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Abstract
Purpose Three-dimensional fibrous scaffolds provide an envi-
ronment that enhances transplanted stem cell survival in vivo
and facilitates imaging their localization, viability, and growth
in vivo. To assess transplanted stem cell viability on biocom-
patible polymer scaffolds in vivo, we developed in vivo
imaging systems for evaluation of implanted viable neural stem
cells (NSC) and mesenchymal stem cells (MSC) on scaffolds
using luciferase or sodium/iodide symporter (NIS) genes.
Methods Firefly luciferase stably expressing-C6 cell was
established (C6-Fluc). The human neural stem cell, F3, was
infected with adenoviral vector carrying luciferase gene
(F3-Fluc) and MSC expressing NIS controlled by ubiquitin

C promoter using lentiviral vector was established by
treating blasticidine for 2 weeks (MSC-NIS). Chitosan
and poly L-lactic acid (PLLA) scaffolds were used for in
vivo image. In vivo expression of luciferase and human
NIS was examined by bioluminescence image or 99mTc-
pertechnetate gamma camera image, respectively. The cell/
scaffold complex was implanted into subcutaneous or
abdominal area of BALB/C nude mouse. For quantitative
evaluation of cell viability, regions of interest were drawn
on 99mTc-pertechnetate scintigraphy by manual.
Results The gradual increase of luciferase activity was
observed in C6-Fluc seeded with chitosan according to the
increase in the number of cells. C6-Fluc/chitosan complex
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subcutaneously implanted into nude mice showed longitu-
dinal bioluminescence image until 34 days. Luciferase
image of abdominal-injected C6-Fluc/PLLA complex was
saturated in only 14 days, showing great cell growth due to
abundant nutrients. F3 cells showed well-incorporated
pattern with fibrous chitosan scaffold using scanning electron
microscopy. F3 infected with Ad-Fluc showed >100-fold
higher luciferase activity than luciferase activity in F3. Cell-
number-dependent increase of luciferase activity was shown
in F3-Fluc seeded on chitosan. F3-Fluc incorporation into
chitosan after abdominal injection was clearly visible on
bioluminescence image up to 11 days. Radionuclide imaging
showed higher uptake by MSC-NIS on PLLA scaffolds than
by MSC-NIS not seeded on a scaffold. Quantitative data
showed significantly better survival of MSC-NIS on PLLA
scaffolds than without scaffold at 72 h post-implantation,
which concurred with histologic findings.
Conclusion These results suggest that NSC-Fluc and MSC-
NIS cells incorporated within polymer scaffolds can be
monitored on a long-term basis by serial in vivo imaging. We
believe that a biocompatible scaffold-based imaging system
could be used to assess stem cell viabilities in a non-invasive
way to aid the development of regenerative therapeutics.
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Introduction

Tissue engineering technology will in the future probably
enable treatment of a wide spectrum of diseases that are
associated with significant tissue losses in the human
body. Two major strategies are used to achieve this goal:
One involves the direct introduction of cell suspensions
into tissues of interest and the other involves the
transplantation of pre-cultured cells on scaffolds serving
as templates for tissue reconstitution [1, 2]. Polymer
scaffolds that provide biomechanical support for stem
cells have been widely used in regenerative therapeutics to
restock lost tissue space with appropriate numbers of cells
[3–6]. Recent reports have suggested that neural stem cells
on nanofibrous scaffolds are biologically and mechanically
stable and that their differentiations are well supported,
thus, demonstrating the suitability of the scaffold approach
for tissue engineering [7, 8]. However, we need to
examine how many grafted stem cells survive on trans-
planted scaffolds and whether these cells proliferate and/or
differentiate in vivo after transplanting stem cell–scaffold
complexes. Molecular imaging techniques might serve this
purpose by enabling the repetitive monitoring of im-
planted stem cells attached to scaffolds.

Recent advances in molecular imaging techniques enable
us to investigate the localization, survival, and proliferation
of grafted stem cell non-invasively in vivo. However,
unlike cancer cells, stem cells do not always form masses
after implantation but rather spread to their favorite niches.
Moreover, if they remain in situ, growing stem cell masses
may become necrotic internally before cell masses are
excessive. On the other hand, if stem cells are transplanted
as cell–scaffold complex, the extended surface areas of
scaffolds should help the stem cells settle down in vivo in a
scaffold cage preventing internal necrosis. Cell–scaffold
complexes, thus, might aid molecular stem cell imaging of
cell proliferation or differentiation in vivo in the long term.

Poly L-lactic acid (PLLA) is an FDA-approved polymer
that is easily hydrolyzed in vivo, and a wide variety of
tissue engineering applications have demonstrated the
ability of PLLA to form cell–scaffold complexes in vivo
[9, 10]. Chitosan is a derivative of chitin with excellent
biocompatibility properties and forms stable and porous
crystalline structures and, thus, is suitable for cell trans-
plantation/regeneration studies [11, 12]. Moreover, fibrous
polymer forms of these materials can be infiltrated easily by
transplanted cells. In the present study, we chose chitosan
and PLLA, which are both biocompatible and biodegrad-
able, to produce cell/scaffold complexes for the in vivo
monitoring of transplanted stem cells.

Luciferase is a good reporter transgene to monitor stem
cell behavior in vivo in small animals due to its high
sensitivity and low background activity despite its relatively
low tissue penetration. Sodium iodide symporter (NIS), a
transmembrane protein, which selectively transports iodide
anion into thyroid cells, can also be used as a reporter gene
and had the advantages of easier imaging with 99mTc-
pertechnetate or 123I and better quantification [13, 14].
Two cell lines, human neural stem cells (F3) and rat
mesenchymal stem cells, were used in this study to
investigate in vivo behaviors as the potential bases of
regenerative therapies [15]. We examined the viabilities of
these two stem cells incorporated into biocompatible
chitosan or PLLA scaffolds in nude mice using NIS and
luciferase reporter genes. In addition, we proposed the
feasibility of using cell–scaffold complex for imaging the
long-term survivals of these cells based on observation of
viable cells inside three-dimensional scaffolds.

Materials and methods

Construction of pCMV-Fluc plasmid and Ad-Fluc viral
vector

The coding region of firefly luciferase (Fluc) released by
HindIII and XhoI restriction enzymes was inserted into multi-
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cloning site of the pcDNA3.1 vector (Invitrogen, Carlsbad,
CA, USA) regulated by CMV (cytomegalovirus) promoter.
Also, recombinant adenoviral vector expressing firefly
luciferase gene was cloned and purified by CsCl ultracentri-
fugation (Ad-Fluc).

Lentiviral cloning

Human NIS gene was cloned into pNenti6/UbC/V5-DEST
(Invitrogen, Carlsbad, CA, USA) under the control of
ubiquitin C promoter. Lentivirus containing NIS gene and
packaging plasmid (gag, pol, vsv-g, rev; Invitrogen,
Carlsbad, CA, USA) were transfected into a packaging cell
line (293FT) using lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA). Supernatant containing Lenti-Fluc was
collected by centrifugation (3,000 rpm, 15 min) at 72 h
post-transfection. HT1080 human fibrosarcoma cells were
infected with lentivirus with 10 μg/ml polybrene to check
NIS activity.

Cell culture and the establishments of C6-Fluc, F3-Fluc,
and MSC-NIS cell lines

C6, a rat glioma cell line, was grown in RPMI medium (Jeil
Biotechservices Inc., Korea) containing 10% fetal bovine
serum (Invitrogen, Carlsbad, CA, USA), 10 U/ml penicillin
(Invitrogen, Carlsbad, CA, USA), and 10 μg/ml strepto-
mycin (Invitrogen, Carlsbad, CA, USA).

HB1.F3 (a human neural stem cell line; provided by S.U.
Kim, Ajou University, Suwon, Korea) was cultured in
DMEM medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 5% fetal bovine serum, 5% horse serum
(Invitrogen, Carlsbad, CA, USA), 10 U/ml penicillin, and
10 μg/ml streptomycin. Rat bone-marrow-derived mesen-
chymal stem cells (MSCs; kindly donated by Dr. Kim,
Asan Medical Center, Seoul) was maintained in McCoy
medium with each supplement.

CMV-driven luciferase recombinant plasmid was trans-
fected into C6 using lipofectamine. C6 expressing stably
luciferase gene was established by selection with hygrom-
ycin (Invitrogen, Carlsbad, CA, USA) for 2 weeks (C6-
Fluc). F3 cells were also infected with Ad-Fluc (F3-Fluc).
To select stable mesenchymal stem cells expressing the
human NIS (hNIS) gene, MSC cells were infected with
lentivirus containing the hNIS gene. Twenty-four hours
after infection, cells were treated with blasticidine for
2 weeks. The stable cell line was named MSC-NIS.

Preparation of PLLA and chitosan microfibrous matrix

PLLA were dissolved in methylene chloride and acetone
(9:1 v/v) at a concentration of 10 w/v %. The polymer
solution was loaded into a glass syringe, placed in a syringe

pump, and connected the syringe to an 18-gauge needle.
Only blunt-tipped needles were used because the slope on
sharp needles would cause problems during extrusion. The
extrusion flow rate was from 0.10 ml/min. The needle tip
was immersed in a small stainless container full of
methanol as the coagulating bath fluid. Fibrous matrices
were shaped to have pore size of 150–300 μm. The fibrous
matrices were exposed to organic solvent vapor for 30 min
to bond the fibers. Chitosan fibers were prepared by
extruding 4% chitosan solution in 4% acetic acid into a
pH 13 aqueous solution. An acid-treated fiber-bonding
technique for forming three-dimensional scaffolds was
developed. Chitosan disks were fabricated by pressing
dried chitosan fibers. The chitosan disks were equilibrated
in water for pore generation and were subjected to a pH 5.6
acetate buffer for 15 s, utilizing the fact that chitosan is
partially soluble in this solution. After the matrices were
placed quickly in a 1 N NaOH solution for inhibiting
solubilizing chitosan, nonwoven chitosan fibrous matrix
was washed in distilled water and freeze-dried. This process
yielded a scaffold of chitosan fibers bonded together by the
acid treatment (fiber diameter, 25 μm; fiber density,
0.0139 g/cm3) [16, 17].

Preparation and cell seeding of chitosan or PLLA scaffold

Three-dimensional scaffolds were prepared from poly
L-lactic acid microfibers spun using a wet spinning tech-
nique. All scaffolds were provided by one of the authors (S.
J. Lee, Ewha Womans’ University College of Pharmacy).
Prior to cell seeding, all scaffolds were sterilized by wetting
in 70% isopropyl alcohol over 24 h and were then washed
with phosphate-buffered saline (PBS) three times. MSC
culture medium was used to pre-wet scaffolds for 12 h
before cell seeding.

125I uptake assay of hNIS transgene activity

MSC-NIS cells were incubated for 30 min in Hanks
balanced salt solution (HBSS) containing 0.5% bovine
serum albumin, 3.7 kBq of carrier-free Na125I, and
10 μM NaI. These cells were rapidly rinsed with cold
HBSS twice, and cells were removed using 0.2% SDS
solution [18]. Radioactivities were counted using a
gamma counter (CobraII, Packard Instrument Co, Mer-
idien, CT, USA) for iodine uptake testing. For inhibition
testing, radioactivities were counted over 30 min after
adding 50 μM KClO4.

In vitro bioluminescence assay

Cells were washed with PBS and lysed in lysis solution
at 48 h after transfection. Cell homogenates were
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transferred to a 96-well microplate after collection by
scraping. A microplate luminometer (TR717; Applied
Biosystems) was used to measure bioluminescence,
expressed as relative light units.

In vivo bioluminescence imaging

After C6-Fluc or F3-Fluc cells had been seeded onto
polymer scaffolds, cells/scaffold complexes were implanted

Fig. 1 In vitro and in vivo time course of luciferase activities in C6-
Fluc cells incorporated into chitosan scaffold. a C6-Fluc cells were
incubated in a chitosan scaffold for 24 h. A gradual increase in
luciferase activity was observed in C6-Fluc–chitosan complex as cell
numbers increased, showing similar pattern in C6-Fluc on plate. b C6-
Fluc on chitosan scaffold was implanted subcutaneously in nude mice
[regions 2 (back), 3 (left flank), 4 (right flank)]. Bioluminescence
images were acquired at 1, 7, 26, and 34 days post-implantation. C6-
Fluc without scaffold [positive control, region 1 (shoulder)] was

shielded due to its oversaturated luciferase activities at later images
(26 and 34 days post-implantation). c The 2×106 C6-Fluc cells seeded
on a PLLA scaffold were implanted intraperitoneally (region B). The
1×105 C6-Fluc cells were also injected subcutaneously as a control
without scaffold (region A). Rapid growth of C6-Fluc cells spread the
bioluminescence throughout the whole peritoneum on the day 14 post-
implantation. Total luciferase activities were summed up and depicted
in Supplementary Fig. 2. The data are the means ± SD of tetraplicates
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intraperitoneally. Ten-week BALB/c nude mice (n=4) were
anesthetized with 50 μl of ketamine–xylazine (2:1) solu-
tion, and bioluminescence images were acquired after
administering 3 mg/0.1 ml/mouse luciferase substrate
luciferin by intraperitoneal injection. Animals were placed
in an IVIS-200 equipped with a cooled CCD camera
(Xenogen, CA, USA). Bioluminescence images were
acquired by integration for 3 min.

In vivo image acquisition and analyses

99mTc-pertechnetate 15.2 MBq/0.1 ml were injected intra-
peritoneally in seven mice. Scintigraphy was acquired
30 min after injections using a single-head gamma camera
with pin-hole collimator (LEM, Siemens, Germany). All
seven mice were under ketamine sulfate (5 mg/100 g of
body weight) anesthesia. For quantification, maximum
counts per pixel in regions of interests that were drawn on
scintigraphic images were measured using an imaging tool,
M-view 5.3 (Marosys, Seoul, South Korea). To draw
regions of interest (ROIs) more accurately, all scintigraphic
images were overlapped with real photographic images.
Corrected maximum counts (CMC) were calculated using
the following formula:

Corrected Maximum Count

¼ Maximum Count per Pixel on ROI

Maximum Count per Pixel on Background
:

Histopathologic examination

All seven mice were sacrificed by cervical dislocation 80 h
post-implantation. Subcutaneous injection sites were ex-
cised with skin, and scaffold insertion sites were widely
excised. All tissues were fixed in 10% formaldehyde
solution for 24 h, then paraffin blocks were made. For
histopathological examination, hematoxylin–eosin-stained
slides were reviewed by a pathologist.

Statistical analyses

All data were processed using SPSS Ver. 12.0 k (SPSS Korea
DataSolution, Seoul, South Korea) and Excel 2002 (Microsoft
Korea, Seoul, South Korea). To compare time-corrected
maximum uptakes by scaffold, repeated measurement analysis
of variance (ANOVA) and the paired t test were used. p
values of <0.05 were considered to be significant.

Results

Production of cell–scaffold complexes in vitro using C6
tumor cells and the feasibility of in vivo bioluminescence
imaging

The stable expression of luciferase in C6 (C6-Fluc) was
confirmed using luminometer assays in vitro. Luciferase
activities of C6-Fluc were >100 higher than those of C6

Fig. 1 (continued)
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parental cells (Fig. S1). To examine the relation between C6
adhesion to chitosan scaffolds versus administered cell
numbers, increasing numbers of C6-Fluc were seeded onto
chitosan scaffolds. Twenty-four hours after mixing cells with
scaffold, luciferase activity increased gradually for C6-Fluc
cells on chitosan scaffolds, and this was similar to that of
luciferase activity in C6-Fluc seeded in plates. When C6-
Fluc/chitosan complex was removed from wells, little
luciferase activity remained, indicating that few cells over-
flowed cell–scaffold complexes regardless of the number of
cells inoculated (Fig. 1a).

To confirm the survival of C6-Fluc glioma cells in scaffolds
in vivo, C6-Fluc–scaffold complex was subcutaneously
grafted into nude mice using C6-Fluc seeded onto chitosan
scaffold incubated for 24 h in vitro (regions 2 (back), 3 (left
flank), and 4 (right flank) in Fig. 1b). The 2×105 C6-Fluc

without scaffold was grafted into left shoulders as a control
(region 1 in Fig. 1b), and this C6-Fluc showed much higher
luciferase activity due to rapid cell growth. Though survivals
of 5×105 C6-Fluc on scaffold were confirmed up to 34 days
(region 3 in Fig. 1b), individual variations were high, and
background luminescence was also observed along surgical
wounds (day 7 of Fig. 1b).

Because peritoneal cavity appeared suitable for implanting
cells in terms of space and nutrient supply, we implanted 2×
106 C6-Fluc cells seeded on a PLLA scaffold intraperito-
neally (region B of Fig. 1c). The 1×105 C6-Fluc cells were
also injected subcutaneously as a control without scaffold
(region A of Fig. 1c). Spread intense bioluminescence were
observed in the peritoneal cavities after C6-Fluc scaffold
implantation on day 1, and this activity became oversaturated
on day 14 (Fig. 1c). Luciferase activities in C6-Fluc–scaffold

Fig. 2 Adherent effect of F3-Fluc to the chitosan scaffolds in vitro
and their in vivo visualization of F3-Fluc scaffolds on optical imaging
in peritoneal cavities. a F3 adherence to chitosan scaffolds was shown
by SEM imaging at 6 days after seeding at a cell concentration of 1×
106 cells/μl. a Chitosan scaffold (×100), b F3, neural stem cells on a
chitosan scaffold (×100). b Luciferase activity in F3-Fluc on chitosan
scaffolds was found to be dependent on cell number. Bell-shaped
number activity curve in F3-Fluc cells seeded on plates was due to cell
overgrowth. c In vivo monitoring of F3-Fluc incorporated into

chitosan scaffold. Two clones of Ad-Fluc vector infected F3 cells
were implanted with scaffolds into peritoneal cavities (region B). On
day 3, bioluminescence in the abdomen of these mice showed well-
incorporated stem cells within the chitosan scaffolds. Follow-up
images of days 6 and 11; the activities of the grafted cells of group
1 were sustained until 11 days, but those of group 2 vanished probably
due to transgene silencing. C6-Fluc cells without scaffold were used
as a control on the shoulders (region A). Data are expressed as means
± SD in tetraplicates
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complexes gradually increased with time, showing rapid cell
growth in peritoneal cavities (days 6 and 14 of Fig. 1c).
Bioluminescences for each region were quantified and are
shown in Fig. S2, which showed similar total sum of
luminescence activities of region B between individuals.

In vitro validation of the production of cell–scaffold
complexes using neural stem cells (F3-Fluc) and fibrous
chitosan scaffolds

The 1×106 F3 cells were seeded onto chitosan scaffolds to
examine F3 cell attachment. Six days after cell seeding, F3
cells were found to have attached well onto fibrous chitosan
scaffolds by scanning electron microscopy (Fig. 2a). Ad-Fluc
vector was infected into F3 at a multiplicity of infection of
0.75 (F3-Fluc). Luciferase activity increased significantly in
F3 infected with Ad-Fluc as compared with parental F3
(Fig. S3). When F3-Fluc were seeded onto chitosan at
increasing cell numbers, luciferase activities increased linear-
ly up to 5×105 cells/well, whereas activities showed a bell-
shaped response according to the increase of the number of
cells and decreased when more than 4×105 cells were seeded
on a plate. This was probably due to a confluence effect
(Fig. 2b). The linear relationship between increases in the

numbers of F3-Fluc cells up to 1×106 cells in chitosan
scaffolds was confirmed in a separate experiment (Fig. S4).

In vivo bioluminescence imaging of F3-fluc–scaffold
complexes

The 1×106 F3-Fluc cells (two clones, groups 1 and 2)
and 1×105 C6-Fluc cells were seeded onto chitosan
scaffolds. F3-Fluc–scaffolds were implanted into perito-
neal cavities and C6-Fluc–scaffolds into right shoulders
as a positive control. On day 3, luciferase activity was
evident in peritoneal cavities (F3-Fluc–scaffold) and in
right shoulders (C6-Fluc–scaffold) in all mice. On day
11, luciferase activity in the peritoneal cavities of group 1
mice had increased or at least persisted, but in group 2,
luciferase activities disappeared probably due to the
transient expression of this clone infected with adenovi-
rus carrying luciferase gene (Fig. 2c). In right shoulders,
luciferase activity increased gradually in C6-Fluc–scaf-
folds up to 11 days in Groups 1 and 2 (Fig. 2c). In
another group of mice (negative controls) injected with
F3-Fluc alone (without scaffold) in the peritoneal cavity,
no luciferase activity was observed (data not shown),
probably because F3-Fluc cells could not settle in the

Fig. 2 (continued)
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Fig. 3 In vitro and in vivo activity of MSC-NIS cells with scaffold on
radioiodine uptake assay and 99mTc-pertechnetate imaging. a MSC-
NIS cells adherent to chitosan or PLLA scaffolds showed comparable
(about five-fold increase) radioiodine uptake in vitro. b The 3×106

MSC-NIS cells and c 9×106 MSC-NIS cells were seeded onto PLLA

scaffold, and this cell/scaffold complex was transplanted into mice.
Radionuclide image in MSC-NIS/PLLA scaffold region was higher
than that of MSC-NIS without scaffold. ROI analysis for MSC-NIS
cells on PLLA scaffold 72 h after implantation (3×106 cells on PLLA
scaffolds, 9×106 cells on PLLA scaffolds)
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peritoneal cavity without scaffold support, which resulted
in no bioluminescence.

In vitro validation of mesenchymal stem cells (MSC-NIS)
on PLLA scaffold using iodine uptake assays

Lentivirus-mediated NIS-transfected MSCs stably
expressed NIS genes and, thus, took up radioactive
iodine up to 18.0 times more than MSCs without NIS
(415.5±4.1 pmol/105 cells). After treatment with KClO4,
radioactive iodine uptake was completely inhibited
(Fig. S5). Chitosan or PLLA scaffolds were pre-wetted
for 24 h in serum-free medium, and 1×106 MSC-NIS and
MSC were seeded onto these pre-wetted scaffolds. MSC-
NIS–chitosan or MSC-NIS–PLLA complex showed ap-
proximately five-fold higher iodine uptake as compared
with MSC–chitosan, MSC–PLLA, chitosan, or PLLA.
Glass pipette suction was enough to remove iodine inside
scaffolds, which yielded no background activities both in
MSC and in scaffolds (Fig. 3a).

In vivo 99mTc-pertechnetate imaging of MSC-
NIS–scaffolds and the histopathologic validation
of the proliferation of implanted cells on scaffolds

Cells and cell–scaffold complexes were subcutaneously
injected into each mouse (Fig. S6. A: MSC-NIS–PLLA

scaffold, B: MSC-NIS without scaffold, C: PLLA scaffold
alone). MSC-NIS and MSC-NIS–scaffold showed specific
99mTc-pertechnetate uptake. Serial scintigraphic images
showed changes in the uptake of 99mTc-pertechnetate with
time (Fig. S7).

MSC-NIS incorporated with PLLA scaffold showed
higher radionuclide image than MSC-NIS without PLLA
scaffold (Fig. 3b: 3×106, 9×106). For quantitative
evaluation, regions of interest were defined on co-
registered images, and CMCs were determined (Fig. 3b:
3×106, 9×106). CMCs on MSC-NIS with scaffolds and
without scaffolds (Table S1) are shown in Fig. 4a–d, and
these figures show the time courses of specific 99mTc-
pertechnetate uptake in implanted areas in each group.
Repeated measure ANOVA of the MSC-NIS–scaffold
versus MSC-NIS groups (between A and B ROIs in
Fig. S6) disclosed the effect of scaffold on 99mTc-
pertechnetate uptake.

No difference in CMCs was observed between bare
MSC and non-specific background activity (Table S2). No
difference in CMC was observed between scaffold without
cells and non-specific background area (Table S3).

Implanted MSC-NIS–scaffold, MSC-NIS without scaf-
fold, and scaffold-alone excised after sacrifice revealed
increased cellular density by H&E stain in MSC-NIS–
scaffold and MSC-NIS areas but not in the site of scaffold-
alone (Fig. 5). PLLA scaffolds with or without cells showed

Fig. 4 Quantified data for
CMC curves of MSC-NIS on
PLLA scaffolds and without a
scaffold. The first three graphs
represent average CMCs of mice
treated with the same number of
cells. The last graph is of the
CMC of mouse 4. Overall
CMCs of MSC-NIS on a PLLA
scaffold were higher than those
of MSC-NIS without a scaffold.
In subject 4, two scaffolds were
implanted; CMC at 72 h post-
implantation was higher than the
mouse with one scaffold. Each
figure was represented from
Supplementary Fig. 16 data
(a mice 1a, 1b; b mice 2a, 2b;
c mice 3a, 3b; d mouse 4)
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inflammatory cell infiltration of macrophages around PLLA
scaffolds (Table 1). MSC injection sites with lower
numbers of cells (3×106 cells) showed no stem cells, and
MSC masses without scaffold sometimes showed internal
necrosis (Fig. 5c).

Discussion

Many trials on stem cell imaging have been carried out to
track grafted stem cell behaviors in vivo for cell localization,
survival, and proliferation. To monitor grafted stem cells on a
long-term bases, three-dimensional meshes that provide
spaces and surfaces for cell growth and that ‘cage’ grafted
cells are required. This space support by scaffolds eases
contact inhibition between proliferating grafted cells,
improves grafted cell survival, and enables grafted cells to
form a supported mass in vivo. For this purpose, scaffolds
should have high porosity, large surfaces, and adequate
porosity. Biocompatible polymer scaffolds help defective
tissues and organs regenerate their original masses. Cell–
scaffold complexes attached with cells grown in vitro have
become important recently in the field of cell therapy [19, 20].

Scaffolds should be easily absorbed as soon as cells have
filled defective spaces to minimize foreign body reactions.
Biocompatible polymers like chitosan or PLLA are widely

used as biomaterials for tissue reconstruction because of
their biodegradabilities, mechanical stabilities, and non-
toxic natures [21–23]. These three-dimensional polymer
scaffolds offer mechanical templates that support cell
survival and growth in vivo. In this study, we developed a
non-invasive monitoring system for stem cells within
polymer scaffolds in vivo that allow investigations of
grafted stem cell survival and growth by optical or
radionuclide imaging.

We first tested the feasibility of in vivo polymer
scaffold-cell imaging using C6 glioma cells by implanting
C6-Fluc–scaffold complex subcutaneously and intraperito-
neally. As was expected for tumor cells, the luminescence
of subcutaneously injected C6-Fluc cells without scaffold
was easily saturated with huge size of tumor mass. After
shielding this hot area with black paper, we could confirm
the survivals of tumor cells within scaffolds for up to
34 days. However, surgical regions implanted with scaf-
folds did not heal well and showed non-specific back-
ground bioluminescence, though not so hot. And C6-Fluc
cells within scaffolds in subcutaneous tissues yielded much
less luminescence, probably reflecting a poorer blood and
nutrient supply via scaffolds than ‘uncaged’ C6-Fluc tumor
cells without scaffolds. However, when we changed the
implantation site to the peritoneal cavity where nutrient
supply is ample for cell growth and survival, marked cell
growth in peritoneal cavities with tumor cells with scaffolds
was observed much the same as in subcutaneous C6-Fluc
cells without scaffold on shoulders. Peritoneal cavities
looked much favored by ‘caged’ tumor cells within
scaffolds than subcutaneous location in that the tumor cells
had spread into surroundings in peritoneal cavities outside
of scaffold cages due to their cellular overgrowth (Fig. 1c).

We chose neural stem cells and mesenchymal stem cells
because these cells may be suitable for the treatment of
neurodegenerative diseases and bone disorders, respective-
ly. The viability of neural stem cells (F3-Fluc) seeded on
PLLA scaffold was maintained for up to 11 days, but unlike
C6 cells, F3-Fluc cells should have been well-entrapped
and organized onto fibrous polymer scaffolds, which were
observed on bioluminescence images (Fig. 2c). Abdominal

Table 1 Histopathologic results of excised implanted cell–scaffold
complexes and their controls

Description Increased cellular
density

Foreign body
reaction

MSC–scaffold 3×106 − +
MSC–scaffold 6×106 + +
MSC-NIS–scaffold 3×106 + +
MSC-NIS–scaffold 6×106 + +
MSC-NIS–scaffold 9×106 + +
MSC-NIS–2 scaffolds 6×106 + +
MSC-NIS–no-scaffold 3×106 − −
MSC-NIS–no-scaffold 6×106 + −
MSC-NIS–no-scaffold 9×106 + −

Fig. 5 Histopathologic results
of the specimen excised from
the mouse 6 (9×106 cells);
a PLLA scaffold alone, b MSC-
NIS–scaffold. Around scaffold
(S), grafted cells proliferated.
c MSC-NIS without scaffold.
Grafted cells proliferated in the
subcutaneous layers and got
necrotic internally (N)

1896 Eur J Nucl Med Mol Imaging (2008) 35:1887–1898



activities of F3–scaffold complexes in mice were more
confined than tumor–scaffold complexes (Fig. 1c). For this
experiment, we used an adenoviral system associated with
non-integrative expression of transgenes and found one cell
line with persistent expression of the Fluc reporter trans-
gene (group 1) and another cell line showing rapid
silencing of the Fluc transgene (group 2 of Fig. 2c). In
group 2, lack of bioluminescence on later days might be
either due to cell loss or due to transgene silencing, which
obscured the differentiation between cell loss and transgene
loss in viable cells. In this respect, retroviral or lentiviral
system might be a better alternative in stem cell–scaffold
imaging, especially for longer term studies. In this
experiment, the activities were not quantified in vivo
because of their variable attenuation according to the depth
of location. This was the main shortcoming of optical
imaging. F3-Fluc cells injected without scaffolds in the
peritoneal cavity were not observed on site because F3-Fluc
might have spread out to the entire intraperitoneal cavity or
remote tissues as soon as these cells were injected.

Radionuclide imaging enables not only tomography but
also quantitative analysis in small animals and in humans.
In this experiment, a mesenchymal stem cell line express-
ing NIS gene (MSC-NIS) regulated by ubiquitin C
promoter was established using a lentiviral system. Visual
and quantitative analyses using grafted MSC-NIS on serial
images revealed temporal changes of 99mTc-pertechnetate
uptake by MSC-NIS with or without scaffolds. By visual
inspection, we confirmed that MSC-NIS took up 99mTc-
pertechnetate, but ROI quantification (after removing the
confounding effects of background) using corrected max-
imum counts was required to prove the beneficial effects of
scaffolds on stem cell survival. Individual variations were
prominent as shown in Fig. 4; the activities of MSC-NIS–
scaffold persisted in a certain mouse probably because
implanted stem cells survived owing to better scaffold
support and nutrient supply of that mouse. We found that
reporter NIS activities of MSC-NIS cells on PLLA
scaffolds were higher than those without a scaffold, while
these reporter activities were the same between cells with
or without scaffolds at the start in every mouse (3 h after
implantation). We think that the scaffolds allow the
required nutrition to be supplied and create spaces for
stem cells. Now, we believe that we have a tool to examine
the suitabilities of scaffolds and in vivo environments. For
example, a comparison between chitosan and PLLA or any
other polymer system can be performed in terms of their in
vivo suitability as supporting scaffolds for each cell.

In the present study, histopathologic examinations
showed mild inflammatory responses probably due to
PLLA scaffold (Fig. 5). However, no internal necrosis
was found in cell–scaffold implants, but stem cell masses
without scaffolds showed internal necrosis.

Noninvasive in vivo molecular imaging using stem
cells carrying reporter genes attached to polymer scaffolds
provides a real benefit in terms of developing stem cell
therapies using cell–scaffold complexes. Dynamic imag-
ing and the real-time monitoring of stem cell behaviors in
vivo such as survival, distribution, and proliferation are
mandatory if the beneficial effects of newly devised
scaffold supports for cells are to be understood by
elucidating benefits on survival or the proliferation of
grafted stem cells in vivo. Recently, a variety of modified
polymer scaffolds such as polymer surface modifications
were proposed to improve biocompatibility or survival
effect in vivo [24–28]. In vivo molecular imaging might
help us circumvent the effects of individual variations in
small animal experiments as this technique allows exami-
nations of single animals repetitively over several weeks.
Exploiting this advantage, this technique will allow us to
evaluate the superiority of a novel biocompatible polymer
scaffold over another. We also can evaluate cellular
differentiation patterns or regenerative induction of
grafted stem cells by modifying scaffold surfaces with
molecular attachment that induce differentiation and
promote regeneration responses [7, 29, 30].

This study represents the first successful monitoring of
grafted stem cells incorporated into biocompatible scaffolds
using luciferase or nuclear reporters for the development of
cell/scaffold-based engraftment. Application of in vivo
molecular imaging to tissue engineering using cell-polymer
scaffolds as a bio-bridge provides an approach closer to
clinical applications for the assessment of regenerative and
cell-replacement therapies.
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