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SUMMARY
Background. Concentrated bone marrow-derived mesenchymal stem cells (concentrat-
ed bMSCs) are used to improve in-vivo healing, yet in-vivo studies do not describe the 
cellular components that constitute the concentrated bMSCs. If different concentrating 
systems create concentrated bMSCs with different cellular components this could affect 
in-vivo study results. This study sought to compare the cellular components of concentrat-
ed bMSCs from two different separating systems.  
Methods. Matched bone marrow (BM) and whole blood were commercially obtained. 
BM was divided, processed then the concentrated bMSCs were plated and analyzed for 
cellular concentrates, morphology, triplex, and proliferation assays. The two separation 
systems used were Angel (system 1) produced from Arthrex, Inc, Naples FL and Smart-
Prep (system 2) produced from Harvest Technologies, Lakewood, CO. Time points used 
were 1, 4, 24, 48, 72 and 96 hours. Blinded observers were used to assess morphology of 
cells at the 24 hour time point.
Results. System 1 had significantly more CFUs (p=.0035) and more nucleated cells 
(p=.0056). Proliferation was significantly increased for system 1 at time points 1, 24, 48, 
72, and 96 hours (p<.001). Cellular viability was significantly increased for system 1 at time 
points 1, 24 and 48 hours (p<.05). Apoptosis was significantly increased for system 1 at 
time points 1, 4, 24, 48, 72, 96 hours (p<.05). Cytotoxicity was significantly increased for 
system 1 at time points 1, 4, 24, 48, 72, 96 hours (p<.001). Morphology of System 1’s cells 
were more consistent of mesenchymal stem cells (MSCs) (Kappa=0.44). 
Conclusion. Systems that are used to create concentrated bMSCs create populations of 
concentrated bMSCs with different cellular properties. Future in-vivo studies involving 
this cell population should describe the cellular properties of the concentrated bMSCs.
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BACKGROUND
Mesenchymal stem cells (MSCs) are able to differentiate 
into many tissues, including tendon, to augment healing 
(1- 3). MSCs can be obtained from many types of tissue, 
including bone marrow (4). Furthermore, these cells can 
be concentrated. This technique involves harvesting bone 
marrow (BM) from the patient, using a separation device 
to concentrate the BM to its constitutional products, then 
re-inserting the concentrated BM at the site of injury alone, 
or with other biological materials to help promote healing 

(2,5). There are many studies analyzing the use of concen-
trated mesenchymal stem cells (concentrated bMSCs) in 
tissue repair, however, inconsistencies in the methods, 
specifically in how concentrated bMSCs are obtained can 
make comparing study results difficult to interpret (6). This 
study looks to expand on standardizing preparation tech-
niques to create homogenous bMSCs.
The two separation systems used were the Angel system 
produced from Arthrex, Inc, Naples FL and SmartPrep 
produced from Harvest Technologies, Lakewood, CO. The 
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lab compared varies cellular properties of the two concen-
trated bMSCs populations created from these machines. 
The Angel system uses three sensors to accurately separate 
blood components using cell-specific wavelengths of light 
to increase cellular yields. Absorption of 470 nm of light 
detects plasma and nucleated cells (7). According to the 
SmartPrep system manual it separates based on a “micro-
processor-controlled centrifuge.” The lab was not able to 
obtain further details into the technology, despite numerous 
attempts to contact the company that makes the device (8). 
Studies have analyzed how plating densities affect quality 
and morphology of concentrated bMSC, but these stud-
ies only compared different densities using one separa-
tion system (9–11). The purpose of this study was to eval-
uate concentrated bMSCs produced from two separation 
systems and to evaluate if there are differences between the 
two concentrated bMSCs products made. The hypothe-
sis is that different separating systems create concentrated 
bMSCs with similar properties. 

MATERIALS AND METHODS

Bone Marrow Aspiration
The procedures performed were in accordance with the 
ethical standards of the journal (12). Native bone marrow 
of three matched male donors (29 ± 5 years of age) was 
purchased (Lonza Inc, Allendale, NJ). According to this 
company’s protocol, 100mls fresh BM were collected and 
shipped from the three donors on the same day for next 
day delivery. Cost of the disposables and assays prohibit-
ed us from increasing the amount of bone marrow used. 
Donors were in good general health according to vital signs 
and hematology values. Donors had a negative medical 
history of heart disease, kidney disease, liver disease, cancer, 
epilepsy, blood or bleeding disorders and tested negative for 
HIV-1, HIV-2, hepatitis B, and hepatitis C prior to dona-
tion. BM (100mls) was obtained from the same company. 
An aliquot of un-concentrated BM was saved and used as 
a control in CBC analysis. BM was divided and processed 
through separation system 1 and separation system 2 to 
obtain a concentrated product. For all concentrated bone 
marrow samples, a CBC analysis was done, nucleated cell 
count (million/ml bone marrow aspirate) and the number of 
colony forming units (CFU) (CFU/1.0 ml of bone marrow 
aspirate) was obtained. 

Cell Culture
Samples were plated in complete alpha minimum essen-
tial media (MEM), and contained 10% fetal bovine serum 

(FBS) and 0.1% penicillin/streptomycin sulfate. Cells were 
grown in 5% CO2, in a 37°C incubator. Cells were first 
counted using the Coulter counter to obtain a nucleated cell 
count number. An average of three readings was used. Cells 
were then plated in 100 mm primaria dishes and colony 
forming units were counted at the first appearance of colo-
nies between day 7 and 10 in culture. 

Proliferation Assay
The ability of the cells to proliferate was determined by an 
XTT assay (Roche Diagnostics, Germany). Cells were seed-
ed at a density of 20,000 cells/ cm2 in 24-well plates (Corn-
ing Inc., NY, USA) and cultured with complete culture 
medium at 37°C in a 5% humidified CO2 incubator. After 
48 hours of culture, the cells were incubated with the XTT 
labeling mixture for 8 hours. At the end of each incubation 
period, absorbance was measured using an automated plate 
reader (Bio Tek, Bad Friedrichshall, Germany) at 450 nm 
with a reference wavelength of 650 nm.

Triplex Assay
Cellular viability, apoptosis, and cytotoxicity (inflamma-
tion) were measured using an ApoTox-Glo Triplex Assay 
(Promega Corporation, Madison, WI).  The ApoTox-Glo™ 
Triplex Assay combines three assay chemistries to assess 
viability, cytotoxicity caspase activation (showing apopto-
sis/programed cell death), and cytotoxicity events within a 
single assay well. The second part of the assay uses a lumi-
nogenic caspase-3/7 substrate, in a reagent optimized for 
caspase activity, luciferase activity and cell lysis. Cellular 
viability was measured in relative fluorescence units, apop-
tosis was measured in relative light units, and cytotoxicity 
was measured in relative fluorescence units. Time points 
were 1, 4, 24, 48, 72 and 96 hours. Time chosen was based 
on the laboratories experience working with concentrated 
bMSCs in the past. Three different native bone marrows 
were used to allow for the total number of trials to be 216. 
There were 18 trials per time point (1, 4, 24, 48, 72, and 96 
hours), for each individual system.

Cellular Morphology 
Cellular morphology from each system and at each time 
point was quantified and recorded by three independent 
researchers in a defined area in each culture plate. It is well 
documented in the literature that the morphology of MSCs 
consist of dense, granular areas of individual colonies, which 
radiate highly and have elongated, flattened spindle-shaped 
cells with large nuclei forming a dense network of cells that 



465Muscles, Ligaments and Tendons Journal 2019;9 (3)

J. M. Brewer, M. B. Mccarthy, L. PauzenBurger, M. P. cote, a. D. Mazzocca

strongly adhere to the surface (10,13–15). Using the above 
criteria, five independent researchers assessed healthy vs. 
unhealthy colonies obtained from BM. Colonies consisting 
of six or more cells that are elongated, flattened and firm-
ly attached to the tissue culture plastic, and had processes 
coming from the cell body were considered healthy colo-
nies. Those cells that had a rounded cell body, were loosely 
attached to the tissue culture plastic and had no processes 
coming from the cellular body were considered unhealthy 
(10,13–15). To avoid bias all observers were given unidenti-
fied plates to analyze at the 24 hour time point.

Statistics
Descriptive statistics were reported using mean and stan-
dard deviation to characterize the study conditions. Differ-
ences in proliferation, viability, apoptosis, and cytotoxicity 
between system 1 and system 2 groups at each time point 
as well as differences across time within each group were 
examined using mixed linear regression. A p value less than 
0.05 was considered statistically significant. Interrater reli-
ability was assessed with the kappa-statistic. Values below 0 
were considered poor, 0 to 0.2 slight, 0.21 to 0.4 mild, 0.41 
to 0.6 moderate, 0.61 to 0.8 substantial, and 0.81 to 1 almost 
perfect (16). All analyses were conducted with Stata 15 soft-
ware (StataCorp. 2017. Stata Statistical Software: Release 
15. College Station, TX: StataCorp LLC).

RESULTS

Cell Analysis
The findings of the CBC analysis revealed that there were 
significantly more WBCs (p<.001) in system 1 compared 
to system 2, but no differences in the number of plate-
lets (p=.09) or in the RBC count (p=.58). After cells were 
counted using a Coulter counter there were significantly 
more nucleated cells in system 1 (p=.0056) and there were 
significantly more CFUs in system 1 as compared to system 
2 (p=.0035). 

Proliferation and Cellular Assay
There was significantly more proliferation seen in system 1 
as compared to system 2 at time points 1, 24, 48, 72, and 96 
hours (p<.001) (Figure 1). There was no significant differ-
ence between system 1 as compared to system 2 at time point 
4 hours (p=.065). Figure 1 as well demonstrates prolifera-
tion significantly increasing over time for system 1 (p<001) 
(Figure 1). Viability was shown to be significantly increased 
for system 1 compared to system 2 at time points 1 hour 
(p=.001), 24 hours (p<.001), and 48 hours (p<.001) (Figure 
2). There was no significant difference found in viability at 
time point 4 hours (p=.805), 72 hours (p=.878), 96 hours 
(p=.233) (Figure 2). Apoptosis was significantly increased 

Figure 1. Proliferation (number of cells). 
Time points 1, 4, 24, 48, 72, 96 hours tested, each time point for each system was n=36 for a total n=216. Error bars shown.
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Figure 2. Cellular viability (relative fluorescence units).
Time points 1, 4, 24, 48, 72, 96 hours tested, each time point for each system was n=36 for a total n=216. Error bars shown.

Figure 3. Apoptosis (relative light units)
Time points 1, 4, 24, 48, 72, 96 hours tested, each time point for each system was n=36 for a total n=216. Error bars shown.

for system 1 as compared to system 2 at time points 1 hour 
(p<.001), 4 hours (p<.001), 24 hours (p<.001), 48 hours 
(p=.043), 72 hours (p=.047), 96 hours (p=.008) (Figure 

3). Cytotoxicity was significantly increased for system 1 
compared to system 2 at time points 1, 4, 24, 48, 72, and 96 
hours (p<.001) (Figure 4). 
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Cellular Morphology
Out of 5 independent observers all 5 agreed that System 1’s 
cells’ morphology looked more like MSCs than those gener-
ated by System 2 at the 24-hour time point. Kappa= 0.4400. 
Kappa .44 indicates there is moderate interpreter reliability. 

DISCUSSION
Concentrated bMSCs are used in-vivo to help tissue healing. 
However, most studies involving the in-vivo use of concen-
trated bMSCs do not include the specific cellular proper-
ties of the concentrated cells used, in fact a meta-analysis 
by Murray et al. found no studies utilizing this technique 
reported on precise replication protocols nor did the stud-
ies provide accurate characterization of the formulation 
delivered (6). This study sought to explore if different 
concentrating devices create populations of concentrated 
bMSCs with different cellular properties. Cellular proper-
ties studied include cellular concentrates, cellular morphol-
ogy, triplex, and proliferation assays. The hypothesis of 
this study was that different concentrating systems create 
concentrated bMSCs with similar properties. The results 
show that the separation systems create groups of cells with 
different numbers of CFUs and different numbers of nucle-
ated cell counts. In previously published studies it is difficult 
to compare the amounts of isolated cells because of culture 
times (until CFU definition), differences in isolation meth-

ods, and different media used may result in very diverse 
outcomes. Hernigou et al. reported positive outcomes in 
treatment of nonunion and osteonecrosis of the femoral 
head when concentrated bMSCs were approximately 2500 
cells/mL (17,18). System 1 produced an average amount of 
2561 cells/mL. 
The cellular contents of the two concentrated bMSCs popu-
lations slightly varied, there was only a significant differ-
ence in the amount of WBCs and there was not a signifi-
cant difference in the amount of platelets or RBCs. As well, 
there were significant differences between the two systems 
in the proliferation and triplex assays. It is well described 
that white blood cells and platelets are helpful in the healing 
process to help repair tissue and high numbers of red blood 
cells hinder healing, but the specific concentrates of these 
cells in concentrated bMSCs to be effective in clinical prac-
tice has not been described (19). 
Strengths of this study include 18 data points for each time 
point per separation system, which created a total of 216 data 
points. This created a stronger statistical power to the study. 
Detailed cell characteristics of both separation systems were 
analyzed in this study. As discussed previously, studies have 
examined how plating densities affect concentrated bMSCs 
quality and morphology, but these studies only analyzed 
how plating densities affected one separation system (9,10) 
and to the lab’s knowledge no research has been published 

Figure 4. Cytotoxicity (relative fluorescence units)
Time points 1, 4, 24, 48, 72, 96 hours tested, each time point for each system was n=36 for a total n=216. Error bars shown.
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comparing the concentrated bMSCs produced by two sepa-
ration systems.
Kappa demonstrated moderate interrater reliability between 
the students rating the cells. This means that the students 
were in moderate agreement with each other. There are two 
Kappa categories higher than moderate, significant and near 
perfect, so although students were in agreement there was 
not perfect agreement. It is not understood the underlying 
mechanism of the difference in morphology between the two 
systems, but McBeath et al. found MSCs allowed to adhere, 
flatten, and spread underwent osteogenesis while other cells 
that were allowed to remain in place and were more round 
became adipocytes (20). Therefore, it is possible that if the 
cells adhere to the two systems canisters differently it can 
cause a differences in the morphology of the concentrated 
bMSCs produced. 
A weakness in this study is that three male BM were used 
in this study, but the study was not looking at differences 
between BM, but differences in the products created from 
separation systems. Cost of the disposables and assays 
prohibited us from increasing the amount of bone marrow 
used. As well, the specimens obtained from a commercial 
supplier may have different characteristics than autograft 
material harvested at the time of use. Despite numerous 
attempts to contact system 2’s manufacture, the lab was 

unable to communicate with them. If the lab had greater 
details into how system 2 worked it may have better under-
stand why the two systems differed in various outcomes. 
As well, only two separation systems’ concentrated bMSCs 
were compared, there are many more concentrated bMSCs 
separation devices available. This was an in-vitro study, no 
in-vivo implications can be derived from the data. 

CONCLUSION
This study found systems that are used to create concentrat-
ed bMSCs create populations of concentrated bMSCs with 
different cellular properties. Future in-vivo studies involving 
concentrated bMSCs should describe the cellular properties 
of the cell population created to better understand the clini-
cal significance of concentrated bMSCs in tissue healing.
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