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Abstract

Background: Fluorescence-guided surgery (FGS) can enable successful cancer surgery where bright-light
surgery often cannot. There are three important issues for FGS going forward toward the clinic: (a) proper
tumor labeling, (b) a simple portable imaging system for the operating room, and (c) patient-like mouse models
in which to develop the technology. The present report addresses all three.
Materials and Methods: Patient colon tumors were initially established subcutaneously in nonobese diabetic
(NOD)/severe combined immune deficiency (SCID) mice immediately after surgery. The tumors were then
harvested from NOD/SCID mice and passed orthotopically in nude mice to make patient-derived orthotopic
xenograft (PDOX) models. Eight weeks after orthotopic implantation, a monoclonal anti-carcinoembryonic
antigen (CEA) antibody conjugated with AlexaFluor� 488 (Molecular Probes Inc., Eugene, OR) was delivered
to the PDOX models as a single intravenous dose 24 hours before laparotomy. A hand-held portable fluores-
cence imaging device was used.
Results: The primary tumor was clearly visible at laparotomy with the portable fluorescence imaging system. Frozen
section microscopy of the resected specimen demonstrated that the anti-CEA antibody selectively labeled cancer
cells in the colon cancer PDOX. The tumor was completely resected under fluorescence navigation. Histologic
evaluation of the resected specimen demonstrated that cancer cells were not present in the margins, indicating
successful tumor resection. The FGS animals remained tumor free for over 6 months.
Conclusions: The results of the present report indicate that FGS using a fluorophore-conjugated anti-CEA
antibody and portable imaging system improves efficacy of resection for CEA-positive colorectal cancer. These
data provide the basis for clinical trials.

Introduction

The intent of cancer surgery is to remove malignant
tissue together with margins of presumably normal tis-

sue to ensure complete removal of abnormal cells.1–3 The
surgeon is currently limited by the contrast between the tu-
mor and surrounding tissues. The ability to make tumors
glow offers great potential advantages for tumor detection
during fluorescence-guided surgery (FGS).2

In a previous study, the green fluorescent protein (GFP)–
containing OBP-401 adenovirus,4,5 which contains the rep-
lication cassette with the human telomerase reverse tran-
scriptase promoter driving the expression of the viral E1
gene, was used to label an intraperitoneal model of dissem-
inated cancer for FGS.6

In another study, we have shown that all mice with or-
thotopic primary colon tumors expressing GFP, that had
undergone FGS, had complete resection compared with 58%
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of mice in the bright-light surgery (BLS) group. FGS resulted
in decreased recurrence compared with BLS (33% versus
62%) and lengthened disease-free median survival from 9 to
> 36 weeks. FGS resulted in a cure in 67% of mice (alive
without evidence of tumor at > 6 months after surgery)
compared with only 37% of mice that underwent BLS.7

A more complete resection of orthotopic pancreatic cancer
in nude mice was achieved using FGS compared with BLS
(98.9% versus 77.1%). The majority of mice undergoing BLS
(63.2%) had evidence of gross disease. In contrast, 20% of
mice undergoing FGS had complete resection, and an addi-
tional 75% had only minimal residual disease (P = 0.0001).
FGS resulted in significantly longer disease-free survival
than BLS (P = 0.02; hazard ratio = 0.39; 95% confidence in-
terval 0.17, 0.88).8

5-Aminolevulinic acid (ALA) accumulates as fluorescent
protoporphyrin IX in malignant glioma tissue. Compared
with normal cortex, mean protoporphyrin IX fluorescence in
vital tumor was found to be increased > 100-fold. FGS re-
sulted in complete resection in 65% of patients in the ALA
group compared with 36% in the white-light group (P <
0.0001). Progression-free survival was superior in the FGS
group compared with BLS patients, with cumulative 6-month
progression-free survival rates of 41% and 21%, respectively.9

Patient-derived orthotopic xenograft (PDOX) models de-
veloped in mice preserve peritumoral stroma and recapitulate
the biological characteristics of the disease of origin.10–12

Making the PDOX model ‘‘glow’’ with fluorescence presents
an ideal model to develop FGS.13–15

We have previously reported that a blue light-emitting
diode flashlight (LDP LLC, Woodcliff Lake, NJ) (www
.maxmax.com/OpticalProducts.htm) with an excitation filter
(midpoint wavelength peak of 470 nm) and an emission
D470/40 filter (Chroma Technology, Brattleboro, VT) for
viewing could be used for noninvasive whole-body imaging
of mice with GFP- and red fluorescent protein–expressing
tumors growing in or on internal organs.16

There are three important issues going forward toward the
clinic for FGS: (a) proper tumor labeling, (b) a simple portable
imaging system for the operating room, and (c) patient-like
mouse models in which to develop the technology. In the
present study, we demonstrate the effectiveness of a fluor-
ophore-conjugated anti-carcinoembryonic antigen (CEA) an-
tibody for FGS of a colon cancer PDOX nude mouse model
using a hand-held, portable, highly sensitive imaging system.
The results of the present report suggest the technology de-
scribed here can enable FGS of clinical cancer in the near future.

Materials and Methods

Animals

Nonobese diabetic (NOD)/severe combined immune de-
ficiency (SCID) and athymic (nu/nu) nude mice (Anti-
Cancer, Inc., San Diego, CA), 4–6 weeks of age, were used
in this study. Mice were kept in a barrier facility under high-
efficiency particulate absorption filtration. Mice were fed
with autoclaved laboratory rodent diet. All surgical proce-
dures and imaging were performed with the animals an-
esthetized by intramuscular injection of 0.02 mL of a
solution of 50% ketamine, 38% xylazine, and 12% ace-
promazine maleate. All animal studies were conducted in
accordance with the principles and procedures outlined in

the National Institutes of Health Guide for the Care and Use
of Laboratory Animals under Public Health Service Assur-
ance Number A3873-1.

Specimen collection

All patients provided informed consent, samples were
obtained, and the study was conducted under the approval of
the Institutional Review Board of the University of California
San Diego Medical Center.

Establishment of PDOX of colon cancer patient tumors

Colon cancer patient tumor tissue was obtained at surgery,
cut into 3-mm3 fragments, and transplanted subcutaneously
in NOD/SCID mice.17,18 The patient tumors were then har-
vested from NOD/SCID mice and passed orthotopically in
nude mice.12,19–22 A single 3-mm3 tumor fragment was su-
tured to the mesenteric border of the cecal wall using 8-0
nylon surgical sutures (Ethilon�; Ethicon Inc., Somerville,
NJ). On completion, the cecum was returned to the abdomen,
and the incision was closed in one layer using 6-0 nylon
surgical sutures (Ethilon).12,19–22

Antibody conjugation

Monoclonal antibody specific for CEA was purchased from
RayBiotech, Inc. (Norcross, GA). The antibody was labeled
with the AlexaFluor� 488 protein labeling kit (Molecular
Probes Inc., Eugene, OR) according to the manufacturers in-
structions and as previously described.23

FGS

Eight weeks after orthotopic implantation of the colon
cancer PDOX, a monoclonal anti-CEA antibody conjugated
with AlexaFluor� 488 was delivered to tumor-bearing mice
as a single intravenous dose. After 24 hours, mice were an-
esthetized as described above, and their abdomens were
sterilized. The cecum was delivered through a midline inci-
sion, and the exposed colon tumor was imaged preoperatively
with the Olympus OV100 small animal imaging system
(Olympus Corp., Tokyo, Japan) under both standard bright-
field and fluorescence illumination.

Portable imaging system for FGS

Resection of the primary colon tumor was performed using
the portable imaging system equipped with a Dino-Lite
digital camera (AM4113T-GFBW Dino-Lite Premier; AnMo
Electronics Corp., Hsinchu, Taiwan). Postoperatively, the
surgical resection bed was imaged with the Olympus OV100
small animal imaging system24 under both standard bright-
field and fluorescence illumination to assess the completeness
of surgical resection. The cecal stump was sutured closed in a
running fashion with 8-0 nylon surgical sutures.

Tissue histology

Tumor samples were removed with surrounding normal
tissues at the time of resection. Fresh tissue samples were
fixed in 10% formalin and embedded in paraffin before sec-
tioning and staining. Tissue sections (3 lm thick) were de-
paraffinized in xylene and rehydrated in an ethanol series. For
immunohistochemistry, the sections were then treated for 30
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minutes with 0.3% hydrogen peroxide to block endogenous
peroxidase activity. The sections were subsequently washed
with-phosphate-buffered saline and unmasked in citrate an-
tigen unmasking solution (Mitsubishi Kagaku Iatron, Inc.,
Tokyo) in a water bath for 40 minutes at 98�C. After in-
cubation with 10% normal goat serum, the sections were
incubated with anti-CEA (1:100; RayBiotech, Inc.) at 4�C
overnight. The binding of primary antibodies was detected
using anti-mouse secondary antibodies and an avidin/biotin/
horseradish peroxidase complex (DAKO Cytomation, Kyoto,
Japan) for 30 minutes at room temperature. The labeled an-
tigens were visualized with the DAB kit (DAKO Cytoma-
tion). The sections were counterstained with hematoxylin and
examined using a BH-2 microscope (Olympus) equipped
with an INFINITY1 2.0-megapixel CMOS digital camera
(Lumenera Corp., Ottawa, ON, Canada). All images were
acquired using INFINITY ANALYZE software (Lumenera
Corp.) without postacquisition processing.

Frozen sections and 4¢,6-diamidino-2-phenylindole
staining

The resected specimens were embedded with optimal
cutting temperature compound (Tissue-Tek�; Sakura Finetek
Europe BV, Zoeterwude, The Netherlands) and preserved in
liquid nitrogen. Frozen sections 7–10 lm thick were prepared
with a CM1850 cryostat (Leica, Buffalo Grove, IL). The
frozen sections were washed with phosphate-buffered saline
three times and then incubated with 4¢,6-diamidino-2-phe-
nylindole staining solution (diluted 1:48,000; Invitrogen,
Life Technologies, Carlsbad, CA) at room temperature for 3

minutes in darkness. Some frozen sections were processed for
hematoxylin and eosin staining. Slides were mounted with
Fluoromount� (Sigma, St. Louis, MO). 4¢,6-Diamidino-2-
phenylindole-stained sections were observed with confocal
microscopy (Fluoview FV1000; Olympus). Excitation sources
were semiconductor lasers at 405 nm for 4¢,6-diamidino-2-
phenylindole and 473 nm for AlexaFluor� 488. Fluorescence im-
ages were obtained using the 20 · /1.0 XLUMPLFLN objective.25

Results

Tumor histology and peritumoral stroma
were well preserved in colon-cancer PDOX

Our laboratory pioneered surgical orthotopic implantation
mouse models of PDOX in the early 1990s.10–12,26–28 The
PDOX models are more patient-like than ectopic subcuta-
neous models, which do not metastasize.29,30 The colon-
cancer PDOX showed tumor gland formation and the pres-
ence of peritumoral stroma, thereby recapitulating the orig-
inal tumor (Fig. 1). The tumor glands were strongly stained
by anti-CEA antibody (Fig. 1B).

Fluorophore-conjugated anti-CEA antibody selectively
labeled cancer cells in the colon cancer PDOX

Eight weeks after orthotopic implantation of colon cancer
PDOX, a monoclonal anti-CEA antibody conjugated with
AlexaFluor� 488 was delivered to tumor-bearing mice as a
single intravenous dose. After 24 hours, FGS of the primary
colon tumor was performed using the portable imaging sys-
tem (Fig. 2). Using fluorescence imaging, the primary tumor

FIG. 1. Representative images of the colon
cancer patient-derived orthotopic xenograft
(PDOX) sections. (A) Hematoxylin and eosin
staining of a patient-derived orthotopic xenograft
section. The tumor was diagnosed as moderately
differentiated adenocarcinoma. (B) Immuno-
histochemistry for human carcinoembryonic
antigen on a sister slide of A. High-intensity
brown staining was observed in the cancer cells.
Scale bars = 250lm.

FIG. 2. Fluorescence-guided surgery of the primary colon tumor was performed using the portable imaging system with
(A) the Dino-Lite digital camera. Eight weeks after orthotopic implantation of a colon cancer patient-derived orthotopic
xenograft (PDOX), a monoclonal anti-carcinoembryonic antigen antibody conjugated with AlexaFluor� 488 was delivered
to tumor-bearing mice as a single intravenous dose. After 24 hours, fluorescence-guided surgery of the primary colon tumor
was performed using the portable imaging system (B).
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was clearly visible at laparotomy (Fig. 3A). The tumor
margin was sharply visualized because the portable imaging
system had very little autofluorescence signal (Fig. 3).

In a previous study, the fluorophore-conjugated anti-CEA
antibody was detectable by 30 minutes after injection and
reached its peak at 24 hours after systemic antibody delivery.
Tumor fluorescence persisted for at least 2 weeks, with
minimal in vivo photobleaching after exposure to standard
operating room lighting.23 In the present study, frozen-sec-
tion microscopy of the resected specimen demonstrated that
anti-CEA antibody administered as a single intravenous dose
24 hours before laparotomy selectively labeled cancer cells in
the colon cancer PDOX (Fig. 4), and tumor fluorescence was
present for at least 1 week.

The tumor was completely resected
under fluorescence navigation

After FGS, the surgical resection bed was imaged with the
Olympus OV100 small animal imaging system under both
standard bright-field and fluorescence illumination to assess
the completeness of surgical resection (Fig. 5). A complete
absence of tumor was detected in the postsurgical bed after
FGS (Fig. 5B). Histological evaluation of the margin of the
resected specimen demonstrated that cancer cells were not
present in the margins (Fig. 6B).

We have shown previously that FGS decreased recurrence
and lengthened both overall and disease-free survival com-
pared with BLS in orthotopic mouse models of human colon
cancer cells expressing a fluorescent protein.7 In the present
study, we performed FGS on five nude mouse colon cancer
PDOX models. All mice that had undergone FGS had com-
plete resection, and they were all alive without evidence of
tumor for over 6 months after surgery.

Discussion

Various methods of fluorescently labeling tumors have been
reported.2,6,31–35 Urano et al.34 used fluorescence-guided
laparoscopy to visualize and remove tumors illuminated with
c-glu-hydroxymethyl rhodamine green that effectively and
selectively labeled invasive human ovarian cancer express-
ing the probe-activating c-glutamyltranspeptidase enzyme.
Tumors were labeled by topically spraying the tumor-specific

FIG. 3. The colon cancer patient-derived orthotopic xenograft (PDOX) was imaged with the portable imaging system (A
and B) or the Olympus OV100 small animal imaging system (C and D). During fluorescence-guided surgery, the tumor was
clearly visible (A). The portable imaging system had less autofluorescence signal compared with the OV100 system. Scale
bars = 2 mm. BF, bright-field.

FIG. 4. Frozen section microscopy of the resected speci-
men. (A) Hematoxylin and eosin staining of the resected
specimen. (B) 4¢,6-Diamidino-2-phenylindole staining of
the resected specimen. Arrowheads indicate the border of
the tumor. Tumor cells were clearly stained by anti-carci-
noembryonic antigen antibody administered by intravenous
injection 24 hours before laparotomy. Blue, 4¢,6-diamidino-
2-phenylindole; green, anti-carcinoembryonic antigen anti-
body conjugated with AlexaFluor� 488. The sections were
observed with confocal microscopy (Fluoview FV1000;
Olympus). Scale bar = 50 lm.
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probe. However, this method is limited to those tumors that
overexpress c-glutamyltranspeptidase. Van Dam et al.35 con-
jugated folate to fluorescein isothiocyanate for targeting folate
receptor-a, which is often overexpressed in ovarian cancers.
The use of folate receptor-a for targeted fluorescence labeling
also may be limited to a few tumor types such as ovarian
cancer overexpressing folate receptor-a. ALA has been suc-
cessfully used for glioma FGS.33

The potential for improved detection of a mucosal-based
tumor on the inside of the colon versus one that was im-
planted on the outside surface of the colon needs to be in-
vestigated. We have previously developed a mouse model in
which human colorectal cancer invades the mucosa of the
colon.36 This model will allow future experiments that will

optimize labeling of the mucosal surface of the tumor with a
fluorophore-conjugated antibody directed against CEA for
FGS as well as for fluorescence colonoscopy for improved
tumor resection and detection.

In the present report, a monoclonal antibody directed
against CEA was conjugated to a green fluorophore and then
delivered intravenously into nude mice with a colon cancer
PDOX. The use of fluorescent tumor-specific antibodies may
have wide applicability, but antibodies require intravenous
injection, and labeling takes hours to days.23,31 Furthermore,
this method is also limited to only those cancers for which
tumor-specific antigens have been characterized. Hence,
further investigation is needed to enable all types of tumors to
glow selectively for FGS.

FIG. 5. Tumor-bearing mice were imaged (A) before and (B) after resection. Lower panels are high magnification
( · 0.56) images of the upper panels. A complete absence of tumor was detected in the postsurgical bed. The images were
taken with the Olympus OV100 Small Animal Imaging System under both standard bright-field (BF) and fluorescence
illumination. Scale bars = 10 mm in upper panels and 2 mm in lower panels.

FIG. 6. Histological analysis of the margin of the resected specimen. (A) The box indicates the margin. (B) Hematoxylin
and eosin staining of the margin. Cancer cells were not detected in the margin. Scale bars = 2 mm in (A) and 250 lm in (B).
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