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Abstract. Reporter gene/reporter probe technology is one
of the most important techniques in molecular imaging.
Lately, many reporter gene/reporter probe systems have
been coupled to different imaging modalities such as
positron emission tomography (PET) and optical imaging
(OI). It has been recently found that OI techniques could
be used to monitor radioactive tracers in vitro and in living
subjects. In this study, we further demonstrate that a reporter
gene/nuclear reporter probe system [herpes simplex virus
type-1 thymidine kinase (HSV1-tk) and 9-(4-18F-fluoro-
3-[hydroxymethyl] butyl) guanine ([18F]FHBG)] could be
successfully imaged by OI in vitro and in vivo. OI with
radioactive reporter probes will facilitate and broaden the
applications of reporter gene/reporter probe techniques
in medical research. C©2010 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.3514659]
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Molecular imaging combines molecular biology and medical
imaging, allowing the visualization of cellular processes in liv-
ing subjects at the molecular level. Reporter gene/reporter probe
technology is a powerful molecular imaging technique that pro-
vides a generalizable method for noninvasive imaging of protein
expression, protein function, and protein-protein interaction.1

Reporter gene imaging has been widely used in biomedical re-
search to address many fundamental biological problems, in-
cluding monitoring the progress of cancers, screening drugs,
monitoring gene therapy, and tracking the fate of cells.2

Many reporter gene/reporter probe systems have been cou-
pled with different imaging modalities over the past two decades.
For reporter gene optical bioluminescence imaging (BLI), lu-
ciferase as a reporter gene with D-luciferin or coelenterazine as
the substrate has been widely used.2 Because of the extremely
low background, this imaging system can monitor luminescence
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light with high sensitivity. However, the light produced from the
enzyme/substrate reaction usually has a peak less than 600 nm
and thus displays poor tissue penetration.3 For nuclear imag-
ing, a well-established radionuclide-based imaging reporter
gene/reporter probe system is the herpes simplex virus type-1
thymidine kinase (HSV1-tk) enzyme, and radio-labeled uracil
nucleoside or acycloguanosine derivatives such as 9-(4-18F-
fluoro-3-[hydroxymethyl] butyl)guanine ([18F]FHBG), or 2′-
[18F]fluoro-5-ethyl-1-β-D-arabinofuranosyluracil ([18F]FEAU)
as the reporter probe.4, 5 Another is the sodium iodide symporter
and the reporter probe radioiodine or 99mTc-pertechnetate.6, 7

In using these approaches, several disadvantages arise, namely
that nuclear reporter gene systems require positron emission
tomography (PET) or single photon emission computed
tomography (SPECT), which are expensive and may not be
easily accessible to many researchers.

Recently, we and others have found that a variety of radioac-
tive materials (β + and β − emitters) could be detected by OI
techniques. It has been successfully demonstrated that radioac-
tive molecular probes such as 2-deoxy-2-[18F]fluoro-D-glucose
([18F]FDG), Na18F, Na131I, 90YCl3, and 90Y labeled tumor tar-
geting peptides could be noninvasively imaged in small ani-
mals by optical imaging instruments. This is mainly attributed
to the ability of radioactive materials to produce low energy
visible photons (1.2 to 3.1 eV, 400 to 1000 nm) associated
with Cerenkov or Bremsstrahlung radiation.8–11 In this research
study, we further evaluated the feasibility of using OI to monitor
the nuclear reporter gene/reporter probe systems. HSV1-tk and
[18F]FHBG was thus chosen as a model system in this study. The
C6 rat glioma cell line stably transfected with HSV-sr39tk plas-
mids (C6-tk) (12) was used, and the in-vitro [18F]FHBG uptakes
in C6-tk cells were measured by both an IVIS optical imag-
ing system (Caliper, Hopkinton, Massachusetts) and a gamma
counter (Perkin Elmer, Waltham, Massachusetts). Finally, we
performed in-vivo imaging studies of the reporter gene/reporter
probe using both OI and PET, followed by a biodistribution
study.

The in-vitro [18F]FHBG cell uptake study was performed
as previously described with minor modifications.12 Briefly,
C6-tk cells were seeded into 12-well plates at a density of
5×105 cells per well 12 h prior to the experiment. The C6 cell
line without transfection was used as a negative control. The
cells were then incubated with [18F]FHBG (∼107 kBq/well,
3 μCi/well) at 37◦C for 15, 30, 60, and 120 min. Tu-
mor cells were washed three times with chilled phosphate
buffered saline (PBS) and harvested with 0.25% trypsin/0.02%
ethylenediaminetetraacetic acid (EDTA) (Invitrogen, Carlsbad,
California). The cell suspensions were transferred to a 96-well
flat bottom black plate (Nunc) and imaged by an IVIS 200 sys-
tem (Caliper). Luminescent images were taken without a filter
[see Fig. 1(a)]. The exposure time was 5 min. Then, the radioac-
tivity of the cell suspension was measured in a gamma counter
(Packard, Meriden, Connecticut). The in-vitro cell uptake results
were expressed as the percentage of the applied activity with
decay correction [see Fig. 1(b)]. Experiments were performed
twice with triplicate samples for each time point. Both OI and
gamma counting show a rapid and high uptake of [18F]FHBG
in C6-tk cells, whereas nontransfected C6 cells show very low
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Fig. 1 In-vitro cell imaging (a), (b), and (c) and sensitivity comparison
studies of OI and PET (d). Shown are (a) C6 cell uptakes monitored by
OI; (b) quantification and (c) correlation of C6 cell uptakes from both
OI and gamma counting (GC) results; and (d) different radioactivity
monitored by OI and PET [OI: 0.96, 0.60, 0.24 and 0.12 μCi (35.48,
22.18, 8.88 and 4.44 kBq); PET: 0.10, 0.06, 0.02 and 0.01 μCi (3.55,
2.22, 0.89 and 0.44 kBq)] (n = 4).

cell uptake [see Figs. 1(a) and 1(b)]. More importantly, an
excellent correlation has been obtained between OI and gamma
counting results [see Fig. 1(c), r2 > 0.95]. These findings lay the
foundation for further in vivo studies to validate the feasibility
of using OI for monitoring the nuclear reporter gene system.

Prior to in-vivo imaging, comparison studies were performed
to evaluate the detection sensitivity of the IVIS 200 OI sys-
tem (Caliper) and the small animal PET (microPET R4 rodent
model scanner, Siemens Medical Solutions USA, Washington,
D.C.). Serial samples containing different amounts of radioac-
tivity (Na18F) were prepared in 300 μl of water (ranged from
0.01 to 1 μCi) and imaged by OI and PET [see Fig. 1(d)]. A
5-min imaging time was applied to both modalities. For PET,
signal-to-noise ratio (SNR) of 32.1 is obtained from 0.01 μCi
(0.44 kBq) of 18F, while OI can detect 0.1 μCi (4.4 kBq) of 18F
with a SNR of 1.7. It was found that 18F samples lower than
0.1 μCi could hardly be differentiated from background in OI
images. PET excels OI in both sensitivity and imaging contrast.
The difference in sensitivity between the two modalities could
be attributed to the weak photon production of radionuclides and
thus low signal intensities from 18F in OI. Although less sensi-
tive than PET, OI demonstrates promising detection capability
and warrants further in-vivo experiments.

All animal studies were carried out in compliance with fed-
eral and local institutional rules for the conduct of animal ex-
perimentation. Mice bearing two tumors (C6-tk and C6) were
then used for in-vivo studies. The C6-tk (left) and C6 (right)
cells were injected contralaterally in the dorsal shoulder re-
gion of each mouse (2×106 cells/mouse; athymic nude mice
were purchased from Charles River Laboratories, Wilmington,
Massachusetts, n = 6). Approximately 10 days later, when
tumor size reached about 1 to 1.5 cm in diameter, small an-
imal PET and OI were performed using the mice and the
PET probe [18F]FHBG. Images at 1 and 2 h were obtained
by both OI and PET. Results are shown by average radiance
(photon/second/cm2/str) for OI and percentage of injected dose
per gram (%ID/g) for PET based on the method previously
described.13 At 1 h after tail vein injection of [18F]FHBG (10

Fig. 2 In-vivo imaging using OI and PET. Mice bearing C6-tk and C6
tumors can be imaged by both (a) OI and (b) PET. (c) Statistical analysis
was performed for both modalities (n = 6).

to 11 MBq, 270 to 300 μCi), C6-tk tumors can be clearly de-
lineated using OI, while there is minimum tracer uptakes in the
control C6 tumors (see Fig. 2). The strong signals in the lower
part of the mouse body [Fig. 2(a)] are due to the presence of the
radioactivity in the bladder. PET imaging shows a similar pat-
tern of tracer distribution [Fig. 2(b)]. At 2-h postinjection, with
the elimination of [18F]FHBG, only C6-tk tumors can be clearly
visualized in both imaging modalities (see Fig. 2). Figure 2(c)
shows the statistical analysis of tumor to normal tissue (T/N)
ratio for both imaging modalities at 1- and 2-h postinjection.
Compared to OI, PET displays higher T/N ratios (OI: 2.6 ± 0.5
at 1 h, 5.1 ± 1.1 at 2 h; PET: 43.2 ± 8.4 at 1 h, 143.0 ± 14.8
at 2 h).

To further compare the imaging results obtained from OI and
PET, biodistribution studies were conducted. Mice were sacri-
ficed and different organs were collected at 1-h postinjection
of [18F]FHBG. OI images were obtained for these radioactive
organs, and quantification analysis of optical images was per-
formed using Living Image software version 3.1 [see Fig. 3(a)].
Meanwhile, the radioactivity of the organs was also measured us-
ing a gamma counter after weighing, and the radioactivity uptake
in the tumor and normal tissues was calculated and expressed as
a percentage of the injected radioactive dose per gram of tissue
(%ID/g) [see Fig. 3(b)]. For optical imaging of the organs, the
C6-tk tumor, the kidney, and the intestine were clearly visible at
1-h postinjection. Quantification analysis also revealed that they
were the organs with the highest optical signals, while all the
other organs displayed minimum light intensities [see Fig. 3(a)].
It was also found that biodistribution patterns obtained through
these two approaches were consistent [see Figs. 3(a) and 3(b)].
Compared with the intestines, much higher signals from the
kidney are observed, which indicates that the clearance route of
[18F]FHBG is mainly through urinary excretion.

The ratio of kidney to tumor uptake of [18F]FHBG at 1 h
was also calculated to be 2.3 versus 1.4, for gamma counting
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Fig. 3 Biodistribution studies measured by (a) OI or (b) gamma count-
ing at 1-h postinjection of [18F]FHBG (n=6).

versus OI quantification, respectively. This discrepancy could
mainly originate from the diverse optical properties of different
tissues, which ultimately affects light imaging and quantifica-
tion. Compared with the C6-tk tumor, the kidney contains more
hemoglobin that absorbs more optical photons. Moreover, un-
like high energy gamma rays, the low energy photons have very
weak tissue penetrability. Light sources deeper in the tissue con-
tribute less for the total optical signals than those closer to the
surface. Therefore, the kidney/tumor ratio measured by OI is
lower than that obtained by gamma counting. Overall, PET has
a better quantitative capability than OI. However, radioactive OI
can still serve as a qualitative or semiquantitative research tool
for radioactive reporter probe studies. The radioactive OI signals
also have a uniquely wide wavelength of emission spectrum.9

The emissions in the near-infrared range are especially favor-
able for OI in living subjects. In comparison with current reporter
gene imaging using BLI probes, radioactive reporter probes may
offer a better option for 3-D OI reconstruction.

In conclusion, the low energy photons produced by
[18F]FHBG radiation can be easily imaged by OI instruments
both in vitro and in living small animals. This work for the first
time demonstrates the feasibility of using OI as an alternative
tool for monitoring reporter gene expression with radioactive
probes. Considering the wide availability of OI instruments and
many radioactive reporter probes such as [18F]FHBG and ra-
dioiodine, OI with radioactive reporter probes will facilitate and
broaden the applications of reporter gene/reporter probe tech-
niques in medical research.
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