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ABSTRACT A major limitation of tissue engineering
research is the lack of noninvasive monitoring tech-
niques for observations of dynamic changes in single
tissue-engineered constructs. We use cellular magnetic
resonance imaging (MRI) to track the fate of cells
seeded onto functional tissue-engineered vascular
grafts (TEVGs) through serial imaging. After in vitro
optimization, murine macrophages were labeled with
ultrasmall superparamagnetic iron oxide (USPIO)
nanoparticles and seeded onto scaffolds that were
surgically implanted as inferior vena cava interposition
grafts in SCID/bg mice. Serial MRI showed the trans-
verse relaxation times (7,) were significantly lower
immediately following implantation of USPIO-labeled
scaffolds (7,=44%6.8 vs. 71+10.2 ms) but increased
rapidly at 2 h to values identical to control implants
seeded with unlabeled macrophages (7,=63+12 uvs.
63+14 ms). This strongly indicates the rapid loss of
seeded cells from the scaffolds, a finding verified using
Prussian blue staining for iron containing macrophages
on explanted TEVGs. Our results support a novel
paradigm where seeded cells are rapidly lost from
implanted scaffolds instead of developing into cells of
the neovessel, as traditionally thought. Our findings
confirm and validate this paradigm shift while demon-
strating the first successful application of noninvasive
MRI for serial study of cellular-level processes in tissue
engineering.—Harrington, J. K., Chahboune, H.,
Criscione, J. M., Li, A. Y., Hibino, N., Yi, T., Villalona,
G. A,, Kobsa, S., Meijas, D., Duncan, D. R., Devine, L.,
Papademetri, X., Shin’oka, T., Fahmy, T. M., Breuer,
C. K. Determining the fate of seeded cells in venous
tissue engineered vascular grafts using serial MRI.
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THE DEVELOPMENT OF autologous tissue-engineered
vascular grafts (TEVGs) marks a major advancement in
overcoming the critical complications associated with
the use of synthetic conduits in surgical repairs of
complex congenital heart defects (1-4). The TEVGs
possess histological and physiological functions similar
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to those of native tissues and were designed specifically
for use in congenital heart surgery to take advantage of
their growth capacity. While our laboratory has both an
arterial and a venous model for evaluating TEVG
development (5, 6), we used the inferior vena cava
(IVC) interposition model in this study to mimic the
use of TEVGs in congenital heart surgery (7-9). The
vast majority of congenital heart repairs requiring use
of a conduit occur in low-pressure, high-flow systems,
such as in a Fontan circulation where the venacaval
circulation is shunted directly to the pulmonary circu-
lation via an extracardiac conduit (10, 11). The IVC
replacement model is a validated model for investigat-
ing the use of TEVGs in low-pressure, high-flow systems,
such as the Fontan circulation. On the basis of results
obtained using this model system, we previously per-
formed the first successful clinical study evaluating the
use of TEVGs in humans (4). The late-term follow-up
from this study is very promising and supports the contin-
ued use of TEVGs in congenital heart repairs (3).

In anticipation of continued clinical use, the work in
our laboratory has been focusing on delineating the
mechanisms of neovessel development with the goal of
creating improved, second-generation TEVGs. One ma-
jor limitation hindering this research is the paucity of
available tools for noninvasive monitoring, allowing for
repeated observations of a single tissue-engineered
vessel as it undergoes dynamic changes. To date, most
in vivo experiments designed to study the mechanisms
of neotissue development on the molecular and cellu-
lar levels have required sacrificing the host animals at
each observation point in order for the tissue to be
harvested for analysis, and thus precluding the ability to
perform longitudinal observations in a single animal
(12). Noninvasive longitudinal monitoring is increas-
ingly being looked to as a means of studying the cellular
and molecular processes occurring during neotissue
development in host organisms. The availability of such
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noninvasive methods would accelerate the develop-
ment of improved tissue-engineered constructs, drasti-
cally decrease the number of required subjects and
associated costs, as well as open the door to human
trials.

While intravital microscopy has recently been used to
noninvasively monitor the development of TEVGs
through the tracking of fluorescently labeled cells, it is
not ideal because of the significant limitation of only
being able to image superficial tissue and the inability
to penetrate polymer-based constructs used in our
tissue engineering model (13). Cellular magnetic reso-
nance imaging (MRI) has been the chosen imaging
modality for obtaining deeper insight into the under-
lying in vivo biology of many systems and cellular
processes without disturbing the native system dynam-
ics because of its ability to depict tissues with greater
spatial resolution than other clinical imaging modali-
ties (14, 15), the capacity for whole-body imaging
without ionizing radiation (16-20), and the ability for
near-cellular resolution with the aid of targeted con-
trast agents (21, 22). The most widely used contrast
agents for cellular MRI in tissue-engineering applica-
tions are dextran-coated superparamagnetic iron oxide
nanoparticles (SPIOs). MRI has greater sensitivity for
superparamagnetic agents than it does for paramag-
netic agents, such as gadolinium, which suffer from an
inherently high threshold of detectability (16, 20, 23,
24). In addition, superparamagnetic agents are iron
based and therefore benefit from a low level of cellular
toxicity. Multiple studies have shown that SPIO parti-
cles do not adversely affect cell viability, physiology,
differentiation, or migration ability (25, 26).

Several groups have used cellular MRI in the context
of investigating cellular seeding techniques and in the
visualization of cell-seeding efficiency and distribution
(27-30). Many groups have also begun to apply cellular
MRI to track the fate of cells seeded onto scaffolds
intended for tissue regeneration. Most of these studies
have been performed in vitro (31, 32), but a few groups
have performed in vivo proof-of-principle studies (33—
35). To our knowledge, there have not been any studies
that have utilized cellular MRI to answer questions
regarding the process of neotissue development after
implantation of functional tissue-engineered con-
structs. We first applied cellular MR imaging to vascular
tissue engineering in a pilot study using human aortic
smooth muscle cells (hASMCs) labeled with ultrasmall
superparamagnetic iron oxide (USPIO) nanoparticles
seeded onto TEVGs and implanted as aortic interposi-
tion grafts into mice. The animals were imaged at single
time points to reveal that the TEVGs seeded with
USPIO-labeled cells appeared darker on To,-weighted
images than unseeded scaffolds (36). It was concluded
that USPIO cell labeling enhanced visualization of the
tissue-engineered vascular constructs in Vvivo, opening
the possibility of applying MRI to temporally and
serially track cells on TEVGs in vivo that we report in
this study.

In this model, TEVGs are created by the classic
tissue-engineering paradigm, whereby cells are seeded
onto biodegradable scaffolds that are implanted in the
host’s vasculature, where they develop into neovessels.
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Until recently, the idea that cells within the seeded
population gave rise to the cells of the neovessel was the
most widely held belief about the mechanism of neoves-
sel development (37, 38). Recently, published work
from our laboratory (39, 40) has provided initial evi-
dence against this paradigm using histological and
PCR-based cell tracking and demonstrating a complete
loss of seeded cells within the TEVGs at 1 wk postim-
plantation. In addition, Hjortnaes et al. (13) have
successfully used intravital molecular imaging technol-
ogy corroborated by immunohistochemistry to monitor
the in vivo time-dependent cell reduction and replace-
ment of seeded cells by host macrophages in carotid
TEVG implants.

In this study, we sought to demonstrate our ability to
use MRI to serially track USPIO-labeled macrophages
seeded onto our TEVGs after they are implanted as
interposition grafts in the IVCs of SCID/bg mice. We
wanted to complement and confirm the validity of our
prior findings that seeded cells are lost from the
implanted scaffolds, using serial, noninvasive magnetic
resonance imaging methods in order to show that
cellular MRI is an ideal technique to noninvasively
monitor TEVG development. To achieve this, RAW
264.7 macrophages were labeled with USPIO through
in vitro culture in medium containing USPIO. The
USPIO-labeled macrophages were seeded onto poly-
glycolic acid (PGA) scaffolds that were surgically im-
planted as IVC interposition grafts in SCID/bg mice.
Images were then obtained on a horizontal bore scan-
ner to determine the transverse relaxation time (Ts)
with serial imaging. The signal intensities were verified
using Prussian blue staining for iron-containing macro-
phages. To our knowledge, this is the first study per-
formed in vascular tissue engineering that utilizes serial
MRI of a TEVG in a live-animal model to study neoves-
sel development on a cellular level.

MATERIALS AND METHODS
Biodegradable scaffolds

PGA mesh felts (Concordia Fibers, Coventry, RI, USA) were
shaped into tubes by introducing 6.0- X 6.0-mm sections into
the inlet of a cylinder with an internal diameter of 1.4 mm.
Stainless-steel 21-gauge needles were then introduced into
the opposing end to maintain the inner lumen and compress
the felt. A 5% (w/v) poly-e-caprolactone and poly-L-lactide
[P(CL/LA); Absorbable Polymers International, Birming-
ham, AL, USA) in dioxane sealant solution was injected into
the inlet of the chamber system and allowed to penetrate the
felt. The scaffolds were then frozen at —20°C for 20 min and
lyophilized for 24 h. This resulted in PGA-P(CL/LA) scaffolds
with an internal diameter of 0.9 mm.

Cell culture

Murine macrophages (RAW 264.7; American Type Culture
Collection, Manassas, VA, USA) were cultured in RPMI 1640
medium containing 10% FBS and 1% penicillin/streptomy-
cin (Gibco, Carlsbad, CA, USA). Cells were harvested between
passages 3 and 6 for all experiments.
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Incubation of macrophages with USPIO nanoparticles

Commercially available USPIO nanoparticles (Molday ION
(—); Biophysics Assay Laboratory, Worcester, MA, USA) were
supplied in 2-ml sterile sealed serum bottles with a concen-
tration of 10 mg Fe/ml. This stock solution of USPIO
nanoparticles was diluted directly with serum-free medium
(SFM; RPMI 1640 with 1% v/v penicillin/streptomycin;
Gibco) for all experiments. Macrophages were incubated at a
USPIO concentration of 2 mg/ml for 36 h in SFM.

Prussian blue staining

Prussian blue staining was performed to detect the presence
of intracellular iron. Prior to staining, cells were fixed in 10%
neutral buffered formalin (NBF; Sigma-Aldrich, St. Louis,
MO, USA) overnight. Potassium ferrocyanate (4% w/v in
distilled water) was mixed with a 20% w/v solution of
hydrochloric acid right before use. The cells were then
exposed to this mixture for 20 min before being washed 3
times with distilled water. Cells were then counterstained with
nuclear fast red counterstain (Sigma-Aldrich, St. Louis, MO,
USA) at room temperature for 5 min. Macrophages receiving
no USPIO served as negative controls, and spleen tissue
sections served as positive controls.

Cell metabolism assay

A Cell Titer 96 AQueous nonradioactive cell proliferation
assay (Promega, Madison, WI, USA) was performed after
USPIO labeling. Following the incubation period, the cells
were washed 3 times with PBS, and the assay reagent [tetra-
zolium compound; 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt
(MTS)] and an electron coupling reagent [phenazine metho-
sulfate (PMS)] were added to the cells at a 1:4 ratio with
medium and allowed to incubate for 4 h at 37°C. After 4 h, a
100-pl aliquot of each sample was added to a clear 96-well
plate, and the absorbance at 490 nm was read. The relative
cell metabolic activity was determined as the ratio of absor-
bance from wells incubated with USPIO to the control wells
(receiving no USPIO). Experiments were performed in trip-
licate.

Flow cytometry

After USPIO labeling, 7-aminoactinomycin D (7-AAD) flow
cytometry was performed and compared to macrophages
receiving no USPIO concentration. Cells were pipetted up
and down several times to remove attached cells and to break
up clumps and were then passed through a 100-pm cell
strainer and transferred to 5-ml polypropylene tubes (BD
Bioscience, San Jose, CA, USA). After centrifugation to pellet
cells (200 g for 10 min), cells were resuspended in 100 wl of
staining buffer (PBS with 1% FBS and 0.1% sodium azide).
To assess viability, 20 pl of Viaprobe (BD Bioscience) was
added to each tube and incubated on ice for 10 min. Next,
200 wl of staining buffer was added, and the cells were
analyzed on a FACSAria cell sorter (BD Bioscience). Results
were analyzed using Flowjo (Tree Star, Ashland, OR, USA).
Experiments were performed in triplicate.

Macrophage seeding of polymer scaffolds

Each PGA-P(CL/LA) scaffold was trimmed to 4 mm in length
and sterilized via incubation at 20°C under UV light in sterile
PBS. Scaffolds were washed in sterile PBS prior to seeding.

CELL TRACKING IN TISSUE ENGINEERED VASCULAR GRAFTS

Macrophages were trypsinized and collected for seeding in
RPMI 1640 medium. Approximately 5 X 10° cells were
statically seeded onto each scaffold by directly pipetting the
cell suspension into the lumen through both ends. The
scaffold was then gently compressed to encourage cell infil-
tration into the porous walls. This process of pipetting and
compression was repeated 3 times at each end of the scaffold.
Each seeded scaffold was then allowed to sit for 15 min to
allow cell adhesion. A 2l-gauge needle was then gently
threaded through the lumen of the graft to prevent occlusion
via cellular ingrowth, and each graft was incubated overnight
in 3 ml of RPMI 1640 medium.

Seeding efficiency determination

Various numbers of USPIO-labeled macrophages (1Xx10°,
5X10°% 10x10° and 15X10%) were statically seeded onto
biodegradable PGA-P(CL/LA) scaffold constructs. Seeding
efficiency was then determined by measuring the DNA con-
tent on the scaffolds with the PicoGreen detection assay
(Quant-iTTM PicoGreen dsDNA assay kit; Molecular Probes,
Eugene, OR, USA) following 24 h incubation. After 24 h
incubation, the seeded scaffolds were rinsed 3 times in PBS,
placed in 200 pl of distilled water, and stored at —80°C for a
minimum of 24 h. At the time of evaluation, scaffold sections
were thawed at 37.8°C. A black 96-well plate was loaded with
50 pl from each sample. A 30-ul aliquot of the PicoGreen dye
was mixed thoroughly with 6 ml of TrissEDTA buffer (pH
7.5), and 50 pl was added to each sample in the 96-well plate.
All assays were performed in triplicate. The plate was incu-
bated in the dark at room temperature for 10 min. Fluores-
cence was measured at 488-nm excitation and 525-nm emis-
sion. The number of cells maintained on each scaffold was
determined from a standard curve generated from a known
quantity of macrophages. A negative control of unseeded
scaffold sections was used for comparison.

MRI

All MRI experiments were performed on a 4T Bruker hori-
zontal-bore system (Bruker Bio-Spin, Billerica, MA, USA) with
custom-made bird-cage coils. For To-weighted images, a rapid-
acquisition relaxation-enhanced (RARE) spin-echo (SE) se-
quence was used with the following parameters: retention
time (Tg)/echo time (Tz) = 3000/20 ms; matrix size =
128 X 128; field of view (FOV) = 32 X 32 mm; slice
thickness = 1 mm; RARE factor = 8. For T, maps, the images
were acquired using a multispin multiecho (MSME) with the
following parameters: T/T; = 3000/18 ms, number of
echoes = 8 with Ty, spacing = 18 ms; matrix size = 128 X 128;
FOV = 32 X 32 mm,; slice thickness = 1 mm. T, maps were
generated by performing fits of the multiple images to a
monoexponential decay on a pixel-by-pixel basis using home-
written MatLab (Natick, MA, USA) software. The transverse
relaxation rate R, (1/T,) was calculated, and the results were
fitted to Ry 1aperca — R untabelea = N, where I, is the relaxivity
per cell for Molday ion, and N is the number of cells in a
1-mm slice.

In vitro MRI of cell suspensions

To determine the minimal quantity of detectable cells, de-
creasing numbers of labeled cells (25%10°, 20%10°, 15X10°,
10x10° 5X10° and 1X10°), and unlabeled cells were im-
aged in gelatin phantoms. Labeled cells were fixed in 10%
NBF overnight and were then homogenously suspended in
Histogel (Richard-Allan Scientific, Kalamazoo, MI, USA). The
known cell numbers were suspended in 500 wl of PBS using



Corning 96-well polypropylene cluster tubes (Corning, Corn-
ing, NY, USA), and then 500 pl of Histogel was added,
pipetting up and down to ensure the cells were homog-
enously suspended. Controls consisted of samples without
cells and samples with unlabeled cells. The cellular limit of
detection was determined by analyzing the T, maps of the
cellular suspensions. The number of cells in each 1-mm slice
of the homogenous cell suspension was determined by calcu-
lating the volume of the cylindrical tube used for the MRI
(height = 1 mm, radius = 3.5 mm). This number corre-
sponded to a given T, value for each sample.

In vitro MRI of scaffold suspensions

Biodegradable scaffolds were seeded with USPIO-labeled
macrophages and unlabeled macrophages, as described pre-
viously. On d 1 postseeding, the seeded scaffolds were sus-
pended in Histogel in Corning 96-Well polypropylene cluster
tubes. As controls, one tube was filled with Histogel, and one
contained an unlabeled scaffold.

Surgical implantation of scaffolds

Anesthesia was induced by inhalation of 4% vaporized isoflu-
rane in a mixture of oxygen. During the surgical procedure,
isoflurane was maintained in 0.5-1.5% without any clinical
signs of pain or changes of macrohemodynamic parameters.
On induction of anesthesia, the animals were placed in a
supine position. Using an X18 dissecting microscope (Zeiss,
Thornwood, NY, USA), a midline laparotomy was performed,
and the abdominal viscera were lateralized to allow visualiza-
tion of the abdominal aorta. Care was taken to separate the
aorta from the vena cava. Proximal and distal vascular control
of the vessels was obtained below the renal vessels and above
the iliac bifurcation. The open abdominal cavity was bathed
in warmed (37°C) heparinized saline (250 U/ml). The native
vessel was gently occluded with removable microvascular
clamps and then transected. Anastamosis to a caliber-
matched TEVG (1-mm diameter) was performed at the
infrarenal level of the IVC using interrupted 10-0 monofila-
ment nylon (Sharpoint Lab Sutures, Calgary, AB, Canada).
On completion of the distal anastamosis, the midline incision
was closed with running 5-0 prolene sutures. After laparotomy
closure, animals were monitored during recovery and placed
on a warm pad to avoid hypothermia. The animals recovered
from surgery and were maintained without the use of any
anticoagulation or antiplatelet therapy.

Animal handling was in accordance with Yale University
institutional guidelines for the use and care of animals, and
the institutional review board approved the experimental
procedures.

In vivo serial MRI

Mice with seeded labeled (n=3) or seeded unlabeled (N=3)
scaffold implants underwent in vivo imaging. For all in vivo
imaging, the mice were maintained anesthetized with 1.5%
isoflurane applied with a face mask, which allowed free
breathing. Respiration was monitored using a balloon taped
to the thorax and connected to a pressure transducer. The
mice were imaged immediately following surgical implanta-
tion of the scaffolds and on postoperative d 7. For a more
precise temporal analysis of the increase in T, signal, one
additional mouse was imaged immediately after the implan-
tation every 30 min for 9 h.
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Histological analysis

All infrarenal IVC scaffolds were explanted and fixed in 10%
NBF overnight prior to histological embedding with glycol-
methacrylate (GMA). GMA-embedded samples were stained
with Lee’s methylene blue with a nuclear red counterstain.
Scaffolds were stained for the presence of intracellular iron
with Prussian blue, as described previously.

Cell counting

Two separate sections of each scaffold explant were stained
with hematoxylin and eosin (H&E) and Prussian blue and
imaged at X400. Numbers of nuclei were counted in 4
regions of each section and averaged to determine total
cellularity. Numbers of cells staining positive for Prussian blue
were counted in 4 regions of each section and averaged to
determine total number of cells containing USPIO nanopar-
ticles.

Statistical analysis

Statistical differences were analyzed with paired and unpaired
Student’s t tests or ANOVAs. Values of P < 0.05 were
considered statistically significant.

RESULTS

Macrophage labeling with USPIO and scaffold
seeding

Successful in vitro USPIO nanoparticle cell labeling of
the RAW 264.7 cell line was achieved without affecting
cellular metabolic activity or viability by incubating
them with a USPIO concentration of 2 mg/ml for 36 h
in SFM. After cell labeling, Prussian blue staining,
performed to reveal intracellular iron deposits, consis-
tently showed a robust labeling efficiency (Fig. 14, B).
The metabolic activity and cellular viability of labeled
macrophages, as measured using the MTS assay and
flow cytometry, respectively, were not statistically differ-
ent from control macrophages (receiving a USPIO
concentration of 0 mg/ml; Table 1).

Once robust cell labeling was achieved without affect-
ing cellular metabolism or viability, the static seeding
efficiency of the USPIO-labeled macrophages onto our
PGA biodegradable polymer scaffolds was determined
to be ~8%. This is consistent with cell-seeding studies
that show a seeding efficiency between 5 and 10%,
depending on the cell line being used (30). With this
seeding efficiency, 5 million macrophages could be
statically seeded onto each scaffold resulting in reten-
tion of ~3.8 X 10° = 13% cells. Histological sections of
the seeded scaffolds showed the macrophages were
able to penetrate the pores of the PGA mesh and were
able to remain well infiltrated into the walls and
attached to the lumens and exteriors of the scaffolds,
even after scaffold manipulation (Fig. 1C, D).

In vitro MRI analysis

Labeled macrophages were homogeneously suspended
in Histogel in 7 serial dilutions from 25 X 10° to 0
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Figure 1. Evaluation of USPIO cell labeling and
scaffold cell seeding. Murine macrophages were
stained with Prussian blue to identify intracel-
lular iron. A) Photomicrograph of unlabeled
control macrophages (H&E, X400) B) Photo-
micrograph of macrophages after USPIO cell

el 2
< RS ‘E-‘Y“.
LA "s"b

. ’ >L ["L'_f:éig.

cells/ml of Histogel suspension. Ty-weighted images
were then acquired using an SE sequence. USPIO is a
T, contrast agent that shortens the transverse relax-
ation time, resulting in a hypodense (dark) signal.
Tyweighted images (Fig. 24) showed a gradual de-
crease of the signal intensity as the number of labeled
cells increased in the samples. At very high concentra-
tions of labeled cells (25><106 cells/ml), the signal loss
was no longer discernable from the background noise.
Figure 2B represents the corresponding T, maps of the
same sample; T, values decreased with increasing num-
bers of labeled cells (Table 2). At very high labeled cell
concentrations (25X10° cells/ml), the T, value could
no longer be detected since the value exceeded the
measurable threshold given the acquisition parameters’
range.

T, values were calculated for each 1-mm MRI slice,
and on the basis of known cell numbers in each 1-mm
MRI slice, the T, value was correlated with a given
number of USPIO-labeled macrophages. T, values
ranged from 202 ms for the gelatin phantom without
any USPIO-labeled macrophages to 15.4 ms for the

TABLE 1. Cell viability and metabolic activity of USP1O-labeled
macrophages

USPIO concentration (mg/ml)
Parameter n 2 0 P
Metabolic activity 6 2.99 = 0.10 3.22 £ 0.06 0.08

Cellular viability 7 63.58 = 0.89  62.99 = 2.37 0.82

Values are expressed as means * SE.

CELL TRACKING IN TISSUE ENGINEERED VASCULAR GRAFTS

labeling (H&E, X400). C) Photomicrograph of
USPIO-labeled macrophages statically seeded
onto a biodegradable scaffold (Lee’s methylene
blue, X40). D) Representative section of the
seeded scaffold in C, showing the PGA scaffold
fibers (arrowhead) and the USPIO-labeled mac-
rophages (arrow; Lee’s methylene blue, X400).

sample with 20 X 10° macrophages (the sample with
the highest amount of iron oxide that was still in signal
range). Although the T, values gradually increased for
samples B through E, as the cell numbers decreased
from 20 X 10° (~700,000 cells/1-mm slice) to 5 X 10°
(~175,000 cells/1-mm slice), T, values were consis-
tently low compared to the gelatin phantom that did
not contain any iron oxide, ranging from 15.4 to 48 ms.
It was not until the cell numbers decreased to 1 X 10°
(~35,000 cells/1-mm slice) that the T, value showed a
significant increase to 140 ms. In other words, sample E
is the first concentration of iron oxide in which the
signal void (T, shortening) begins to become apparent
compared to samples F and G (control). On the basis of
these T, values, the cellular limit of detection was
determined to be between 175,000 and 35,000 cells.
This detection limit fell well below the macrophage
retention number after static seeding (~3.8X10°*=13%
cells), providing evidence for the feasibility of MRI
detection on our biodegradable scaffolds. Figure 2E
shows the relationship between R, and labeled cell
concentration under in Vitro conditions. Ry (1/Ts)
values exhibit a linear correlation with labeled cell
concentrations (R?*=0.97).

Next, to confirm the potential for cell tracking on a
clinically relevant substrate, USPIO-labeled macro-
phages were seeded onto biodegradable scaffolds for in
vitro MRI analysis. Three scaffolds were suspended in
Histogel for MRI analysis and T, mapping, one scaffold
seeded with UPSIO-labeled macrophages, one scaf-
fold seeded with unlabeled macrophages, and one
unseeded scaffold (Fig. 2C, D). The T, values for the
scaffolds were 26.66, 45.38, and 84.50 ms, respectively
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Figure 2. In vitro characterization of USPIO-labeled macrophages and seeded scaffolds. A) Toweighted image of a gelatin
phantom using an array of concentration gradients of USPIO-labeled macrophages. Labeled cells (n): A, 25 X 10°% B, 20 X 10
C, 15 X 10% D, 10 X 10% E, 5 X 10% F, 10% G, 0. B) T, mapping of sample in panel A. C) In vitro T,-weighted image of an
unlabeled scaffold, an unseeded scaffold, and a USPIO-labeled scaffold suspended in gelatin. D) T, mapping of sample in panel
C. E) Relationship between relaxation rate R, and labeled cells in gelatin phantoms. The R? exhibits significant correlation with

labeled cell concentration (R*=0.97).

(Table 3). The region of signal void created around the
scaffold seeded with labeled macrophages was signifi-
cantly larger than the void created by the scaffold
seeded with unlabeled macrophages or the unseeded
scaffold. This confirmed that labeling macrophages
with USPIO substantially reduced the MRI signal inten-
sity around the scaffold, making it appear uniformly
dark and easily detectable on MRI. Interestingly, the T,
value for the USPIO-seeded scaffold was 26.66 ms, a
number that closely resembles the T, value calculated for
the USPIO cell suspension containing ~350,000 cells/
I-mm slice (22 ms, sample D). We investigated the effect
of background scaffold differences on the relationship
between R, (1/T,) and labeled cell concentrations. We
calculated the R, differences (AR,) by subtraction of the
R, value in the unseeded scaffold from the R, value in the

TABLE 2. In vitro T, values of USPIO-labeled macrophages

Sample Labeled cells (n) Cells in 1-mm slice (N) T, (ms)

A 25 X 10° 882,080 Out of range
B 20 X 10° 705,664 15.4

C 15 X 10° 529,248 16.5

D 10 X 10° 352,832 22

E 5 X 10° 176,416 48

F 1 X 10° 35,283 140

G Control® 0 202

?Below the limit of detection.
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scaffold seeded with labeled cells. The AR, measured was
converted to cell concentration using the standard curve
of Ry against the known labeled cells concentrations (Fig.
2E). The number of labeled cells in the scaffold was
estimated to be =~274,000 cells/mm slice thickness. The
number of cells determined using the calibration curve
corresponds to the macrophage retention after static
seeding, which is ~300,000 cells; this number was deter-
mined by performing a DNA assay after static seeding and
overnight incubation. On the basis of this result, we
believe that the higher background generated with the
scaffold does not significantly affect the correlation be-
tween the T, and the number of macrophages in vitro.
While we are confident in our in vitro correlation
between USPIO-labeled macrophage cell numbers and
relaxivity, we recognize that this correlation will not be the
same in vivo. It is very difficult to perform exact R,
(1/Ty)-based quantifications in vivo using iron oxide,
especially in longitudinal studies. In vivo, R, changes are
caused not only by the USPIO-labeled cells, but also by

TABLE 3. In vitro T, values of scaffolds seeded with
USPIO-labeled macrophages

Scaffold T, (ms)
USPIO labeled 26.66
Non-USPIO labeled 45.38
Unseeded 84.5

www.fasebj.org HARRINGTON ET AL.



motion and susceptibility artifacts caused by respiratory
rate, pulse rate, and gut pulsation. However, our in vitro
data have confirmed our ability to track USPIO-labeled
cells in vitro on our biodegradable scaffolds in quantities
that are well above our macrophage-seeding efficiency.

In vivo serial MRI analysis and cell tracking

For in vivo MRI analysis, SCID/beige mice were surgi-
cally implanted with TEVGs seeded with USPIO-labeled
macrophages (N=3) and TEVGs seeded with unlabeled
macrophages (N=3) as controls. The TEVGs were
implanted as infrarenal interposition grafts in the IVCs
of the mice. After implantation, RARE T,weighted
images were obtained immediately postoperatively
(n=3) and at 1 wk postimplantation (n=3) in all the
mice. Representative RARE To-weighted images and
their corresponding T, maps are shown in Fig. 3.

The TEVGs were easily identified retroperitoneally in
the infrarenal IVCs of mice, both immediately after
implantation and after 1 wk. T, values were calculated
for the TEVGs seeded with both USPIO-labeled and
unlabeled macrophages, as well as for other tissues,
including liver, muscle, and fat. In the Toweighted
images in Fig. 3A, B, it is difficult to see the difference
between the control and seeded scaffolds in terms of
contrast; both scaffolds created hypointensities in the
Ty-weighted images. However, the seeded scaffold cre-
ates a “blooming” hypointensity because of the USPIO
inside the cells. The T, maps reveal the differences in
T, values between the two scaffolds. Most of the pixels
in the seeded scaffold are represented by a dark blue,
which translates to a T, value of 20—40 ms. The pixels
in the control scaffold are much lighter, the T, ranged
from 70 to 80 ms. The T, values measured in all the
tissues outside of the IVC implants were similar in both
groups immediately after implantation and at 1 wk
postimplantation (Fig. 44, B).

A USPIO Scaffold B

T2 weighted images

o

T2 maps

Control Scaffold

The T, maps reveal significantly lower T, values in
the TEVGs seeded with USPIO-labeled macrophages
immediately postoperatively (T,=44%6.8 vs. 71£10.2
ms; Fig. 4A). This finding was no longer apparent at 7 d
postoperatively (T,=63*12 vs. 6314 ms). The drop
in the T, values seen in the TEVGs seeded with
USPIO-labeled macrophages verifies that the seeded
macrophages were retained on the scaffold after surgi-
cal implantation in numbers greater than the MRI
cellular limit of detection and that these cells were lost
from the scaffold by 1 wk, such that the signal differ-
ence was no longer significantly detectable. To gain
further insight into the time frame within which the
USPIO-seeded macrophages were lost from the scaffold
implants, additional mice were serially imaged in 30-
min increments immediately after scaffold implanta-
tion for up to 9 h. The T, values were calculated for
each time point and showed a rapidly progressive
increase in the T, value for the USPIO-seeded scaffold
(Fig. 4C). The T, value increased to control values by
90-120 min after implantation, indicating that the cells
are rapidly lost from the implanted TEVG.

Histological analysis

These findings were verified with histology of USPIO-
labeled and non-USPIO-labeled TEVG explants imme-
diately after implantation (T=0), at 2 h after implanta-
tion (after the T, value is shown to increase to control
levels), and 1 wk after implantation. Explants were
sectioned and stained from 4 mice at each time point
(T=0, T=2 h, T=1 wk). The scaffold explants were
embedded in GMA and stained with Prussian blue to
identify intracellular iron deposits. The numbers of
cells containing intracellular iron deposits, as well as
the total number of cells in each scaffold, were deter-
mined at each time point (Fig. 5).

There were significantly more Prussian blue-stained

Figure 3. In vivo MR imaging of labeled and
unlabeled scaffold implants. A, B) Representa-
tive axial To-weighted RARE images of mice
implanted with labeled (A) and unlabeled (B)
seeded scaffolds, illustrating the location of
implanted scaffolds (boxes). Kidneys (K) and
liver (L) are visible in the images. C, D) Corre-
sponding T, maps of the same slices, showing
T, value differences between the labeled (C)
and unlabeled (D) seeded scaffolds.

CELL TRACKING IN TISSUE ENGINEERED VASCULAR GRAFTS
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Figure 4. In vivo T, values for serial MRI of scaffold implants. A, B) T, values for scaffold implants and extravascular tissues in
mice with USPIO-labeled implants (striped bars) and mice with non-USPIO-labeled implants (open bars) imaged immediately
after implantation (A) and 1 wk postimplantation (B). C) To gain further insight into the temporal increase in the T, value in
the labeled scaffolds, T, values were calculated for scaffold implants in one additional mouse with a USPIO-labeled implant
(striped bars) and one with a non-USPIO-labeled implant (open bars) at 30-min increments starting immediately after

implantation.

USPIO-labeled cells (203.625+21.085/HPF, X400) vis-
ible immediately postimplantation (T=0) than after 2 h
(45.0+3.830/HPF, X400) or 1 wk (34.333%6.098/
HPF, X400). The number of Prussian blue-stained cells
was not significantly different after 2 h or 1 wk postim-
plantation, indicating that the majority of seeded cells
were lost from the scaffold immediately after implanta-
tion in the animal. In addition, the total number of
cells in the scaffold at T 0 and after 2 h was not
significantly different from the number of Prussian
blue-labeled cells at these time points. However, by 1 wk
postimplantation, the total number of cells in the
scaffolds was significantly higher than the number of

Prussian blue-labeled cells due to host cell infiltration.
These findings support the cellular MR imaging data
correlating the rapid increase in T, value postimplan-
tation to the rapid loss of seeded cells from the TEVG.

DISCUSSION

To our knowledge, this study is the first application of
noninvasive MRI to study the process of neotissue
development in a functional tissue-engineered con-
struct with the use of serial imaging in a living animal

>
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Figure 5. Fate of seeded cells by histological 300
analysis. Scaffold explants were stained with 200
Prussian blue to identify intracellular iron de-
posits. A) Number of Prussian blue-labeled cells
per HPF (shaded bars) and total number of

Cells / HPF (400x)

100

O Prussian Blue o
OTotal il [

. .

Time 0

2 hours 1 week

cells per HPF (open bars) were counted imme-

diately after implantation (time 0), 2 h, and 1
wk after implantation. B-D) Representative im-
ages of scaffold sections were stained with Prus-
sian blue at time 0 (B), 2 h (C), and 1 wk (D).
Arrows indicate macrophages stained with Prus-
sian blue.
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model. Prior to this study, there have not been any
studies that have used noninvasive cellular MRI to
answer questions about cellular-level processes occur-
ring after in vivo implantation. Saldanha and colleagues
demonstrated the feasibility of single-time-point visual-
ization of iron oxide particle-labeled mesenchymal
stem cells (MSCs) in ex vivo models of intervertebral
disc (33) and bovine osteochondral knee defect (34)
repairs. In 2010, Poirier-Quinot et al. (35) demon-
strated the potential of using MR imaging for visua-
lization of nonfunctional tissue-engineered scaffolds
seeded with iron oxide-labeled MSCs before and after
subcutaneous implantation in mice. In the field of
vascular tissue engineering, Nelson et al. (36) used
USPIO-labeled cells to enhance visualization of TEVGs
postimplantation. We have gone one step further by
using noninvasive serial MRI to track the fate of cells
used to seed the TEVGs. Our work supports recently
published data indicating that the cells used to seed the
TEVG preimplantation are not incorporated into the
neovessel, as previously thought (37), but are instead
rapidly lost from the TEVG postimplantation (39, 40).

To accomplish this, we first optimized USPIO incu-
bation conditions. The RAW 264.7 macrophage/mono-
cyte cell line was utilized for all experiments. This
decision was based on the fact that bone marrow
mononuclear cells have been used to seed scaffolds in
clinical studies since 2001 (41), prior analysis showing
that the bone marrow cell population is composed
predominantly of monocytes (39), and evidence that
monocytes are critical in driving neovessel formation
and maintaining graft patency (39, 42). In addition,
there is well-established evidence that macrophages are
ideal for MRI contrast cell labeling and in vivo cell
tracking (43—-45). Cell labeling was accomplished using
USPIO nanoparticles without poly-L-lysine on their
surface. The addition of poly-L-lysine to the surface of
USPIO particles can enhance cellular uptake, but it also
increases the cellular toxicity of the nanoparticles (23).
Macrophages and monocytes are traditionally known to
robustly engulf MR contrast agents without poly-L-lysine
(43, 46), and we achieved adequate cell labeling with-
out poly-L-lysine at a USPIO concentration of 2 mg/ml
without affecting cellular metabolic activity or viability.
This is consistent with previous investigations in mac-
rophage and monocyte cell lines that have found no
significant toxic effects with a labeling concentration as
high as 10 mg/ml of USPIO (43).

These labeling conditions provided a reasonable
cellular limit of detection between 175,000 and 35,000
cells. This is similar to the detection threshold of ~10°
cells that is commonly cited in other literature looking
at in vivo applications of USPIO cell tracking (17, 47,
48). When the studies are being performed in vivo, a
major complication is the motion artifact that occurs
with the respiratory rate and the heart rate. Under ideal
conditions and in organs where motion can almost be
completely eliminated, such as in the brain, single-cell
detection has become possible (17, 49-51). However,
the field is still working toward this becoming a routine
capability for use with in vivo models of cellular MRI.
For our model of vascular tissue engineering and TEVG
development, the detection limit is exactly what would
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be expected for an in vivo application dealing with an
active circulating system and respiration.

With this cellular limit of detection and a seeding
efficiency of 8%, TEVGs seeded with USPIO-labeled
macrophages were easily identified on MRI both in vitro
and in vivo, appearing larger and darker than the
TEVGs seeded with unlabeled macrophages, and caus-
ing a remarkable decrease in T, relaxivity. The USPIO-
labeled TEVGs appeared larger due to the blooming
effect, an amplification of signal changes produced by
microscopic inhomogeneities in the magnetic field that
produce a rapid dephasing of diffusing water protons,
including those some distance away, leading to a hy-
pointense effect that extends beyond the individual
particles (16, 20). Although this can be seen as a
disadvantage, in our current application the blooming
effect has actually been beneficial in allowing for an
increased sensitivity of detection of TEVGs within the
native vessel background.

For the in vivo application, USPIO-labeled biode-
gradable scaffolds were implanted as infrarenal inter-
position grafts in the IVCs of SCID/bg mice. The
SCID/bg mouse strain has been well characterized as
an adequate model for studying TEVG development,
with patency rates approaching 100% in both arterial
and venous models (39, 52). All of our TEVG implants
remained patent without evidence of stenosis or throm-
bosis at the time of explantation. T, mapping of the
IVC scaffold implants showed a drop in T, signal
intensity immediately after implantation that was no
longer observed at 1 wk postimplantation. Serial imag-
ing in 30-min increments revealed the T, signal in-
creased to control levels within 90-120 min of implan-
tation. This rapid increase in T, signal intensity
correlates with the loss of USPIO-labeled cells from the
scaffolds, as verified with Prussian blue staining for the
presence of iron oxide-labeled cells. The number of
iron oxide-labeled cells decreases significantly as early
as 2 h postimplantation and is not statistically different
from this point to 1 wk postimplantation, leading us to
believe that all of the iron oxide-labeled cells are lost
from the implanted scaffold by 2 h postimplantation.
These data support recently published work (39, 40)
showing that the seeded cells are rapidly lost from the
TEVG postimplantation and are not detectable in the
neovessel. Roh et al. (39) tracked the fate of seeded
human bone marrow-derived mononuclear cells in our
immunodeficient mouse model of TEVG development.
Serial postimplantation monitoring with histology and
PCR showed that the number of human cells within the
TEVGs after 1 wk was below the limit of detection by
PCR. Hibino et al. (40), tracked the fate of seeded
syngeneic bone marrow-derived mononuclear cells
labeled with green fluorescent protein (GFP) in
an immunocompetent mouse model, which similarly
showed the rapid loss of cells by GFP DNA quantifica-
tion. In both instances, the loss of the seeded cells was
accompanied by a rapid infiltration of host monocytes/
macrophages and, eventually, by host endothelial and
smooth muscle cells. Although both of these works and
our present study have clearly shown the rapid loss of
the seeded cells, we are still uncertain of the exact
mechanism by which this occurs. The cells could be lost



from the implanted TEVG secondary to embolization,
apoptosis, or phagocytosis by host macrophages. We
think that a form of graft rejection is unlikely because
we are using a SCID/bg mouse strain that possesses
defective T cells and NK cells. We know that the seeded
cells are replaced by infiltrating host macrophages that
are not detectable by MRI, and we also hypothesize that
embolization is an important mechanism of cell loss in
which the cells are washed away from the TEVG after
the introduction to the circulation. Determining the
exact mechanism of the loss of the seeded cells is an
area of future investigation.

The novelty of this study is that it represents a major
advancement in the field of tissue engineering by
successfully applying noninvasive monitoring to study a
cellular-level process. Although we have already dem-
onstrated the rapid loss of the seeded cells from the
TEVG in previous works (39, 40), in order to obtain
these data, we had to sacrifice animals at each time
point to perform tissue analysis. In our present study,
we provide additional support for the fate of the seeded
cells using noninvasive monitoring with cellular MRI.
This is the first time cellular MRI has been successfully
applied for real-time serial in vivo monitoring in the
field of tissue engineering, and our data are in accor-
dance with the results of the previously mentioned
invasive approaches.

The paucity of noninvasive techniques currently
available to monitor the fate of transplanted tissue-
engineered constructs is commonly cited as one of the
major challenges facing the translation of regenerative
medicine into the clinical realm (35). A noninvasive
approach is instrumental for studying the complex
process of neotissue development. It is instrumental for
the determination of the trafficking and biodistribution
of cells in vivo after delivery. In addition, it is also
important for establishing whether the cells are func-
tioning or have differentiated into the desired cell type,
and whether the cells have reached and have remained
at their target locations. The information gained from
tracking the cells can be used in several important ways:
to ensure the appropriate route of delivery, provide
feedback about the preferred site of engraftment, and
aid in determining the optimal dosing schedule and
cell number for achieving desired therapeutic out-
comes and ensuring adequate neotissue development
(17, 53-55). Classic techniques involving histological
analysis provide superior spatial resolution in local
microenvironments but are severely limited in their
ability to resolve dynamic changes. Previously applied
noninvasive techniques, such as intravital fluorescence
microscopy, which has been used to track fluorescently
labeled cells in tissue (13), are not ideal for routine
investigations with our TEVGs because of their ability to
image only superficial or explanted tissue (56). These
data are very promising with respect to the use of
cellular MRI in tissue engineering as the preferred
method of noninvasive cellular monitoring.

However, there are still several limitations associated
with the use of USPIO particles for cell tracking and the
currently available MRI technology. One major limita-
tion is the fact that iron oxide is a T, contrast agent that
creates a hypointense (dark) signal. This signal may be
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confounded with similar hypointense MR signals origi-
nating from the vasculature, hemorrhages, or tumors
(25). In addition, void detection is dependent on image
resolution, a parameter limited by partial volume ef-
fects (55). These drawbacks are being overcome by the
trend of producing agents with lower thresholds of
detectability, the installation of scanners with higher
field strengths (23), and a focus on imaging the off-
resonance effects (17). A final solution to this problem
involves the development of gadolinium-based nano-
particulate contrast agents that have better cell toxicity
profiles (57).

Another confounding factor is the possibility that the
loss of MR signal could be caused by dilution of the
contrast agent through cell division or biodegradation
instead of dispersion of cells carrying the label (36).
However, many research groups have shown that al-
though the iron load is diluted with cell division, the
signal is still strong enough to be detected for =7 d and
even longer depending on the rate of cell division and
initial iron load (26, 35, 36). In our work, it is possible
that the increase in T, signal was caused by the rapid
exocytosis or metabolism of the iron oxide particles.
However, this is unlikely due to the time frame with
which the signal increased and previously reported
evidence that macrophages are able to retain endocy-
tosed iron oxide particles in large enough quantities to
produce a drop in MR signal intensity for =10 d
postlabeling (43). Terrovitis et al. (31) demonstrated
ferumoxide labeling that remained effective on scans
up to 4 wk after the labeling procedure.

One major limitation with bringing this technology
into the clinical realm is the current lack of interest in
MR-compatible device development (17). MRI has not
yet become a part of standard laboratory equipment.
This is mostly due to the large investment that goes into
maintaining a superconducting MRI device, as well as
the lack of development of specially designed coils and
other equipment necessary to image samples of multi-
ple sizes and shapes (58). In addition, the most widely
used strategy for increasing the spatial resolution (a
requirement for cell tracking application) requires the
use of high-field MRI to increase the signal-to-noise
ratio in a voxel by enhancing the magnetic field
strength. However, high-field MRI is not currently
available in the clinical setting and has several limita-
tions, such as high cost, reduced bore size, and artifact
susceptibility.

Although there are still significant limitations with
this technology, more groups are realizing the impor-
tance of using noninvasive techniques to study the
dynamic changes that occur as their tissue-engineered
constructs develop. In our research group, we are
already performing additional cell-tracking studies.
From previous reports, we know that after the seeded
cells are lost from the implanted TEVG, there is a rapid
infiltration of host macrophages that initiate an inflam-
matory process of vascular remodeling (39, 40). The
next phase of this research will involve using cellular
MRI to track the infiltration of host inflammatory cells
into implanted TEVGs.

With the development of more sensitive MR contrast
agents and with increased access to more advanced MR
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technology, noninvasive cellular MRI will become an
integral part of vascular tissue engineering. Knowledge
gained through this research will be instrumental in
creating improved TEVGs, for directing neovessel de-
velopment, and for use in the clinical setting as a
valuable monitoring technique to improve patient
outcomes.
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