from bone marrow 

aspirates (unsorted BMSCs; uBMSCs) for maxillofacial bone healing.  

Methods: Using MACS, we sorted and isolated cells expressing the marker hematopoietic 

progenitor cell antigen sialomucin CD34 (CD34+; majority MSCs) and those not expressing the 

CD34 marker (CD34-) from freshly harvested SVF and compared in-vitro and in-vivo osteogenic 

characteristics of MACS-derived ASCs (CD34+) to those of uASCs, CASCs and/ or uBMSCs. 

Based on our in-vivo experiments that involved heterologous transplantation of different cell 

types (uASCs, CD34+, CASCs and uBMSCs) into cylindrical surgical defects created on pig 

mandibles, bone healing capacities of uASCs and CD34+ were not different.  

Findings: Among the different groups of ASCs used in the experiment, the highest in-vivo 

osteogenic potential was observed in CASCs. However, in our in-vitro and in-vivo experiments, 

the CD34+ group demonstrated a lower osteogenic capacity compared to uASCs.  

Conclusion: Our findings indicate that cultured ASCs and uBMSCs have the highest osteogenic 

potential out of the different MSC populations we tested. Future studies should focus on 

identifying strategies for sorting MSCs with high-purity and minimal adverse effects to cellular 

physiology. 
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Cells; MIX: Mixing CD34+ and CD34- Cells as per the CD34+: CD34- Ratio Determined by FACS; NSUN5= NOP2/Sun RNA 

Methyltransferase 5; PBS: Phosphate Buffered Saline; RPS15A: Ribosomal Protein S15a; SPARC: Secreted Protein Acidic and Rich 

in Cysteine (also known as Osteonectin); SVF: Stromal Vascular Fraction; uASCs: Unsorted ASCs; uBMSCs: Unsorted BMSCs 

 

Introduction 

Use of autologous bone grafts remains the gold standard for treatment/ repair of bone defects. However, given the challenges of 

using autologous bone (e.g. donor site morbidities, limitations in harvestable quantity), the osteogenic potential of Mesenchymal 

Stem Cells (MSCs) such as Adipose-Derived Stem Cells (ASCs) and Bone Marrow Stem Cells (BMSCs) has been thoroughly 

investigated over the last decade, both in-vitro and in-vivo, in various animal species and humans [1-7]. However, even though 

ASCs and BMSCs have been successfully induced to undergo osteogenic differentiation Bone Tissue Engineering (BTE) both in-

vitro and in-vivo, the extensive ‘pre-clinical’ research has not translated into ‘clinical’ patientcare yet. This is mainly due to two 
reasons. Firstly, MSC numbers in Bone Marrow Aspirates (BMAs) (BMAs) and Stromal Vascular Fractions (SVF) are typically 

low and insufficient to be transplanted back in the patient [8-10]. Secondly, BMAs and SVFs are heterogeneous mixes containing 

many types of cells in addition to the multi-potent MSCs [9,11,12].  

In-vitro culture offers solutions to both above challenges; on the one hand, it will ‘sort’ MSCs up to near-100% purity within as 

few as two passages and on the other hand, it will cause massive ex-vivo expansion of the original MSC population [8,13]. 

However, in-vitro culture can take up to several weeks which makes the notion of one-step clinical applications [i.e. Intra-

Operating Room (iOR©) MSC harvest and re-implantation within the same surgical procedure] impractical. Moreover, 

prolonged in-vitro culture of MSCs is known to increase incidence of genetic abnormalities and senescence and reduce 

proliferative capacity and stemness with every passage diminishing their usefulness in clinical applications [5,13-18]. Compared 

to ASCs, particularly BMSCs are reported to deteriorate in terms of morphological features, genetic stability, proliferative 

capacity and senescence during in-vitro culture [19-22]. In addition, some studies have shown a diminished ability of culture-

derived MSCs to ‘home in’ on the site of tissue damage after systemic infusions [23]. 

On top of all of the above, from a regulatory perspective, the Food and Drug Administration (FDA) requires that MSCs be 

harvested, manipulated minimally and transplanted during the same surgical procedure in a one-step approach [24]. Boldly put, 

given the above-discussed biological and regulatory limitations, in-vitro culture cannot be used to sort and expand MSCs, if real-

life BTE applications are to become realistic. Therefore, if clinical applications of MSCs in BTE are to become realistic, harvested 

MSCs must be used without multiplication, sorted or unsorted [24,25]. 

Even though many in-vivo studies have been carried out using unsorted heterogeneous cell mixes from the SVF and BMA, the 

presence of different types of cells, especially those with intrinsic progenitor potential, poses risks of post-transplantation 

neoplasms and unwelcome tissue differentiation [24,26]. This is why non-culture methods of cell sorting such as Fluorescence-

Activated Cell Sorting (FACS) are being extensively used in the field of BTE. Fluorescence-Activated Cell Sorting which uses 

cell-type specific markers to identify and sort different types of cells, is generally considered the gold standard for multi-

parameter cell sorting. It has been used extensively to sort ASCs and BMSCs [27,28]. However, the relatively slow nature of the 

procedure and the relatively high cell loss incurred during the process (up to 70%) make FACS unsuitable for cell sorting 

procedures involving single-step autologous transplantations. Therefore, Magnetic Activated Cell Sorting (MACS), a sorting 

technology that is 4-6 times faster than FACS and with a lower rate of cell loss (<10%), has lately gained popularity in cell sorting 

applications involving BTE [28].  

Considering this background information, we reasoned that ASCs have a better chance of being used in real-life BTE applications 

than BMSCs because the MSC count in SVFs can be up to 40 times greater than that in BMAs [12,29]. Therefore, ASC numbers in 

the SVF may be sufficient to be used in BTE applications directly, without the need for multiplication using in-vitro culture. In 

addition, as discussed elsewhere, ASCs have many other advantages over BMSCs in BTE applications [30]. We also reasoned 

that MACS is better suited than FACS for sorting ASCs considering the previously discussed benefits of MACS over FACS [28]. 

Taken together, we reasoned that MACS-sorted ASCs are most suitable for real-life BTE applications. Therefore, if ASCs can be 

harvested in sufficient quantities and efficiently sorted using MACS, they may be successfully used in autologous 

transplantations bypassing in-vitro culture and thereby satisfying FDA regulations (i.e. MSCs should be harvested and 

transplanted during the same surgical procedure, with minimal manipulations, in a one-step approach). 
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Based on the above reasoning, we designed and conducted this study to test the osteogenic potential of MACS-sorted ASCs 

compared to that of unsorted ASCs (uASCs), Cultivated ASCs (CASCs) and unsorted ASCs (uBMSCs). Adipose-derived stem 

cells are positive for the cell surface marker CD34 [31]. Therefore, CD34+ cells were sorted using MACS and used as MACS-

sorted ASCs in this experiment. We compared the above cell populations using both in-vitro and in-vivo experiments using 

porcine ASCs and a swine model. The relevance of the pig as a non-primate animal model for BTE applications has been reviewed 

elsewhere [32]. Our group had already demonstrated that transplantation of CASCs accelerates bone regeneration in surgical 

defects [7]. Therefore, in the current study, CASCs served not only as an internal control, but also to confirm and elaborate on 

prior findings [7].  

For in-vitro experiments, we compared different cell populations for their capacity for forming CFU, osteogenic nodule formation 

and osteogenic marker gene expression. For in-vivo experiments, cylindrical osteotomies were made on the mandibular rami of 

20 pigs and the pigs were given intravenous injections containing one of the following six cell suspensions: (i) uASCs, (ii) CD34+ 

cells (MACS-sorted ASCs), (iii) CASCs, (iv) uBMSCs, (v) cultured-sorted GFP-ASCs or (vi) cell-free culture medium (as negative 

control). We added the cultured-sorted GFP-ASCs so we could determine if the infused cells participated in the healing of the 

defect. 

The objective of this study was to test the osteogenic potential of MACS-sorted ASCs compared to that of unsorted cells from 

SVF (unsorted ASCs; uASCs), Culture-Sorted ASCs (CASCs) and unsorted cells from BMA (unsorted BMSCs; uBMSCs) for 

maxillofacial bone healing. We hypothesized that unsorted ASCs and BMSCs would have the highest osteogenic potential of all 

the cell treatments examined. Herewith, we present the results of the experiments conducted to compare the osteogenic potentials 

of uASCs, MACS-sorted ASCs, culture-sorted ASCs and uBMSCs.  

Materials and Methods 

Animals Used 

For both in-vitro and in-vivo experiments, 6-12-month-old-pigs of the Yorkshire breed were used under protocols approved by 

the University of Illinois Institutional Animal Care and Use Committee (IACUC; Protocol #10014).  

In-vitro Experiments 

Harvest and Culture of ASCs 

For the main in-vitro experiments, ASCs were isolated from the subcutaneous fat of the dorsal region (back fat) of four 6-month-

old Yorkshire barrows (castrated males) immediately after euthanasia, as previously described [33]. In addition, using the same 

methods, ASCs were harvested from the back fat, peri-renal fat and mesenteric fat from two ~12-month-old-barrows to compare 

the osteogenic potential of ASCs from different fat depots.  

All in-vitro experiments were performed using either 24-well plates (Cat# 3524, Corning, USA), 25 cm2 flasks (Cat# 25100), 75 cm2 

flasks (Cat# 430641, Corning, USA) or 48-well plates (Cat# 353078, BD Falcon, USA). The protocols used for cell counting, 

cultivation, Colony-Forming Unit (CFU) assays and osteogenic differentiation were as described previously [33]. Where not 

specified, all centrifugations for obtaining cell pellets in the present and subsequent sections were performed at 200 × g. 

Determination of CD34+ Cells by Flow Cytometry 

Approximately one million freshly isolated cells from the SVF (i.e. uASCs) were fixed with 10% neutral-buffered formalin (Cat# 

5725, Richard-Allan Scientific, USA) for at least 30 minutes,  incubated with anti-CD34 primary mouse antibody (0.5µg /106 cells) 

for 45 minutes on ice and washed twice with Phosphate Buffered Saline (PBS) + 0.5% Bovine Serum Albumin (BSA) before 

incubating with R-phycoerythrin-conjugated secondary antibody (Goat anti-mouse IgG1; 1 µg/106 cells; Cat# P21129, Invitrogen, 

USA) for 30 minutes on ice. Stained cells were then rinsed twice with PBS + 0.5% BSA and incubated with anti-CD31 antibody 

for 30 minutes on ice (anti-pig FITC-conjugated CD31 antibody MCA1746F, AbD Serotec, USA). Finally, cells were rinsed twice 

and flow cytometer analysis (iCyt SY3200, Sony Biotechnology, Champaign, IL, USA) carried out at the Mills Breast Cancer 

Institute at Carle Hospital, Urbana, IL. 
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Enrichment for CD34+ by MACS 

Unsorted ASCs were suspended in 200µL Dulbecco’s Modified Eagle’s Medium (DMEM; Cat# D5648, Sigma-Aldrich, USA) with 

0.5% BSA (A8806, Sigma-Aldrich, USA), counted and treated with a homemade anti-porcine CD34 antibody preparation which 

were subsequently conjugated with Pierce™ Protein A/G Magnetic Beads (Cat# 88802, Thermo-Fisher, USA) following the 

manufacturer’s protocols [34]. Then, CD34+ cells were sorted using MACS (Miltenyi Biotec, USA) and CD34+ and CD34- were 

counted using a hemocytometer. To account for the effect of sorting on the in-vitro experiment, a new group of cells was created 

by mixing CD34+ and CD34- cells (MIX) as per the CD34+: CD34- ratio determined by flow cytometry.  

Colony-Forming Units Assay 

The four groups of cells, i.e., uASCs, CD34+, CD34- and MIX were used for CFU in triplicate. The assay was done as described 

previously [33]. Briefly, cells were plated at a density of 1,000 cells/cm2, cultured for nine days, fixed in formalin for 30 mins and 

the number of Colony-Forming Units (CFU) counted using an inverted microscope (Nikon Diaphot microscope). Clusters with 

≥10 cells were counted as CFUs. 

Osteogenic Nodule Characterization and Alizarin Red S Quantification 

Unsorted ASCs, CD34+, CD34- and MIX were induced to differentiate toward the osteogenic lineage as described previously in 

48-well plates [33]. Osteogenic nodules were observed using an inverted microscope at 100× magnification (Fig. 1). The number, 

radius and square area of osteogenic nodules were determined for each well and treatment using the image processing and 

analyzing software, Image J, according to the protocol described in Supplementary File 1. Briefly, a minimum of four 

photomicrographs were taken of each well and the radius and number of nodules were evaluated using bright-field 

photomicrographs on days 3, 6 and 18 of differentiation. Square area and mineralization of nodules were determined after fixing 

cells in 10% neutral-buffered formalin on day-18 of differentiation and treating them with Alizarin Red S (ARS), as previously 

described [35]. Briefly, mineralization was quantified by the extraction of the calcified mineral using acetic acid followed by 

neutralization with ammonium hydroxide. Colorimetric detection of the ARS solution was done at 520 nm absorbance using 

spectrophotometry (NanoDrop 1000, Thermo Scientific, USA). A 7-point standard curve with a 5-fold serial dilution using a 

known amount of ARS (2 g/L =5843.5µM) in a solution of acetic acid and ammonium hydroxide together with a negative control 

(solution of acetic acid and ammonium hydroxide without ARS) was used for precise quantification of µM ARS for each well. 

 

 
Figure 1: Bright-field photos at 100X of adipose stem cells at various days after osteogenic differentiation. 

https://doi.org/10.46889/JRMBR.2025.6306
https://athenaeumpub.com/journal-of-regenerative-medicine-biology-research/


5 

https://doi.org/10.46889/JRMBR.2025.6306                                                      https://athenaeumpub.com/journal-of-regenerative-medicine-biology-research/ 

 

Real-Time Quantitative PCR (RT qPCR) 

Nodules were harvested from uASCs, CD34+, CD34- and MIX groups on days 6, 12, 18, 26 and 34 after being induced to undergo 

osteogenic differentiation and RNA was extracted for RT-qPCR. Protocols for RNA isolation and RT-qPCR, including primer 

design, were performed as previously described [36]. The primer pairs for the osteogenic markers COL1A1 and SPARC and the 

internal control genes API5, NSUN5, RPS15A, BANF1 and GAPDH, were the same as previously reported [33,37]. The sequence 

of primer pair for CD34 was forward CTGCCTGCTGCTGGTCTTG and reverse GTTTTGGATGCTCATCTCTCTCAGT (exon-

exon junction is underlined). The final RT-qPCR data were obtained by using a 6-point, 5-fold dilution standard curve. Analysis 

of the five internal control genes using geNorm revealed that the geometrical means of NSUN5, RPS15A and BANF1 provided 

the best normalization factor with a V-value of 0.159 [38]. 

In-vivo Experiments 

Cell Isolation from Donor Pigs 

The day before cell transplanting, subcutaneous fat (from the Stromal Vascular Fraction (SVF) and BMAs were obtained from 

back fat and femurs, respectively, from four Yorkshire donor pigs (2 females and 2 barrows aged 6-8 months and weighing 

124±13 kg) as previously described [33]. Bone marrow aspirates from the two femurs (of a given animal) were mixed before 

further processing. Nucleated cells were stained with 4′,6-Diamidino-2-Phenylindole (DAPI) and counted using a fluorescence 

microscope (Olympus IX71, Center Valley, PA).  

Enrichment for CD34+ by MACS  

Part of the counted cells from the heterogeneous cell mix of the SVF was used for sorting CD34+ and CD34- using MACS, as 

described above in ‘Enrichment for CD34+ by MACS’ under the ‘in-vitro experiments’ section of Materials and Methods. Sorted 
(CD34+ and CD34-) and unsorted cells (from SVF and BMA) were counted and incubated overnight in ultra-low attachment 75 

cm2 flasks (Cat# 3814, Corning, USA) at 39oC in 20 mL DMEM media with 10% FBS and antibiotics.  

Mandible Defects and Cell Transplants 

Twenty Yorkshire barrows (6.3±0.4 months of age) were used for the in-vivo study. Six bicortical cylindrical surgical defects of 

10 mm diameter were created in the mandibular rami of each pig (three on each hemi-mandible; Fig. 2) following the surgical 

technique described previously [7]. Right hemi-mandible surgery was performed first in all cases. The most dorsal, ventral-

rostral and the dorsal-caudal osteotomies were labeled as “up”, “down” and “middle”, respectively (Fig. 2). Post-surgical care 

was carried out as described previously [7]. 

 
Figure 2: A) Surgical set up; B) Representation of a pig mandible with the three 10 mm round defects; C) The three 10 mm 

defects in the mandible just before closure of the surgical wound; D) Dual-Energy X-Ray Absorptiometry (DEXA) images of the 
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mandible with the 3 defects and the three pieces of bone removed from the defects and the background, all used to calculate 

the bone formation. 

Even though the same type of trephine (10 mm outer diameter; Stryker, Portage, MI) was used to create the mandibular defects, 

the thickness of the lesion varied between pigs and even different regions of the same hemi-mandible (Fig. 3). Therefore, to 

accurately determine the quantity of bone that was removed and in turn, the quantity of bone that will be ‘engineered’ by ASCs 
in-vivo, bone extracted from the osteotomies were placed in Nasco Whirl-Pak bags, labeled with the osteotomy position (e.g. up, 

down, middle) and mandible side (e.g. left or right) and stored at -200C until analysis. The bone extracts were measured using 

Traceable® Digital Calipers (Fisher Scientific, USA) to ascertain the actual diameter and thickness of the respective defects. The 

measurements were also used as reference values when quantifying bone formation in osteotomies using DXA (Fig. 3). 

 
Figure 3: Thickness, area and volume of the defects and number of cells injected in ear vein for each of the treated pigs. 

Upon completion of the surgeries, one of the following six treatments were administered intravenously through an ear vein 

catheter, as previously described [7]: (i) DMEM culture medium (i.e. negative control without cells; n=4 pigs), (ii) uASCs (n=3 

pigs), (iii) CD34+ (CD34; n=3 pigs), (iv) uBMSCs (n=4 pigs), (v) passage-3 in-vitro cultured ASCs (CASCs; n=3 pigs) and (vi) 

passage-3 in-vitro cultured ASCs from a GFP transgenic pig (GFP; n=3 pigs). All IV infusions except the negative controls 

contained 2.14±0.41 ×106 cells of the relevant treatment suspended in 10 ml DMEM culture media. All cells, except GFP cells, 

were labelled with Carboxy-Fluorescein Diacetate Succinimidyl Ester (CFDA-SE) to allow post-harvest visualization of cells. 

Carboxy-Fluorescein Diacetate Succinimidyl Ester (CFDA-SE) Labeling 

Visualization of infused cells within the regenerated bone and/or surrounding soft tissues would help us to understand how 

they participate in tissue healing. Therefore, all cells except GFP expressing cells were labelled with a green fluorescence label, 

CFDA-SE (Cat# V12883, Invitrogen Grand Island, NY), before infusion into the pigs. A previously described protocol was 

followed with the exception of incubating cells at a higher dose of 30µM of CFDA-SE instead of 20µM, to further improve 

visualization of labeled cells in healed tissue [7]. All cells from a single donor were treated with CFDA-SE simultaneously so that 

they would be ready 30 minutes before the first transplant. Labeled cells were left in the dark at 37oC until transplanting. Cells 

labeled with CFDA were transplanted 171±131 mins after preparation (30-372 mins). An aliquot of the cells from each donor, 

both treated and non-treated with CFDA-SE, was saved for counting and CFU assay.  
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Tissue Harvesting 

Pigs were allowed to heal for four weeks, euthanized and the entire mandible extracted and fixed for at least one month prior to 

analysis, as described previously [7]. In addition, tissue samples from the area surrounding the surgical defect including skin, 

adipose tissue and muscle, were also fixed in 10% neutral buffered formalin to determine if transplanted cells have participated 

in soft tissue healing as well. 

Dual-energy X-ray Absorptiometry Analysis (DXA) 

Bone Mineral Density (BMD) of each defect was analyzed using a high-resolution method using a Hologic QDR 4500A system 

(45971, Hologic, Bedford, MA) and images were analyzed with Subregion Hi-Res 11.2.3 software (Hologic, Bedford, MA). The 

DXA analysis was similar to the previously described method except for using dimensions of the endogenous bone extracts to 

determine the volume and BMD of the newly synthesized bone [7]. The BMD was first calculated as BMD of the area of the defect 

minus the background (Fig. 2) and then corrected for the volume of the defect by multiplying by the thickness of the original 

defect to obtain BMD in grams of mineral/cm3. 

Analysis of Soft Tissue for the Presence of Fluorescent Cells 

One of the objectives of the present study was to assess how transplanted cells participate in the healing of bone and surrounding 

soft tissue. This was evaluated by carefully dissecting the tissue surrounding the healing incision in both hemi-mandibles. We 

collected muscle tissue, adipose tissue and skin for this analysis. The tissue was fixed in 10% formalin for up to one month. The 

fixed soft tissue was cut into cubes (ca. 2 cm3) and sectioned using a Leica CM3050 S cryostat at the Institute for Genomic Biology 

(University of Illinois at Urbana-Champaign). Sections of 10µm thickness were mounted on clean microscope slides and treated 

with xylene and toluidine blue solution before visualization using a stereomicroscope (Zeiss Stereolumar v12, Carl Zeiss, 

Germany) with a 1.5 lens (i.e., 150 x magnification). Photomicrographs were made using a GFP fluorescence filter and bright 

field microscopy using an Axiocam HRc high resolution color camera and the images were processed using the AxioVision 

software (Carl Zeiss, Germany). Slides with green fluorescence were further evaluated using a fluorescent (Olympus IX71 

microscope, Center Valley, PA) microscope fitted with a monochromatic camera with a GFP filter to determine the presence of 

CFDA-labeled MSCs and GFP cells. 

Statistical Analysis 

All data were checked for outliers using Proc REG of SAS (v9.4) prior to statistical analysis. Data with a student’s t-test value ≥3 
were removed. Data were analyzed using Proc GLM of SAS, with main effects and various interactions (which were determined 

by the type of experiment) using pig or cell replicate as a random effect depending on the analysis. Effects and comparisons 

between treatments were considered statistically significant at P≤0.05. Statistical tendencies were accepted when 0.05<P≤0.1. 

Results 

To test how the osteogenic potential of CD34+ ASCs (MACS-sorted) compares to that of uASCs, culture-sorted ASCs and 

uBMSCs, we conducted several in-vitro and in-vivo experiments using porcine ASCs and BMSCs. Briefly, in-vitro experiments 

were designed to test the osteogenic potential of ASCs from different fat depots of the body and sorted and unsorted groups of 

ASCs. Osteogenic nodule formation, colony-forming capacity and transcript dynamics of select genes were compared during in-

vitro experiments. Our in-vivo experiments involved evaluating BMDs of in-vivo regenerated bone of pig mandibular surgical 

defects in response to intravenous infusion of sorted and unsorted ASCs and BMSCs. Herewith we present detailed findings of 

these in-vitro and in-vivo experiments. 

Over 80% of CD34+ Cells are CD31- Cells 

Of the cells in the SVF, CD34 is expressed not only by ASCs, but also by endothelial cells and Endothelial Progenitor Cells (EPCs). 

However, CD31 (PECAM-1) is expressed on endothelial cells and EPCs but not on ASCs. Flow cytometry of the SVFs revealed 

that >80% of CD34+ cells are CD34+/CD31- cells of a non-endothelial origin (Fig. 4) [39,40]. Therefore, the clear majority of MACS-

sorted CD34+ cells can be considered as true MSCs. Those data are somewhat like prior data from another lab [31]. 

https://doi.org/10.46889/JRMBR.2025.6306
https://athenaeumpub.com/journal-of-regenerative-medicine-biology-research/


8 

https://doi.org/10.46889/JRMBR.2025.6306                                                      https://athenaeumpub.com/journal-of-regenerative-medicine-biology-research/ 

 

 
Figure 4: A: Flow cytometer analysis of ASC isolated from back subcutaneous and mesenteric adipose tissue depots. 

Representative Dot Plot displaying CD31-FITC on the x axis and CD34-PE on the y axis. CD31 is a specific endothelial marker. 

The control Dot Plot (upper left panel) denotes a sample with only secondary antibodies used to build the specific gates for 

CD34+, CD31+ and the gate denoting the combination of the two. The analysis highlighted an absence of CD31+/CD34- cells 

and a relative low proportion of CD34+/CD31+ cells and a relatively large proportion of CD34+ cells, particularly for the back 

subcutaneous and mesenteric adipose tissue; B: Number of cells/g tissue, number/ g tissue and % of CD34+ cells in ASC 

isolated from several adipose tissue depots in two 1-year old male pigs. The tissue effect was p=0.23 for % CD34+ cells, p=0.40 

for number of CD34+ cells/g tissue and p=0.58 for number of cells/g tissue; C: Alizarin Red quantification of ASC isolated from 

Sub-cutaneous (SUB), Mesenteric (MES) and perirenal (PER) fat depot and cultivated in 48 well plate and differentiated for 19 

days. D) Number of colonies with >10 cells in 48 well plate formed by unsorted ASC (uASC), CD34+ cells, CD34- cells and 50% 

mix of CD34+ and CD34- (MIX) after 6 days in culture isolated from a ca. 1 year old sow and sorted using MACS (every cell 

type was run in triplicates). 

The Osteogenic Potential is Similar Among ASCs from Different Fat Depots 

The number of cells, proportion of CD34+ and the osteogenic potential of cell isolates from back fat, peri-renal fat and mesenteric 

fat were compared. The number of harvested cells was highest in mesenteric fat and the proportion of CD34+ cells was highest 

in subcutaneous fat (Fig. 4). When induced to undergo osteogenic differentiation, the formation of osteogenic nodules, a typical 

feature of porcine ASCs undergoing osteogenic differentiation in a 2D environment was evident. Based on analyses of Alizarin 

Red S staining, the osteogenic potential of ASCs from the different fat depots was not different (Fig. 4) [33]. Therefore, from a 

clinical perspective, the usefulness of ASCs from subcutaneous fat would be as good as any other major internal fat deposit. 
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Colony-Forming Capacity of Unsorted and Sorted Cells is Different 

Colony formation is a classical feature of mesenchymal cells. All four types of cells gave rise to colonies (Fig. 4). The highest 

number of CFU was observed in wells with unsorted cell cultures (P<0.05).  Among the sorted cells, CD34+ gave rise to the 

highest number of colonies. 

The Osteogenic Potential of Unsorted and Sorted Cells is Different 

Before commencing culture, uASCs, CD34+, CD34- and MIX groups had similar CD34 transcript levels (Fig. 5). As reported by 

others in pigs as well as in humans, CD34 transcript levels steadily declined during the cell culture process [29,41,42]. In uASCs, 

the decline of CD34 transcript levels began after day 6 of culture. However, in other groups, the decline began before day 6 of 

culture. Further, CD34 transcript levels were consistently higher in the uASC group compared to other groups (P<0.05) (Fig. 5). 

 
Figure 5: Transcription of CD34 (A) and osteogenic markers COL1A1 and SPARC (B and C), number of cells/well (D), number 

(E, H), radius (F), area (G) and content of alizarin red (I) of osteogenic nodules formed by unsorted ASC (uASC), cells sorted by 

using a CD34 antibody (CD34+), cells negative for CD34 (CD34-) and a mix of CD34+ and CD34- (MIX). Reported are the P-

value of the effect of cell type (Cell), day of cultivation or day of osteogenic differentiation (Time) and their interaction (C×T). 

Data were log2- or square root (sqrt) - transformed before statistical analysis. 

Over 18 days of in-vitro osteogenesis, transcript levels of COL1A1 decreased in uASCs while they increased in other groups 

(P<0.05; Fig. 5). During the same period, transcript levels of SPARC increased in all groups; however, a lesser increase was 

observed in uASCs than in other groups (P<0.05; Fig. 5). Transcript levels of both osteogenic markers is known to increase during 

the initial stage of in-vitro osteogenesis [33,43-45]. 
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The pattern of SPARC expression in the present study is somewhat similar to our previous observation but COL1A1 is different, 

especially for uASC [33]. Those data are hard to reconcile and appear to indicate that COL1A1 might not be a consistent marker 

of osteogenesis in ASC. On the other side, the uASCs had a fast response to the osteogenic media with peak osteogenesis already 

at day 4 and thus, this might explain the lack of increase of those markers afterward. In-vitro osteogenic differentiation was 

induced when cells reached ~80% confluence in the wells. Unsorted ASCs, CD34+, MIX and CD34- groups reached ~80% 

confluence at ~ 6, ~16, ~16 and ~18 days after plating, respectively (Fig. 5). This observation, together with the number of CFU 

formed, suggests that MACS affects the normal physiology/proliferating capacity of cells in a detrimental manner. Osteogenic 

nodule formation was observed in all cell groups. The number of nodules increased consistently until the end of the trial (Fig. 5). 

Overall, uASCs gave rise to the highest number of nodules compared to other groups, particularly at the beginning of 

differentiation; however, the mean size of nodules was not different among different groups (Fig. 5).  

Alizarin Red S staining at the end of the trial (i.e., 18 days of differentiation) revealed that nodules formed in CD34+ cells were 

smaller in size compared to the other groups (P<0.05; Fig. 5). The uASCs formed the highest number of nodules followed by 

CD34+ (Fig. 5). Calcium accumulation in the nodules of uASCs and CD34+ groups was significantly higher (P<0.05) than that in 

CD34- and MIX groups (Fig. 5). 

In summary, of the four groups of cells tested, uASCs had the highest capacity for in-vitro proliferation and osteogenic 

differentiation suggesting that MACS affects the normal physiology/ stemness of cells in a detrimental manner. Interestingly, 

COL1A1 and SPARC transcript levels did not mirror the higher osteogenic capacity of uASCs. Contrary to our expectations, no 

differences were observed among CD34+, CD34- and MIX groups in terms of the number of nodules/well, mineralization or 

transcript levels of CD34, COL1A1 and SPARC. This relatively homogenous behavior of the three groups of sorted cells is likely 

a reflection of inefficient sorting by MACS resulting in relatively homogenous groups of cells. In other words, the retained 

fraction (CD34+ cells) has likely spilled over to the flow-through fraction (CD34- cells) during MACS, as reported by others [28]. 

The osteogenic potential of IV-transfused culture-sorted ASCs and BMSCs is greater than that of uASCs and CD34+. The average 

surface area of mandibular surgical defects was 67.1±8.0 mm2/defect (total surface area of 403±47 mm2/pig for all six defects). The 

average thickness of bicortical defects was 7.6±1.3 mm giving rise to an average volume of 510±124 mm3/defect (3,059±589 

mm3/animal). Thus, a total bone volume of ~3 mL was removed with all six 10mm cylindrical defects per pig. In comparison, a 

single 25 mm osteotomy (critical size defect) removes a volume of 3.7 mL of native bone. Duration of mandibular surgeries was 

1h, 49 min±39 mins. Pigs that received BMSCs and CASCs (both non-GFP and GFP cell lines) had the greatest levels of BMD 

among all the different treatments (P<0.05; Fig. 6). BMD levels observed in pigs that received CASC and BMSC were respectively 

2.2 and 2-fold greater than pigs that received the negative control infusions. We had observed 3-fold differences in the past [7]. 

However, compared to the present study where ~2x106 CASCs were transfused intravenously per pig for six defects (<350,000 

cells per defect), ~5×106 CASCs were transfused intravenously per pig for a single surgical defect during the aforementioned 

study. Therefore, despite transfusing ~14-fold fewer cells per defect compared to the previous study, CASCs significantly 

accelerated bone regeneration in the surgical defects [7]. 

 
Figure 6: Bone Mineral Density (BMD) of bone defects in the mandible of pigs after 4 weeks of healing in conjunction with the 

intravenous injection of only media (DMEM), unsorted autologous Adipose Stem Cells (ASC), autologous CD34+ cells, 
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cultivated allogeneic Adipose Stem Cells (ASC), ASC obtained from Green-Fluorescent Transgenic Pigs (GFP) and autologous 

Bone Marrow Stem Cells (BMC). Shown are the effects of each cell type (Cell), side of the defect (left and right mandible), (Side) 

and position of the defect in the mandible: caudal (i.e., down or D), Medial (M) or cranial (i.e., upper or U) (Position). The 

statistical effect of the type of transplanted cells, side of the mandible and position of the defect are indicated. Different letters 

denote statistical effect between the various comparisons. 

Bone mineral densities were not different between left and right hemi-mandibles of the same pig (Fig. 6). However, the most 

ventral defect (i.e., Down) showed a significantly greater level of bone healing compared to the other two locations (P<0.05; Fig. 

6) despite presenting a larger volume defect due to the greater bone thickness of the location (Fig. 7). Thus, our data indicate that 

the ventral part of the mandible ramus (close to the body of the mandible) has a greater healing capacity compared to more 

dorsal regions of the ramus. 

 
Figure 7: Thickness and volume of the 10 mm defects at the various various positions. 

Unsorted ASCs and MACS-Sorted CD34+ Did Not Accelerate in-vivo Bone Regeneration 

In contrast to CASCs and BMSCs, uASCs did not accelerate bone healing in the mandible defects (P>0.05; Fig. 6). Like our 

previous observations, levels of BMD observed in pigs that received uASCs were not different to that of the negative control (Fig. 

6) [7]. Similar to uASCs, MACS-sorted CD34+ transplants did not accelerate bone healing in the pigs that received them (Fig. 6).  

The critical size (i.e. a defect that does not allow spontaneous complete osseous regeneration during the animal’s lifetime) for 

bicortical mandibular defects of pigs is 25 mm in diameter [46]. Therefore, it is likely that the defects that received the negative 

control transplants spontaneously healed by virtue of being <25 mm in diameter. Intravenous transfusions of uASCs or CD34+ 

did not accelerate spontaneous bone regeneration (Fig. 6). This is likely because only ~25% cells of the uASC infusion were true 

MSCs (Fig. 4) as opposed to near-100% MSCs in CASCs. In the case of CD34+, as observed with the in-vitro experiments, their 

cellular physiology/ stemness is likely modified/ compromised by MACS which likely attenuates their osteogenic potential and 

possibly even their ability to ‘home-in’ at the site of tissue injury. 

In summary, with our in-vivo experiments, CASCs and BMSCs accelerated bone regeneration in non-critical sized surgical defects 

while uASCs and CD34+ did not. However, in most of our in-vitro experiments, uASCs outperformed CD34+. 

Participation of CFDA-SE-Labeled Cells in Tissue Healing 

Contrary to our prior observations, fluorescence microscopy could not confirm the presence of labeled cells within or around the 

surgical defects [7]. We also observed a decrease in CFU in cells treated with CFDA-SE (Fig. 8). 
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Figure 8: In-vitro number of colonies (in 25 cm2 flask) of the same cells transplanted from the four donors. Effect of cell type 

with ASC being unsorted adipose stem cells, BMSC = bone marrow stem cells; cells isolated using antibodies against porcine 

CD34 (CD34+), cells left after the isolation with the CD34 antibodies (CD34-) and cells from a green fluorescent pig growth in-

vitro (A): 30 µMol CFDA-SE treatment (B) Iinteraction of cell × CFDA-SE treatment were evaluated; (C): For the CFDA-SE effect 

and the interaction cell type × CFDA-SE the GFP cells were not considered. The number of colonies was overall affected by cell 

type (P<0.05) and the CFDA-SE treatment (P=0.02) but not by the interaction cell × CFDA-SE treatment (P=0.64). 

 

Discussion 

The extensive ‘pre-clinical’ research carried out over the last decade in engineering bone tissue from ASCs and BMSCs has not 
been translated into ‘clinical’ patientcare, to-date. One of the obstacles to this advancement has been the inability of current 

biotechnologies to satisfy certain regulations in effect. For example, certain FDA regulations (e.g., MSCs need to be harvested 

and transplanted during the same surgical procedure in a one-step approach, with minimal manipulations) preclude the use of 

in-vitro culture for multiplying and sorting MSCs. We reasoned that, compared to BMSCs, ASCs have a better chance of being 

successfully used in autologous BTE applications without the need for expansion (using in-vitro culture) because ASCs are 

available at a much higher concentration than BMSCs in freshly harvested aspirates. Magnetic Activated Cell Sorting is known 

to be faster and more efficient than Fluorescent Activated Cell Sorting (FACS) [28]. Therefore, we reasoned that MACS will be 

most suitable for sorting ASCs within a short period so that ASCs can be harvested, sorted and transplanted in a one-step 

approach satisfying the abovementioned FDA regulations. Therefore, the present study was designed to evaluate and compare 

the osteogenic potential of MACS-sorted ASCs to that of uASCs, culture-sorted ASCs and uBMSCs.  

BMSCs vs ASCs: Not Just a Game of Numbers 

Many previous studies that compared the osteogenic capacity of BMSCs and ASCs found that BMSCs had a stronger osteogenic 

potential than ASCs while others including our laboratory did not observe a difference in their osteogenic capacities [33,47-55]. 

Some of the above comparisons were only done in-vitro some did both in-vitro and in-vivo studies and a number of these studies 

were summarized in a review of the comparison between ASCs and BMSCs [47-50]. One study with human ASCs and BMSCs 

appears to have donor-matched cells but this is not specifically stated and whether they used more than one source of the cells 

is also not specified [47]. Another of these studies did donor-matched ASCs and BMSCs from three young donors (8-12 years of 

age) and tested the differentiation ability in nude rats [48]. They determined that ASCs were slower at growing bone in their in-

vivo model [48]. A different group of investigators evaluated ASCs, BMSCs and Wharton’s Jelly mesenchymal stem cells in both 
in-vitro and in-vivo models but the cell sources were not donor-matched [49]. The final study used non-donor matched ASCs 

(from donors 45-65 years of age) and BMSCs (from donors 52-73 years of age). These investigators found that BMSCs were 

superior in osteogenic and chondrogenic potential to the ASCs [50]. In a substantive review of several studies comparing ASCs 

and BMSCs in 2014 there was no clear cell source that was superior to the other as different studies showed both ASCs and 

BMSCs to be superior or inferior to the other cell source depending on the species used, assays performed and in-vitro or in-vivo 

model used [51]. In that context, the present study is unique in that ASCs and BMSCs were harvested from the same donors and 
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all donors were used for all of the treatments. Although we injected similar numbers of nucleated cells from each type 

(~2.1×106/pig), given that the BMSCs concentration in BMAs is much lower (<0.01% of nucleated total cells) than the ASCs 

concentration in SVFs, it should be emphasized that the number of actual BMSCs injected would have been considerably less 

than the number of actual ASCs injected [56]. Taken together, these observations suggest that even though BMSCs cannot be 

harvested in large numbers like ASCs, their potential for BTE clinical applications should not be underestimated based on 

numbers or rather, the lack of it. 

uASCs Lack the Oomph? 

One important observation from our study was that, in contrast to CASCs, uASCs did not accelerate in-vivo bone healing. The 

same was observed in another in-vivo study conducted using a rodent calvarial bone model where cultured ASCs showed greater 

proliferation, greater vascularization and greater bone volume regeneration compared to uASCs [57]. The same has been 

observed with BMSCs where cultured BMSCs showed greater in-vivo osteogenic potential compared to unsorted cells from 

freshly harvested BMAs in goats [58]. As stated earlier, the superior osteogenic potential of cultured ASCs and cultured BMSCs 

can be explained by the higher percentage of MSCs (near-100%) in them compared to the percentage of MSCs in SVF and BMA, 

respectively. 

However, contradicting this explanation, many studies have reported the opposite, where uASCs had demonstrated greater 

osteogenic potential than cultured ASCs. Roato, et al., recognized the dilemma and explains the possible mechanisms behind it; 

“All those data open the debate on how it is possible that a smaller number of ASCs, present in freshly isolated SVF, compared 

to the expanded ASCs, could generate more tissue [30]. We believe that all the different cell populations present in SVF likely 

cooperate and stimulate mesenchymal cell activity better than the ASCs alone, confirming the fundamental interplay between 

stem cells and the microenvironment” [59]. 

Further, the inconsistency of outcomes among hundreds of BTE-related studies is well known and has been attributed to the 

differences of animal models, delivery methods, quantity and quality of cells used and various other intricacies of methodologies 

adopted by different investigators [30]. Therefore, more studies with consistent experimental designs and research 

methodologies are needed before concluding that cultured ASCs are superior to uASCs or vice versa. Regardless, it is important 

to remember that however strong the osteogenic potential of cultured MSCs may be, they cannot be used in BTE clinical 

applications, under the present circumstances. Therefore, it is vital that we, the scientific community, strategize and improvise 

to make unsorted MSCs work in the BTE arena. 

MACS-Sorted CD34+ has Poor Osteogenic Potential? 

One of the main objectives of the study was to test the osteogenic potential of MACS-sorted CD34+ so that the usefulness of 

MACS for sorting ASCs could be tested in an iOR® setting. Even though FACS is considered the gold standard for multi-

parameter cell sorting, in comparison to MACS, FACS is known to be relatively slow (4-6 times slower than MACS), incur up to 

70% cell-loss (vs <10% in MACS), impart high levels of shear stresses on cells, sort cells with a lower viability and to use more 

expensive equipment [28]. It was considering these deficiencies of FACS that we reasoned MACS was an overall better tool than 

FACS for sorting ASCs from the SVF in an iOR® setting.  

Contrary to our predictions, MACS-sorted CD34+ demonstrated poor osteogenic potential in many of our in-vitro and in-vivo 

experiments. For example, among in-vitro studies, osteogenic nodule size was bigger with CD34- compared to CD34+ and no 

differences were observed between CD34- and CD34+ for the number, radius or ARS staining intensity of osteogenic nodules 

and mRNA levels of CD34, COL1A1 and SPARC. Among in-vivo studies, CD34+ group failed to accelerate bone regeneration. 

These ‘poor performances’ of CD34+ are likely due to one or more of the following reasons: (i) low efficiency of MACS in 

enriching CD34+ cells (ii) altered cellular physiology due to stresses exerted by MACS and (iii) purified and homogenous 

population of CD34+ is less potent than the synergistically cross-talking heterogeneous cell populations of uASC and uBMSC 

infusions [24,59-62]. However, the last of the above arguments can be refuted because our CASCs, which are essentially a culture-

sorted, homogenous infusion of MSCs with near-100% purity, accelerated bone healing. Therefore, most likely, it is the poor 

efficiency of MACS and/or cellular stress exerted by MACS that resulted in the observed poor osteogenic potential of CD34+ 

cells. 
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The performance of the MIX group in our in-vitro experiments also supports the above notion that MACS affected cells in a 

negative manner.  We created the MIX group by combining CD34+ and CD34- fractions in the CD34+: CD34- ratio obtained 

through FACS. Therefore, if MACS gave rise to pure CD34+ and CD34- fractions, the MIX would essentially have the same 

cellular composition as the SVF and hence should show the same osteogenic potential as uASCs. However, in all in-vitro 

comparisons, uASCs outperformed MIX, suggesting that the ratios were incorrect and/or cell function was compromised due to 

the stress exerted by MACS. 

Our data suggests that the CD34- fraction from MACS would have been ‘contaminated’ with CD34+. Similarly, the CD34+ 
fraction may have been contaminated with CD34- cells. Others have also observed low purity rates of MACS-sorted fractions 

[63]. A recent publication reported that using manufacturer-recommended levels of antibodies and magnetic beads resulted in 

poor separation of the target cell type by MACS, especially when the target cell type and/or the surface molecule was present in 

large quantities [28]. In the SVF, ASCs, EPCs as well as endothelia express CD34 [64]. Even though our FACS detected only ~ 

40% of the uASCs to be CD34+, others have reported that ASC and EPC can make up >80% of the cell population of the SVF [65-

67]. Therefore, the CD34+ cell fraction in the SVF is very large and as such, the manufacturer-recommended antibody and 

magnetic bead concentrations may not have been sufficient to bind with all the CD34 surface molecules in our cell isolates. 

Consequently, MACS may have done only a partial job of sorting CD34+ in SVFs giving rise to relatively impure fractions of 

CD34+ and CD34-. We believe that this phenomenon played a considerable role in the current study resulting in ‘poor 
performances’ of CD34+. We suspect that the stress exerted by MACS also played a role in this ‘poor performance’ especially 
because our in-vitro studies showed that the proliferation rate of CD34+, CD34- and MIX groups was slower compared to that of 

uASCs. 

For future studies of this nature, we strongly recommend the establishment of optimal concentrations of antibody and 

microbeads for optimal sorting of porcine SVF using MACS. The International Federation of Adipose Therapeutics and Science 

(IFATS) defines the surface marker profile of ASCs as positive/negative expression for four surface markers 

(CD34+/CD31−/CD45−/CD235a−), with an additional four markers (CD13, CD73, CD90 and CD105) for increased specificity [68]. 

However, following such strict guidelines results in very small numbers of enriched cells so the input to FACS/MACS needs to 

be extremely large to be able to output therapeutically useful numbers of ASC (~106-108). In contrast, using less restrictive surface 

marker profiles will allow isolation/sorting of larger cell populations with a relatively smaller starting number of cells [28]. 

Further, subjecting cells to multiple rounds of sorting with multiple sets of antibodies is not only expensive and time-consuming, 

but also stressful to cells and may compromise their cellular physiology/stemness. This is why we decided to sort SVF based on 

CD34 expression only. MACS-sorted CD34+ from SVF have been used in the regeneration of bone and other tissues successfully 

[69,70]. 

CFDA-SE Labeling Suppressed Cell Proliferation? 

Donor cells transplanted were labeled with CFDA-SE before each surgery. However, not all cells were infused IV; aliquots of 

labeled and unlabeled cells were set aside to test their capacity for colony formation later point. It was observed that CFU counts 

for CFDA-SE-labeled cells were ~4 times lower (P<0.05) than those for unlabeled cells suggesting that CFDA-SE labeling 

suppressed cell proliferation in-vitro. As mentioned previously, GFP-ASCs were not treated with CFDA-SE. Therefore, GFP-ASC 

infused pigs would serve as an internal control to evaluate the in-vivo suppressive effects of CFDA-SE. However, it has been 

reported that GFP cells may be eliminated by non-GFP hosts due to presentation of GFP fragments by the major 

histocompatibility complex (MHC) [71]. If such an elimination took place in the present experiment as well, it would be incorrect 

to compare in-vivo data from CFDA-SE labelled cells and CFDA-SE non-labelled GFP cells. 

If the abovementioned suppression observed in-vitro took place in-vivo as well, proliferation of ASCs and BMSCs and in turn 

osteogenic differentiation of MSCs and bone regeneration, would also have been compromised to a certain degree. Therefore, 

even though CASCs and uBMSCs accelerated in-vivo bone healing (~2-fold greater BMDs compared to negative controls), a 

greater level of acceleration would have taken place in the absence of the CFDA-SE-mediated suppression. This may be why 

only ~2-fold greater BMDs were observed in the current experiment (for CASCs compared to the negative control) compared to 

~3-fold greater BMDs in our previous study [7]. 

We have used CFDA-SE labeling in our laboratory successfully without such mishaps in the past [7]. In those studies, porcine 

ASCs have shown good fluorescence up to four weeks post-transplantation when labeled using a 20 µM solution. However, in 

the current study, we used a 30 µM solution to label cells with the hope of visualizing stronger fluorescence. Contrary to our 
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expectation, the higher concentration appears to have been inhibitory to cellular functions. The optimum concentration of CFDA-

SE depends on the cell type being labeled and excessively high concentrations and prolonged incubation periods are known to 

be cytotoxic and impair the ability of cells to divide [72]. Lack of green fluorescence within or around the healed surgical defects 

in this study may be an effect of the cytotoxicity of high concentrations of CFDA-SE. Generally, the green fluorescence is known 

to be detectable up to eight cell divisions at which point the fluorescence decreases to background levels [73].  

CFDA-SE concentrations as low as 0.5μM have proven to be effective in other cell types [74]. Future studies to determine the 

optimum concentration for porcine ASCs are warranted to avoid mishaps of this nature. 

Successful IV Transplantation of MSCs 

Concerns have been raised about IV-infused MSCs getting trapped in the lungs and not reaching the target site [75]. However, 

our group has disproved this claim in our previous studies [7,76]. Thus we expect this not to be an issue in the present study. 

Summary and Conclusions 

Several important findings came out of this study. Culture-sorted ASCs and unsorted BMSCs from BMAs accelerated in-vivo 

bone healing. Based on BMDs of newly synthesized bone, CASCs and uBMSCs showed similar in-vivo bone healing potential. 

This observation is of great interest because the actual number of MSCs in the uBMSCs infusion would have been many 

thousands of times less than the number of MSCs in the CASC infusion. This observation challenges the current position of 

several studies that consider ASCs to be more valuable than BMSCs in BTE applications. Even though BMSCs have many 

limitations (related to harvesting of the BMA and MSC concentration in the BMA) compared to ASCs, our findings indicate the 

need for further research in this area. Contrary to our predictions, MACS-sorted CD34+ did not accelerate in-vivo bone healing. 

Findings from in-vitro experiments suggest that MACS may have altered cellular physiology and that sorting may have been 

partial. Poor osteogenic potential shown by CD34+ is likely due to these reasons. In-vitro, unsorted cells from SVFs (uASCs) 

showed superior osteogenic nodule formation, CFU and osteogenic gene expression dynamics compared to MACS-sorted cells. 

However, in-vivo, like CD34+, uASCs did not accelerate bone healing. In contrast to a previous study from our laboratory, the 

fold-change difference of BMDs observed in in-vivo synthesized bone (in comparison to the negative controls), was lower in the 

current study. This may be due to the smaller number of cells infused IV (~350,000 per defect) in comparison to the previous 

study (5 million per defect) and/or a possible CFDA-SE labeling-mediated inhibition on the proliferation of transplanted cells. 
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Supplementary File 1 

Nodule measurement by Image J 

1. Minimum of 4 pictures per well with 100x magnification were taken by a Nikon Diaphot Inverted Tissue Culture Microscope 

using a Nikon Digital Eclipse DXM 1200 high-resolution color digital camera and saves as JPEG file 

2. Image J was scaled using a hematocytometer with the same magnification as the pictures 

3. Pictures were then uploaded into ImageJ and transformed in 8 bit images by Image/Type/8-bit 

4. A threshold was automatic selected by Image/Adjust/Threshold and “Apply” was selected 

5. The transformed picture was used for automatic measurement of number and area of the nodules using the Analyze/Analyze 

Particles feature by setting the minimum area deemed to be a nodule. The diameter was then obtained by inference from the 

area 
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