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Peanut agglutinin (PNA)-immobilized fluorescent nanospheres were designed as a novel imaging agent
for colonoscopy. PNA is a targeting moiety that binds to B-p-galactosyl-(1-3)-N-acetyl-p-galactosamine,
which is the terminal sugar of the Thomsen-Friedenreich antigen that is specifically expressed on the
mucosal side of colorectal cancer cells. The in vivo performance of the imaging agent was evaluated using
a human colorectal cancer orthotopic animal model. Human colorectal adenocarcinoma cell lines, HT-29,
HCT-116, and LS174T, were implanted on the cecal serosa of immune-deficient mice. A loop of the tumor-
bearing cecum was made, and the luminal side was treated with the imaging agent. Strong fluorescence
was observed at several sites of the cecal mucosa, irrespective of cancer cell type. Microscopic histological
evaluation of the cecal mucosa revealed that bright areas with fluorescence derived from the imaging
agent and dark areas without the fluorescence well denoted the presence and absence, respectively, of
the invasion of implanted cancer cells on the mucosal side. This good correlation showed that PNA-
immobilized fluorescent nanospheres recognized millimeter-sized tumors on the cecal mucosa with high
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1. Introduction

Colorectal cancer, which is one of the major causes of mortality
and morbidity in developed countries, is primarily treated by sur-
gical resection [1,2]. Early detection is critical for successful treat-
ment [2-4]. Colonoscopy has been effectively used for screening
colorectal cancer with its ability to provide a definitive diagnosis.
The cancer that remains in the mucous membrane or only mini-
mally invades the submucosal tissues without vessel invasion is of-
ten treated by resection using endoscopy. This minimally invasive
operation, known as endoscopic mucosal resection (EMR), can
serve as an alternative to surgical resection in the early stage of
the cancer [5-7]. While the colonoscopy procedure is critically
important, standard white-light colonoscopy has a major limita-
tion: it can only detect tumor tissues that are larger than ca.
1 cm in size. Tumors of this size have a relatively high probability
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of metastasis [4,8]. Magnifying endoscopy has contributed to the
detection of small-sized colorectal cancer; however, accurate dif-
ferentiation of neoplastic mucosal changes in real-time remains a
significant challenge [9,10]. Thus, there is a great need for develop-
ing an endoscopic imaging agent that can provide early detection
of small-sized colorectal cancer [11], as well as novel imaging
strategies for endoscopy such as narrow band imaging and auto-
fluorescence imaging [9,10,12-14].

Colorectal cancer first develops in the mucous membrane of the
large intestine. We previously designed an imaging agent that can
recognize tumor-derived changes on the mucosal side of epithelial
cells in the large intestine with high affinity and specificity [15].
The agent comprises submicron-sized fluorescent polystyrene nan-
ospheres with two functional groups — peanut (Arachis hypogaea)
agglutinin (PNA) and poly(N-vinylacetamide) (PNVA) - on their
surfaces. The Thomsen-Friedenreich (TF) antigen is expressed spe-
cifically on the mucosal side of colorectal cancer cells [16-19]. In
normal cells, the terminal sugar of the TF antigen is masked by oli-
gosaccharide side chain extension or by sialylation. PNA was
immobilized on the nanosphere surface as a targeting moiety that
binds to the TF antigen with high affinity and specificity through
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the recognition of the terminal sugar, p-p-galactosyl-(1-3)-N-acet-
yl-p-galactosamine (Gal-B(1-3)GalNAc) [20,21]. However, the tu-
mor-derived change in the large intestinal mucosa is very small
throughout the entire large intestine. To detect such a small
change accurately, the imaging agent should have a strong affinity
for targets (i.e., cancer tissues) with minimal nonspecific interac-
tions with nontargets (i.e., normal tissues). PNVA, which is a non-
ionic polymer with strong hydrophilicity, was also immobilized on
the nanosphere surface to enhance the specificity of PNA by reduc-
ing the nonspecific interactions between the imaging agent and
normal tissues [22,23]. Coumarin 6, which is a commercial product
with high fluorescence quantum efficiency, was used as the fluo-
rescent dye that provides an endoscopically detectable fluores-
cence intensity. It was encapsulated into the polystyrene cores of
the nanospheres through their strong hydrophobic interactions
[24]. It is anticipated that intracolonic (enema) administration of
PNA-immobilized fluorescent nanospheres having surface PNVA
chains (i.e.,, imaging agent) leads to their specific accumulation
on the surface of tumor tissues in the large intestine with resulting
fluorescence. Real-time and accurate diagnosis of small-sized early
colorectal cancer can be then achieved through observations of a
clear fluorescence contrast between the normal and tumor tissues
using the standard fluorescence endoscopy with or without
magnification.

In a series of research, the hemagglutination test, which is often
used for the assay of lectin activities, was first performed to opti-
mize the chemical structure of the imaging agent [15]. PNA-immo-
bilized fluorescent nanospheres with different chemical structures
were prepared, and the activity of PNA immobilized on the nano-
sphere surface was evaluated. By adjusting the molecular weight
of PNVA, we consequently obtained PNA-immobilized fluorescent
nanospheres with surface PNVA chains whose affinity and specific-
ity for Gal-B(1-3)GalNAc detection were equivalent and superior,
respectively, to those of intact PNA. Interactions between the imag-
ing agent and various types of cultured human cells were next
evaluated [24]. The in vitro cell studies demonstrated that the
imaging agent bound to TF antigen-expressing cancer cells with
high affinity and specificity. This was likely due to the recognition
of Gal-B(1-3)GalNAc by the imaging agent. Preliminary in vivo
studies were also carried out using nude mice bearing ascending
colon tumors derived from the HT-29 human colorectal adenocar-
cinoma cell line. Imaging agent-derived fluorescence was observed
at several sites of the colonic mucosa in tumor tissue-implanted
mice after the luminal side of the colon was treated with the imag-
ing agent. Specific accumulation of the imaging agent was not ob-
served in nude mice without colon tumors. This macroscopic
observation suggested that the imaging agent specifically bound
to HT-29-derived tumors on the mucosal surface of the colon.

A goal of our research is to develop an endoscopic imaging
agent that enables real-time and accurate diagnosis of small-sized
colorectal cancer. Successive in vivo studies were performed with
the aim of describing the imaging of early colorectal cancer with
PNA-immobilized fluorescent nanospheres having surface PNVA
chains whose chemical structure was optimized in our previous
study [15].

2. Materials and methods
2.1. Materials

NVA monomers were a gift from Showa Denko Co. (Tokyo, Ja-
pan). Coumarin 6 and PNA were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Dextran sulfate sodium (DSS; Mw: 25,000)
was purchased from Tokyo Kasai Industry Co., Ltd. (Tokyo, Japan).
All other chemicals were commercial products of reagent grade.

The human colorectal adenocarcinoma cell lines, HT-29, HCT-
116, and LS174T, were purchased from Dainippon-Sumitomo Phar-
ma Biomedical Co., Ltd. (Osaka, Japan). The following media were
obtained from Sigma-Aldrich: RPMI-1640 Medium; McCoy’s 5A
Medium, Modified (with sodium bicarbonate, without L-gluta-
mine); Minimum Essential Medium Eagle; Dulbecco’s Modified Ea-
gle’s Medium; Dulbecco’s Phosphate Buffered Saline (PBS with
calcium chloride and magnesium chloride); Dulbecco’s Phosphate
Buffered Saline, Modified (PBS without the divalent metal ions). Fe-
tal bovine serum (FBS), heat-inactivated FBS, penicillin (10,000 U/
mL), streptomycin (10 mg/mL), .-glutamine (200 mM), nonessen-
tial amino acids (10 mM), and trypsin—-EDTA (0.25% trypsin and
1 mM EDTA) were purchased from GIBCO Laboratories (Lenexa,
KS, USA). Preserved rabbit blood and neuraminidase (sialidase,
1 unit/mL, extracted from Arthrobacter ureafaciens) were obtained
from Nippon Bio-Test Laboratories Inc. (Tokyo, Japan) and Roche
Diagnostics (Indianapolis, IN, USA), respectively.

The pLNCyx, vector, which contains the neomycin resistance
gene for antibiotic selection in eukaryotic cells, the red fluorescent
protein (RFP, DsRed2), and RePT67 (an NIH 3T3-derived packaging
cell line expressing the 10 Al viral envelope) were purchased from
Clontech (Mountain View, CA, USA). G418 and cloning cylinders
were obtained from Roche Molecular Biochemicals (Indianapolis,
IN, USA) and Bel-Art Products (Pequannock, NJ, USA), respectively.

2.2. Preparation and characterization of the imaging agent

Preparation procedures for the imaging agent have been de-
scribed previously [24]. Briefly, PNVA and poly(tert-butyl methac-
rylate) (PBMA) were prepared by the free radical polymerization of
NVA and butyl methacrylate (BMA) monomers, respectively, in the
presence of 2-mercaptoethanol. The resulting hydroxyl group-ter-
minated PNVA and PBMA were reacted with p-chloromethyl sty-
rene in the presence of tetrabutylphosphonium bromide in an
alkaline solution. Vinylbenzyl group-terminated PMAA was ob-
tained by hydrolyzing vinylbenzyl group-terminated PBMA in an
acidic solution with hydroquinone. Fluorescent nanospheres hav-
ing surface PNVA and PMAA chains (a precursor of the imaging
agent) were prepared by dispersion copolymerization between
vinylbenzyl group-terminated PNVA, vinylbenzyl group-termi-
nated PMAA, and styrene at a weight ratio of 1:1:2 in an ethanol/
water mixture containing 2,2’-azobisisobutyronitrile and coumarin
6 (0.1% of the total monomers). After the unreacted substances and
unencapsulated coumarin 6 were removed by centrifugation, PNA
was bound to the fluorescent nanospheres through the coupling of
amino groups of PNA with carboxyl groups of PMAA activated by
pre-incubation with 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide. The resulting PNA-immobilized fluorescent nanospheres
having surface PNVA chains (i.e., imaging agent) were purified
and then dispersed in purified water at a concentration of 20 mg/
mL.

Routine characterization of the imaging agent and its precursor
was performed as described previously [15,22-26]. Briefly, weight-
and number-average molecular weights of the surface PNVA and
PMAA chains were determined by gel permeation chromatogra-
phy. The nanosphere size was measured by dynamic light-scatter-
ing spectrophotometry. The zeta potential of the nanospheres was
measured by electrophoretic light-scattering spectrophotometry in
PBS (without divalent metal ions). The ratio of the number of NVA
units to that of MAA units on the nanosphere surface was evalu-
ated by electron spectroscopy for chemical analysis. The amount
of coumarin 6 encapsulated into the nanosphere core was mea-
sured by spectrophotometry. The amount of PNA immobilized on
the nanosphere surface was measured by the ninhydrin method.
The affinity and specificity of immobilized PNA for recognition of
Gal-B(1-3)GalNAc were evaluated using the hemagglutination test.
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2.3. Human colorectal cancer orthotopic animal model

2.3.1. Orthotopic implantation nude mouse model

A red fluorescent protein (RFP)-expressing human colorectal
cancer orthotopic animal model was constructed as follows [27-
29].

The RFP gene (DsRed2) was inserted in the pLNCy, vector at the
Eglll and Notl sites. PT67 cells were cultured in Dulbecco’s Modified
Eagle’s Medium supplemented with 10% (v/v) heat-inactivated FBS.
For vector production, packaging cells (PT67), at 70% confluence,
were incubated with G418 and saturating amounts of pLNCx,-
DsRed2 plasmid for 18 h. Fresh medium was replenished at this
time. The cells were examined by fluorescence microscopy 48 h
after transfection. For selection, the cells were cultured in the pres-
ence of 500-2000 pg/mL of G418 for 7 days.

For RFP gene transduction, 25% confluent HCT-116 cells were
incubated with a 1:1 precipitated mixture of retroviral superna-
tants of PT67 cells and RPMI-1640 Medium containing 10% (v/v)
FBS for 72 h. Fresh medium was replenished at this time. Cells
were harvested by trypsin-EDTA 72 h after transduction and sub-
cultured at a ratio of 1:15 into a selective medium that contained
200 pg/mL of G418. The level of G418 was increased to 400 ng/
mL in a stepwise manner. Clones stably expressing RFP were iso-
lated with cloning cylinders by trypsin—-EDTA and were then
amplified, and transferred by conventional culture methods in
the absence of a selective agent.

All animal studies were conducted in accordance with the prin-
ciples and procedures outlined in the National Institute of Health
Guide for the Care and Use of Animals under Assurance Number
A3873-1. All surgical procedures and animal manipulations were
conducted under HEPA-filtered laminar-flow hoods. Nude mice,
4-week-old outbred nu/nu female mice, were used for tumor tissue
implantation. A tumor stock of HCT-116-RFP was established by
subcutaneously injecting HCT-116-RFP cells (1 x 10° cells/mL) into
the flank of nude mice. The tumor was maintained in the nude
mice subcutaneously as tumor stock prior to being used. On the
day of implantation, the tumor was harvested from the subcutane-
ous site and placed in RPMI-1640 Medium. Strong RFP expression
of the HCT-116-RFP tumor tissues was confirmed by fluorescence
imaging. Necrotic tissues were removed, and viable tissues were
cut into 1 mm? pieces. The nude mice were transplanted by surgi-
cal orthotopic implantation using tumor tissue fragments har-
vested from the stock tumors. The animals were anesthetized
with a mixture of ketamine, acepromazine, and xylazine, and the
surgical area was sterilized using iodine solution and alcohol. An
incision approximately 1.5 cm long was made along the left lateral
abdomen of the nude mouse using a pair of sterile scissors. After
the abdomen was opened, the ascending colon was exposed. The
serosa of the transplantation site was stripped. Two fragments of
the HCT-116-RFP tumor tissues (1 mm?®) were sutured adjacent
to each other onto the ascending colon with a sterile 8-0 surgical
suture (nylon) to generate only one primary tumor. The abdomen
was closed using sterile 6-0 surgical sutures (silk). Nude mice bear-
ing ascending colon tumors obtained were maintained for a prede-
termined period until implanted tumor tissues invaded the
mucosal side of epithelial cells.

2.3.2. Orthotopic implantation SCID mouse model

Orthotopic implantation of human colorectal cancer cells was
conducted using a minor modification of the procedures reported
by Zamai et al. [30].

Human colorectal cancer cells were seeded at a density of
2 x 10%cells/mL (HT-29 and HCT-116) or 6 x 10%cells/mL
(LS174T) in a flask of adequate volume (25-75 mL). Minimum
Essential Medium Eagle supplemented with 10% (v/v) FBS, 50 U/
mL penicillin, 50 pg/mL streptomycin, and 0.1 mM nonessential

amino acids was used as a medium for LS174T. McCoy’s 5A Med-
ium, Modified supplemented with 10% (v/v) FBS, 50 U/mL penicil-
lin, 50 pg/mL streptomycin, and 1.5 mM L-glutamine was used as a
medium for the other cancer cells. The cells were grown as a
monolayer in the media and were maintained at 37 °C in a humid-
ified atmosphere of 95% 0,/5% CO,. Cells were then routinely pas-
saged when they became 100% confluent, and the low passage cell
lines (passage: <10 times) were used.

Animal experiments were approved by the Ethical Review Com-
mittee of Setsunan University. All surgical procedures and animal
manipulations were conducted under HEPA-filtered laminar-flow
hoods. Severe combined immunodeficiency (SCID) mice, 6-week-
old C.B-17/Icr SCID/SCID female mice, were used for cancer cell
implantation. Cancer cells were washed with 20 mL of PBS (with-
out divalent metal ions) after the removal of the culture media.
PBS was removed, and the cells were treated at 37 °C for 3 min
with 2 mL of the aqueous solution containing trypsin-EDTA. A cor-
responding culture medium (10 mL) was added to remove the cells
from the flask. The collected cells were centrifuged at 180 g for
10 min, and the precipitated cells were suspended in PBS (with
divalent metal ions) at a concentration of 4 x 107 cells/mL. The ani-
mals were anesthetized with ether, and the surgical area was ster-
ilized using ethanol (70%, v/v). An incision approximately 1.5 cm
long was made along the left lateral abdomen of the SCID mouse
using a pair of sterile scissors. After the abdomen was opened,
the cecum was exposed. The cell suspension (1 x 10° cells/
0.025 mL) was injected into cecal serosa of the SCID mouse, and
the abdomen was then closed. SCID mice bearing cecal tumors ob-
tained were maintained for a predetermined period until im-
planted cancer cells invaded the mucosal side of epithelial cells.

2.4. In vivo biorecognition of the imaging agent for orthotopic human
colorectal tumors

2.4.1. Orthotopic implantation nude mouse model

Nude mice bearing ascending colon tumors were fasted for 24 h
with free access to water before experiments. Under ether anesthe-
sia, the abdomen was opened, and the ascending colon, in which
HCT-116-RFP tumor tissues had been implanted, was observed.
An approximately 3-cm loop of the tumor-bearing ascending colon
was prepared in the abdomen by ligating both ends of the colon
after washing the luminal side with saline. The imaging agent
was dispersed in PBS (with divalent metal ions) at a concentration
of 4 or 20 mg/mL. One milliliter of the dispersion was injected into
the loop. At 30 min after injection, the loop was removed and its
luminal side was washed with >1 mL of PBS (with divalent metal
ions). The incubation time was reduced to 10 min when the con-
centrated dispersion (20 mg/mL) was used. The colon was cut lon-
gitudinally and a fluorescence microphotograph of the mucosal
surface was taken using a fluorescence microscope (IX71-22FL/
PH; Olympus Co., Ltd., Tokyo, Japan; excitation: 470-495 nm;
emission: 510-550 nm; exposure: 1/15-1/60 of a second). For
the evaluation of the autofluorescence of tumor tissues in the co-
lon, an equivalent volume of PBS (with divalent metal ions) was
substituted for the imaging agent dispersion.

2.4.2. Orthotopic implantation SCID mouse model

As described above for nude mice, an approximately 3-cm loop
of the tumor-bearing cecum was prepared in the abdomen of SCID
mice by ligating both junctions of the cecum to the ileum and
ascending colon after washing the luminal side of the cecum with
saline. The dispersion of the imaging agent (20 mg/mL, 1.0 mL) was
injected into the loop. At 1, 10, or 30 min after injection, the loop
was removed and its luminal side was washed with >1 mL of
PBS (with divalent metal ions). The cecum was cut longitudinally,
and the mucosal surface was observed with the fluorescence
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microscope. As a control, normal SCID mice that did not undergo
cancer cell implantation were tested in the same manner as that
described above. The autofluorescence of normal and tumor tissues
in the cecum was evaluated as described in Section 2.4.1.

After imaging, the cecum was cut into small pieces of approxi-
mately 2-3 mm in length. The mucosal surface of each piece was
observed with the fluorescence microscope, and the pieces were
classified into bright ones with fluorescence derived from the
imaging agent and dark ones without the fluorescence. Each piece
was fixed with formaldehyde aqueous solution (10%, v/v) and then
sectioned at 3 pm thickness at 200-300-pum intervals. Mucosal
invasion was evaluated histologically using three slices that corre-
sponded to positions at which the piece was divided equally in four
parts.

2.5. Specificity of the imaging agent for DSS-induced ulcerative colitis

SCID mice, 6-week-old C.B-17/Icr SCID/SCID female mice, were
used. Acute colitis was induced by 9 days of administration of DSS
aqueous solution (5%, w/v) in the drinking water [31]. Animals
with bloody diarrhea were sacrificed for the experiment. An
approximately 3-cm loop of the descending colon was prepared
by ligating both ends of the colon as described above. The specific-
ity of the imaging agent for DSS-induced ulcerative colitis was then
assessed in the same manner as that described in Section 2.4.2.

3. Results and discussion

3.1. Characterization of the fluorescent nanospheres having surface
PNVA and PMAA chains and PNA-immobilized ones

The imaging agent was synthesized according to Scheme 1.
Table 1 summarizes the characterization of the fluorescent nano-
spheres having surface PNVA and PMAA chains (a precursor of
the imaging agent) and the PNA-immobilized ones (the imaging
agent). PNVA with an Mw (weight-average molecular weight)/
Mn (number-average molecular weight) of 9500/4000 and PMAA
with an Mw/Mn of 10,000/5600 were used. MAG, i.e., the minimum
concentration of lectins that induces erythrocyte agglutination was
measured. The average MAC of intact PNA used in this study was
0.125 pg/mL and 0.79 pig/mL for neuraminidase-treated and neur-
aminidase-untreated erythrocytes, respectively. The affinity of the
intact PNA for Gal-p(1-3)GalNAc was so high that the MAC of the
present imaging agent for neuraminidase-treated erythrocytes
was lower than that of the old one [24]. The specificity of the imag-
ing agent for Gal-B(1-3)GalNAc detection was extremely superior
to that of intact PNA. The other characteristics were similar to
those described in our previous article [24].

3.2. In vivo imaging of orthotopic human colorectal tumors in the nude
mouse model

Animals with cancer cells invaded to the mucosa of the large
intestine are required because the imaging agent has been de-
signed to recognize tumor-derived changes on the mucosal side
of epithelial cells. Two types of human colorectal cancer orthotopic
animal models have been reported: the implantation of cultured
cancer cells in the intestine of immune-deficient animals such as
nude and SCID mice [30], and the implantation of fragments of tu-
mor tissues in the intestine [27-29], which was used for our previ-
ous study [24]. However, in both cases, since cancer cells and
tumor tissues were implanted on the serosal side of the intestine,
the animals were required to be maintained until the implanted
cancer cells invaded the mucosal side. In the case of the orthotopic
HCT-116-RFP nude mouse model where tumor tissues were im-

planted, we confirmed that a minimum 15-day period was needed
for the mucosal invasion of cancer cells from the serosa. Our previ-
ous study showed that HT-29-RFP tumor tissues invaded the
mucosal side of epithelial cells when mice were maintained for
at least 2 weeks after implantation. Differences in cancer cell type
did not significantly influence the rate of the mucosal invasion.
Nude mice maintained for 21 days after implantation of HCT-
116-RFP tumor tissues were used for the studies described below.

Cells contain molecules that fluoresce when excited by UV/Vis
light with appropriate wavelength. The endogenous fluoro-
phores-derived fluorescence emission, which is termed autofluo-
rescence, is distinguished from fluorescence signals obtained by
exogenous markers. In tissues, extracellular components such as
collagen and keratin often contribute to the autofluorescence emis-
sion more strongly than do intracellular ones, because they have a
relatively high quantum yield [32,33]. Coumarin 6, which is encap-
sulated into the nanosphere core as an optical component, exhibits
a fluorescence emission spectrum at 510-550 nm. It is known that
the autofluorescence in the body is seen in spectra similar to those
of coumarin 6. Thus, the large intestinal mucosa in HCT-116-RFP
tumor tissue-implanted nude mice was observed under fluores-
cence microscopy in the absence of imaging agents. As shown in
Fig. 1, weak autofluorescence was observed on the mucosal surface
when an exposure time was set as 1/15 of a second (excitation:
470-495 nm; emission: 510-550 nm); however, the autofluores-
cence almost disappeared when the exposure time was halved.
Phenomena observed in this animal model were similar to those
in normal and HT-29-RFP tumor tissue-implanted nude mice in
our previous study [24].

In vivo biorecognition of the imaging agent for orthotopic hu-
man colorectal tumors was next examined using the HCT-116-
RFP tumor tissue-implanted nude mice. The exposure time was
set as 1/60 of a second, because we have already confirmed that
not only tissue autofluorescence but also nonspecific interactions
between normal tissues and the imaging agent are barely observed
under these experimental conditions [24]. Fig. 2a shows the fluo-
rescence microphotograph of the large intestinal mucosa treated
with the imaging agent at a concentration of 4 mg/mL for
30 min. Imaging agent-derived fluorescence was observed at sev-
eral sites of the large intestinal mucosa, as seen in the case of
HT-29-RFP tumor tissue-implanted nude mice [24]. Clearer specific
accumulation of the imaging agent was observed on the large
intestinal mucosa treated with the imaging agent at a concentra-
tion of 20 mg/mL for 10 min (Fig. 2b). A reduction of the time per-
iod required for the biorecognition of the imaging agent for tumors
will decrease the time for colonoscopic diagnosis in humans. When
HT-29 cells were incubated with the imaging agent in vitro, the
fluorescence intensity of the imaging agent-bound cells increased
with an increase in the concentration of the agent and with an
extension of the incubation time (data not shown). It appears that
rapid diagnosis of small-sized colorectal cancers can be realized
through an increase in the concentration of the imaging agent.

3.3. In vivo imaging of orthotopic human colorectal tumors in the SCID
mouse model

Instead of the orthotopic tumor tissue-implantation model,
hereafter, the orthotopic cancer cell-implantation model was used
due to its simplicity for developing orthotopic models with muco-
sal invasion of several types of human colorectal cancer cells.
Zamai et al. have succeeded in preparing the orthotopic cancer
cell-implantation model by implanting directly with HT-29 cells on
the cecal serosa of nude mice. However, since their report had no
information on the mucosal invasion of cancer cells from the sero-
sa, we first examined the time period needed for the mucosal inva-
sion. SCID mice, which are deficient in both T and B lymphocytes,
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1. Synthesis of NVA and - BMA oligomers
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2. Synthesis of vinylbenzyl group-terminated NVA and MAA macromonomers
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3. Synthesis of fluorescent nanospheres having surface PNVA and PMAA chains
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4. Synthesis of PNA-immobhilized fluorescent nanospheres having surface PNVA chains

(imaging agent)
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EDC

Fluwrescent nanosp here having Imaging agent
surface PNVA and PMAA chains

Scheme 1. Synthesis procedures of the imaging agent.
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Table 1
Characterization of fluorescent nanospheres having surface PNVA and PMAA chains
and PNA-immobilized ones.

PNA-immobilized
fluorescent
nanospheres having
surface PNVA chains

Characterization Fluorescent nanospheres
having surface PNVA

and PMAA chains

Average molecular 9500/4000 —
weight of PNVA
(Mw/Mn)

Average molecular 10,000/5600 —
weight of PMAA
(Mw/Mn)

Particle size 181 +48 n.th
(nm)?

Zeta potential (mV) -23.0 nth

NVA/MAAP 0.40/0.60 -

Coumarin 6 encapsulated 0.15% n.th
(%, wlw)*

Immobilized PNA (pg/ - 3.2
mg)* )

MAC for erythrocytes = >15.0
(ng/mL)* )

MAC for neuraminidase- -' 0.075

treated ones (ng/mL)"

2 Weight-average diameter (mean + sd).

b Ratio of the number of NVA units to that of MAA units on the nanosphere
surface calculated from spectra of electron spectroscopy for chemical analysis.

¢ The weight of coumarin 6 encapsulated in the fluorescent nanospheres per
gram of the nanospheres.

9 Immobilized amount (ug) of PNA per milligram of nanospheres.

¢ Minimum concentration of PNA immobilized on the nanosphere surface that
induced erythrocyte agglutination.

f Minimum concentration of PNA immobilized on the nanosphere surface that
induced neuraminidase-treated erythrocyte agglutination.

& Calculated from the residual amount of coumarin 6 in the solvent after copo-
lymerization and the yield of nanospheres.

" Not tested.

i Not required.

were substituted for nude mice lacking only T lymphocytes. HT-29,
HCT-116, or LS174T cells were implanted on the cecal serosa of the
mice. Histological evaluation of the cecal mucosa demonstrated
that the cancer cells had definitely invaded the mucosal side when
the mice were maintained for 6 weeks (HCT-116 and LS174T) and
7 weeks (HT-29) after implantation. When SCID mice, maintained
for 4 weeks (HCT-116 and LS174T) and 5 weeks (HT-29) after
implantation, were sacrificed for histological evaluation, mucosal
invasion was not observed. It was revealed that the mucosal inva-
sion of orthotopically implanted cancer cells was slower than that
of orthotopically implanted tumor tissues. SCID mice maintained

da
1000 g m

for 50 days after implantation of the respective cancer cells were
used for the studies described below.

Autofluorescence in normal and cancer cell-implanted SCID
mice was examined, as carried out for tumor tissue-implanted
nude mice (data not shown). Weak autofluorescence was observed
on the mucosal surface of the cecum in normal SCID mice when the
exposure time of the fluorescence microscope was set as 1/15 of a
second; however, it almost disappeared when the exposure time
was halved. No significant change in the autofluorescence was ob-
served after orthotopic implantation of any cancer cell type. It was
also confirmed that there was no difference in autofluorescence
between tumor tissue- and cancer cell-implantation models.

Fig. 3 shows the fluorescence microphotographs of the cecal muco-
sa in normal and cancer cell-implanted SCID mice treated with the
imaging agent at a concentration of 20 mg/mL for 10 min. As shown
inFig. 3b-d, imaging agent-derived fluorescence was observed at sev-
eral sites of the cecal mucosa in SCID mice implanted orthotopically
with cancer cells, irrespective of cancer cell type. The size was of the
magnitude of several millimeters. In normal SCID mice, without
orthotopic implantation, the fluorescence intensity on the mucosal
surface was extremely low and specific accumulation of the imaging
agent was not observed (Fig. 3a). This indicated that the nonspecific
interactions between normal tissues and the imaging agent were
not very strong. These results were similar to those of our previous
study using nude mice implanted with HT-29-RFP and HCT-116-
RFP tumor tissue fragments. Specific accumulation of the imaging
agent on the intestinal mucosa in cancer cell-implanted SCID mice
(Figs. 3b-d) and the absence of the specific accumulation in normal
mice (Fig. 3a) strongly indicated that PNA-immobilized fluorescent
nanospheres recognized tumor-derived changes on the mucosal sur-
face (i.e., the expression of the TF antigen) through PNA-binding to
Gal-p(1-3)GalNAc residues. It was probable that there was biorecog-
nition of the imaging agent for the mucosal invasion of human colo-
rectal cancer cells independent of cell type.

To confirm that the imaging agent interacted only with cancer
cells exposed on the cecal mucosa, microscopic histological evalu-
ation was carried out using tissue pieces excised from the cecum of
HT-29 and HCT-116 cell-implanted SCID mice treated with the
imaging agent at a concentration of 20 mg/mL for 10 min. As
shown in Table 2, cancer cells were present in the mucosal epithe-
lia when the imaging agent gave rise to fluorescence, irrespective
of the implanted cancer cell type. In contrast, cancer cells were ab-
sent from the mucosal epithelia without the fluorescence, except in
one case of HCT-116 cell-implanted SCID mice. A good correlation
was generally observed; however, the exception suggests a differ-
ence in the time period that is required for biorecognition between
HT-29 and HCT-116 cells.

1000 ¢ m

Fig. 1. Fluorescence microphotographs of the large intestinal mucosa in HCT-116-RFP tumor tissues-implanted nude mice. Pictures were obtained using the fluorescence
microscope (magnification: 40x; excitation: 470-495 nm; emission: 510-550 nm). Autofluorescence of the mucosa was observed at an exposure time of 1/15 of a second (a)

and 1/30 of a second (b).
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a b

Fig. 2. Fluorescence microphotographs of the large intestinal mucosa in orthotopic HCT-116-RFP tumor tissue-implanted nude mice. Mice were sacrificed on the 21st day
after surgical orthotopic implantation. A 3-cm loop of the tumor-bearing ascending colon was then prepared. The luminal side of the colon was treated with the imaging
agent, washed with calcium ion-containing PBS, and then observed under fluorescence microscopy (magnification: 40x; excitation: 470-495 nm; emission: 510-550 nm;
exposure: 1/60 of a second). Images a and b correspond to fluorescence microphotographs of the large intestinal mucosa treated with the imaging agent at a concentration of

4 mg/mL for 30 min and 20 mg/mL for 10 min, respectively.

We have investigated in vitro interactions among the imaging
agent and various types of human colorectal cancer cells [24]. Cul-
tured cancer cells were incubated with the imaging agent at a con-
centration of 2 mg/mL for 30 min, cells were separated from
unbound imaging agent, and then the fluorescence intensity of
imaging agent-bound cells was estimated quantitatively, using im-
age analysis. The fluorescence intensity of the cancer cells was
higher than that of the human small intestinal epithelial cells,
which were used as a negative control. The difference between
cancer cells and normal cells with regard to biorecognition proba-
bly resulted from the presence or absence of surface Gal-B(1-
3)GalNAc residues. In vitro cell studies demonstrated that the
imaging agent bound to colorectal cancer cells with high affinity
and specificity. However, there were also differences in the inten-

1000

sity of fluorescence among the cancer cells. The order of the fluo-
rescence intensity, which possibly corresponds to the expression
level of the TF antigen, was HT-29 > HCT-116 > LS174T. The time
period required for biorecognition of the imaging agent against
HCT-116 cell-derived tumors may be longer than that for HT-29
cell-derived tumors.

To verify this speculation, the same test was repeated for cancer
cell-implanted SCID mice, with changes made to incubation time.
The incubation time of the imaging agent with the cecal mucosa
in HCT-116 cell-implanted SCID mice was extended to 30 min,
but that in HT-29 cell-implanted SCID mice was reduced to
1 min. Similar accumulation of the imaging agent on the cecal mu-
cosa in the orthotopic animal model was observed, irrespective of
incubation time (data not shown). Table 3 shows the results of

b
d

Fig. 3. Fluorescence microphotographs of the cecal mucosa in normal (a), HT-29 cell- (b), HCT-116 cell- (c¢), and LS174T cell-implanted (d) SCID mice treated with the imaging
agent at a concentration of 20 mg/mL for 10 min. Mice were sacrificed on the 50th day after orthotopic implantation. A 3-cm loop of the tumor-bearing cecum was then
prepared. The luminal side of the cecum was treated with the imaging agent, washed with calcium ion-containing PBS, and then observed under fluorescence microscopy
(magnification: 40x; excitation: 470-495 nm; emission: 510-550 nm; exposure: 1/60 of a second).
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Table 2

Histological evaluation of tissue pieces excised from the cecum of cancer cell-implanted SCID mice treated with the imaging agent for 10 min.

Model: HT-29 cell-implanted SCID mice; Incubation time: 10 min

Samples bright piece 1 bright piece 2 dark piece 1 dark piece 2

slice positions (pm) 600 1500 2400 600 2400 400 1000 1600 600 1500 2400
lamina muscularis mucosae —i —i —i +: +: -** -: -: - - =,
lamina propria mucosae + + + + + + - - - - -
mucosal epithelia + + LT - + - - - - - -

+: invasion of implanted cancer cells; -: no invasion; the invasion was observed in blood and/or lymph vessels

Model: HCT-116 cell-implanted SCID mice; Incubation time: 10 min

Samples bright piece 1 bright piece 2 dark piece 1 dark piece 2

slice positions (pum) 600 1500 2400 600 2400 600 1500 2400 600 1500 2400
lamina muscularis mucosae +, +, - —i -i + +: +: +: +: +:
lamina propria mucosae + + + + - - - - + + +
mucosal epithelia + + + + - _ _ + +

. -
+: invasion of implanted cancer cells; -: no invasion; the invasion was observed in blood and/or lymph vessels

Table 3

Histological evaluation of tissue pieces excised from the cecum of cancer cell-implanted SCID mice treated with the imaging agent for 1 or 30 min.

Model: HT-29 cell-implanted SCID mice; Incubation time: 1 min

Samples bright piece 1 bright piece 2 dark piece 1 dark piece 2

slice positions (pm) 900 1800 2700 400 1000 1600 600 1500 2400 400 1000 1600
lamina muscularis mucosae +: +I +: —i - —1 - N - —i —: -
lamina propria mucosae + + + + + + - - - + - -
mucosal epithelia + + o © + + + = - = - - =

+: invasion of implanted cancer cells; -: no invasion; the invasion was observed in blood and/or lymph vessels

Model: HCT-116 cell-implanted SCID mice; Incubation time: 30 min

Samples bright piece 1 dark piece 2 dark piece 1 dark piece 2

slice positions (pm) 600 1500 2400 600 1500 2400 400 1000 1600 400 1000 1600
lamina muscularis mucosae + +, +, +:: + +: —: +: +: —: —i -:
lamina propria mucosae + + + + + + - + + - - -
mucosal epithelia + + + + + + - - - -

*
+: invasion of implanted cancer cells; -: no invasion; the invasion was observed in blood and/or lymph vessels

microscopic histological evaluation. Bright and dark pieces com-
pletely denoted the presence and absence, respectively, of the
invasion of implanted cancer cells on mucosal epithelia. A compar-
ison of Table 3 with Table 2 indicates that tumors exposed on the
mucosal side of the epithelial cells will be detected by the imaging
agent if they are in contact with each other for the time period that
is sufficient for PNA-induced biorecognition. The time period pos-
sibly depends on the cancer cell type, and the dependence may be
due to the different expression levels of the TF antigen in each cell

type.

3.4. Behavior of the imaging agent in large intestinal mucosa with
bowel diseases other than cancer

Patients with colorectal cancer often suffer from complications
arising from other bowel diseases. As described in the previous
section, we clearly demonstrated that the imaging agent recog-
nized millimeter-sized tumors in the large intestinal mucosa with
high affinity and specificity, but the imaging agent should also dis-
tinguish colorectal cancer from these bowel diseases. Inflamma-
tory bowel diseases such as ulcerative colitis are common, and
we therefore examined the interactions between the imaging
agent and ulcers in the large intestinal mucosa using a conven-
tional animal model with DSS-induced ulcerative colitis.

There was no detectable autofluorescence when the large intes-
tinal mucosa in SCID mice with DSS-induced ulcerative colitis was
observed under fluorescence microscopy at an exposure time of 1/
30 of a second (Fig. 4). This indicated that colitis induction by DSS
did not influence autofluorescence. The large intestinal mucosa
with ulcers was next treated with the imaging agent. As shown
in Fig. 5a and b, the fluorescence intensity was extremely low
when the mucosal surface was observed under fluorescence
microscopy at an exposure time of 1/60 of a second, during which

1000 ¢ m

Fig. 4. Fluorescence microphotograph of the large intestinal mucosa in SCID mice
with ulcerative colitis. The picture was obtained using the fluorescence microscope
(magnification: 40x; excitation: 470-495 nm; emission: 510-550 nm; exposure: 1/
30 of a second).

nonspecific interactions between normal tissues and the imaging
agent were barely observed. Since the nonspecific interactions be-
tween ulcerative tissues and the imaging agent were not very
strong, we concluded that the imaging agent could distinguish
colorectal cancer from ulcerative colitis. However, as shown in
Fig. 5c and d obtained at an exposure time of 1/30 of a second,
the fluorescence intensity tended to increase with an increase in
incubation time. The TF antigen has also been identified in precan-
cerous conditions such as inflammatory bowel diseases, although
the expression level in ulcerative colitis was lower than that in co-
lonic adenocarcinoma in humans [17,20]. Small amounts of the
imaging agent possibly bound to ulcers through PNA-induced rec-
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Fig. 5. Fluorescence microphotographs of the large intestinal mucosa in SCID mice with ulcerative colitis treated with the imaging agent at a concentration of 20 mg/mL for
10 min (a and c) and 30 min (b and d). After oral administration of DSS aqueous solution for 9 days, mice were sacrificed, and a 3-cm loop of the descending colon with ulcers
was then prepared. The luminal side of the colon was treated with the imaging agent, washed with calcium ion-containing PBS, and then observed under fluorescence
microscopy (magnification: 40x; excitation: 470-495 nm; emission: 510-550 nm). Images were obtained at an exposure time of 1/60 of a second (a and b) and 1/30 of a

second (c and d).

ognition when the mucosal surface was exposed to the agent for an
extended period, although the difference in binding to cancerous
and inflamed tissues should be minutely characterized because
colorectal cancer is often complicated by inflammatory bowel
diseases.

The latest data described in this report encourage us to evaluate
the clinical potential of the imaging agent in the future; however,
there are several issues that must be settled for the clinical trial. It
is important to estimate the lower limit of tumor detection with
the imaging agent. A quantitative discussion based on an assay of
Gal-B(1-3)GalNAc residues will be needed. The behavior of fluores-
cent nanospheres decorated with other lectins such as wheat germ
agglutinin that binds to healthy tissues on the large intestinal mu-
cosa should be compared with that of the imaging agent. We have
just started to evaluate the safety of the imaging agent. The pro-
ductivity, specifications, and the chemical stability of the imaging
agent should be also examined. These studies will be carried out
successively.

4. Conclusions

PNA-immobilized fluorescent nanospheres with surface PNVA
chains encapsulating coumarin 6 were designed as an endoscopic
imaging agent for the detection of early colorectal cancer. The
in vivo performance of the imaging agent was ascertained using
SCID and nude mice that had been orthotopically implanted with
several types of human colorectal adenocarcinoma cell lines. Imag-
ing agent-derived fluorescence was observed at several sites of the
cecal mucosa after the luminal side of the tumor-bearing cecum
was treated with the agent, irrespective of cancer cell type. Micro-
scopic histological evaluation revealed that the imaging agent
bound to cancer cells on the mucosal surface with high affinity

and specificity. It appeared that the imaging agent could distin-
guish neoplastic mucosal changes from those induced by other bo-
wel diseases. We concluded that PNA-immobilized fluorescent
nanospheres are a potential candidate for use as a colonoscopic
imaging agent.
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