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Because of their extended differentiation capacity, stem cells
have gained great interest in the field of regenerative medicine.
For the development of therapeutic strategies, more knowledge
on the in vivo fate of these cells has to be acquired. Therefore,
stem cells can be labeled with radioactive tracer molecules
such as 18F-FDG, a positron-emitting glucose analog that is
taken up and metabolically trapped by the cells. The aim of this
study was to optimize the radioactive labeling of mesenchymal
stem cells (MSCs) and multipotent adult progenitor cells
(MAPCs) in vitro with 18F-FDG and to investigate the potential
radiotoxic effects of this labeling procedure with a range of
techniques, including transmission electron microscopy (TEM).
Methods: Mouse MSCs and rat MAPCs were used for 18F-FDG
uptake kinetics and tracer retention studies. Cell metabolic ac-
tivity, proliferation, differentiation and ultrastructural changes
after labeling were evaluated using an Alamar Blue reagent,
doubling time calculations and quantitative TEM, respectively.
Additionally, mice were injected with MSCs and MAPCs prela-
beled with 18F-FDG, and stem cell biodistribution was investi-
gated using small-animal PET. Results: The optimal incubation
period for 18F-FDG uptake was 60 min. Significant early tracer
washout was observed, with approximately 30%–40% of the
tracer being retained inside the cells 3 h after labeling. Cell
viability, proliferation, and differentiation capacity were not se-
verely affected by 18F-FDG labeling. No major changes at the
ultrastructural level, considering mitochondrial length, lysosome
size, the number of lysosomes, the number of vacuoles, and the
average rough endoplasmic reticulum width, were observed
with TEM. Small-animal PET experiments with radiolabeled
MAPCs and MSCs injected intravenously in mice showed a pre-
dominant accumulation in the lungs and a substantial elution of
18F-FDG from the cells. Conclusion: MSCs and MAPCs can be
successfully labeled with 18F-FDG for molecular imaging pur-
poses. The main cellular properties are not rigorously affected.
TEM confirmed that the cells’ ultrastructural properties are not

influenced by 18F-FDG labeling. Small-animal PET studies con-
firmed the intracellular location of the tracer and the possibility
of imaging injected prelabeled stem cell types in vivo. There-
fore, direct labeling of MSCs and MAPCs with 18F-FDG is a suit-
able technique to noninvasively assess cell delivery and early
retention with PET.
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In the last few decades, adult stem cells have gained in-
terest because they possess great potential for tissue engi-
neering and regenerative medicine, with limited ethical
concerns regarding their use (1,2). Nearly all human tissues
contain a source of adult stem cells, where they function in
tissue repair after injury or for natural tissue turnover. De-
pending on their origin, these cells possess the ability to
differentiate into a variety of cell types of the body.

Mesenchymal stem cells (MSCs) are self-renewing
multipotent stem cells that were first isolated from bone
marrow (3); however, other body tissues such as muscle (4),
adipose tissue, (5) and dental pulp (6) were also proven to
contain a population of MSCs. These cells have the ability
to differentiate into different cell types along the mesen-
chymal lineage, with the ability to form bone, cartilage, and
adipose tissue (7,8). They appear to be good candidates for
clinical use, because they can be expanded easily in vitro
and they lack immunogenicity, and they have significant
trophic effects on endogenous (stem) cells. Furthermore,
MSCs possess immunity-modulating properties, through
the inhibition of immune cell function and proliferation,
and their use as immunomodulators is being explored clin-
ically (9).

Multipotent adult progenitor cells (MAPCs) may repre-
sent another clinically useful source of adult stem cells.
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MAPCs have been isolated from mouse, rat, and human
bone marrow cells and from murine muscle and brain
(10,11). In contrast to MSCs, they have broader differenti-
ation ability; in rats, for instance, they differentiate into
various cell types of the 3 different germ layers, including
endothelial cells, smooth muscle cells, osteoblasts, adipo-
cytes, hepatocytes, and neural stem cell-like cells (12,13).
Additionally, MAPCs have immune modulatory properties
similar to MSCs (11).
Several preclinical studies have already shown the

positive effects of grafted stem cells on the repair and
regeneration of various tissues in vivo, such as bone (14),
cartilage (15), and myocardium (16). Additionally, MSCs
and MAPCs injected intravenously have been shown to
home to tumors in vivo, making them potential vehicles
for anticancer therapy (17,18). Moreover, both MSCs and
MAPCs have gained interest for in vivo applications be-
cause of their immunomodulatory properties (11), and both
cell types are being tested in phase I and II clinical studies.
Together with the development of new stem cell–based
therapeutic approaches, the search for effective and non-
invasive imaging techniques for stem cell tracking in vivo
is crucial. In vivo imaging can provide information on cell
biodistribution, quantification of targeted cells, in situ per-
sistence, survival, and function (19).
Nuclear imaging modalities such as PET can serve as

noninvasive, sensitive, quantitative, and longitudinal ap-
proaches for in vivo stem cell tracking. Stem cells can be
labeled with low doses of radioactive tracer molecules and
detected on decay. 18F-FDG has been used for the imaging
of initial stem cell biodistribution after injection into sub-
jects (20).

18F-FDG has already been used to image different cell
types, such as dendritic cells, bone marrow–derived cells,
or hematopoietic stem cells, both in preclinical models and
in humans (21–23). However, the effects of labeling stem
cells with 18F-FDG have not been extensively studied with
respect to their function and viability.
The aim of this study was thus to optimize and

characterize radiolabeling of MSCs and MAPCs with 18F-
FDG. We performed a thorough examination of stem cell
properties and function after labeling and presented for the
first time, to our knowledge, data on electron microscopic
assessment of labeling-induced morphologic changes

MATERIALS AND METHODS

Cell Culture
MSCs and MAPCs were kept in culture as previously described

(13). For a more detailed description, we refer the reader to the
supplemental data (supplemental materials are available online
only at http://jnm.snmjournals.org).

Radiolabeling Optimization
For radiolabeling experiments, 100,000 cells were seeded per

well in a 24-well plate. Cells were incubated in culture medium
until attachment to the surface occurred. Subsequently, MSCs
and MAPCs were washed with phosphate-buffered saline (PBS;

Gibco) and incubated with a 0.74 MBq/mL solution of 18F-FDG
in glucose-free Dulbecco modified Eagle medium (Gibco) at 37�C.
After incubation, cells were washed 3 times with PBS, and tracer
concentration in the cell fraction was measured using a g-counter
(Perkin Elmer).

For uptake kinetics assessment (n 5 6), cells were incubated
with 18F-FDG for different periods (5, 15, 30, 45, 60, 90, 120, 150,
180, 210, 240, 270, 300, and 360 min). Cellular tracer concentra-
tion was similarly measured after each time point.

Tracer washout was measured by incubation of cells as
described above for 1 h, followed by 3 PBS washes and a second
incubation on cold PBS for different periods (0, 5, 15, 30, 60, 90,
150, and 180 min). Cellular tracer concentration was similarly
measured after each time point (n 5 6).

In Vitro Toxicity Assays
For the determination of tracer radiotoxicity on MSCs and

MAPCs, cells were seeded and incubated with a 0.74 MBq/mL
solution of 18F-FDG in glucose-free Dulbecco modified Eagle
medium at 37�C for 30, 60, 90, 120, and 180 min. Different cell
type–specific properties were assessed, such as cell proliferation,
cell metabolic activity, differentiation capacity, and ultrastructural
properties (n 5 3).

Cell Proliferation. The effect of radiolabeling on cell pro-
liferation was assessed for 10 d by determining cell doubling
times (DTs), calculated from cell counts and interpassage time
according to the following formulas (24):

CD 5 lnðNf=NiÞ=lnð2Þ

DT 5 CT=CD;

where CT is the interpassage period, CD the cell doubling number,
Nf the number of calculated cells at the end of passage x, and Ni
the initial number of seeded cells for passage x. Data are presented
as DT values relative to unlabeled control cells.

Cellular Metabolic Activity. Cell metabolic activity after radio-
labeling was measured using the Alamar Blue (Invitrogen) reagent.
After radiolabeling, cells were seeded, and 10% of Alamar Blue
was added to the culture medium for 2 h at 37�C. Fluorescence
was measured at an excitation wavelength of 570 nm, with an
emission of 585 nm in a Victor 1420 plate reader (Perkin Elmer).
The effect on cell metabolism was monitored for 10 d, and data are
presented as values relative to unlabeled control cells.

MSC and MAPC Differentiations. Information about MSC and
MAPC differentiation is given in the supplemental data.

Ultrastructural Analysis. The effects of labeling MSCs and
MAPCs with 18F-FDG on the ultrastructure of the cells were evalu-
ated after labeling cells for 30, 60, 90, 120, and 180 min. Cells were
seeded on Thermanox slides (Nunc), labeled with 18F-FDG for
different time points, and fixed with 2% glutaraldehyde in 0.05 M
sodium cacodylate buffer after 180 min. After fixation, cells were
fixed in 2% osmium tetroxide for 1 h and stained with 2% uranyl
acetate in 10% acetone for 20 min. Subsequently, the cell-seeded
coverslips were put through a dehydrating series of graded concen-
trations of acetone and embedded in araldite according to the pop-
off method (25). Ultra-thin sections (60 nm) were mounted on 0.7%
formvar-coated grids (Wacker), contrasted with uranyl acetate and
lead citrate, and examined with a Philips EM 208 transmission
electron microscope operated at 80 kV. Digital images were cap-
tured using a Morada camera system (Olympus).
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For quantification purposes, images were analyzed using SIS
software. Random images were taken, and the following param-
eters were examined for each labeling condition: number of
vacuoles per cell, number of lysosomes per cell, average lysosome
size, mitochondrial length, and narrowest rough endoplasmic
reticulum (rER) width.

Small-Animal PET Scans of 18F-FDG–Labeled Cells
Cells (100,000/well) were seeded in a 24-well plate. After

attachment to the surface, cells were labeled in vitro for 60 min
with 18F-FDG (0.74 MBq/mL). Cells were washed 3 times with
PBS, harvested, and injected in the lateral tail vein of healthy mice,
according to the guidelines from the local animal ethical committee.
Animals were brought under anesthesia with 2% isoflurane (Iso-
flurane USP; Rothacher Medical) in 100% oxygen, at a flow rate
of 2 L/min. A 2-h dynamic small-animal PET scan was acquired
for the generation of time–activity curves (n 5 3/cell type). Also,
10 min after injection a 20-min static scan was obtained (n 5 3/cell
type). Imaging was performed on a Focus 220 microPET system
(Siemens Medical Solutions USA). Images were reconstructed with
a filtered backprojection algorithm and analyzed in PMOD (PMOD
Technologies). Images were converted to standardized uptake value
according to the following standard formula: standardized uptake
value5 (activity concentration in organ)/[(activity injected)/(weight
of animal)]. The total fraction of injected activity in the lungs was
calculated using a manually delineated volume of interest. A volume
of interest was positioned on the dynamic images around the lungs,
brain (as a control organ for the uptake of eluted 18F-FDG), and
bladder to generate time–activity curves.

Statistical Analysis
Data are given as mean 6 SD. All datasets were first checked

for normal distribution using the Kolmogorov–Smirnov test.
ANOVA statistical tests were performed with Tukey post hoc tests.
P values of less than 0.05 were considered statistically significant.
Data were processed using Prism (version 5.00; GraphPad Soft-
ware) for Windows (Microsoft).

RESULTS

Radiolabeling Optimization

First, MSCs and MAPCs were incubated with 18F-FDG
for different periods to assess the uptake kinetics (Fig. 1A).
For MAPCs, experiments showed a continuously increasing
decay-corrected uptake, with longer incubation periods up
to 6 h. For MSCs, a similar increase was seen, with a level-
ing of the slope after 210 min. The optimal incubation
period for labeling cells with 18F-FDG was determined to
be 60 min when absolute radioactivity levels (without de-
cay correction) were taken into account (Fig. 1B).
After MSCs and MAPCs were radiolabeled with 18F-

FDG for 60 min, a significant 18F-FDG elution could be
detected, decreasing progressively within the first 120 min
(Fig. 1C). Approximately 30% and 40% of the initially
incorporated 18F-FDG was trapped inside the MSCs and
MAPCs, respectively, after 3 h.

In Vitro Toxicity Assays

Cell Proliferation. The effect of 18F-FDG labeling on cell
proliferation was assessed for 10 d after labeling by calcu-
lating the DTs relative to unlabeled control cells.

MSCs and MAPCs labeled for 180 min showed a signif-
icant increase in DT (Supplemental Fig. 1). For MSCs, the
proliferation of cells labeled for 180 min was significantly
impaired on day 2 (P , 0.05). An increase in cell prolif-
eration (P , 0.05) was observed for all other labeling con-
ditions on day 2. Proliferation rates recovered to normal
values in all conditions by day 4.

For MAPCs, labeling cells for 180 min caused a signifi-
cantly reduced proliferation rate on days 1 and 2 (P , 0.01).
All other labeling conditions demonstrated a moderately
enhanced proliferation capacity on day 2 after labeling
(P , 0.05). Both effects disappeared on day 4, when all
labeled cells showed proliferation rates similar to control cells.

Cellular Metabolic Activity. After MSCs and MAPCs
were labeled with 18F-FDG, cell metabolism was monitored
for 10 d (Supplemental Fig. 2). On day 1, cells labeled for

FIGURE 1. (A and B) 18F-FDG uptake kinetics in MSCs and MAPCs:

data corrected for radioactive decay (A) and uncorrected data (B). (C)

Cellular retention of incorporated 18F-FDG within 180 min.
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60 min showed an increased metabolic activity relative to
control cells (P , 0.01). No significant differences in cell
metabolism could be detected on other days after labeling.
For MAPCs, 18F-FDG labeling also led to an increase in

day 1 metabolic activity within cells labeled for 30 min
(P , 0.01). On day 2 after labeling, a significantly de-
creased metabolic activity was observed in cells labeled for
30, 90, 120, and 180 min (P , 0.05). This effect recovered
to normal values after further follow-up.
MSC Differentiation. MSCs labeled with 18F-FDG for

different periods all showed adipogenic differentiation ca-
pacity (Supplemental Fig. 3A; representative image for all
conditions). Fat droplets were stained using the Oil red O
solution (Sigma-Aldrich), and quantification of the extracted
dye showed only minor effects of the labeling (Fig. 2A). The
only significant difference between control cells and la-
beled cells was for MSCs incubated for 180 min with
18F-FDG, which demonstrated a small increase in fat-droplet
staining of 6%, compared with control cells (P , 0.01).
However, this small increase is probably not biologically
relevant.
After osteogenic differentiation, matrix mineralization

could be stained using alizarin red S in all conditions
(Supplemental Fig. 3B; representative image for all condi-
tions). Extraction of the dye also did not indicate a statisti-
cal difference between labeling conditions, compared with
control cells (Fig. 2B). Alkaline phosphatase activity did
not differ significantly in any conditions (Supplemental
Fig. 3C).
Chondrogenic differentiation was confirmed with an

immunostaining for aggrecan (Supplemental Fig. 3D and
Supplemental Table 2; all primary antibodies used in this
study). Alcian blue staining showed the production of an
immature chondrogenic matrix of glycosaminoglycans
and mucopolysaccharides (Supplemental Fig. 3E; repre-
sentative images). No statistical difference in alcian blue
dye incorporation within the chondrogenic micromasses
was observed between the different labeling conditions
(Fig. 2C).

MAPC Differentiation. We also assessed the hepatic
differentiation of MAPCs incubated with 18F-FDG for dif-
ferent time periods, using quantitative real-time polymerase
chain reaction and immunostaining. For all genes tested, no
significant differences in gene expression pattern or levels
could be observed between the tested labeling conditions
(Supplemental Figs. 4A–4C). Transcripts for both mature
(Alb, G6P) and immature (Hnf4a, Afp) hepatic gene markers
were induced in all conditions.

To further confirm the differentiation of labeled MAPCs
toward the hepatic lineage, immunofluorescence was
performed for the nuclear protein Hnf4a and the cytoplas-
mic protein albumin (Supplemental Fig. 4D). Both pro-
teins proved to be present, with albumin more abundant
than Hnf4a.

Smooth-muscle differentiation was induced after labeling
MAPCs with 18F-FDG by exposing the cells to transforming
growth factor b and platelet-derived growth factor-BB. Gene
expression patterns were checked by quantitative real-time
polymerase chain reaction on sequential days, and no signif-
icant differences were observed in expression pattern or lev-
els for any of the marker genes tested (Supplemental Figs.
4E–4G). Transcripts for both early marker genes (Sm22a)
and mature marker genes (1H-calponin, SMaactin) were
expressed in all conditions. Immunofluorescence also con-
firmed these data, with a positive staining for Sm22a (Sup-
plemental Fig. 4H), 1H-calponin, and SMaactin (data not
shown).

After 18F-FDG labeling, MAPCs were exposed to a neu-
roectodermal differentiation protocol. Differentiation to
immature neuroprogenitors, as previously described, was
seen for all MAPC populations (11). This differentiation
was exemplified by a significant decrease of the pluripo-
tency marker Oct4 and an increase of the neuroectodermal
marker transcripts Pax6 and Sox2 (Supplemental Figs.
4I–4K).

Ultrastructural Analysis. We also evaluated the ultra-
structural characteristics of MSCs labeled with 18F-FDG
(Fig. 3A). The following different parameters were examined

FIGURE 2. Adipogenic, osteogenic, and chondrogenic differentiations of MSCs labeled with 18F-FDG. (A) Extraction of Oil red O dye after
adipogenic differentiation measured at 490 nm. (B) Extraction of Alizarin red S (Sigma-Aldrich) dye from differentiated osteoblasts, mea-

sured at 560 nm. (C) Extraction of Alcian Blue (Sigma-Aldrich) dye from differentiated chondrocytes, measured at 595 nm. **P , 0.01.
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within randomly taken images: number of lysosomes per
cell, average lysosome size, number of vacuoles per cell,
average narrowest rER width, and average mitochondrial
length. A significantly dilated rER width was observed
within cells labeled for 120 min (P , 0.05). Furthermore,
the mitochondrial length was significantly shorter in
MSCs labeled for 30 and 60 min (P , 0.01).
The effect of radiolabeling with 18F-FDG on the ultra-

structure was also evaluated in MAPCs (Fig. 3B). No sig-
nificant differences were present in any of the conditions
for any tested parameter.

Small-Animal PET Scans of 18F-FDG–Labeled Cells

MSCs and MAPCs labeled for 60 min with 18F-FDG
before intravenous injection were imaged using small-animal
PET (Fig. 4). The lungs contained 52% and 43% of the total
injected activity for MSCs (Fig. 4A) and MAPCs (Fig. 4C),
respectively.

Furthermore, dynamic 2-h small-animal PET data
acquisitions (Figs. 4B and 4D) show a gradual signal re-
duction in Bq/cm3 in the lungs, along with a gradual signal
increase in the bladder. For MSCs and MAPCs, respec-
tively, 59% and 32% of the highest pulmonary signal was

FIGURE 3. Quantitative data from TEM of MSCs (A) and MAPCs (B). For both cell types, the following different parameters were assessed:

number of lysosomes per cell, average lysosome size, number of vacuoles per cell, average rER width, and average mitochondrial size.

FIGURE 4. Small-animal PET data of injected MSCs (A–B) and MAPCs (C–D) labeled with 18F-FDG. Dynamic data from lungs and

bladder suggest in vivo elution of 18F-FDG from cells for both cell types. Brain dynamic data were included as control for free 18F-FDG

uptake (n 5 500,000).
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retained in the lungs after 2 h. The signal in the brain was
also assessed as a control for the uptake of eluted 18F-FDG
in the body, and this signal remained low during the scan.

DISCUSSION

Stem cell–based therapies are currently being explored in
the setting of tissue engineering and regenerative medicine.
Understanding the behavior of cells within the human body
is of importance for the development of these new and
advanced medicinal therapeutic products. Noninvasive im-
aging methods can provide invaluable information on the
fate of the cells at different time points. Labeling stem cells
with radioactive tracer molecules for PET imaging is a suit-
able method for these purposes.
In this study, MSCs and MAPCs were labeled with 18F-

FDG, a glucose-analog, which is metabolically trapped in-
side cells after phosphorylation by hexokinase. 18F-FDG
can be produced at acceptable costs and is readily available
because of its widespread clinical use (23). Furthermore,
18F-FDG has already been used to image stem cells admin-
istered to patients (23). However, when labeling cells for
noninvasive detection, the tracer should not or only mini-
mally affect the function and biologic properties of the la-
beled cells. Herein, MSCs and MAPCs were labeled with
18F-FDG in various conditions, and the effect on cellular
properties and their biologic behavior was evaluated.
First, tracer uptake kinetics was assessed. A more or less

linear relationship between incubation time and 18F-FDG
uptake was observed. By taking decay into account, the
optimal incubation period for both MSCs and MAPCs with
18F-FDG was assessed at 60 min.
An important drawback, however, was the relatively high

tracer elution from the cells. Three hours after labeling,
approximately 30% of the intracellular 18F-FDG was
retained within the cells (Fig. 2). This retention has also
been reported by other groups, in different cell types. Doyle
et al. have shown an 18F-FDG washout of 30%–40% from
labeled circulating progenitor cells (26). Melder et al. dem-
onstrated an elution of 21% of the 18F-FDG from IL-2–
activated natural killer cells (27). Furthermore, a study by
Adonai et al. confirmed these data, with an efflux of 63%
from C6 rat glioma cells after 5 h (28). This efflux is pos-
sibly caused by the high load of 18F-FDG within the cells,
which cannot be entirely phosphorylated by hexokinase,
and hence, the nonmetabolized tracer molecules can diffuse
back out of the cell. Despite the high efflux of 18F-FDG that
was reported in various studies, it was feasible to acquire
PET images and to depict the presence of labeled cells in
the body. The eluted activity from the cells in vivo will
therefore not be sufficient to cause a significant background
signal because the eluted 18F-FDG molecules will be only
partly taken up by the surrounding tissue. The other mole-
cules will enter the bloodstream and will be distributed
throughout the body. Therefore, the eluted 18F-FDG mole-
cules will not concentrate in a single tissue or organ, except
for the urinary system and the bladder for excretion.

Consequently, the signal in nontarget tissue will be low,
thus enabling the imaging of cell delivery and early reten-
tion.

We noted an effect of labeling with 18F-FDG on both
MSC and MAPC proliferation, although the effect was
transient. Conversely, no effect of 18F-FDG labeling on
metabolic activity in the days after labeling was observed
in MSCs and MAPCs using Alamar Blue (Invitrogen),
a cell-permeable compound (resazurin) that is converted
to a fluorescent compound (resorufin) by metabolically ac-
tive cells. Our results are in line with those of Elahmi et al.,
who labeled adipose-derived stem cells for 90 min with
amounts of 18F-FDG ranging between 0 and 7.4 MBq. After
18F-FDG labeling, a delay in adipose-derived stem cell pro-
liferation was observed without changes in viability (29).

Furthermore, the respective differentiation abilities of
MSCs and MAPCs labeled with 18F-FDG were assessed.
No significant effect on the ability of MSC to differentiate
to adipocytes, chondrocytes, and osteoblasts was found.
Likewise, we could not detect an effect of the labeling on
the ability of MAPC to generate smooth muscle cells, hep-
atocytelike cells, and neuroprogenitorlike cells. Chen et al.
also showed a preserved differentiation capacity in human
MSCs after external-beam irradiation up to 9 Gy, which is
a high effective dose (30). Conversely, Elhami et al. found
a reduced adipogenic differentiation capacity after 18F-FDG
labeling in adipose-derived stem cells labeled with 3.7 MBq
for 90 min (29).

We also evaluated the effect of radiolabeling on the
cellular ultrastructure using transmission electron micros-
copy. No significant changes were observed in the ultra-
structure of the MAPCs after labeling with 18F-FDG. By
contrast, some differences were detected in MSCs after
labeling with 18F-FDG: decreased size of mitochondria
and dilated rER. The average mitochondrial length in la-
beled MSCs was significantly reduced after labeling for 30
and 60 min. This effect can be attributed to the dynamics of
natural mitochondrial fusion and fission for normal respi-
ratory function in mammalian cells (31,32). After MSCs
were labeled for 120 min, the rER width was significantly
larger. The rER serves as an environment for protein mat-
uration and folding. Unfolded or damaged proteins will be
stacked inside the rER lumen, with an rER dilation as
a consequence (33). These findings likely indicate protein
damage caused by the 18F-FDG radiation, which was also
described previously (34). However, these slight modifica-
tions on the ultrastructural level do not imply severe alter-
ations of the cell’s functionality or viability as shown here.

Labeling these stem cell types with 18F-FDG therefore
does not cause significant changes of cellular function in
general, in comparison with groups that have been report-
ing direct cell labeling with other Food and Drug Admin-
istration–approved radiolabels with distinct side effects on
certain cell types. Brenner et al. (35) have shown a decrease
in cell viability, migration, and differentiation capacity after
hematopoietic progenitor cells were labeled with 37 MBq
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of 111In-oxine per million cells. On the other hand, Aicher
et al. (36) were not able to detect radiotoxic effects on
endothelial progenitor cells after labeling with 15 MBq of
111In-oxine per million cells.
Park et al. (37) have labeled rat MSCs with 264–1,057

MBq of 99mTc-hexamethylpropyleneamine oxime per mil-
lion cells. This procedure did not affect cell viability; how-
ever, proliferation was decreased after labeling. Also,
Detante et al. (38) could demonstrate a loss in colony-form-
ing ability of cells labeled with 99mTc-hexamethylpropyle-
neamine oxime (53 MBq/million cells), but viability and
proliferation were not influenced by the labeling procedure.

111In-oxine and 99mTc-hexamethylpropyleneamine oxime
are isotopes that are typically used for SPECT. For direct
labeling purposes with 18F-FDG, a lower activity can be
applied on the cells, because the sensitivity of PET is ap-
proximately one order of magnitude higher. Furthermore,
these SPECT isotopes emit low-energy b2-particles. These
particles will emit their radiation in a short range, thus in-
side the cells, causing a higher cellular toxicity.
Therefore, using radioisotopes for PET such as 18F-FDG

is a good option, because the resulting signal-to-noise ratio
after labeling with lower activities is comparable to that of
cells labeled with higher activities of typical SPECT radio-
tracer molecules.
These findings, together with our obtained results,

demonstrate that the presence or absence of radiotoxic
effects is rather cell type– and radiotracer-dependent.
Therefore, our findings for 18F-FDG cannot be transferred
to other radiolabels or cell types.
To assess the in vivo biodistribution of labeled stem cells,

small-animal PET images were acquired. The signal was
mainly situated in the lungs, as expected because this is the
first encountered capillary bed after intravenous injection.
Cells will be trapped inside the pulmonary capillary
network for a relatively long time after injection. These
findings confirmed the intracellular location of the tracer.
Fifty-two percent and 43% of the injected activity was

situated in the lungs for MSCs and MAPCs, respectively.
The missing activity resulted from a combination of in vitro
and in vivo elution of the 18F-FDG taken up by the cells, as
confirmed by dynamic small-animal PET data. The eluted
tracer was determined to have been predominantly excreted
through the urinary system, because the signal in the blad-
der gradually increased. The uptake of free 18F-FDG mol-
ecules by the brain was low, as can be explained by the fact
that the animals were already under anesthesia with isoflur-
ane before injection of the labeled cells. The signal in the
brain will therefore be low even if there is a significant
washout of 18F-FDG from the cells (39).
Moreover, it is important to consider the tissue and

systemic effects of injecting radiolabeled cells into a sub-
ject. It is important to realize that the activities used for
stem cell labeling (0.1–0.5 MBq for large animals or
patients) are around 3 orders of magnitude lower than the
ones used in clinical routine (;300 MBq for an adult

weighing 75 kg; effective dose, ;6 mSv) and thus result
in a clinically negligible effective dose range of 2–10 mSv.
If one looks further on the organ level, we can assume that
in a worst-case scenario 100% of the activity is within
a single organ (e.g., lungs after intravenous injection, organ
after injection in feeding artery) or concentrated at a single
site (interstitial cell injection). This activity results in a con-
centration of 0.1 kBq/mL (e.g., 0.5 MBq retained 100%
within the lungs) to 0.5 MBq/mL (e.g., 0.5 MBq retained
in a 1-mL volume)—concentrations that are from 1 to 4
orders of magnitude lower than concentrations attained dur-
ing clinical 18F-FDG scans (e.g., 800 kBq/mL in normal
lung and 8 MBq/mL in normal liver). Thus, even when all
the activity of the labeled stem cells goes to a single organ
or focus, the radiation dose to this organ is still much lower
than the dose from a routine 18F-FDG PET scan.

Comparing our data with the Hofmann et al. (23) clinical
data, the injected activities are, however, within the same
order of magnitude (0.04 MBq for our data vs. 0.12 MBq
for the data of Hofmann et al.), in our opinion clearly
demonstrating that the activity used for this labeling ex-
periment can be translated to large-animal models and
clinical patients.

CONCLUSION

In general, a generic method for direct stem cell labeling
was optimized. 18F-FDG labeling of MSCs and MAPCs did
not perturb the biologic and functional properties of the
cells. Furthermore, this labeling method permitted in vivo
noninvasive early biodistribution studies using small-ani-
mal PET. This was the first time, to our knowledge, that
ultrastructural changes were examined after radiolabeling
in stem cells using TEM analysis. The assessment of ultra-
structural changes caused by radiolabeling can reinforce
and elucidate findings on the biologic and functional level.
Therefore, this type of assessment can be useful in future
optimizations of radiolabeling strategies.
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