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Abstract

Magnetic Resonance Imaging (MRI) is a commonly used, non-invasive imaging technique that 

provides visualization of soft tissues with high spatial resolution. In both a research and clinical 

setting, the major challenge has been identifying a non-invasive and safe method for longitudinal 

tracking of delivered cells in vivo. The labeling and tracking of contrast agent labeled cells using 

MRI has the potential to fulfill this need. Contrast agents are often used to enhance the image 

contrast between the tissue of interest and surrounding tissues with MRI. The most commonly 

used MRI contrast agents contain Gd(III) ions. However, Gd(III) ions are highly toxic in their 

ionic form, as they tend to accumulate in the liver, spleen, kidney and bones and block calcium 

channels. Endohedral metallofullerenes such as trimetallic nitride endohedral metallofullerenes 

(Trimetasphere®) are one unique class of fullerene molecules where a Gd3N cluster is 

encapsulated inside a C80 carbon cage referred to as Gd3N@C80. These endohedral 

metallofullerenes have several advantages over small chelated Gd(III) complexes such as increased 

stability of the Gd(III) ion, minimal toxic effects, high solubility in water and high proton 

relativity. In this study, we describe the evaluation of gadolinium-based Trimetasphere® positive 

contrast agent for the in vitro labeling and in vivo tracking of human amniotic fluid-derived stem 

cells within lung tissue. In addition, we conducted a ‘proof-of-concept’ experiment demonstrating 

that this methodology can be used to track the homing of stem cells to injured lung tissue and 

provide longitudinal analysis of cell localization over an extended time course.
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1. Introduction

Magnetic Resonance Imaging (MRI) is a commonly used, non-invasive medical imaging 

technique that can provide high spatial resolution within soft tissue. This high contrast 

resolution is especially useful in imaging brain, muscles, heart, and other soft tissues within 

close proximity to each other. MRI utilizes the property of nuclear magnetic resonance 

(NMR) to image nuclei of atoms inside the body [1]. A strong magnetic field causes a small 

excess fraction of nuclei of the tissue being imaged to align themselves with the magnetic 

field [2]. A varying electromagnetic field is then applied, and changes to the state of nuclei 

energy produces a radio frequency signal, which can be measured with receiver coils. MRI is 

the preferred imaging modality over nuclear imaging methods such as positron emission 

tomography (PET) and single photon emission computed tomography (CT), because MRI 

does not use ionizing radiation and provides an excellent soft tissue contrast, field of 

imaging, and functional information [3].

One area where MRI is finding increased application is in the field of cellular therapy, which 

involves the therapeutic application of autologous or allogeneic cells to treat disease. 

Currently diverse cell types such as mesenchymal stem cells, perinatal stem cells, embryonic 

and induced pluripotent stem cells are being applied in both the research and clinical settings 

to treat diseases ranging from degenerative eye disease [4,5] to idiopathic pulmonary fibrosis 

[6]. In the research setting, the fate of the transplanted cells within an animal model are 

often evaluated at various time-points following euthanasia using techniques such as 

antibody staining and histology. However, in the clinical setting a major challenge has been 

identifying a non-invasive and safe method for longitudinal tracking of delivered cells. With 

widespread clinical translation of cellular therapies (>100 new clinical trails reported each 

year), methodologies to track administered cells in vivo are of increasing importance. The 

labeling and tracking of contrast agent-labeled cells using MRI has the potential to fulfill 

this need.

Contrast agents such as iron oxide [7], gadolinium [8] and metalloproteins [9] are commonly 

used to increase the MR contrast of biological structures. These agents function by X-ray 

attenuation or magnetic resonance signal enhancement by highlighting tissues or cells that 

otherwise would be difficult to delineate from their surroundings. Generally, contrast agents 

are divided into two types; those that can selectively enhance contrast either by shortening 

the longitudinal (T1) relaxation rate of the surrounding water protons, thus producing a 

brighter/hyper-intense contrasting signal, or by shortening the transverse (T2) relaxation rate, 

producing a darker/hypo-intense contrasting signal [10]. MRI contrast agents are generally 

categorized as T1 and T2 contrast agents based on their magnetic properties and relaxation 

mechanisms. Negative contrast agents have several disadvantages: (1) it is hard to 

distinguish the void from the contrast agent from other signal voids such as air within the 

lungs or from other artifacts from the presence of metals or calcium, (2) The resolution of 
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the image influences the void detection. Finally, (3) signal loss from the negative contrast 

agent such as in the case of iron oxides renders it problematic to differentiate labeled cells 

from low signal in the tissue and hence negative contrast agents are not preferred to track 

cells in vivo [11,12].

The most commonly used MRI contrast agents are gadolinium-based contrast agents 

(GBCA) [13]. GBCA are the only FDA approved positive contrast agents for use with MRI. 

Gadolinium (Gd(III)) ions are paramagnetic metal ions that have the ability to form induced 

magnetic fields in the direction of the externally applied magnetic field, rendering them 

favorable for imaging soft tissues. GBCAs have several desirable properties such as high 

paramagnetism, relaxation enhancement and relatively high stability. GBCAs are generally 

used as T1 contrast agents that generate a positive image contrast [10]. However, Gd(III) 

ions cannot be administered in their ionic form as they tend to accumulate in the liver, 

spleen, kidney and bones, block calcium channels and hence are considered highly toxic 

[14,15]. Therefore, Gd(III) ions are usually found conjugated to chelating ligands, such as 

linear diethylenetriaminepentaacetic acid (DTPA), or tetraazacyclododecane tetraacetate 

(DOTA). Unfortunately, chelating Gd(III) ions limits the proton relativity of the Gd (III) ions 

thereby decreasing its effectiveness as a contrast agent [16]. Trimetallic nitride endohedral 

metallofullerenes (Trimetasphere®) is one unique class of fullerene molecules where a Gd3N 

cluster is encapsulated inside a C80 carbon cage referred to as Gd3-N@C80(Fig. 1). All 

elements to the right of ‘@’ symbol are part of the fullerene cage, while all elements listed 

to the left are contained within the fullerene cage. Endohedral metallofullerenes have several 

advantages over small chelated Gd(III) complexes such as the increased stability of the 

Gd(III) ion, minimal toxic effects, high solubility in water and high proton relaxivity [17,18] 

rendering them highly efficient contrast agents for MRI [19,20].

In this study, we describe the evaluation of gadolinium-based Trimetasphere® positive 

contrast agent for the in vitro labeling of human amniotic fluid stem (AFS) cells, and in vivo 
tracking of these cells following airway cell delivery. These cells are currently being used 

for the treatment of a myriad of diseases and disorders, including bone defects, Crohn's 

disease, bladder reconstruction, lung disease, liver disease, kidney disease, multiple 

sclerosis, stroke, diabetes and heart disease [21–38]. Recent evidence suggests cell therapy 

may be efficacious for the treatment of inflammatory lung disease [21,22], with the cells 

homing to the injured tissue and producing anti-inflammatory effects before the eventual 

clearance of the cells. Here, we demonstrate that AFS cells can be labeled with the 

Trimetasphere® positive contrast agent by passive uptake without any detrimental effects on 

cell viability or proliferation. Additionally, we evaluated the ability of the pre-labeled AFS 

cells to be detected using MRI in collagen phantoms and following airway delivery to lung 

tissue in vivo. Finally, we performed a ‘proof-of-concept’ experiment demonstrating that this 

methodology can be used to track the homing of pre-labeled cells to the injured lung tissue 

and provide longitudinal analysis of cell localization over an extended time course.
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2. Materials and methods

2.1. Cell culture

Amniotic fluid stem (AFS) cells were derived as previously described [39]. Briefly, amniotic 

fluid cells were isolated by centrifugation of amniotic fluid from amniocentesis and allowed 

to proliferate in vitro and maintained in culture for 4 weeks. Cells were grown in α-MEM 

medium (Gibco, Life Technologies, Grand Island, NY) containing 15% ES-FBS, 1% 

glutamine and 1% penicillin/streptomycin (Gibco, Life Technologies, Grand Island, NY), 

supplemented with 18% Chang B and 2% Chang C (Irvine Scientific, Santa Ana, CA) at 

37 °C with 5% CO2 atmosphere. A highly multipotent subpopulation of AFS cells can be 

isolated through positive selection for cells expressing the membrane receptor c-kit (CD117) 

[40]. Approximately 1% of cells present in amniotic fluid have been shown to be CD117-

positive by fluorescence activated cell sorting (FACS). For immuno-selection of CD117-

positive human cells from single-cell suspensions, the cells were incubated with a rabbit 

polyclonal antibody to CD117 (c-Kit), specific for the protein's extracellular domain (amino 

acids 23-322) (Santa Cruz Biotechnology, Santa Cruz, CA). The CD117-positive cells were 

purified by incubation with magnetic Goat Anti-Rabbit IgG MicroBeads and selection on a 

Mini-MACS apparatus (Miltenyi Biotec, Auburn, CA) following the protocol recommended 

by the manufacturer. Clonal AFS cell lines were generated by the limiting dilution method in 

96-well plates.

2.2. Lentivirus infection

Clonal AFS cells were plated at 50,000 cells/well in a 6-well-plate and allowed to expand to 

become approximately 90% confluent. The mKATE-renLUC lentivirus was a kind gift from 

Dr. Frank Marini (Wake Forest School of Medicine, Winston Salem, NC) which encodes the 

far-red fluorescent protein and Renillaluciferin 2-monooxygenase to facilitate fluorescent 

and bioluminescent imaging. Cells were exposed to 2 mL of viral supernatant at a titer of 1 

× 105 TU/mL in each well and the plates centrifuged for 90 min at 1000×g. After the spin 

inoculation, the cells were incubated for another 48 h. The cells were then sorted by FACS 

to select the mKATE positive cell population.

2.3. Contrast agent

The Gd-containing Trimetasphere® was synthesized as described previously [41]. Briefly, 

graphite rods containing gadolinium oxide were burned as the electrode in an electric arc 

discharge reactor, and the resulting soot containing Trimetasphere® metallofullerenes and 

other types of fullerene species were extracted in o-xylene and subsequently purified by a 

combination of chemical separation methods and high performance liquid chromatography 

(HPLC) to isolate Gd3N@C80 with purity at >99%. The molecular weight (1446 g/mol) of 

Gd3N@C80 was determined using matrix-assisted laser desorption/ionization (MALDI) with 

a time-of-flight (TOF) mass spectrometer. Elemental analysis determined that each 

Gd3N@C80 molecule contains three Gd atoms. Further, atomic force microscopy (AFM) 

measurement of Gd3N@C80 showed the nanoparticles are 1.1–1.3 nm in diameter consistent 

with molecular simulations.
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Gd3N@C80 was subsequently chemically functionalized to render high water solubility and 

desirable physiochemical properties for providing high T1-weighed relaxivity. Functional 

groups were covalently attached to the Gd3N@C80 cage surface through linkers that enhance 

the magnetic coupling between Gd inside the cage and surrounding water protons [42,43]. 

Hydroxylated Gd3N@C80 referred to as GdTMS(OH)χ was synthesized by reacting 

Gd3N@C80 (100 mg) with potassium superoxide (50 mg) in the presence of 18-crown-6 (8 

mg) in o-xylene (50 mL) under inert gas at room temperature for 3 h, and the reaction 

mixture was washed with toluene and ether twice each. The resultant brown precipitate was 

reconstituted in DI water followed by dialysis in water with 1000 MWCO membranes to 

remove small molecule impurities, and the product was then further purified by size 

exclusion chromatography Sephadex column to collect fractions with higher T1-weighed 

relaxivity and desired particle size distribution. The final product was stored at room 

temperature for experiments. The gadolinium content of the new contrast agent was 

determined using inductively couple plasma mass spectrometry (ICP-MS). No free Gd (Gd 

outside the carbon cage) was detected using an Arsenazo III colorimetric test.

2.4. Viability and metabolism studies

For cell labeling, Gd-containing Trimetasphere® contrast agent was diluted in cell culture 

media at 0, 10, 50, 100 or 200 μg/mL and incubated with cells for 48 h. At this time, cell 

viability was evaluated using a fluorescence-based LIVE/DEAD® cell viability assay (Life 

Technologies, Grand Island, NY) according to manufacturer's instructions. Briefly, without 

removing the media containing the contrast agent, the calcein AM and ethidium homodimer 

(EthD-1) dyes were added to the wells at the appropriate dilution. Cells were incubated for 

45 min prior to imaging with a Leica DM4000B fluorescent microscope. A researcher 

blinded to the experimental groups counted cells from 15 random fields of view, and the 

total cell viability was calculated. All studies were performed in triplicate. As a negative 

control, cells were exposed to 70% methanol for 30 min prior to the assay.

Cell proliferation was evaluated in contrast agent-labeled cells using the CellTiter 96® 

AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI) according to 

manufacturer's instructions. Briefly, AFS cells were labeled with 0, 10, 50, 100 or 200 

μg/mL Gd-containing Trimetasphere® contrast agent in a 96-well culture plate. Following 48 

h of incubation, 20 μL of CellTiter 96® AQueous One Solution Reagent was added to each 

well, and incubated for 1-4 h in a cell culture incubator. The absorbance was recorded at 490 

nm using a 96-well plate reader. All studies were performed in triplicate. As a negative 

control, cells were exposed to 70% methanol for 30 min prior to the assay.

2.5. Cell stress gene expression

To evaluate the potential for the MRI contrast agent to induce a cellular stress response not 

detectable through viability or metabolism experiments, we performed qPCR for a subset of 

genes associated with environmental stress and cellular adaption. Specifically AFS cells 

were incubated in the presence or absence of 200 μg/mL Gd-containing Trimetasphere® 

contrast agent. Following 48 h of incubation, total RNA was isolated using TRIZOL® 

reagent according to manufacturer's instructions (Life Technologies, Carlsbad, CA). 
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Complementary DNA (cDNA) was synthesized using the Thermoscript Reverse 

Transcription System.

Primer sequences used for reverse transcription-polymerase chain reaction (RT-PCR) in this 

study were as follows:

c-Fos forward primer → 5′-CAAGCGGAGACAGACCAACT-3′,

c-Fos reverse primer → 50′-AGTCAGATCAAGGGAAGCCA-3′,

c-Jun forward primer → 5′-CCA AAG GAT AGT GCG ATG TTT-3′,

c-Jun reverse primer → 5′-CTG TCC CTC TCC ACT GCA AC-3′,

HSP27 forward primer → 5′-GGCATTTCTGGATGTGAGCC-3′,

HSP27 reverse primer → 5′-AGCAGGCAGGACATAGGTGC-3′,

HSP70 forward primer → 5′-ACCAAGCAGACGCAGATCTTC-3′,

HSP70 reverse primer → 5′-CGCCCTCGTACACCTGGAT-3′,

JNK1 forward primer → 5′-GGCTCAGGAGCTCAAGGAATAG-3′,

JNK1 reverse primer → 5′-GATTCTGAAATGGTCGGCTTAG-3′,

NFKB1 forward prime → 5′-CACGAATGACAGAGGCGTGTA-3′,

NFKB1 reverse primer → 5′-GGATTAGCTCTTTTTCCCGATCT-3′,

p53 forward primer → 5′-CCCCTCCTGGCCCCTGTCATCTTC-3′,

p53 reverse primer → 5′-GCAGCGCCTCACAACCTCCGTCAT-3′.

RT-PCR reactions were run using a BioRad CFX96 and CFX384 Real-Time Systems with 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as an internal control. The 

amount of DNA immuno-precipitated was determined using quantitative realtime PCR using 

Power SYBR green PCR master mix (SA Biosciences). Relative mRNA levels were 

evaluated by BioRad CFX Manager Software (BioRad) and calculated using the 2−ΔΔCt 

method, and normalized to the expression level in AFS cells cultured without exposure to 

contrast agent.

2.6. Collagen phantoms

For in vitro studies, collagen phantoms were prepared with a final collagen concentration of 

550 μg/mL Briefly, Type I rat tail collagen (BD Biosciences, Bedford, MA) was diluted in 

ice-cold PBS to give a 2.2 mg/mL solution, after which pH was adjusted to 7.0. To 

accelerate gel formation, fibrinogen/thrombin crosslinking was employed. Fibrinogen 

(Sigma–Aldrich, St. Louis, MO) was dissolved in PBS to make a 50 mg/mL solution and 

thrombin (Sigma–Aldrich, St. Louis, MO) was dissolved in PBS to make a 20 IU/mL 

solution. All solutions were then sterile filtered with a 0.4-μm syringe filter. To embed cells 

in collagen phantoms, cell pellets were resuspended in 2.2 mg/mL collagen solution and 

fibrinogen and collagen/cell solutions were mixed together in a 1:1 ratio by volume. This 

solution was then in turn mixed with the thrombin solution in a 1:1 ratio by volume to 

induce rapid gel formation. For cell labeling, following infection with the mKATE-renLUC 
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lentivirus as described above, Gd-containing Trimetasphere® contrast agent was diluted in 

cell culture media at 10, 50, 100 or 200 μg/mL and incubated with cells for 12, 24, or 48 h. 

Following incubation, cells were washed three times in phosphate-buffered saline (PBS) and 

collected by trypsinization and counted manually on a hemocytometer with trypan blue dye 

exclusion. Cells were then suspended in the collagen phantom at 500,000 cells/mL and 

cross-linked as described above. Alternatively, for cell dilution studies, following infection 

with the mKATE-renLUC lentivirus, 100 μg/mL of Gd-containing Trimetasphere® contrast 

agent was incubated with the cells for 24 h. These cells were then resuspended in collagen 

phantoms at total cell numbers of 500,000, 250,000, 125,000, 62,500, 31,250, 15,625, 7813, 

3906, 1953, 488, 244, 122, 61 or 0 cells (n = 3) within 100 μL of gel.

2.7. Bioluminescent imaging

Bioluminescent imaging was performed using a Xenogen IVIS 100 imaging system, per the 

manufacturer's directions. For in vitro imaging of Renilla luciferase labeled cells, cells in 

collagen phantoms (as described above) were prepared containing the substrate 

coelenterazine in opaque walled 96-well plates (Corning Life Sciences, New York, NY). 

Regions of Interests (ROIs) were drawn using Living Image 2.5 software (Caliper). Photon 

radiance from each well was expressed as photons per second per centimeter squared per 

steradian and then expressed relative to the 0 cell control wells.

2.8. Mouse studies

All study procedures and protocols were approved by the Wake Forest University Health 

Sciences Animal Care and Use Committee. C57Bl/6 mice were sourced from Jackson 

Laboratories (Bar Harbor, ME). Mice (n = 3) were injected IP with ketamine/xylazine 

anesthetic and safely secured onto a Perspex work stand (Hallowell EMC, Pittsfield, MA). 

Lidocaine jelly was then applied to their vocal cords. Using a speculum mounted on an 

otoscope, a 1.22 mm diameter intubation tube was inserted through the cords into the 

trachea. A single intra-tracheal intubation was performed to administer 5 × 105 contrast 

agent-labeled cells to the lungs in a total volume of 50 μL PBS. A second group of mice (n = 

3) received saline-only and were imaged at the same time-points as animals that received 

cells.

NOD-SCID-gamma (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice were sourced from Jackson 

Laboratories (Bar Harbor, ME). Under ketamine/xylazine anesthesia, lung injury was 

induced in the right lung lobes of these mice (n = 6). Briefly, mice were placed on a 

Styrofoam base in a supine position, with their arms gently tied to the base to expose the 

chest. Care was taken not to disrupt normal breathing. Mice received a single exposure to 4 

Gy/min X-ray radiation for a total of 12 Gy exposure to the right lung lobes, with other 

tissues protected using a specifically designed lead shield. This lead shield was designed 

based on serial MRI sections, and ensured minimal radiation exposure to other tissues such 

as the heart and other lung lobes. Immediately following exposure mice were removed from 

the base and monitored until recovery. Animals will be monitored adverse events, including 

difficulty breathing, skin burns, poor appetite, insufficient weight gain, lack of urination/

defecation, reluctance to move, abnormal posturing, weight loss, or general failure to thrive. 

No adverse events were observed in this study. Twelve hours post-irradiation, 4 million 
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contrast agent-labeled AFS cells were delivered by intra-tracheal intubation, as described 

above, to 3 mice with 3 control mice receiving vehicle saline only. MRI was performed to 

track prelabeled cell localization 24 h, 1 week and 1 month following cell delivery.

2.9. Magnetic Resonance Imaging

All MRI experiments were performed on a 7.0 Tesla horizontal magnet small animal scanner 

(Bruker Biospin Inc., Billerica, MA), with an actively shielded gradient set capable of a 

maximum gradient of 400 mT/m. A custom-made Litz volume coil with 25 mm ID (Doty 

Scientific, Inc., Columbia, SC) was used for both signal transmission and receiving. An 

ECG and respiration gated FLASH pulse sequence were used for image acquisition with the 

following parameters: repetition time (TR) = 53.6 ms, echo time (TE) = 2.6 ms, flip angle 

(FA) = 30°, number of excitations (NEX) = 4, matrix size = 256 × 192, slice thickness (thk) 

= 0.60 mm, and field of view (FOV) = 3.0 cm, giving an in-plane resolution of 117 × 156 

μm. The respiration and ECG of the mice were monitored (SA Instruments Inc., Stoney 

Brook, NY). The animals were anesthetized with 3% isoflurane and oxygen at a flow rate of 

3 L/min initially, and then maintained with a mixture of 1.5% isoflurane and oxygen at a 

flow rate of 1 L/min. Mice were imaged prior to cell administration and 24 h, 7 days and 1 

month after cell administration.

2.10. Image processing

For localization of labeled cells within the lung tissue, contiguous MRI slices that covered 

the entire discernable volume of the hyper-intense region were analyzed individually. 

Mimics® software (Materialise, Leuven, Belgium) was used to specifically label the hyper-

intense regions in each slice. The criteria for a pixel to be included in the hyper-intense area 

were: the pixel must have an intensity of more than 150% of the average baseline signal 

intensity of nearby pulmonary tissue and the pixel must be located inside the pulmonary 

tissue. The 150% above background MR signal intensity threshold was selected using non-

cell control images, and this level was selected to filter MR signal that was produced by 

normal biological tissue and allow the identification of signal greater than this background 

level as contrast agent-labeled cells. This methodology reduces the risk of false positive 

detection of cells within the lung tissue. The product of that area and the slice thickness 

equaled the contribution of that slice to the total volume of the hyper-intense region. The 

volumes of the hyper-intense regions measured ranged from 0.6 mm3 to 3.4 mm3. In 

addition to these regions, anatomical features including the pulmonary area, heart, ribs and 

other tissues were also pseudo colored and compiled.

2.11. Histology

Animals were euthanized by an intraperitoneal injection of 150 mg/kg Lethobarb. The total 

lung tissue was excised following perfusion with 4% paraformaldehyde (PFA) via tracheal 

intubation. Total lung tissue was ligated at the upper trachea, excised and immersed in 4% 

PFA for 48 h and processed for histology. To detect labeled cells histologically, sections 

from throughout the total lung were cut and incubated with primary antibody for mKATE 

(1:500 rabbit polyclonal Anti-tRFP antibody, #AB234, Evrogen, Farmingdale, NY) for 1 h 

at room temperature. Sections were then incubated with secondary antibody (AlexaFluor® 

568 donkey anti-rabbit IgG, Life Technologies, Grand Island, NY) for 1 h at room 
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temperature. Slides were counter stained with DAPI (Sigma, St. Louis, MO) and mounted 

with Dako Fluorescent Mounting Medium (Dako, Carpinteria, CA). Slides were visualized 

with the Leica DM4000B fluorescent microscope to determine presence of labeled cells.

3. Results

3.1. Post-labeling cell viability, proliferation and gene expression

Human AFS cells were labeled with Gd-containing Trimetasphere® contrast agent diluted in 

cell culture media at 0, 10, 50, 100 or 200 μg/mL and incubated for 48 h. These 

concentration range and incubation times were selected based on our previous experience 

with other contrast agents. Cells appeared to uptake the contrast agent following exposure, 

and successful cell labeling could be visualized by the brown coloration of the cell pellet 

following collection and washing. To evaluate cell viability post-labeling, cells were stained 

with calcein AM and EthD-1 dyes (Fig. 2A–F), and total cell viability was calculated 

manually. Sample viability was calculated to be 0 μg/mL: 85.8% ± 8.27%, 10 μg/mL: 91.0% 

±7.04%, with 50 μg/mL: 88.95% ± 12.3%, with 100 μg/mL: 90.1% ±12.7%, and with 200 

μg/mL: 86.2% ± 8.5% (Fig. 2G). Negative control samples treated with 70% methanol for 

30 min prior to the assay only contained dead cells. There were no significant differences in 

viability between the untreated and any dose of Gd-containing Trimetasphere® contrast 

agent-labeled cells (p = 0.67) suggesting no detrimental effect of contrast agent on cell 

viability.

To evaluate the effect of Gd-containing Trimetasphere® contrast agent-labeling on the 

proliferation of human AFS cells, we performed an MTS-based cell proliferation assay using 

cell metabolism as an indirect measure of cell proliferation. With the contrast agent 

concentrations and incubation times as described above, we did not detect any significant 

differences in cell proliferation between the untreated and any dose of Gd-containing 

Trimetasphere® contrast agent-labeled cells (p = 0.48) (Fig. 2H). However there was a slight 

trend for increased cell proliferation at 10 μg/mL contrast agent concentration. It is not clear 

if this has any biological significance.

We also investigated the potential for Gd-containing Trimetasphere® contrast agent-labeling 

of AFS cells to activate cellular response networks that are usually upregulated with cellular 

stress and can account for immuno-modulatory effects of various cell types. Specifically we 

analyzed the expression changes of genes c-Fos, c-Jun, HSP27, HSP70, JNK, NF-kB and 

p53 with, or without exposure to the highest concentration and incubation time with the 

contrast agent Fig. 3. We found no significant changes in all gene expression for all genes, 

except for HSP27. Gene expression for HSP27 following exposure to contrast agent was 

reduced approximately 4-fold (p = .049). However due to the low expression levels in the 

basal conditions it is unclear whether this finding has any biological significance.

3.2. In vitro imaging and optimization

To optimize contrast agent labeling dilution and incubation time for MRI, we re-suspended 

Gd-containing Trimetasphere® contrast agent-labeled human AFS cells in collagen 

phantoms to approximate the background MR signal of lung tissue. Cells labeled with 0, 10, 

50, 100 or 200 μg/mL of contrast agent and incubated for 12, 24 or 48 h were re-suspended 
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in the collagen phantoms at 500,000 cells/mL. The signal intensity was measured and 

expressed relative to the background signal intensity. The 12 h incubation time resulted in 

the lowest signal intensity expressed relative to background signal, with relative signal 

intensities calculated as 10 μg/mL: 1.21 ±0.07, 50 μg/mL: 1.25 ±0.06, 100 μg/mL: 1.28 

± 0.06, and 200 μg/mL: 1.34 ± 0.06 (n = 4) (Fig. 4). 24 h incubation resulted in significantly 

higher relative signal intensity at all concentrations (p ≤ 0.001, n = 4) with relative signal 

intensities calculated for 10μg/mL: 1.74 ±0.02, 50 μg/mL: 1.90 ±0.05, 100 μg/mL: 1.98 

±0.05, and 200 μg/mL: 2.12 ±0.06. Forty-eight hour incubation showed a slight decrease in 

relative signal intensity compared to 24 h incubation, with relative signal intensities 

calculated for 10 μg/mL: 1.71 ±0.07, 50 μg/mL: 1.84 ±0.05, 100 μg/mL: 1.90 ± 0.04, and 

200 μg/mL: 1.93 ± 0.04, however these differences were not significant (p = 0.08). Based on 

these data, the incubation dose of 100 μg/mL at the 24-h time point was determined to 

produce a strong MR signal while maintaining suitable cell viability and proliferation.

3.3. Evaluation of cell detection limits

We next measured the MR signal intensity in relation to a range of cell densities within the 

collagen phantoms. To enable a comparison to another commonly used cell-tracking 

modality we compared the MR signal for each cell density to that of the bioluminescence 

produced by the luciferase co-labeled cells. Although the bioluminescence produced by the 

labeled cells facilitated the easy detection of cells within the collagen phantoms, the 

detection limit of this system was above 3906 cells, at which point lower cell numbers 

became indistinguishable from the 0 cell controls (p = 0.168) (Fig. 5A). Although not 

significantly different from 0 cell controls, lower values did register a bioluminescent signal, 

however the variance between samples was large. The same collagen phantoms containing 

the mKATE-renLUC cells were also imaged using MR to provide an in vitro comparison of 

the two imaging modalities. While the MR signal produced by the contrast agent-labeled 

cells had lower maximum relative signal intensity than the bioluminescent relative signal 

intensity, the minimum detection limit was lower. At the lowest evaluated cell number (61 

cells), the MR signal produced by the cells was distinguishable from the 0 cell controls, 

producing a signal 1.552 ±0.05 times greater than the background signal (p ≤ 0.001, n = 4) 

(Fig. 5B).

3.4. In vivo imaging of contrast agent-labeled cells

To demonstrate the in vivo imaging of contrast agent-labeled cells within lung tissue, mice 

received 5 × 105 contrast agent-labeled cells to the lungs in a total volume of 50 μL PBS 

while control mice received saline vehicle only. MR images were acquired 24 h post-

delivery of cells or saline vehicle. As shown in Fig. 6A, in saline-injected animals the lung 

tissue appeared dark, with several bright areas representing blood flow in the pulmonary 

vessels and arteries. In contrast, in the animals receiving 5 × 105 contrast agent-labeled cells, 

a hyper-intense signal was observed throughout the lung lobes (Fig. 6B and Video 1), and 

appeared localized to the airway structures suggesting localization consistent with the 

airway delivery route. To confirm cellular localization, animals were euthanized 

immediately following MR imaging and the entire pulmonary tissue was processed for 

histological analysis. Tissue sections were cut in the anterior/posterior direction in order to 

match sections to the long axis slices of the MRI.
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Labeled cells were visualized using immuno-histochemical staining for the mKATE 

fluorescent tag. Low magnification histological analysis of cell localization supported the 

MR imaging data, showing similar distribution, concentration and localization of labeled 

cells as observed in each raw MRI image slice (Fig. 6C). Specifically, we observed 

concentration of cells throughout the airways, concentrated in the upper and middle lobes, 

with a lower concentration of cells reaching the lower lung lobes. Higher magnification 

histological analysis confirmed that the pre-labeled cells were present throughout the 

airways, alveoli and interstitial tissues of the mouse lung (Fig. 6D). As this short-term 

experiment was designed to confirm visualization of cells by MRI using standard 

histological methods, tissue integration, or cellular longevity within the lung tissues was not 

explored.

In order to better visualize the hyper-intense MR signal produced by the labeled cells from 

the background signal and bright appearing artifacts produced by blood flow or other factors 

within the pulmonary area, we performed post-imaging analysis to objectively define areas 

corresponding to the labeled cells. First, slice-by-slice analysis was performed to 

pseudocolor various organs to provide situational context and facilitate localization (lungs: 

pink, heart: red, bone: white, skin: orange). Assignment was performed manually using 3 

axis of visualization to ensure accurate tissue assignment. Following gating on the total area 

assigned to pulmonary tissue, pixels with an intensity of more than 150% of the average 

signal intensity of pulmonary tissue volume was pseudo colored green. This cut-off limit 

was selected based on the non-cell control MR data. An example of this assignment process 

is shown in Fig. 7. Alternatively, the data can be represented as a graded color scale 

representing voxel intensity as shown in Supplementary Fig. 1.

The major advantage of this post-imaging analysis is the ability to visualize and manipulate 

the 3D image, selecting the inclusion of other tissue types to provide situational context and 

cellular localization. The localization of labeled cells can be viewed from any angle or 

magnification as a compiled 3D structure, or as individual computed 2D slices, provided on 

any selected axis. Examples of different tissues and organ/cell selections are shown in 

Supplementary Fig. 2 and visualization of these tissues and viewing angles and 

magnifications are demonstrated in Supplementary Video 1.

3.5. Tracking cells in an in vivo injury model

We hypothesized that this imaging technique would be useful in tracking cells following 

administration to animals or human patients with lung disease or injury. The ability to track 

administered cells within the lung tissue will provide valuable information on cell homing 

and migration to areas of injury and for clinical safety studies. To investigate whether this 

imaging modality would be an effective system to visualize cell homing migration to injured 

lung tissue, we administered contrast agent-labeled cells to mice who had received targeted 

radiation injury to one half of their lung tissue, with other tissues protected using a 

specifically designed lead shield. The shield was designed to spare other tissues such as the 

heart, stomach and kidneys from radiation. This was achieved by developing a lead shield 

based on mapping individual MRI slices to select an area maximizing exposure to lung 

tissue but minimizing exposure to the heart and spinal cord. An example of the mapping 
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used for shield design is shown in Fig. 8A. One month following lung irradiation, we 

observed radiation-induced alopecia on both the ventral and dorsal areas targeted by 

radiation, demonstrating successful exposure of the lung lobes (Fig. 8B, ventral view 

shown).

Four million contrast agent-labeled AFS cells were administered via tracheal intubation 12 h 

following exposure to radiation. MRI was performed immediately prior to cell 

administration (Fig. 9A), as well as 24 h, 1 week and 1 month following cell delivery. As 

shown in the raw MR images slices, the higher cell dose (4 million vs. 0.5 million) provided 

an easily distinguishable hyper-intense region located primarily in the irradiated mouse right 

lung lobes, with minimal localization in the uninjured left lung lobe (Fig. 9B). The extent of 

MR signal and the concentration of the cells in the irradiated lung areas were surprising, and 

demonstrate the ability of this cell type to home and migrate towards an area of injury.

These measurements were repeated at the time points described above, and analyzed using 

the organ background signal and average signal intensity gating procedure as previously 

described. Twenty-four hours after cell delivery, we observed a concentration of contrast 

agent-labeled cells primarily in the irradiated right lung, with some signal also located 

within the upper left lung lobes (Fig. 10A). Cells were also concentrated in the ventral and 

posterior lung tissue within the right lung. One week following cell delivery, the 

concentration of contrast-agent labeled cells in the right lung lobes had increased, while the 

signal initially present in the upper left lung lobes was reduced (Fig. 10B). While the ventral 

concentration of cells within the right lung tissue was still observed, it appeared that the 

concentration of cells in the lower dorsal areas had decreased, and become more evenly 

distributed throughout the right lung lobe. These data demonstrate that the delivered cells 

rapidly accumulate in the areas of lung tissue exposed to radiation and remain localized in 

these areas for at least one week. Interestingly, analysis at the one-month time point, cells 

could no longer be detected in the lungs of animals, suggesting the localization of cells was 

temporary in nature (Fig. 10C). This is supported by other studies using these cells [40,44] 

showing the ability of AFS cells to rapidly migrate into damaged tissues, followed by the 

clearance of cells. Three-dimensional reconstruction of pulmonary tissue and cell 

distribution is shown in Supplementary Video 2. While this study was not designed to 

evaluate imaging of cells following long term engraftment, it demonstrates that this imaging 

modality is suitable for repeat, longitudinal analysis to track the localization of cells within 

pulmonary tissue over time.

4. Discussion

In this study we have described methodology to label an adherent stem cell population with 

a Gd-containing Trimetasphere® contrast agent without adverse effects on cell viability or 

proliferation, and which provides a strong positive MR signal that facilitates the non-

invasive tracking of administered cells within the lung tissue.

In conventional MRI, superparamagnetic iron oxide (SPIO) nanoparticles produce negative 

signals that are often confounded by the presence of artifacts due to hemorrhages, air, and 

partial-volume effects. To address these issues, some attempts have been made to generate 
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positive contrast using SPIO contrast agents. Cunningham et al. developed a methodology to 

produce positive contrast using SPIO by using spectrally selective RF pulses to excite and 

refocus the off-resonance water surrounding the labeled cells, while suppressing on-

resonance signal [45]. This technique was successful in in vitro and in vivo studies, however 

one limitation was unwanted magnetization of regions such as lipids and tissue near the 

lungs that could produce artifacts if tracking cell localization within the lung tissue.

Gadolinium chelates are the most commonly used positive contrast agents, however these 

are suboptimal for cell labeling and tracking studies because of their small size and high 

hydrophobicity, which hinder spontaneous cell uptake and retention. Gd2O3 nanoparticles 

have somewhat addressed these issues, demonstrating enhanced relaxivity and increased 

uptake efficiency. In a study described by Loai et al. endothelial cells were readily labeled 

with gadolinium oxide nanoparticles and showed positive T1 contrast using a 7 Tesla MRI 

[46]. While these studies are promising, some toxicity of the contrast agent was observed.

Our evaluation of the Gd-containing Trimetasphere® contrast agent focused on two main 

properties: (1) the passive uptake of the contrast agent by cells, while maintaining cell 

viability and proliferation, and (2) the detection of contrast agent-labeled cells within the 

lung using non-invasive, high resolution MRI. By adding the contrast agent to the cell 

culture medium, we found that the cells would uptake the agent without any need to 

stimulate or serum-starve the cells. At the doses evaluated, we could determine successful 

uptake of the contrast agent by the brown coloration of the cells, which correlated to the 

contrast agent concentration. Our results indicate that at all concentrations evaluated the 

culture and uptake of the contrast agent had no effect on cell viability, proliferation or 

induction of cellular stress responses.

Optimization of the dosing and incubation time to adequately label our stem cells with the 

contrast agent determined that a concentration of 100 μg/mL incubated for 24 h was suitable 

to produce a significant increase in the MRI signal. Increasing the incubation time to 48 h 

did not improve the signal intensity suggesting that the cellular uptake of the contrast agent 

had reached saturation at 24 h. While we did detect a higher signal when using 200 μg/mL 

of the contrast agent compared to 100 μg/mL, we believe the increased cost involved to 

achieve only a modest gain in signal was not economical (100 μg/mL: 1.98 ±0.05 vs. 200 

μg/mL: 2.12 ±0.06). The potential to reduce contrast agent concentration further, without 

diminishing signal intensity is an area worth exploring in future studies.

It is difficult to directly compare such different methodologies for cell labeling and imaging, 

such as bioluminescence and MRI due to the major differences in the labeling and imaging 

techniques. For example, to enable bioluminescent imaging of cells, our cells were induced 

to express the luciferase enzyme using genetic manipulation techniques. While this is a 

standard method in many laboratories, it is not favorable for use in primary cell lines, large 

numbers of cells, or for human clinical applications. The passive uptake of contrast agent 

may represent a more rapid and simpler labeling technique. Additionally, bioluminescence 

and MRI cell tracking modalities use different methods for reporter activation (enzyme-

catalyzed chemical reaction vs. T1 relaxation rate shortening) as well as different imaging 

techniques (photon detection vs. nuclear magnetic resonance). One main disadvantage of 
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bioluminescent cell tracking is that the data produced is two-dimensional (2D) and does not 

provide any anatomical information other than a standard 2D photographic image, unless 

combined with a secondary imaging modality such as X-ray or CT. For this reason this 

methodology has remained primarily in the research field.

For this study we infected a stem cell line with a lentivirus expressing mKATE and Renilla 

luciferase genes. This enabled us to co-label these cells with the contrast agent and perform 

both imaging methods on the same cell populations. The bioluminescent imaging produced a 

detectable signal for all cell concentrations measured, although this rapidly declined for the 

lower cell concentrations. There was also a high background signal from the surrounding 

phantom and culture plate, causing difficulties in accurately distinguishing between the 

lower cell concentrations and no-cell control wells. In comparison, the contrast agent-

labeled cells imaged with MRI produced a moderate, but distinguishable positive signal over 

all the evaluated cell concentrations. The low level of background signal produced in the 

phantoms is consistent with pulmonary tissue MR signal, suggesting that this methodology 

has the potential of visualizing very low numbers of cells within lung tissue in vivo. In this 

study the lowest cell number evaluated produced MR signal intensity that was detectable 

above background signal. While we did detect a diminishing signal with lower cell numbers, 

there still exists the potential to detect lower cell numbers. However, whether this accurately 

translates into in vivo applications needs to be explored.

We performed two in vivo proof of concept studies with the goal of demonstrating the 

potential of Gd-containing Trimetasphere® contrast agent-labeled cells to be administered 

and tracked within lung tissue. Our first experiment utilized an uninjured mouse with 

imaging performed shortly after cell delivery to evaluate whether our in vitro imaging 

methodology was translatable to the in vivo model. We confirmed that contrast agent-labeled 

cells produced a bright and detectable MR signal in vivo that could easily be distinguished 

from the surrounding pulmonary tissue. Cellular localization was confirmed using standard 

histological methods, and image processing was performed to visualize cellular localization 

and tissues in 3D. Our results indicate that the in vivo imaging methodology validates our in 
vitro imaging methodology. While not performed in this study, it may also be possible to 

quantify cell number and concentration within voxels, areas, or total lung tissue. However, 

this methodology would need to be established with in vivo dosing studies, and was outside 

of the scope of these proof-of-concept studies.

The second in vivo study was designed to demonstrate the feasibility of the use of this 

technique in longitudinal, non-invasive cell tracking studies. Use of mice with targeted 

radiation injury to one half of their lung tissue facilitated the investigation of the homing of 

the AFS cells to the injured tissue as well as the evaluation of the timing of both the 

migration and cell clearance events. We increased the delivered dose of cells from 0.5 

million to 4 million, as we anticipated the gradual loss of cells, and resulting loss of signal 

intensity over each measurement. The concentration of contrast agent-labeled cells in the 

injured lung tissue, as well as the resultant hyper-intense MR signal from these cells was 

unanticipated. At early time-points we had expected a similar cellular localization to that 

observed in the first in vivo studies, with perhaps a detectable increase in cell concentration 

in the injured lobes compared to the uninjured. However, we observed a rapid migration to 
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the injured tissue, with only small areas of uninjured lung tissue appearing to have labeled 

cells present. This was consistent with observation after 1 week of cell delivery, with the 

only detectable differences being a decrease in the signal produced in the uninjured lung 

tissue, and a slight increase and change in distribution in the injured lung tissue. For the final 

time-point of this study we observed a decrease in MRI signal similar to background levels, 

suggesting that the cells had been cleared by 1 month. While the time-points evaluated in 

this study were not ideal for these specific migration dynamics, with the majority of cell 

clearance appearing to occur between 1 week and 1 month time-point, this imaging 

methodology will now assist our future studies evaluating the specific timing of cell 

migration, persistence and clearance which would be very beneficial for clinical 

applications. Future studies will evaluate a range of cell doses, routes of administration and 

increased number of time-points to provide valuable data for the optimization of cell dosing, 

timing and delivery for future clinical trials.

While there are many advantageous aspects of this cell tracking methodology that make it 

attractive for widespread application for research and clinical studies, there are some 

drawbacks that need to be considered. Some of these problems are common to all MRI-

based cell-tracking methodologies, such as the accuracy of detection and elimination of 

susceptibility boundaries. Due to the nature of the passive labeling with the contrast agent, 

cellular division will result in the gradual dilution of the contrast agent and resulting signal. 

Further studies will need to be performed to determine at which point the signal is no longer 

detectable, or whether this property could be utilized to evaluate cellular proliferation in 
vivo, similarly to techniques utilizing fluorescent dyes (Hoechst 33342, CFSE, etc.). 

Additionally, there is the risk that the labeled cells may transfer the contrast agent to other 

cells, either through exocytosis, cell lysis or phagocytosis of the cells. This may result in the 

loss of cell signal or the production of false positives. The major advantage of the 

development of non-toxic, bright, positive contrast agents is the ability to evaluate cell 

localization within “dark” appearing tissues such as the lung. However, this property 

prevents the detection of labeled cells if they migrate out of the lung and into other tissues 

that have a brighter background signal. Additionally, caution needs to be taken when 

attempting to detect labeled cells close to larger blood vessels, as imaging artifacts can be 

produced by the movement of blood within these vessels, potentially producing false 

positive results. These factors may limit the application of this technology to localized 

administration to the airways, such as described in this study.

These studies represent the first reported use of the Gd-containing Trimetasphere® contrast 

agent to label and deliver exogenous cells to the lung, and perform longitudinal MRI to 

evaluate the dynamics of cell homing, migration and clearance within the lung. This contrast 

agent is non-toxic and produces a fast T1 relaxation time, resulting in a hyper-intense MR 

signal that is easily detectable above tissue background signal. We believe that these findings 

are a strong starting point for future pre-clinical applications of this imaging methodology 

for answering various questions about the optimum timing of administration, cell location, 

and cell viability over time. This approach may also find application in clinical studies, 

particularly for Phase I trials for cellular therapies for lung diseases such as idiopathic 

pulmonary fibrosis, chronic obstructive pulmonary disease and cystic fibrosis. The ability to 
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use a non-invasive and safe method for longitudinal tracking of delivered cells could provide 

an additional outcome measure for safety and efficacy of the therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Structure of the Gd3N cluster and C80 carbon cage, known as a Trimetasphere® (reproduced 

with permission from ECS Transactions, 13 (14) 117–124 (2008) Copyright 2008, The 

Electrochemical Society.).
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Fig. 2. 
(A–F) LIVE/DEAD assay images for the range of tested contrast agent doses (0–200 μg/mL) 

incubated with human amniotic fluid stem cells for 48 h as well as a methanol-treated 

negative control. (G) Quantification of the LIVE/DEAD assay showed no significant effect 

on contrast agent concentration on cell viability. (H) Contrast agent concentration also had 

no significant impact on cell proliferation at any of the evaluated doses.
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Fig. 3. 
Analysis of cellular response network-associated genes as biomarkers of potential cellular 

stress. These data demonstrate that Gd-containing Trimetasphere® contrast agent labeling of 

AFS cells so not activate cellular stress response networks to any detectable level (*p = 

0.049).
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Fig. 4. 
(A) Optimization of contrast agent labeling dilution and incubation time for MR imaging. 

Contrast agent-labeled human amniotic fluid stem cells were suspended in collagen 

phantoms to resemble the background signal of lung tissue and imaged. (B) Quantification 

of the MR signal intensity (relative to unlabeled cells in collagen phantom) showed strongest 

signal with the higher concentration and incubation times.
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Fig. 5. 
We compared the bioluminescence produced by the luciferase co-labeled cells to the MR 

signal for each human amniotic fluid stem cells incubated with 100 μg/mL contrast agent for 

24 h. (A) Bioluminescent imaging produced a strong signal, with the detection limit of this 

system was above 3906 cells, at which point lower cell numbers became statistically 

indistinguishable from the 0 cell controls. (B) The MR signal produced by the contrast 

agent-labeled cells had a lower maximum intensity than the bioluminescent signal, but with 

a lower minimum cell number detection limit. At the lowest evaluated cell number (61 

cells), the MR signal produced by the cells was statistically distinguishable from the 0 cell 

controls.
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Fig. 6. 
In vivo intra-tracheal delivery of contrast agent-labeled amniotic fluid stem cells. (A) In 

animals receiving saline vehicle only, the lungs appear dark with only some positive signal 

representing arterial or venous pulmonary blood flow. (B) Twenty-four hours after delivery 

of 5 × 105 labeled cells, hyper-intense signal was observed throughout the lung lobes, 

localized to the airway structures, suggesting localization consistent with the airway delivery 

route. (C) Histological analysis of cell localization supported the MR imaging data, showing 

similar distribution, concentration and localization of cells as observed in each raw MRI 

image slice at low magnification, and (D) high magnification analysis.
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Fig. 7. 
Post-imaging analysis was performed to facilitate localization and specifically define areas 

corresponding to the labeled cells. Cellular localization was evaluated using 3 axis of 

visualization (coronal, transverse and sagittal planes) to ensure accurate tissue assignment. 

Pixels with an intensity of more than 150% of the average signal intensity of pulmonary 

tissue volume were assigned as labeled cells and pseudo-colored green. Additional pseudo-

coloring of lung tissue facilitated and enhanced view of the pulmonary localization of 

labeled cells within this tissue.
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Fig. 8. 
(A) A lead shield was designed by mapping individual MRI slices to specifically injure the 

right lung lobes of the mouse, while sparing other tissues such as the heart, stomach and 

kidneys. (B) One month following lung irradiation, we observed radiation-induced alopecia 

on both the ventral and dorsal areas targeted by radiation, demonstrating successful exposure 

of the targeted lung lobes.
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Fig. 9. 
(A) Raw MRI data 12 h after partial lung irradiation and prior to cell delivery. (B) Four 

million fetal stem cells were administered post-irradiation via tracheal administration. After 

24 h after tracheal delivery, AFS cells accumulate in the irradiated mouse right lung.
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Fig. 10. 
Tracheal delivery of stem cells to mice with targeted radiation-induced lung injury. Stem cell 

accumulation within the injured lung tissue increased over a 1-week period, with a loss of 

cells from uninjured lung tissue and a slight increase in the injured tissue. After 1 month 

cells could no longer be detected.
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Video 1. 
Raw MR image data from mouse receiving 5 × 105 contrast agent-labeled cells via tracheal 

intubation.
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