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INTRODUCTION

Recent advances in medicine have dramatically 
improved life expectancy, and while humans enjoy a 
longer average lifespan, this exacerbates issues relat-
ed to the aging process, such as tissue wear, disease, 
and injury of all body organs. The central nervous 
system poses a particular challenge in this context, as 
it is the most challenging to repair. Stem cell-based 
regenerative medicine has emerged as an approach 

with which to treat otherwise incurable neurological 
disorders. 

There are several types of stem cells, but mesenchy-
mal stem cells have garnered the most clinical attention 
(Das et al. 2013, Wei et al. 2013). This is because of their 
abundance in adult tissues, simple derivation methods, 
outstanding safety, and high efficacy. The therapeutic 
activity of MSCs includes the production and release of 
trophic factors, immunomodulation, and contribution to 
tissue replacement as building blocks, in case of con-
nective tissue diseases such as myopia (Janowski et al. 
2015). While MSCs reside in each organ, they are par-
ticularly abundant and easily accessible in bone marrow 
and adipose tissue. Despite their mesenchymal origin, 

Effect of MRI tags: SPIO nanoparticles and 19F nanoemulsion 
on various populations of mouse mesenchymal stem cells 

Ghulam Muhammad1,2,3, Anna Jablonska1,2, Laura Rose1,2, Piotr Walczak1,2,7, and Miroslaw Janowski1,2,8,9,*

1Russell H. Morgan Department of Radiology and Radiological Science, Division of MR Research,  
*Email: mjanows1@jhmi.edu 2Cellular Imaging Section and Vascular Biology Program, Institute for Cell Engineering, 

The Johns Hopkins University School of Medicine, Baltimore, MD, USA; 3Stem Cell Laboratory, University of the 
Punjab, Lahore, Pakistan; 4Department of Biomedical Engineering, 5Department of Chemical & Biomolecular Engineering, 

6Department of Oncology, The Johns Hopkins University School of Medicine, Baltimore, MD, USA; 7Department of 
Radiology, Faculty of Medical Sciences, University of Warmia and Mazury, Olsztyn, Poland; 8NeuroRepair Department, 

9Department of Neurosurgery, Mossakowski Medical Research Centre, Polish Academy of Sciences, Warsaw, Poland

Transplantation of mesenchymal stem cells (MSCs) has emerged as a promising strategy for the treatment of myriad human 
disorders, including several neurological diseases. Superparamagnetic iron oxide nanoparticles (SPION) and fluorine 
nanoemulsion (19F) are characterized by low toxicity and good sensitivity, and, as such, are among the most frequently used 
cell-labeling agents. However, to date, their impact across the various populations of MSCs has not been comprehensively 
investigated. Thus, the impact of MRI tags (independent variable) has been set as a primary endpoint. The various populations 
of mouse MSCs in which the effect of tag was investigated consisted of (1) tissue of cell origin: bone marrow vs. adipose 
tissue; (2) age of donor: young vs. old; (3) cell culture conditions: hypoxic vs. normal vs. normal + ascorbic acid (AA); (4) 
exposure to acidosis: yes vs. no. The impact of those populations has been also analyzed and considered as secondary 
endpoints. The experimental readouts (dependent variables) included: (1) cell viability; (2) cell size; (3) cell doubling time; 
(4) colony formation; (5) efficiency of labeling; and (6) cell migration. We did not identify any impact of cell labeling for 
these investigated populations in any of the readouts. In addition, we found that the harsh microenvironment of injured tissue 
modeled by a culture of cells in a highly acidic environment has a profound effect on all readouts, and both age of donor and 
cell origin tissue also have a substantial influence on most of the readouts, while oxygen tension in the cell culture conditions 
has a smaller impact on MSCs. A detailed characterization of the factors that influence the quality of MSCs is vital to the 
proper pursuit of preclinical and clinical studies.

Key words: mesenchymal stem cells, iron oxide, SPIO, 19F, age, bone marrow, adipose, cell size, ascorbic acid, hypoxia

Correspondence should be addressed to M. Janowski,  
Email: mjanows1@jhmi.edu

Received 22 April 2015, accepted 25 June 2015



Labeling of MSCs with 19F and SPION 145 

MSCs have been found to be highly therapeutic in ani-
mal models of neurological disorders, including stroke 
(Janowski et al. 2010, Vu et al. 2014). Moreover, MSCs 
were recently shown to differentiate toward neurons 
(Taran et al. 2014). While the therapeutic potential of 
MSCs is high, the efficacy in the treatment of disease 
depends on various factors, including safe and efficient 
cell delivery, donor characteristics, such as age, or the 
effect of the microenvironment following transplanta-
tion. Among various tested cell delivery routes, the 
intra-arterial route is very attractive due to minimal 
invasiveness (no necessity for burr hole and brain punc-
ture), and possible selective targeting of a desired brain 
region. However, it was shown that the large size of 
MSCs (larger than blood cells) introduces the risk of 
complications following intraarterial injection (Janowski 
et al. 2013, Cui et al. 2015). It has also been shown that 
advancing donor age severely affects the therapeutic 
potential of MSCs, which may hamper autologous 
applications (Choudhery et al. 2014). Moreover, the 
harsh environment of injured tissues, including acidic 
conditions (Orlowski et al. 2011), may also potentially 
influence therapeutic potential of MSCs (Song et al. 
2010). Hypoxic preconditioning of MSCs has already 

been reported to augment their therapeutic potential 
(Choi et al. 2014). The anti-oxidant effect of ascorbic 
acid (AA) has been found to positively affect cell viabil-
ity (Stevanovic et al. 2014), ameliorate seizures and 
brain damage (Dong et al. 2013), and accelerate wound 
healing (Jagetia et al. 2007). Moreover, the addition of 
AA to media improved the quality of MSCs (Wei et al. 
2014), and AA-treated cells facilitated wound healing 
(Muhammad et al., unpublished data). Although proof-
of-principle studies have shown the positive effects of 
MSCs, the application of non-invasive imaging, such as 
MRI, may further improve the accuracy and efficiency 
of cell targeting and facilitate the correlation of observed 
neurological and behavioral effects with the location/
survival of transplanted cells (Janowski et al. 2012). 
Thus, there is urgent need to test labeling methods of 
MSCs to make them visible after transplantation, and 
MRI, due to the high resolution, topographical image 
capability, and wide clinical utility, is of special interest. 
There are various approaches, but the simplicity of cell 
tags, such as iron oxide and fluorine with commerically 
available (or, in the case of fluorine, clinically approved 
formulations), favors these types of tags as tools for 
clinical use. 

Fig. 1. A schematic presentation of the experimental design. The red circles point on primary endpoint, and black circles 
indicate secondary endpoints.
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Superparamagnetic Iron oxide nanoparticles (SPION) 
have been used long-term for cell labeling (Bulte et al. 
1992), including a once-available clinical formulation of 
SPION (Endorem), which, after extensive testing was 
established as non toxic to stem cells (Kassis et al. 2010) 
and was successfully used in clinical studies (Karussis 
et al. 2010, Janowski et al. 2014). The withdrawal of 
Endorem from the market due to economical reasons 
had a negative impact on the field of regenerative 
medicine. Currently, there is only one FDA-approved 
formulation of SPION – Feraheme, registered for the 
treatment of anemia. However, that SPION is very resis-
tant to stem cell incorporation, and a recent report about 
improving that incorporation process, by complexing 
with heparin and protamine (Thu et al. 2012), has not 
been reproduced in our laboratory. Another formulation 
of SPION: Molday ION Rhodamine (MIRB) produced 
by BioPAL (BioPAL) has been used in our laboratory 
for several years with great success for the very effcient 
labeling of glial-restricted precursors (GRPs) (Gorelik 
et al. 2012) or neural stem cells (Berman et al. 2011), 

and no detrimental effects were observed. We have 
heard, with a great enthusiasm, that BioPAL has started 
the procedure for FDA-approval of MIRB (personal 
communication), which also motivated us to select that 
formulation for our study. 

While the major advantage of SPION is a very high 
sensitvity, enabling nearly single-cell detection, it is 
impractical in areas of high magnetic susceptibility 
artifacts, such as injured tissues. The “hot spot” fluo-
rine (19F) MRI technique overcomes that limitation, 
but at a cost  of lower sensitivity (Ruiz-Cabello et al. 
2008). The interest in 19F MRI has been recently 
fueled by the availability of an FDA-approved 19F 
nanoemulsion (Ahrens et al. 2014).

Keeping in mind all the above-mentioned aspects 
related to successful stem cell therapy, we designed 
this study in such a way that enabled us to evaluate the 
effect of both SPION and 19F tags in various popula-
tions of mouse MSCs, and also see the effect size 
against the other independent variables that are highly 
relevant to the therapeutic utility of MSCs. 

Fig. 2. A graphic presentation of the distribution of variability among independent variables with annotated numbers (F 
values) that contributed to the particular dependent variables: (A) cell viability; (B) cell size; (C) cell doubling time; (D) 
colony formation; (E) efficiency of cell labeling; and (F) cell migration.
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METHODS

Experimental design 

The investigated populations (nominal and dichoto-
mous independent variables) of MSCs were: (1) cell 
labeling: SPION vs. 19F vs. non-labeled, (2) tissue of 
cell origin: bone marrow vs. adipose tissue; (3) age of 
donor: young vs. old; (4) cell culture conditions: 
hypoxic vs. normal vs. normal +AA; (5) exposure to 
acidosis: yes vs. no. The experimental readouts (con-
tinuous dependent variables) included: (1) cell viabili-
ty; (2) cell size; (3) cell doubling time; (4) colony for-
mation; (5) efficiency of labeling; and (6) cell migra-
tion. The experiments were triplicated. The experi-
mental design is presented in Figure 1.

Cell derivation and culture

For cell culture studies, MSCs were derived from 
young (three months) and aged (20 months old) mice. 
Adipose-derived MSCs (ADMSC) were obtained from 
the abdominal fat of mice, as described previously 
(Meric et al. 2013). Approximately 1–2 g of adipose 
tissue was collected, minced, and digested by incubat-
ing with collagenase-I solution for 1 h at 37°C. The 
digested adipose was then filtered with a 40 µm strain-
er, centrifuged for 15 min at 1 300 rpm, and washed 
twice with 1× phosphate-buffered saline (PBS). The 
cell number, size, and viability were determined by the 
Trypan-blue exclusion assay using a cytometer 
(Nexcelom, Biociences, USA). The isolated ADMSCs 
were suspended in DMEM-LG (Sigma, USA) contain-

Table I

The influence of cell labeling

Dependent
variable

Type III test LSM Difference in LSM

F P Estimate value SE estimate value SE P

Viability 0.5 0.605

19F 59.486

2.9179 No differenceSPION 59.805

No label: 63.222

Cell size 0.69 0.5008

19F 13.526

0.2582 No differenceSPION 13.2181

No label: 13.1125

Doubling time 1 0.3699

19F 14.819

0.4192 No differenceSPION 14.902

No label: 14.138

Colony
formation 0.49 0.6139

19F 14.069

0.9984 No differenceSPION 14.333

No label: 15.388

Labeling
efficiency 1.47 0.2326

19F 92.666

0.5789 No differenceSPION 93.930

No label: 0

Cell migration 0.22 0.8048

19F 42.361

2.3923 No differenceSPION 42.444

No label: 44.333
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ing 15% FBS (HyClone, USA), 100 U/ml penicillin 
(Sigma, USA), and 100 µg/ml streptomycin (Sigma, 
USA), seeded in a 25 cm2 flask at a cell density of 1×105 
cells/cm2 and incubated at 37°C and 5% CO2. Bone 
marrow MSCs (BMMSC) were isolated from femurs, 
as described previously (Quittet et al. 2015). The 
medium used for BMMSCs was the same as that used 
for ADMSCs with the only difference being the 20% 
FBS used for BMSCs, otherwise cells were cultured in 
the identical conditions. The medium was changed 
every two-to-three days. Cells at the third passage 
were used for all the experiments in the study. All 
experiments were approved by the Johns Hopkins 
University Animal Care and Use Committee.

Ascorbic acid (AA) preconditioning of MSCs

AA preconditioning was performed by the addition 
of 250 µM L-Ascorbic acid 2-phosphate sesquimagne-
sium salt hydrate (Sigma, USA) in the complete culture 
media containing FBS, from passage 1 to 3 (Potdar et 

al. 2010), whereas non-preconditioned MSCs were 
grown to the third passage with normal media, exclud-
ing AA, as reported previously. 

Hypoxic preconditioning of MSCs

MSCs were preconditioned in hypoxic conditions 
while cultured in a 3% oxygen atmosphere from day 0 
to passage 3 (Choi et al. 2014), whereas, non-precondi-
tioned MSCs were grown under normal conditions and 
ambient oxygen, as described previously.  

Labeling of MSCs with SPION 

MSCs were labeled with SPION (MIRB, BioPAL) 
by following an already described procedure 
(Barczewska et al. 2013). Briefly, monolayer cultures 
grown in 24-well plates were washed with 1× PBS 
twice and labeled by supplementing 5 ml of complete 
culture medium with 50 ul of MIRB (BioPAL inc., 
USA). The cells were cultured overnight, and the next 

Fig. 3. The representative images of mouse MSCs labeled with SPION (A, B,C) and 19F (D,E,F). The presented cells are 
ADMSC derived from young donor not exposed to acidosis cultured with AA addition: (A), (C) phase-contrast microscopy; 
(B), (E) fluorescent images; (C), (F) merged pictures. Scale bar is 0.1 mm.
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day, medium was discarded and cells were washed 
twice with 1× PBS. Fluorescent photomicrographs 
were acquired using a fluorescent microscope (ZEISS 
Observer Z.1 equipped with ORCA-Flash 4.0 CMOS 
camera; Hamamatsu) and labeling efficiency was 
assessed based on the percentage of red fluorescent 
MSCs. 

Labeling of MSCs with 19F

MSCs were labeled with 19F, as described (Ribot et 
al. 2014). Briefly, monolayer cultures grown in 24-well 
plates were washed twice with 1× PBS and incubated 
overnight with 2 ml of growth medium (without FBS) 
supplemented with 200 μl of Cell Sense ATM 
DM-Green (Celsense, USA). The next day, the medium 
was discarded and cells were washed twice with 1× 
PBS. Fluorescent photomicrographs were acquired 
using a fluorescent microscope (ZEISS Observer Z.1 
equipped with ORCA-Flash 4.0 CMOS camera; 
Hamamatsu) and labeling efficiency was calculated 
based on the percentage of green fluorescent cells. For 
subsequent assays, the cells were cultured  in complete 
growth medium. 

Exposure of MSCs to in vitro acidosis

MSCs were subjected to in vitro acidosis stress for 
72 hours. The acidosis was induced by adjusting the 
pH of the complete culture media to 6.20, using 10 N 
HCl (Merck, Germany). The MSCs cultured in physi-
ological pH were used as controls.

Assessment of cell viability and cell size

Cell viability and cell size were investigated using a 
cytometer (Nexcelom, Biosciences). Briefly, upon 
completion of the treatment, the cells were trypsinized, 
mixed in equal volume with Trypan blue (Sigma 
Aldrich, USA), and counted using a cytometer for 
automatic measurement of cell viability and size. Cell 
viability is expressed as a percent of counted cells, 
while cell size is presented in micrometers.

Cell doubling time

The cell proliferation rates for all the groups of 
MSCs were calculated as described previously (Choi 
et al. 2014) by seeding 1×105 cells/cm2 per well in 

Table II

The influence of the age of the cell donor

Dependent
variable

Type III test LSM Difference in LSM

F P Estimate value SE estimate value SE P

Viability 2.17 0.1425
Young: 63.31

2.3705 No difference
Old: 58.37

Cell size 157.72 <.0001
Young: 11.863

0.160 Young vs. Old 2.8435 0.2264 <.0001
Old: 14.707

Doubling time 41.8 <.0001
Young: 13.1852

0.313 Young vs. Old 2.8704 0.4438 <.0001
Old: 16.055

Colony
formation 141.5 <.0001

Young: 19.916
0.632 Young vs. Old −10.638 0.894 <.0001

Old: 9.2778

Labeling
efficiency 272.37 <.0001

Young: 97.274 0.342
Young vs. Old −7.9545 0.482 <.0001

Old: 89.319 0.339

Cell migration 41.92 <.0001
Young: 51.213

1.783 Young vs. Old −16.333 2.522 <.0001
Old: 34.879
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24-well culture plates with complete media. Cell via-
bility was assayed on days 1, 3, 7, 10, and 14. A growth 
curve showing the number of viable cells over time 
was plotted for all the groups. Population doubling 
time (PDT) was calculated to further characterize the 
proliferative activity of MSCs. The number of cell 
doublings was calculated according to the formula  
n = (log10Nh – log10Ni)  /  log102, where Ni and Nh are 
the cell numbers at the beginning and at the end of the 
passage, respectively. PDT was calculated as the ratio 
of incubation period (days) divided by the number of 
cell doublings at each passage, and a mean PDT was 
determined. The doubling time is expressed in hours.

 Colony-forming assay

The colony-forming assay was performed accord-
ing to an already described procedure (Choudhery 
et al. 2014), and modified for the needs of our study, 
which included a seeding density of 1×104 cells per 
25  cm culture flask incubation in relevant condi-
tions for 14 days, based on our experimental para-
digm, as described in the independent variables 
section. On day 14, MSCs were washed twice with 
1× PBS, cells were fixed with absolute methanol, 
and stained with 0.1% crystal violet for 60 minutes 
at room temperature. Then, cells were washed with 
water and colonies containing more than 35 MSCs 
were counted under the microscope. This outcome 
was expressed as integer depicting the absolute 
number of colonies.

Cell labeling efficiency

Cell labeling efficiency was calculated as the per-
cent of labeled cells and it concerns both types of 
labels. It was evaluated a day after removal of tags, 
which is relevant to in vivo application scenario. In 
case of acidosis labeling was performed prior to 
application of harsh environment, and it was inves-
tigated when cells were under acidic conditions to 
re-create conditions, when labeled cells after infu-
sion reach the harsh, acidic environment of tissue 
injury, if they are expected to retain the label.

The fluorescent label incorporated to the MRI 
tags has been used to detect labeled cells. The 
amount of label in individual cells has not been 
investigated, as MSCs are to some extent heteroge-
neous with difference in size, thus such calculations 

being very time-consuming, would not guarantee to 
bring reasonable response. 

In vitro scratch assay 

In order to evaluate the migratory properties of 
MSCs, the in vitro central scratch model was used, 
as reported previously (Liang et al. 2007), with 
slight modifications. Briefly, MSCs seeded in den-
sity of 1×105 cells/cm2 per well in 24-well culture 
plates with relevant medium. When the monolayer 
reached about 80% confluence, two perpendicular 
sharp streaks were made through the center of a 
well with a sterile 1 ml pipette tip. The cells were 
washed with serum-free fresh DMEM-LG medium 
to remove the detached cells. After washing, cells 
were kept within their respective medium and con-
ditions. After three days, the cells were washed 
twice with sterile 1× PBS and fixed with 3.7% para-
formaldehyde (Riedel-de Haën, USA) for 30 min-
utes. Fixed cells were stained with 0.1% crystal 
violet for 30 minutes and images were acquired 
randomly using a microscope. The colonization of 
the empty spaces on the scratched site of the plate 
was quantified using ImageJ software. This vari-
able has been expressed as a percent of empty 
space, which has been colonized by cells.

Statistical Analysis

PROC MIXED (SAS) was used for statistical analy-
sis. Univariate regression with a lowest means square 
(LMS) test was performed to investigate the statistical 
significance of particular independent variables. 
Multivariate regression was performed to assess the 
comparative contribution of independent variables to 
the variability of particular dependent variables. 

RESULTS

Independent variables

Cell labeling – primary endpoint

We did not identify any impact of cell labeling on 
the investigated populations in any of the readouts 
(Table I). Multivariate analysis showed that cell tag-
ging was the smallest source of variability for all the 
readouts (Fig. 2).
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Table III

The influence of the cell culture conditions

Dependent
variable

Type III test LSM Difference in LSM

F P Estimate value SE estimate value SE P

Viability 0.95 0.3866

AA 64

2.9118 No differenceHypoxic 60.0278

Normal 58.4861

Cell size 6.35 0.0021

AA 12.6

0.2516

Ascorbic vs. 
Hypoxic −0.805

0.355

0.0246

Hypoxic 13.4056 Ascorbic vs. 
Normal −1.251 0.0005

Normal 13.8514 Hypoxic vs. 
Normal −0.445 0.2117

Doubling time 11.32 <.0001

AA 13.0833

0.4005

Ascorbic vs. 
Hypoxic −2.097

0.566

<.0003

Hypoxic 15.1806 Ascorbic vs. 
Normal −2.513 <.0001

Normal 15.5972 Hypoxic vs. 
Normal −0.416 <.4627

Colony
formation 5.42 0.0051

AA 17.2083

0.9761

Ascorbic vs. 
Hypoxic 4.1389

1.380

0.003

Hypoxic 13.0694 Ascorbic vs. 
Normal 3.6944 0.008

Normal 13.5139 Hypoxic vs. 
Normal −0.444 0.7478

Labeling
efficiency 2.55 0.0814

AA 94.625 0.7038

No differenceHypoxic 92.6735 0.6966

Normal 92.6875 0.7038

Cell migration 13.23 <.0001

AA 50.9722

2.2586

Ascorbic vs. 
Hypoxic 7.375

3.194

0.0219

Hypoxic 43.5972 Ascorbic vs. 
Normal 16.402 <.0001

Normal 34.5694 Hypoxic vs. 
Normal 9.0278 0.0052
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Secondary endpoints

Age of donor 

We have shown that, while the age of the donor does 
not influence cell viability, mouse MSCs derived from 
older donors were bigger, characterized by a slower dou-
bling time, with less propensity for colony formation, a 
lower labeling efficiency, and less intensive migration. 
Thus, the age of the donor has a very profound impact 
on the basic properties of mouse MSCs (Table II).

Cell culture conditions 

The conditions in which cells were cultured, hypox-
ic vs. normal vs. normal + AA, influenced the cell 
size, doubling time, colony formation, and cell migra-
tion. Cells cultured with the addition of AA were sig-
nificantly smaller, had a shorter doubling time, and 
had more propensity for colony formation than those 
cultured at hypoxic or normal conditions. Cells cul-
tured with the addition of AA have also revealed the 
highest migratory activity, and cells cultured in hypox-
ic conditions displayed lower migration, but still sig-
nificantly higher than that maintained in normal con-
ditions. The viability and labeling efficiency were not 
affected by cell culture conditions (Table III).

Tissue origin for derivation of MSCs

We have shown that, while cell origin does not 
influence cell viability, mouse MSCs derived from fat 

are characterized by a larger size, a faster doubling 
time, better propensity for colony formation, higher 
labeling efficiency, and higher migration. Thus, tissue 
origin has a very profound impact on the basic proper-
ties of mouse MSCs (Table IV).

Acidosis

We have shown that acidosis has a profound influ-
ence on all the investigated readouts. It dramatically 
decreased cell viability, and revealed a profoundly 
negative impact on cell migration and colony forma-
tion, while cell size, cell doubling time, and labeling 
efficiency were also significantly affected, but the 
effect was relatively smaller than others (Table V).

The source of variability of dependent variables

It has been shown that acidosis was, by far, the most 
influential independent variable that affected cell via-
bility, followed by cell origin and age of the donor, 
while cell culture conditions and cell labeling had the 
least influence (Fig. 2A). In contrast, cell size was 
mostly affected by the age of the donor, followed by 
acidosis and cell origin, while cell culture conditions 
had an even smaller impact, and cell labeling contrib-
uted only minimally (Fig. 2B). Acidosis was the most 
influential factor for cell doubling time, followed by 
cell origin and age of the donor. Again, cell culture 
conditions and cell labeling were the least influential 
(Fig. 2C). Colony formation was mostly affected by the 
age of the donor and cell origin, while the impact of 

Fig. 4. Representative images of the in vitro scratch assay from all MSC investigated populations. Scale bar is 1 mm.
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acidosis was lower, with, again, the lowest impact 
from cell culture conditions and cell labeling (Fig. 2D). 
The efficiency of cell labeling was mostly affected by 
the age of the donor, with much less effect caused by 
cell origin and acidosis, while cell culture conditions 
and the type of label had a negligible effect (Fig. 2E). 
An example of labeled MSCs using both SPION and 
19F tags is shown in Figure 3. Finally, cell migration 
was mostly influenced by acidosis, and by the age of 
the donor. Cell origin and the conditions under which 
cells are grown had less impact, with a minimal effect 
of cell labeling on cell migration (Fig. 2F). Examples 
of cell migration in various MSC populations are pre-
sented in Figure 4.

DISCUSSION

Here, we present an exhaustive in vitro study, in 
which we primarily assessed the potential influence of 
contemporary MRI cell-tracking agents on mouse 
mesenchymal stem cells. This characterization is of 
great relevance to regenerative medicine approaches 
that use MSCs, and is needed prior to using this tech-
nology for in vivo studies. We were specifically inter-

ested in extensive investigations using various popula-
tions of mouse MSCs, such as those derived from dif-
ferent tissues (fat or bone marrow), donors of different 
ages (young or old), different culture conditions (nor-
mal, normal with the addition of AA, or hypoxic), or 
those subjected to a very harsh acidic environment, 
mimicking an injured tissue microenvironment. 

First, we showed that cell labeling has no impact on 
the basic properties of any population of mouse MSCs, 
even in a very harsh acidic environment; thus, cell 
labeling by MIRB and Cell Sense for proton and fluo-
rine MRI, respectively, appears to be safe and can be 
safely used for in vivo neurological studies. We fol-
lowed the range of SPION concentration used previ-
ously, which has been shown not to affect viability, but 
other potentially more sensitive parameters of toxicity 
were not investigated (Fan et al. 2013). It has also been 
previously shown that the SPION formulation, Resovist 
(not manufactured since 2009), does not compromise 
the differentiation of MSCs toward neural-like cells 
and the process of differentiation does not compromise 
labeling efficiency (Zhang et al. 2014). It is, to some 
extent, in line with our study, in which both agents 
were internalized equally efficiently, suggesting that 

Table IV

The influence of the tissue of cell origin

Dependent
variable

Type III test LSM Difference in LSM

F P Estimate value SE estimate value SE P

Viability 3.09 0.080
ADMSC 63.777

2.3655 No difference
BMMSC 57.898

Cell size 26.4 <.0001
ADMSC 14.009

0.1991 ADMSC vs. 
BMMSC 1.4472 0.2815 <.0001

BMMSC 12.562

Doubling time 85.73 <.0001
ADMSC 12.722

0.2899 ADMSC vs. 
BMMSC −3.796 0.41 <.0001

BMMSC 16.518

Colony
formation 58.35 <.0001

ADMSC 18.5
0.7225 ADMSC vs. 

BMMSC 7.8056 1.0218 <.0001
BMMSC 10.694

Labeling
efficiency 10.8 0.0013

ADMSC 94.616 0.5582 ADMSC vs. 
BMMSC 2.6025 0.7921 0.0013

BMMSC 92.013 0.562

Cell migration 14.05 0.0002
ADMSC 48.055

1.8897 ADMSC vs. 
BMMSC 10.0185 2.6724 0.0002

BMMSC 38.037
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the uptake process may be governed by a universal 
mechanism.  Others also have not found a negative 
effect on the viability or the differentiation potential of 
primate (Addicott et al. 2011) or of human (He et al. 
2014) MSCs, nor any negative effects on cell prolifera-
tion (Ren et al. 2011). We added more readouts to the 
evaluation package, including cell size, which is a very 
important safety parameter for intravascular infusions, 
especially for intra-arterial delivery to the CNS, and 
that feature has not been well-studied as yet.  

In addition, the study revealed very important infor-
mation about conditions that affect the basic properties 
of MSCs. The harsh acidic environment, as expected, 
had a dramatic impact on cells. It concerned mostly the 
variables that were measured just after the withdrawal 
from an acidic environment, such as cell viability and 
cell migration, while the outcomes that required fur-
ther cell culture, such as evaluation of cell doubling 
time or colony formation, were less affected. This sug-
gests the potential for loss and/or paralysis of trans-
planted mouse MSCs at injury sites; however, the sur-
viving cells might be capable of regaining function, 
provided that the environment becomes more favor-
able over time. This observation also calls for methods 

of cell engineering that would result in better resis-
tance of stem cells to harsh conditions at cell injury 
sites, where they are expected to act.

Our study has shown that an advanced age of the 
donor negatively influences cell size, doubling time, 
colony formation, and cell migration. The study that 
evaluated adipose tissue-derived MSCs of human ori-
gin also showed greater proliferation of MSCs from 
young (below 30 years old), than from older patients 
(above 50 years old) (Yang et al. 2015). Faster prolif-
eration was observed in MSCs derived from younger 
rats than from older rats (Wu et al. 2014). There was 
also a report that showed a lower yield of MSCs from 
older animals (Tarnowski et al. 2007). Others described 
impaired migration of MSCs derived from aged 
donors (Bustos et al. 2014). The results showed an 
increase in the doubling time for cells isolated from 
old vs. young donors. This was accompanied by a 
decrease in clonogenicity, while no changes were 
observed in cell phenotype (Li et al. 2014). In addition 
to differentiation, aging also impairs the responsive-
ness of MSCs to anoxia (Jiang et al. 2008). All the 
above-mentioned studies are in line with our findings 
of negative effects of the aging process on the quality 

Table V

The influence of the cell exposure to acidosis

Dependent
variable

Type III test LSM Difference in LSM

F P Estimate value SE estimate value SE P

Viability 4350.63 <.0001
Yes: 36.7778

0.5159 Yes vs. No 48.1204 0.7295 <.0001
No: 84.8981

Cell size 74.1 <.0001
Yes: 14.3926

0.1819 Yes vs. No -2.2139 0.2572 <.0001
No: 12.1787

Doubling time 94.31 <.0001
Yes: 16.5833

0.2859 Yes vs. No -3.9259 0.4043 <.0001
No: 12.6574

Colony
formation 54.91 <.0001

Yes: 10.787
0.7271 Yes vs. No 7.6204 1.0283 <.0001

No: 18.4074

Labeling
efficiency 6.7 0.0106

Yes: 92.2778 0.5697
Yes vs. No 2.0784 0.8029 0.0106

No: 94.3562 0.5657

Cell migration 308.89 <.0001
Yes: 27.537

1.248 Yes vs. No 31.0185 1.7649 <.0001
No: 58.5556
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of MSCs, and we are aware of only one study that 
failed to detect such difference (Gala et al. 2011). 
While the possibility of autografting is frequently 
mentioned among the main advantages of MSCs, the 
age-related impairment of their properties is a major 
blow to this concept. Thus, in the presence of such 
overwhelming evidence for an age-dependent loss of 
function, there is an urgent need for rejuvenation strat-
egies. Indeed, promising results about the rejuvena-
tion of MSCs have been observed after cell engineer-
ing based on the induction of TERT and MYOCD 
expression (Madonna et al. 2013), as well as up-regu-
lation of miR-10a (Li et al. 2013). If there is a require-
ment for a scaffold, this could also be engineered by 
cytokine functionalization, which enables modulation 
of the aging-related p16 gene and enhances cell prolif-
eration (Kang et al. 2012).

Although the negative impact of donor age observed 
by others and by us is well-established, there is little 
data about the rationale for the choice of tissue for the 
derivation of MSC. Here, we have shown the higher 
yield of colonies in ADMSCs compared to BMMSCs 
of mouse origin. The study on MSCs from miniature 
pigs was also favored the use of ADMSCs and showed 
that the expression of stemness genes was maintained 
in ADMSCs, but not in other sources (bone marrow, 
ear skin, abdominal skin, lung). Another observation 
from this study was that ADMSCs are characterized 
by the highest differentiation potential (Lee et al. 
2015). A higher proliferation of rat (Lotfy et al. 2014) 
and human MSCs (Stern-Straeter et al. 2014) from 
ADMSCs than from BMMSC was also reported. 
Greater migration of ADMSCs compared to BMMSCs 
might be related to the higher expression of the 
chemokine CXCR4 receptor (Murakami et al. 2014). 
It has also been shown that BMMSCs were more 
affected by donor age, while this factor did not have 
any influence on the proliferation of ADMSCs (Beane 
et al. 2014). However, there are also studies reporting 
opposite findings. Higher proliferation was observed 
in BMMSCs vs. ADMSCs derived from sheep 
(Heidari et al. 2013), and higher clonogenicity was 
found in BMMSCs derived from goat (Mohamad-
Fauzi et al. 2015). In another study, various isolation 
protocols from adipose tissue and bone marrow were 
compared, and it was shown that MSCs derived from 
bone marrow proliferated faster than ADMSCs, but 
they did not differ with regard to colony formation 
(Bortolotti et al. 2015). The variability of results may 

also depend on the variations in the cell derivation 
procedure, as well the culture protocols, which is 
typically the same for both cell populations, but may 
actually favor one of them. The experience and the 
time a particular researcher devoted to the isolation of 
MSC from a particular tissue may also affect the 
results, and even work as a self-fulfilling prophecy 
about the superiority of the previously selected/inves-
tigated cell source.

The assessment of independent variables and their 
impact on dependent variables revealed the quite 
important information that, in general, the age of the 
donor and cell origin (fat versus bone marrow) are 
responsible for more variability in most investigated 
readouts. Cell culture conditions, such as hypoxia or 
the addition of AA, had only a minor effect. However, 
the advantages of AA were also reported in the form 
of faster proliferation of ADMSCs and BMMSCs on 
metal-based biomaterials functionalized with AA 
(Marycz et al. 2013). The positive effect of AA on 
the proliferation of MSCs was found to occur 
through the enhancement of HGF expression (Bae et 
al. 2015). It has also been shown that AA mediates 
an increase of telomerase activity (Wei et al. 2012). 
Hypoxia was also shown to facilitate MSC prolifera-
tion (Grayson et al. 2006, Grayson et al. 2007, Dos 
Santos et al. 2010, Lindner et al. 2010, Nekanti et al. 
2010, Drela et al. 2014, Li et al. 2015, Peng et al. 
2015).  

The issue of MSC size was never investigated as it 
was probably considered irrelevant, but now, with our 
recent findings that cell size strongly affects the safety 
of intra-arterial delivery (Janowski et al. 2013), this 
highlights the importance of this parameter. Although 
our present study has shown that, in general, the char-
acteristics of ADMSCs are superior to bone marrow-
derived counterparts, the larger size of ADMSCs may 
be a disadvantage as it could facilitate the formation of 
micro-infarcts after intra-arterial delivery to the brain 
or spinal cord; thus, in this case, BMMSCs may be 
more desirable. This observation is in line with anoth-
er study, which showed that intravenous infusion of 
ADMSCs resulted in more thrombi formation com-
pared to BMMSC; however, in that study, the cell size 
was not investigated, and rather, the presence of coag-
ulation factors was emphasized (Shiratsuki et al. 2015). 
In this context, a method that enables MSC size to be 
controlled would be desirable, especially in a tempo-
rary manner.
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CONCLUSIONS

The regression analysis across many independent 
and dependent variables is rarely used in experi-
mental research, and is usually employed by large 
clinical studies. However, it provides a broader look 
at the observed phenomena and allows for more 
general conclusions than a comparison usually used 
in basic research conducted about one independent 
and one dependent variable per experimental para-
digm. Here, we found that SPION and 19F nanoe-
mulsions do not have a detrimental effect on any of 
the tested MSC populations at any investigated con-
ditions; thus, these cell-labeling methods seem safe 
and their use seems justified for in vivo efficacy 
studies. In addition, we have shown that the “imprint-
ed” qualities of mouse MSCs are tissue/donor/age-
specific, and it is difficult to overcome by adjusting 
potentially more favorable cell culture conditions. If 
that observation proves true for human cells, it 
would be very important to use methods for cell 
engineering to rejuvenate MSCs, as the most desired 
and safe option is autografting and the prevalence of 
elderly patients may limit transplantation efficacy.  

While we were able to make several important con-
clusions from this study, it must be emphasized that 
they may be limited to mouse MSCs, and, as such, be 
relevant only to preclinical studies. Clinical studies 
should be preceded by a detailed evaluation of human 
MSCs, including the effect of labeling with MRI con-
trast agents.
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