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Abstract: Autologous bone marrow mononuclear progenitor cells (ABMCs) are now being used for several regenerative 
medicine studies, but questions remain on the fate and function of the injected ABMCs. The ability to track the cells 
within animals is important in understanding the regeneration process, and both quantum dots (Q-dots) and the organic 
dye CM-DiI have been used frequently in cell tracking studies. Since there has not been a comparative analysis of Q-dots 
and CM-DiI for labeling ABMCs, the aim of the following study was to examine these probes for their ability to label 
ABMCs and to determine if the labeling affected the ABMC function. We found that ABMCs were easily labeled with 
either Q-dots or CM-DiI, with the CM-DiI being faster to load within the cells. Both Q-dots and CM-DiI could still be 
detected in the ABMCs after 10 days in culture. The loading of the ABMCs with CM-DiI had no effect of the ABMCs to 
form colonies in a CFU-F assay or on cell proliferation over two weeks. The labeling of the ABMCs with Q-dots had a 
small but significant inhibitory effect on CFU-F formation as well as inhibition of cell proliferation at two weeks. There 
was no effect of Q-dots on cell viability immediately after labeling. In summary, both Q-dots and CM-DiI can be used to 
label ABMCs, but CM-DiI was found to be more advantageous due to its faster loading time, ease of use, and lack of 
effect on colony formation and proliferation.  
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INTRODUCTION 

 Cell transplantation using adult bone marrow mono-
nuclear progenitor cells (ABMCs) is currently being 
investigated as a potential therapy to treat a wide variety of 
injured tissues. In animal studies it has been demonstrated 
that ABMCs contribute to the repair of injured hearts [1-4], 
kidneys [5, 6], livers [7], spinal cords [8], and peripheral 
nerves [9-11]. It has also been shown in a mouse model of 
myocardial ischemia that ABMCs exhibited a more favor-
able survival pattern as compared to the use of mesenchymal 
stem cells, skeletal myoblasts, and fibroblasts [12]. The use 
of ABMCs for clinical trials has also been reported in the 
treatment of damaged hearts [13-17] and peripheral arterial 
disease [18-22]. Although it has been demonstrated that the 
use of ABMCs can facilitate the restoration of some tissue 
function or repair, it is still not completely understood how 
this process takes place [23, 24]. Possible mechanisms 
include suppression of the local inflammatory response [25], 
secretion of local paracrine factors [26], or the possible 
ABMC transdifferentiation into the local host cell type [27]. 
One potential approach to resolving these issues is to be able 
to label and track ABMCs in a preclinical model to 
determine the specific fate of the injected cells. 
 Several different methods and probes have been used for 
labeling and tracking stem cells including 2-[18F]-fluoro-2-
deoxy-D-glucose [28], magnetic resonance imaging, positron  
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emission tomography, single-photon emission computed 
tomography [2, 29-31], as well as reporter gene analysis 
[32]. However, many of these methods are expensive to use 
and require special equipment for use in large animal 
preclinical studies. Other cell labeling probes that have 
shown to be effective in labeling stem cells as well as 
finding the cells in histological samples have been the 
organic fluorescent dye CM-DiI [33, 34] and fluorescent 
Quantum dot (Q-dot) nanocrystals [35, 36]. CM-DiI can also 
be rapidly loaded into cells facilitating its use with fragile 
cells. When CM-Dil was used to label mesenchymal stem 
cells, they could be detected in fixed heart tissue at two 
months [37], in skeletal tissue at six weeks [33], and heart 
tissue at 6 months [38] after injection. CM-DiI labeling is 
also retained when using conventional fixatives, whereas 
some fixatives can alter the detection of Q-dots within cells 
[39]. Q-dots do have several advantages over the use of 
organic dyes for labeling and tracking cells including their 
variety of sizes, emission wavelengths, high fluorescent 
quantum yield, and photostability for imaging [40-42]. 
However, the retention of Q-dots within stem cells can vary 
widely depending upon cell type or the Q-dot size used. For 
example, the 655 nm Q-dots were essentially lost from a 
culture of labeled murine embryonic stem cells (<1% 
positive cells) after 1 week of culture [43], while they were 
still detectable in a culture of labeled human mesenchymal 
stem cells after 8 weeks of culture [44]. Using human 
mesenchymal stem cells it was also found that after four 
days of labeling that ~85% of the 605 nm Q-dots was 
retained in the cells but there was little retention of 525 nm 
Q-dot [45].  
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 Although CM-DiI and Q-dots have been used success-
fully to label certain types of stem cells, there has not been a 
study comparing CM-DiI and the full series of Q-dots (Q-
trackers) for labeling autologous adult bone marrow 
mononuclear progenitor cells. The aims of the current study 
were to examine the ability of CM-DiI and Q-dots to label 
adequately adult ABMCs, and to determine what effects 
these probes may have on cell function. 

MATERIALS AND METHODS 

Bone Marrow Collection and Mononuclear Cell Puri-
fication 

 All bone marrow samples were collected from 3-4 month 
male and female domestic swine (Swine Center, Washington 
State University, WA). The procedures of handling and care 
of the animals were strictly performed in accordance with the 
2004 National Research Council “Guide for the Care and 
Use of Laboratory Animals” and following protocol app-
roval by the Institutional Animal Care and Use Committee 
(IACUC) of the Legacy Clinical Research and Technology 
Center, Legacy Health System, Portland, OR. Under local 
anesthesia, 37 mls of porcine bone marrow was aspirated 
from each donor’s iliac crest into a syringe containing 5 mls 
of heparin (1000 USP units/ml). The bone marrow was then 
transferred into a 150 ml transfer bag (Baxter, Deerfield, IL) 
containing 8 mls of citrate-phosphate dextran (Sigma, St. 
Louis, MO). The bone marrow transfer bag was then connec-
ted to a CS-900 cartridge kit (CS-900, Biosafe America, 
Houston, TX). This cartridge contains a wash-buffer bag that 
was filled with Hanks’ balanced salt solution with cations 
(HBSS) (Invitrogen), a density gradient solution/waste bag 
that was filled with 100 ml of Histopaque®-1077 (Sigma, St. 
Louis, MO), and a third 150-ml transfer bag (Baxter, 
Deerfield, IL) used to recover the purified bone marrow. The 
bone marrow cells were then processed using an automated, 
completely enclosed cell processing device (SEPAX, 
Biosafe America) [46]. The final purified bone marrow 
mononuclear progenitor cell (BMC) product was collected in 
HBSS, and the ABMCs were counted with a Beckman Z2-
Coulter Counter (Brea, CA). 

Cell Labeling 

CM-DiI Cell Labeling 

 The cell tracker CM-DiI (Chloromethylbenzamido-1,1’-
Dioctadecyl- 3,3,3’3’- Tetramethylindocarbocyanine Perchl-
orate; Molecular Probes, Eugene, OR) stock solution was 
prepared using a modification of the manufacturer’s 
instructions. From a 1 mg/ml CM-DiI stock solution in 
culture grade DMSO (Sigma, St. Louis, MO), 4 µM and 8 
µM solutions were made in 500 µl of HBSS, vortexed, and 
then combined with 2 x 107 SEPAX purified ABMCs in 500 
µl of HBSS to give final concentrations of 1 x107 cells/ml in 
either 2 µM and 4 µM CM-DiI labeling solutions. The CM-
DiI cell suspensions were incubated for 15 minutes at 37oC, 
after which the cells were centrifuge at 800 x g for 40 
seconds, washed once with 500 µl of HBSS at 800 x g for 40 
seconds, then the pellet resuspended in 1 ml of α-DMEM 
media (Invitrogen, Carlsbad, CA). Since the stock CM-DiI 
was dissolved in DMSO, the final loading concentrations of 
CM-DiI at 2 µM and 4 µM represent DMSO concentrations 

of 0.2% and 0.4%, respectively, which were also tested as 
solvent controls. The labeled CM-DiI cells were then 
suspended in α-DMEM and plated into 35 mm glass dishes, 
8-multiwell glass chambered slides, or 96-multiwell plates 
for growth studies. Both CM-DiI labeled and unlabeled cells 
were used for cell growth studies with cell numbers 
determined using a Coulter counter. For imaging studies, the 
cells were visualized using a Zeiss LSM 510 Meta confocal 
microscope (Zeiss, Thornwood, NY) using excitation/ 
emission wavelengths of 553nm/570nm respectively. 

Q-Dot Cell Labeling 

 The Q-trackers 525, 565, 585, 605, 625, 655, 705, and 
800 nm cell labeling kits (Molecular Probes, Eugene, OR) 
were used according to the manufacturer’s instructions. A 10 
nM Q-dot loading solution were prepared by premixing 1µl 
each of Q-tracker Component-A and Component-B in a 1.5 
ml microcentrifuge tube for 10 minutes at room temperature. 
Next 0.2 mls of α-DMEM media (Invitrogen, Carlsbad, CA) 
was added to each tube, the tubes were vortexed for 30 
seconds, then 1 x 107 cells in 800 µl of α-DMEM were 
added to each tube. The tubes containing the cells and Q-
dots were vortexed and then incubated at 37ºC for 60 
minutes. The labeled cells were then washed and centrifuged 
at 800 x g, resuspended in α-DMEM medium and then 
plated into either 35 mm glass dishes, 8-multiwell glass 
chambered slides, or 96-multiwell plates for growth studies. 
For imaging studies, the Q-dot loaded cells were visualized 
with a Zeiss LSM 510 confocal microscope while excited 
with light at the appropriate excitation wavelength for each 
color of Q-dot nanocrystals. 

Cell Culture 

 For cell proliferation and imaging studies, the labeled 
ABMCs were plated into 96-multiwell plates (Fisher Sci., 
Pittsburg, PA) or 35 mm glass dishes (Bioscience Tools, San 
Diego, CA), respectively. The cells were plated in α-DMEM 
(Invitrogen) supplemented with antibiotics and 10% serum 
(Invitrogen, Carlsbad, CA)). For all cell culture studies the 
media was removed and replaced every other day. For 
imaging studies the CM-DiI labeled cells were fixed with 
5% Zinc-formalin for 10 min, counterstained with DAPI 
(Molecular Probes, Eugene, OR) for 1 min, then Cytoseal 
(Fisher Sci., Pittsburg, PA) anti-quenching mounting 
medium added. The Q-dot labeled cultures were fixed with 
2.5% paraformaldehyde for 10 min, counterstained with 
DAPI for 1 min, and then Prolong Gold (Molecular Probes, 
Eugene, OR) added as an anti-quenching agent.  

Colony Forming Unit-Fibroblast Assays (CFU-F) 

 SEPAX-purified ABMCs were suspended in Complete 
Mesencult media (Stem Cell Technologies, Vancouver, BC, 
Canada), and plated in T-25 flasks at concentrations of 0.5, 
1.0, and 2.0 x 106 cells/ml in 5 ml of medium. The cells were 
cultured for 7 days in a 37°C humidified 5% CO2 incubator 
(Thermo-Fisher Sci., Pittsburg, CA). To assess colony 
formation the media was removed, the flasks were washed 
twice with HBSS and then 5 mls of methanol (99.9%, 
Sigma, St. Louis, MO) was added to each flask for 5 minutes 
at room temperature to fix the cells. The methanol was then 
removed and the flasks were washed once with HBSS. After 
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allowing the flasks to air dry overnight at room temperature, 
5 ml of 1 mg/ml Giemsa Staining Solution (EMD 
Chemicals) in methanol was added to each flask and again 
the flasks were incubated overnight, though at 4ºC. The next 
day the Giemsa stain was removed, the flasks were rinsed 
several times with HBSS, allowed to air dry at room 
temperature, and then the colonies were counted using an 
electronic colony counter (Bel-Art, Fisher Sci., Pittsburg, 
PA). A linear relationship between the plated cell numbers 
and the resulting colony forming unit numbers was within 
approximately 10-40 colonies per T-25 flask. 

Cell Proliferation Assays 

 ABMC proliferation was measured using the MTT 
proliferation/cytotoxicity assay (Sigma, St. Louis, MO) 
according to the manufacturer’s instructions with some 
modifications as follows. ABMCs, either unlabeled or 
labeled with 4 µM CM-DiI or 20 nM Q-dots, were plated at 
1 x 104 cells/well in a 96-multiwell plate and cell growth 
measured at 7, 10, and 14 days. At 7, 10, and 14 days, 20 µl 
of a 5 mg/ml MTT solution in HBSS was added to each well 
of the multiwell plate. The multiwell plate was then 
incubated in a 37°C humidified 5% CO2 incubator for 4 
hours to allow the MTT to be metabolized. At the end of this 
time, 100 µl of an isopropanol/0.4N HCl solution (150:1 
isopropanol:HCl using 6N HCl) was added to each well and 
the contents pipetted repeatedly to mix the solutions so that 
the metabolized formazan crystal products dissolved. The 
multiwell plate was then read on a Tecan microplate reader 
at an optical density (OD) of 570 nm with a background 
subtraction at 630 nm. The results of the CM-DiI and Q-dot-
labeled BMC proliferative results were normalized to the 
control unlabeled cells and plotted over time as the 
Proliferation Index where a value of 1.0 represented no 
difference in the OD of the labeled to the unlabeled cells. 

Live-Dead Assay for Q-dot Cytotoxicity 

 ABMC viability was tested using modified instructions 
from a commercially available kit (Live-Dead Viability 
Assay Kit, L-3224, Molecular Probes, Eugene, OR). The 
Live-Dead assay probe solution consisted of 5 µl of the 
supplied 2 mM EthD-1 stock solution and 2.5 µl of 4 mM 
calcein-AM stock solution to 5 ml of Hanks solution. The 
Hank’s dye mixture was vortexed then added to unlabeled 
and Q-dot labeled ABMC that were plated for one hour in an 
8-multiwell chambered glass slide. Because of the potential 
inference of the Q-dot emission wavelengths with the 
calcein-AM or ethidium bromide in this assay, only the 655 
nm Q-dots could be used for this part of the study. After 30 
minutes the stained ABMCs were photographed by a Zeiss 
510 confocal microscope to determine the percentage of live 
and dead cells using a 488nm excitation wavelength for 
calcein-AM and 514nm excitation wavelength for the EthD-
1 to determine the number of dead cells. Photographs were 
taken by the confocal microscope then converted into JPG 
files and imported into NIH ImageJ. The photographs are 
then split into red and green images and the number of cells 
counted in each image and put into a table. The percentage 
of live cells was determined by the ratio of the overall 
number of live cells (green cell staining) to the total number 
of live and dead cells (green and red cell staining).  

Imaging and Analysis 

 Imaging of cultured cells was done using a Zeiss 510 
Meta confocal laser scanning microscope with a Chameleon 
laser system (Coherent, Santa Clara, CA). All images were 
taken with either an EC-Plan NeoFluar 40X (NA 1.3) oil 
immersion or a Plan-APOCHROMAT 63X (NA 1.4) oil-
immersion lens. In some cases serial Z-stack images were 
made of the cultured cells with step size ranging from 0.5 to 
1.0 µm and the images collected and reconstructed using 
Zeiss image analysis software. To quantify the relative Q-dot 
BMC labeling efficiency, a series of images were analyzed 
using a fluorescence emission profile for each Q-dot color 
and compared to DAPI stained cells within a 4-11 µM 
diameter range [47]. To quantify the relative BMC CM-DiI 
labeling efficiency, the numbers of CM-DiI and DAPI-
stained cells were counted from image files analyzed using 
NIH Image-J software and the watershed application to 
prevent cell count overlapping. 

Statistical Analysis 

 In order to compare CM-DiI and Q-dot labeled ABMCs 
with unlabeled cells, statistical comparisons were done using 
a one-way repeated measure analysis of variance (ANOVA) 
to test for significant differences between labeled and 
unlabeled cell groups. If differences between groups were 
detected then multiple comparisons versus control were done 
using the Holm-Sidak test for pair wise comparisons. In 
some cases if just two groups were compared (unlabeled vs. 
labeled) then a paired t-test was done. All statistical analyses 
were performed with Sigma Stat software (Systat Software, 
San Jose, CA), and statistical significance determined at a 
value of p < 0.05 with the results being presented as mean ± 
SEM. 

RESULTS 

Optimization of Q-dot and CM-DiI Loading into Bone 
Marrow Cells 

 We used a wide spectral series of Q-dots (525, 565, 585, 
605, 625, 655, 705, and 800 nm) to assess the ability of Q-
dots to label SEPAX-purified ABMCs. The labeling 
efficiency for each of the Q-dot sizes was assessed from Z-
stack confocal images of ABMCs fixed and counterstained 
with DAPI 4 hours after they were loaded with Q-dots. 
When the ABMCs were loaded with a 10 nM concentration 
of Q-dots for 1 hour as outlined in the manufacturer’s 
instructions, we found that the ABMCs were not equally 
labeled by the various sizes of Q-dots. Specifically, there 
were very few to no 525 nm or 565 nm Q-dots in the 
ABMCs compared to strong BMC labeling by Q-dots > 585 
nm (Fig. 1). The low presence of 525 nm and 565 nm Q-dots 
was not a function of the 458 nm excitation laser line since 
similar results were seen at other excitation wavelengths of 
425, 477, and 488 nm. However, when the Q-dot loading 
procedure was adjusted to increase both the Q-dot and 
coating peptide concentrations two-fold to 20 nM, we found 
that ABMCs were readily labeled by the 525 nm and 565 nm 
Q-dots (Fig. 2). Although the individual number of Q-dots 
per cell was found to vary within the BMC population, we 
found that 89 ± 6% (n = 8) of the ABMCs contained one or 
more Q-dots within the cytoplasm when analyzed by cross 



28     The Open Stem Cell Journal, 2010, Volume 2 Rutten et al. 

sectional Z-stack fluorescence emission (Fig. 3). When the 
Q-dot loaded ABMCs were placed into culture for 10-days 
we found that 76 ± 2% of the cells (n =6) retained the Q-dot 
label (Fig. 4). 

 CM-DiI labeling of ABMCs was assessed using 2 µM 
and 4 µM CM-DiI labeling solutions as we found CM-DiI 
concentrations > 6 µM to have toxic effects on the ABMCs 
(data not shown). We found that uniform staining of the 

 
Fig. (1). Q-dot markers of different sizes do not label porcine ABMCs equivalently. ABMCs were loaded with 10 nM labeling solutions of 
Q-dots and 4 hours later labeling was assessed by confocal microscopy. Note that the 525 nm and 565 nm Q-dots loaded poorly into the 
ABMCs whereas larger Q-dots (>585 nm) all successfully loaded into the bone-marrow cells. The nuclei (blue) were stained with DAPI. 

 

 
Fig. (2). Porcine ABMCs can be labeled with 20 mM solutions of 525 and 565 nm Q-dots. Representative confocal photographs of 525 nm 
(A) and 565 nm (B) Q-dot-loaded pig ABMCs. The loading solutions were twice that of those used in Fig. (1). The nuclei (blue) were stained 
with DAPI. 
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ABMCs was enhanced when the CM-DiI stock was prepared 
in DMSO rather than in ethanol and then diluted with HBSS 
to make the final working concentration that was added to 
the cells. After labeling, we found that CM-DiI could easily 
be detected in 87 ±4% (n = 8) of the ABMCs with the dye 
being primarily localized to the cell plasma membrane 
although some intracellular staining could be observed (Fig. 
5). In some cases, we observed that after labeling the 
ABMCs the CM-DiI fluorescence intensity would increase 
over several hours. This observation may possibly be due to 

the lipid solubility of CM-Dil and its movement within the 
cell where more of the molecule gets orientated in the correct 
position for maximal fluorescence emission [48]. Like the Q-
dot labeled ABMCs, we found that after 10 days of culturing 
that the majority of the ABMCs (56 ± 0.02%, n =6) had 
retained the CM-Dil probe (Fig. 6). However, for both Q-
dots and CM-DiI there was a substantial loss of the probes 
by five weeks in culture that was likely due to a limiting 
dilution of the probes as a result of cell proliferation 
(unpublished observations).  

 
Fig. (3). Q-dots load into the majority of porcine ABMCs. While the number of Q-dots/cell varied, 82 ± 6% of ABMCs contained some Q-
dots (n = 8). (A) A representative confocal photograph of 625 nm Q-dot labeled ABMCs at 4-hrs after labeling showing the distribution of 
Q-dots in the cells. (B) Three dimensional reconstruction of Z-stack imaged cells showing the overall localization of the Q-dots within the 
cells. The nuclei (blue) were stained with DAPI. 

 

 
Fig. (4). A representative confocal photograph of a 10-day old culture of 625 nm Q-dot loaded ABMCs. The nuclei (blue) were stained with 
DAPI.  
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Effects of Labeled Bone Marrow on In vitro Assays 

 For any label used as a marker to track cells, it is 
important that it does not interfere with normal cell function. 
Studies have shown that the ability of the ABMCs to 
establish colony forming units (CFU-F) [14] and proliferate 
over time are important indicators of the therapeutic capacity 
of the ABMCs. We found that unlabeled ABMCs and CM-
Dil or Q-dot labeled ABMCs on their ability to form in vitro 
colonies. Using an in vitro CFU-F assay we found that the 
labeling of ABMCs with CM-DiI had no significant (p > 
0.05) effect on CFU-F formation compared to unlabeled 
cells (Fig. 7A). In contrast the Q-dot labeled cells had a 

small but statistically significant (p < 0.05) effect on CFU-F 
formation (39 ±7; n=8) compared to unlabeled ABMCs (60.0 
±11; n=8) (Fig. 7B). 
 In the next series of experiments, the Q-dot and CM-DiI 
probes were examined for their effects on ABMC prolifera-
tion using the MTT proliferation/cytotoxicity. The MTT 
growth assay has been used as a quantitative and convenient 
method for evaluating cellular growth or cytotoxicity effects 
in response to external or internal probes. In our study, we 
found that CM-DiI had no effect on ABMC proliferation 
when assessed at 7, 10 or 14 days following labeling (Fig. 
8A). In calculating the proliferation index (labeled and 

 
Fig. (5). CM-DiI labels the majority of porcine ABMCs. CM-DiI labeling was readily detectable in 78 ± 4% of ABMCs (n = 8). (A) A 
representative confocal photograph of CM-DiI labeled ABMCs 4-hrs after labeling. (B) A three dimensional reconstruction of Z-stack 
imaged cells showing the distribution of the CM-DiI within the ABMCs. The nuclei (blue) were stained with DAPI. 

 

 
Fig. (6). A representative confocal photograph of a 10-day old culture of CM-Dil loaded ABMCs. The nuclei (blue) were stained with DAPI. 
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unlabeled cells; PI) we found there was not a significant 
difference in the MTT optical density values between the 
CM-Dil labeled and unlabeled cells (Table 1).  
 While labeling the ABMCs with Q-dots did not affect the 
ABMC proliferation measured 7 and 10 days later, we did 
find that the Q-dots did had a significant (p < 0.05) negative 
effect on ABMC proliferation at14 days (Fig. 8B). This 
inhibitory effect of the Q-dots on ABMC proliferation was 
found for all sizes of the Q-dots used at 14 days (Fig. 8B). 
This inhibitory effect of the Q-dots on cell growth can 

further be seen in Table 2 where there was a significant 
difference (p < 0.05) in the Proliferation Index between the 
Q-dot labeled and unlabeled cells at Day 14.  

Live-Dead Cytotoxicity Assay of Freshly Labeled Q-dot 
ABMCs 

 Because of some partial negative effects of the Q-dots on 
in vitro cell function, we next wanted to examine whether 
the initial loading of the ABMCs with Q-dots would be 
compromising cell viability that may impact cell function. 

 
Fig. (7). CM-DiI and Q-dot labeling do not impair BMC CFU-F formation. Porcine ABMCs were labeled with (A) 2 µM or 4 µM CM-DiI or 
(B) 625nm Q-dots and analyzed 7 days later for CFU-F formation. Compared to unlabeled or DMSO-exposed BMC controls there was no 
significant effect (p > 0.05) of the CM-DiI (7A) on CFU-F formation but there was a small yet significant (p < 0.05) decrease (*) of the Q-
dots on CFU-F formation (Fig. 7B). Each point represents the mean ± SE of eight experiments. 

 

 
Fig. (8). Q-dot labeling, but not CM-DiI labeling, decreases long-term porcine BMC proliferation. ABMCs were labeled with either (A) CM-
DiI or (B) Q-dots and then 7, 10, and 14 days later assayed for their level of proliferation compared to similarly cultured but unlabeled 
ABMCs. All values are expressed as the ratio of labeled/unlabeled ABMCs with a value of 1.0 representing no change in cell growth. Note 
that the DMSO control and 2µM or 4µM CM-Dil had no effect on cell proliferation at all time points (Fig. 8A), but a significant (p < 0.05) 
decrease (*) in cell proliferation was observed by Q-dot labeled ABMCs at fourteen days of culture (Fig. 8B). Each point represents the 
mean ± SE of six experiments. 
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Using a fluorescent Live-Dead cytotoxicity assay we found 
that there was no significant difference (p > 0.05) in the 
percentage of live viable cells between freshly unlabeled 
(96.49 ±0.48%; n=5) and Q-dot loaded ABMCs (98.34 
±0.33%; n=5) (Fig. 9). 

DISCUSSION  

 The use of bone marrow mononuclear progenitor cells 
for cell therapy is currently being investigated in a variety of 

clinical studies although questions still remain as to their 
mechanism of action [49]. One important aspect to help 
define the mechanism of ABMC action in tissue regeneration 
is to find a cell-tracking probe that can adequately label the 
cells without altering their cell function. The Q-dot 
nanocrystal and CM-DiI organic dye have both been used as 
cell trackers with varying success depending upon cell type 
[50]. In the current study, we evaluated the ability of Q-dots 
and CM-DiI to label adult porcine ABMCs and examined 
whether the labeling had any potential cytotoxic effects on 
the cells. We found that adult porcine ABMCs can be 

Table 1.  Data Showing the Proliferation Index (Ratio of DiI-Labeled to Unlabeled Cells) from the MTT Growth Assay Over a 14-
Day Period (n = 6) 

 

  DMSO 2 µM DiI 4 µM DiI 

Proliferation Index 0.96 0.93 0.98 
DAY 7 

±SE ±0.02 ±0.03 ±0.02 

Proliferation Index 0.99 0.97 0.95 
DAY 10 

±SE ±0.10 ±0.01 ±0.02 

Proliferation Index 0.93 0.92 1.02 
DAY 14 

±SE ±0.04 ±0.03 ±0.06 

 
Table 2.  Data Showing the Proliferation Index (Ratio of Q-Dot Labeled to Unlabeled Cells) from the MTT Growth Assay Over a 

14-Day Period. Note that Compared to Day 7 and Day 10, a Significant Decrease (*; p < 0.05) was Observed in the 
Proliferation Index at Day 14 (n = 6) 

 

  Qdot 
525nm 

Qdot 
565nm 

Qdot 
585nm 

Qdot 
605nm 

Qdot 
625nm 

Qdot 
655nm 

Qdot 
705nm 

Qdot 
800nm 

DAY 7 
Proliferation Index 

±SE 
0.94 

±0.09 
0.94 

±0.08 
1.01 

±0.12 
0.94 

±0.11 
0.88 

±0.09 
0.91 

±0.10 
0.88 

±0.10 
0.84 

±0.08 

DAY 
10 

Proliferation Index 
±SE 

0.87 
±0.09 

0.93 
±0.18 

0.89 
±0.13 

1.06 
±0.13 

0.91 
±0.08 

0.94 
±0.18 

1.01 
±0.11 

0.96 
±0.04 

DAY 
14 

Proliferation Index 
±SE 

0.47 
±0.04* 

0.58 
±0.04* 

0.61 
±0.05* 

0.56 
±0.05* 

0.62 
±0.04* 

0.62 
±0.04* 

0.65 
±0.07* 

0.66 
±0.04* 

 

 
Fig. (9). Representative confocal images of the Live-Dead cytotoxicity stain on freshly isolated unlabeled ABMCs (Fig. 9A) and 655 nm Q-
dot labeled ABMCs (Fig. 9B). The green (calcein-AM) represents viable cells whereas the red (ethidium bromide) represent dead cells. 
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labeled with either Q-dots or CM-DiI, that their migration 
and colony formation are not significantly impacted by either 
label, and that in regard to their proliferative capacity, Q-dot 
labeling, though not CM-DiI labeling, significantly inhibits 
ABMC proliferation. 
 Using modifications of the manufactures protocols we 
found the CM-DiI and Q-dot cell trackers could easily be 
loaded into porcine ABMCs. Because the Q-dots are now 
commercially available in a variety of sizes (Q-tracker kits, 
Molecular Probes/Invitrogen), we also felt it important to 
evaluate all of the different Q-dots sizes to determine if one 
was more effective than another for loading ABMCs. 
Following the manufacturer's instructions, we did find a 
variation in the relative loading effectiveness of the different 
sized Q-dots. That is, using the same labeling concentration 
of 10 nM for each of the Q-dot sizes we found that the 525 
nm and 565 nm Q-dots were not as easily detected in 
ABMCs compared to the 585, 605, 625, 655, 705, and 800 
nm Q-dots. Doubling the concentration of Q-dot binding 
peptide alone did not increase loading of the 525 nm and 565 
nm Q-dots, but doubling both the binding peptide and Q-dot 
nanocrystal concentrations to 20 nM resulted in readily 
detectable loading of the 525 nm and 565 nm Q-dots within 
ABMCs. Similar to our porcine ABMC labeling results, it 
has been reported for human mesenchymal stem cells that 
the smaller 525 nm Q-dots did not load into cells as easily as 
the larger 655 nm Q-dots [51]. In our own study the reason 
for the easier loading of the ABMCs with Q-dots of sizes 
>585 nm is not entirely clear. It is known that translocation 
of Q-dots across cell membranes require a critical concen-
tration of both the Q-dot nanocrystal and coating peptide [52, 
53]. Although Q-dots are depicted in the literature as being 
spherical in shape, in reality Q-dots >585 nm are actually 
ellipsoid or rod-like in shape [54]. These Q-dot shape 
variations could result in differences in surface charge and 
therefore the amount of binding peptide allowing better 
uptake of the larger Q-dots [55]. The process of Q-dot 
uptake by cells appears to involve several different pathways 
including clathrin-mediated endocytosis [56], G-protein 
coupled mediated receptor uptake [57], or lipid-raft-depend-
ent macropinocytosis [58]. However, the efficiency of these 
endocytic uptake mechanisms could also vary for different 
sized Q-dots. Despite Q-dot loading differences we did find 
that almost all of the ABMCs contained some Q-dot 
nanocrystals, but the actual number of Q-dots per cell was 
quite variable across the cell population. The variation in the 
amount of Q-dots within the ABMCs could be due to many 
factors including the heterogeneity of the bone marrow cell 
population itself. 
 We also found that a 2-4 µM solution of the organic dye 
CM-DiI could easily label the ABMCs and also within a 
shorter time period of 25 min compared to 70 min for 
complete loading of the cells with the Q-dots. If a time 
critical experiment exists where the stem cells need to be 
injected back into the animal as soon as possible, then 
loading the cells with CM-DiI has clear advantages over Q-
dots. Unlike the Q-dots, which were always found within the 
cell cytoplasm, the overall localization of CM-DiI within the 
ABMCs was limited to the plasma membrane with some 
intracellular staining. The CM-DiI fluorescence we observed 
within ABMCs has also been reported for other cell types 

and is consistent with the lipophilic structure of CM-DiI 
[59].  

 In addition to labeling cells, Q-dots and CM-DiI were 
assessed for their impact on cell function. We found that 
loading the ABMCs with CM-DiI had no effect of the 
ABMCs to form colonies in a CFU-F assay, but that Q-dot 
labeled ABMCs had a small but significant inhibitory effect 
on CFU-F formation. We also found that clear differences 
between the Q-dot and CM-DiI probes in their long-term 
impact on cell proliferation. Compared to controls there was 
no difference between Q-dot and CM-DiI labeled ABMCs at 
7 and 10 days, but after two weeks in culture the Q-dot 
loaded ABMCs had significantly lower growth rates as 
compared to unlabeled ABMCs. This reduction in ABMC 
growth was detectable with all the Q-dot sizes used, suggest-
ing that the underlying toxic effect may be independent of Q-
dot size. This Q-dot cytotoxic effect on the ABMCs at a later 
time was not due to the immediate consequence of loading 
the cells with the Q-dots since we found no change in 
ABMC cell viability using a Live-Dead cytotoxicity assay. 
Other studies looking at Q-dot toxicity on cells have reported 
varying results, which could be attributed to the different 
types of Q-dots used, their core shell thicknesses, and the 
cell type used for labeling [36, 60]. Although not examined 
in our study, others have shown that Q-dots can have some 
cytotoxic effects on cells by the upregulation of the Fas 
receptor and lipid peroxidation [61]. 

 Although we did not find CM-DiI to alter ABMC cell 
proliferation, it should be noted that this probe is not without 
its potential problems or toxic effects on cells. In preliminary 
experiments we observed that CM-DiI > 6 µM reduced BMC 
viability. The tolerance of cells to CM-DiI is quite variable 
with labeling solutions of CM-DiI > 6µM having been 
reported to impair sheep mesenchymal cell division [33], but 
a labeling solution of 20 µM CM-DiI had no reported effect 
on human bone marrow fibroblast viability [62]. It should 
also be noted that although the transfer of CM-DiI to other 
cells has not been detected [63], others have reported CM-
Dil transfer to other cells after injection into the animal [50, 
64]. As mentioned by Kruyt and colleagues [65], that 
transfer of CM-Dil from labeled dead cells or via direct 
membrane contact cannot be ruled out in any study. How-
ever, if used at the correct doses, studies have shown that 
CM-DiI labeled cells can be detected within tissues from 
three to eight weeks after injection into the animal [1, 33, 
37]. Of interest is the fact that CM-DiI was easily retained 
within sheep mesenchymal stem cells for six weeks whereas 
carboxy-fluorescein diacetate succinimidyl ester (CFSE) 
showed a rapid loss in these same cells just eight days after 
loading [33]. These data suggest that the use and retention of 
any organic fluorescent probe is likely to be specific to each 
individual cell type. 

 The fact that the CM-DiI probe is well retained in cells 
throughout standard formalin tissue fixation gives it an 
advantage over Q-dot labeled cells due to the fact that small 
concentrations of paraformaldehyde or methanol fixative can 
alter Q-dot fluorescence in cells [39]. However, even the best 
organic dye or Q-dot labeled cell will be difficult to track in 
tissues due to a limiting dilution of the cell probe as a result 
from cell division [66]. It is also important to note that  
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nanoparticles like Q-dots can also be eliminated from cells 
not only by cell division but also by an autophagic flux from 
the cells [67]. In loading human mesenchymal stem cells 
with Q-tracker kits of Q-dot 525 nm and Q-dot 605 nm it 
was observed that there was an asymmetric retention of these 
two trackers that the Q-dot 525 was almost entirely 
eliminated after three to four days in culture whereas the Q-
dot 605 could still easily be observed [45, 67]. 
 In the case of labeling ABMCs with Q-dots our results 
suggest that the optimal timeframe for using Q-dots to track 
labeled ABMCs within an animal would be within the first 
10 days after labeling where toxicity to the cells is at a 
minimum. Future studies of tracking ABMCs long-term will 
likely require the use of both short-term and long-term cell 
labels, with long-term cell labels possibly involving stable 
gene transfection of fluorescent proteins [68, 69]. 

CONCLUSION 

 Our study found that the cell trackers Q-dots or CM-Dil 
could effectively label porcine ABMCs. However, because 
bone marrow does contains multiple cell types such as 
hematopoietic progenitor cells, stromal stem cells, mono-
cytes, and other stem cells, it is unknown at this time how 
efficiently the Q-dots or CM-DiI can label each of these cell 
types. In addition, both Q-dot and CM-Dil labeled cells 
could also be detected after two weeks in cell culture, but we 
do not yet know the identity of these cultured cells and it is 
very likely that they also contain a mixed population of cells. 
We also found differences with the Q-dots and CM-Dil on in 
vitro ABMC function. That is, CM-DiI labeled ABMCs had 
no significant impact on either CFU-F or cell proliferation. 
However, the Q-dot labeled ABMCs had a small but 
significant inhibitory effect on CFU-F formation as well as 
inhibition of cell proliferation at two weeks. In this regard, it 
could be possible that the proportions of the various bone 
marrow cell types from isolation to isolation could also 
account for some of the variation in the outcome of different 
experiments. Overall, our results suggest that for long-term 
tracking studies that the organic CM-DiI fluorescent probe 
will be more useful than Q-dots for labeling porcine 
ABMCs. Work is currently in progress to isolate and define 
the different cell types within porcine bone marrow for a 
better understanding of their responses to cell labeling, 
function, and culture conditions. 
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