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Peanut agglutinin (PNA)-immobilized polystyrene nanospheres with surface poly(N-vinylacetamide) (PNVA)
chains encapsulating coumarin 6 were designed as a novel colonoscopic imaging agent. PNA was a targeting
moiety that binds to β-D-galactosyl-(1-3)-N-acetyl-D-galactosamine, which is the terminal sugar of the
Thomsen–Friedenreich antigen that is specifically expressed on the mucosal side of colorectal cancer cells.
PNVA was immobilized with the aim of reducing nonspecific interactions between imaging agents and
normal tissues. Coumarin 6 was encapsulated into nanosphere cores to provide endoscopically detectable
fluorescence intensity. After incubation of imaging agents with human cells, the fluorescence intensity of
imaging agent-bound cells was estimated quantitatively. The average fluorescence intensity of any type of
colorectal cancer cell used in this study was higher than that of small intestinal epithelial cells that had not
exposed the carbohydrate. The in vivo performance of imaging agents was subsequently evaluated using a
human colorectal cancer orthotopic animal model. Imaging agent-derived strong fluorescence was observed
at several sites of the large intestinal mucosa in the tumor-implanted nude mice after the luminal side of the
colonic loop was contacted with imaging agents. In contrast, when mice that did not undergo tumor
implantation were used, the fluorescence intensity on the mucosal surface was extremely low. Data indicated
that imaging agents bound to colorectal cancer cells and the cancer cell-derived tumors with high affinity
and specificity.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Colorectal cancer is a major cause of mortality and morbidity in
developed countries [1,2]. Currently, surgical removal is the primary
treatment of choice, and early detection and resection are indis-
pensable for curing colorectal cancer [2–4]. A fecal occult blood test is
widely used as the easiest way of screening for colorectal cancer,
although it does not always provide a definitive diagnosis [2,5].
Patients with positive findings need to be diagnosed by subsequent
endoscopy in order to visually confirm the existence of cancer [2–6].
Colorectal cancer first develops in the mucous membrane of the large
intestine, and invasion and metastasis are observed as the cancer
progresses. Colonoscopy performed for the above-mentioned purpose
is often accompanied by the resection of cancer that remains in the
mucous membrane or only minimally invades the submucosal tissues
without vessel invasion [7,8]. This minimally invasive operation,

known as endoscopic mucosal resection (EMR), can serve as an
alternative to surgical resection in the early stage of cancer [7–9].

Colonoscopy is the preferred screening method for colorectal
cancer because it provides a definitive diagnosis in such cases. EMR
prolongs patient survival and enriches quality of life [7–10]. However,
a limitation of standard white-light colonoscopy is that it can only
detect tumor tissues that are ca. ≥1 cm in size with a relatively high
possibility of metastasis, although the detectable size depends on the
cancer type and the skill of the physician [4,10]. Magnifying endoscopy
contributes to the early detection of small-sized colorectal cancer;
however, real-time and accurate differentiation of neoplastic mucosal
changes remains a significant challenge [11,12]. Advances in bioengi-
neering have provided promising revolutionary imaging strategies for
endoscopic diagnosis [11–15]. Narrow band imaging (NBI) is a novel
technique that enhances the visualization of surface mucosal and
vascular patterns. Some studies suggest the clinical usefulness of NBI
withmagnification for the evaluation of themicrovascular architecture
and the quantitative diagnosis of colorectal cancer [11,15]. Autofluor-
escence imaging (AFI) is another new technique that involves the use
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of blue endoscopic light to induce mucosal autofluorescence [14].
Among all spectroscopic techniques, AFI has been the most widely
studied for the diagnosis of colorectal cancer, and it has also beenused to
identify adenomas and dysplasia in inflammatory bowel disease [13].

Imaging agents may also support real-time and accurate diagnosis
of early colorectal cancer. Using colorectal cancer-specific cyclic
peptides with near-infrared fluorescence imaging probes, Kelly et al.
have investigated an imaging agent for endoscopic tumor detection in
amurinemodel [16]. The peptides were administered intravenously to
nude mice bearing descending colon tumors derived from the HT-29,
human colorectal adenocarcinoma cell line. The internalization of the
agent from the bloodstream into the cancer cells that had been
implanted orthotopically was observed using a near-infrared fluores-
cence endoscope.

We have also been investigating a novel endoscopic imaging agent
for the early detection of small-sized colorectal cancer [17]. In contrast
to the approach of Kelly, we designed a colonoscopic imaging agent
that can recognize tumor-derived changes on the mucosal side of the
cells in the large intestine with high affinity and specificity. As
illustrated in Fig. 1, the agent is composed of submicron-sized
fluorescent polystyrene nanospheres with two functional groups —

peanut (Arachis hypogaea) agglutinin (PNA) and poly(N-vinylaceta-
mide) (PNVA) — on their surfaces. The agent targets the Thomsen–
Friedenreich (TF) antigen which is specifically expressed on the
mucosal side of colorectal cancer cells [18–20]. Its terminal sugar is β-
D-galactosyl-(1-3)-N-acetyl-D-galactosamine (Gal-β(1-3)GalNAc), and
this sugar is masked by oligosaccharide side chain extension or
sialylation in normal cells [18–21]. Lectins are proteins that recognize
and bind reversibly to specific carbohydrate residues expressed on the
cell surface [22–25]. PNA is immobilized on the nanosphere surface by
the coupling of the amino groups of PNA with the carboxyl groups of
poly(methacrylic) acid (PMAA), as a targeting moiety that binds to the
TF antigen specifically through the recognition of Gal-β(1-3)GalNAc
[26–29]. PNVA is a nonionic polymer with strong hydrophilicity. Our
past researches have indicated that hydrophilicity-induced thick
water layers prevented the materials that were surface-coated with
PNVA from interacting with the mucous membrane of the gastro-
intestinal tract [30–32]. PNVA is immobilized on the nanosphere
surface; this enhances the specificity of PNA by reducing the
nonspecific interaction between the imaging agents and normal

tissues. In our previous research, a conventional hemagglutination
test was performed to evaluate the effect of the chemical structure of
the nanosphere surface on the affinity and specificity of the
immobilized PNA for the recognition of Gal-β(1–3)GalNAc [17]. We
consequently obtained PNA-immobilized fluorescent nanospheres
with surface PNVA chains whose affinity and specificity for Gal-β(1–
3)GalNAc detection were equivalent and superior, respectively, to
those of intact PNA.

It is anticipated that intracolonic (enema) administration of
imaging agents leads to their specific accumulation on the surface of
tumor tissues in the large intestine. Real-time and accurate diagnosis
of small-sized early colorectal cancer can be subsequently realized
through the observation of a clear fluorescence contrast between the
normal and tumor tissues under the standard white-light florescent
endoscope with or without magnification. Intracolonically adminis-
tered sub-micron sized nanospheres are not absorbed logically
through the intestinal membranes. The non-absorption may result
in high safety and a low incidence of drug–drug interactions when
compared with conventional imaging agents that are administered
systemically. Our previous research showed that a hydrophobic
fluorescein-labeled compound could be encapsulated efficiently into
the hydrophobic polystyrene cores of the nanospheres through strong
physicochemical interactions [17]. An endoscopically detectable
fluorescence intensity will be achieved by encapsulating a sufficient
amount of the fluorescein-labeled compound. Here, we report the
quantitative evaluation of the fluorescence intensity and our novel
findings on the in vitro/in vivo biorecognition of imaging agents
against various human colorectal cancer cells/orthotopic human
colorectal tumors in nude mice.

2. Materials and methods

2.1. Materials

NVA monomers were gifted by Showa Denko Co. (Tokyo, Japan).
Coumarin 6, a fluorescein-labeled compound used in this study, and PNA
were obtained from Sigma–Aldrich (St. Louis, MO, USA). Fluorescein
isothiocyanate (FITC)-PNA was purchased from J-Oil Mills Inc. (Tokyo,
Japan). All other chemicals were commercial products of reagent grade.
Styrene was purified by distillation under reduced pressure, and 2, 2'-
azobisisobutyronitrile (AIBN) was purified by recrystallization from
acetone. All other chemicals were used without further purification.

Human colorectal adenocarcinoma cell lines, HT-29, HCT-116, LS174T,
HCT-15, and SW480,were purchased fromDainippon–Sumitomo Pharma
Biomedical Co. Ltd. (Osaka, Japan), and Caco-2 was obtained from the
American Type Culture Collection (Rockville, MD, USA). A human breast
ductal carcinoma cell line, T47D, and cultured human small intestinal
epithelial cells were obtained from Dainippon–Sumitomo Pharma
Biomedical Co. Ltd. The following media were obtained from Sigma-
Aldrich: RPMI-1640 Medium; McCoy's 5A Medium, Modified (with
sodium bicarbonate, without L-glutamine); Minimum Essential Medium
Eagle; Dulbecco's Modified Eagle's Medium; L-15 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). CSF-4KO-500D, which is a medium kit for
culturedsmall intestinal epithelial cells,wasprovidedby themanufacturer
of the cells. Fetal bovine serum (FBS), heat-inactivated FBS, penicillin
(10,000 U/mL), streptomycin (10 mg/mL), L-glutamine (200 mM), non-
essential aminoacids (10mM), and trypsin-EDTA (0.25% trypsinand1mM
EDTA)werepurchased fromGIBCOLaboratories (Lenexa,KS,USA). Blocker
Casein inPBSwasobtained fromThermoFisher Scientific Inc. (Rockford, IL,
USA). Anti-TF pan-tumor antigen (A78-G/A7) was purchased from
American Research Products Inc. (Belmont, MA, USA). Mouse IgM was
obtained from DAKO (Glostrup, Denmark). Alexa Fluor 488-labeled goat
anti-mouse IgM antibody was purchased from Invitrogen Inc. (Carlsbad,
CA, USA). Preserved rabbit blood and neuraminidase (sialidase,1 unit/mL,

Fig. 1. Schematic representation of PNA-immobilized fluorescent nanospheres with
surface PNVA chains encapsulating hydrophobic fluorescent compounds.
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extracted from Arthrobacter ureafaciens) were obtained from Nippon Bio-
Test Laboratories Inc. (Tokyo, Japan) and Roche Diagnostics (Indianapolis,
IN, USA), respectively.

The pLNCX2 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, a precipitated mixture of N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate
reagent, and cloning cylinders were obtained from Roche Molecular
Biochemicals (Indianapolis, IN, USA), Life Technologies (Grand Island,
NY, USA), and Bel-Art Products (Pequannock, NJ, USA), respectively.

2.2. Preparation of PNA-immobilized fluorescent nanospheres with
surface PNVA chains (imaging agents)

Imaging agents were prepared in the same manner as that
described in our previous article [17], with the exception that
coumarin 6 was encapsulated into nanosphere cores in the process
of dispersion copolymerization between vinylbenzyl group-termi-
nated PNVA, vinylbenzyl group-terminated PMAA, and styrene.

PNVA and poly(tert-butyl methacrylate) (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-terminated PNVA and PBMA were reacted
with p-chloromethyl styrene in the presence of tetrabutylphospho-
nium bromide in an alkaline solution. Vinylbenzyl group-terminated
PMAA was obtained by hydrolyzing vinylbenzyl group-terminated
PBMA in an acidic solution with hydroquinone.

Vinylbenzyl group-terminated PNVA (0.5 g), vinylbenzyl group-
terminated PMAA (0.5 g), and styrene (1.0 g) were dissolved in 15 mL
of ethanol/water mixture (2/1, v/v) containing AIBN (ca. 1 mol% of the
total monomers) and coumarin 6 (0.1% of the total monomers). The
solutionwas bubbled with nitrogen for 30 min, and the tube was then
sealed. Dispersion copolymerization was successively carried out at
60 °C for 18 h under mild stirring. After the centrifugation of the
resulting nanosphere dispersion (6200 g, 15 min), the supernatant
containing the unreacted substances and unencapsulated coumarin 6
was removed, and the precipitated nanospheres were dispersed into
the ethanol/water mixture. This process was repeated 3 times. The
precipitated fluorescent nanospheres with surface PNVA and PMAA
chains (platforms of imaging agents) were finally dispersed in purified
water and lyophilized.

In order to estimate the encapsulation properties of coumarin 6,
fluorescent nanospheres with only surface PNVA chains were
prepared at a different concentration of the dye during the
copolymerization. Vinylbenzyl group-terminated PNVA (1.0 g) and
styrene (1.0 g) were dissolved in 15 mL of the ethanol/water mixture
containing AIBN (ca. 1 mol% of the total monomers) and coumarin 6
(0.1–1% of the total monomers). The nanospheres were prepared in
the same manner as that described in the previous paragraph.

PNAwas bound to the fluorescent nanospheres with surface PNVA
and PMAA chains encapsulating coumarin 6 through the coupling of
amino groups of PNA with carboxyl groups of PMAA activated by pre-
incubation with 1-ethyl-3-(3-dimetylaminopropyl) carbodiimide. The
resulting PNA-immobilized fluorescent nanospheres with surface
PNVA chains (imaging agents) were purified by changing the
dispersion media several times, and finally dispersed in purified
water at a concentration of 20 mg/mL.

2.3. Characterization

2.3.1. Routine characterization
Routine characterization of the imaging agent and its platform

were performed as described in our previous articles [17,30–36].
Briefly, weight- and number-average molecular weights (Mw/Mn) of

the surface PNVA and PMAA chains were determined by gel
permeation chromatography. The nanosphere size was measured by
dynamic light-scattering spectrophotometry. The zeta potential of the
nanospheres was measured by electrophoretic light-scattering spec-
trophotometry in PBS (without divalent metal ions). The ratio of the
number of NVA units to that of MAA units on the nanosphere surface
was evaluated by electron spectroscopy for chemical analysis (ESCA).
The amount of PNA immobilized on the nanosphere surface was
measured by the ninhydrin method. The affinity and specificity of
PNA immobilized on the nanosphere surface for the recognition of
Gal-β(1–3)GalNAc was evaluated using the hemagglutination test.

2.3.2. Assay of coumarin 6 encapsulated into the nanosphere cores
Fluorescent nanospheres with only surface PNVA chains were

dissolved in chloroform at a concentration of 2.5 mg/mL. Coumarin 6
dissolved in the solution was assayed by measuring the absorption at
445 nm using a UV–Vis spectrophotometer (V-550, JASCO Co., Tokyo,
Japan). When necessary, the solution was diluted with chloroform.
The calibration curve of coumarin 6 was prepared in the range of
0.1 μg/mL to 5 μg/mL.

2.3.3. Leakage of coumarin 6 from the fluorescent nanospheres
Fluorescent nanospheres with only surface PNVA chains were

dispersed in PBS (with divalent metal ions) at a concentration of
10 mg/mL. The dispersion was incubated at 37 °C for 3 h. After
centrifugation of the dispersion (18,400 g, 15 min), coumarin 6 in
the supernatant was assayed by UV–Vis spectrophotometry, as
described above.

2.3.4. Quantitative evaluation of fluorescence intensity of the fluorescent
nanospheres

The fluorescent nanospheres were dispersed in PBS (with
divalent metal ions) at a concentration of 1 mg/mL. The fluorescent
microphotograph was measured using a fluorescence microscope at
an excitation of 470–495 nm, an emission of 510–550 nm, and an
exposure of 1/60 of a second (IX71-22FL/PH, Olympus Co., Ltd.,
Tokyo, Japan). The fluorescence intensity of the nanosphere was
quantitatively estimated using an image analysis tool (LuminaVi-
sion, Mitani Co., Ltd., Tokyo, Japan). In the analysis program, the
lower limit of the fluorescence in the microphotographs that were
used for the estimation was set as 14.

2.4. In vitro biorecognition of imaging agents against various human
cells

2.4.1. Cell culture
Cells were seeded at a density of 2×104 cells/mL (HT-29 and HCT-

116), 6×104 cells/mL (T47D, LS174T, HCT-15, Caco-2, and SW480), or
10×104 cells/mL (small intestinal epithelial cells) in a flask of
adequate volume (25–75 mL). The cells were grown as a monolayer
in themedia summarized in Table 1 andweremaintained at 37 °C in a
humidified atmosphere of 95% O2/5% CO2; SW480 was an exception
(these cells weremaintained in a humidified atmosphere of 100% air).
Cells were then routinely passaged when they became 100%
confluent, and the narrow passage cell lines (passage: ≤10 times)
were used for all studies.

2.4.2. Immunofluorometric cell staining
A cover glass was placed at the bottom of the flask. The cells were

seeded, grown, and maintained in the same manner as that described
in the previous section. When confluent, the cover glass was picked
out along with the cell monolayer. The cover glass was washed with
PBS (without divalent metal ions) and was then immersed in ethanol
containing acetic acid (1%, v/v) at 4 °C for 10min. Cells immobilized on
the cover glass were washed 5 times with PBS and were kept for
30 min in Blocker Casein in PBS at room temperature. The cells were
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subsequently reacted for 1 h with anti-TF pan-tumor antigens (diluted
10 times with Blocker Casein in PBS, 100 μL) at room temperature. As a
negative control, mouse IgMwas used (diluted 100 times with Blocker
Casein in PBS, 10 μg/mL, 100 μL). The cells were washed 5 times with
PBS and then reacted with labeled goat anti-mouse IgM antibodies
(diluted 200 times with Blocker Casein in PBS, 10 μg/mL, 100 μL) at
room temperature for 1 h. After washing the cells 5 times with PBS,
the excess water in the cover glass was removed. Glycerol was
dropped into the cover glass, and the cover glass was then inverted
over the slide glass. The fluorescence microphotograph was measured
using a fluorescence microscope at an excitation of 495 nm and an
emission of 519 nm with auto exposure (BX60, Olympus Co., Ltd.).

2.4.3. In vitro biorecognition of imaging agents against various human
cells

Cells were washed with 20 mL of PBS (without 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 corresponding 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
1×107 cells/mL. Separately, the imaging agents were dispersed in PBS
(with divalent metal ions) at a concentration of 4 mg/mL, and the
dispersion was then mixed with an equivalent volume of cell
suspension. The mixture was incubated at 37 °C for 30 min and
then centrifuged at 180 g for 5 min to separate the cells from the
unbound imaging agents. The imaging agent-bound cells were re-
suspended in the PBS, and fluorescence microphotographs were
obtained using the fluorescence microscope (excitation: 470–495 nm;
emission: 510–550 nm; exposure: 1/60 of a second). The fluorescence
intensity of the cells was quantitatively estimated using the image
analysis tool. The biorecognition experiment was also carried out by
substituting the imaging agent with FITC-PNA. The PNA concentration
of FITC-PNA was adjusted to be equivalent to that of the imaging
agent. The fluorescence intensity of the FITC-PNA-bound cells was
evaluated in the same manner as that described above.

2.5. In vivo biorecognition of imaging agents against orthotopic human
colorectal tumors

2.5.1. Preparation of nude mice bearing ascending colon tumors
A red fluorescent protein (RFP)-expressing orthotopic human

colorectal cancer model was constructed as follows [37–40]. All

animal studies were conducted in accordance with the principles and
procedures outlined in the National Institute of Health Guide for the
Care and Use of Animals under Assurance Number A3873-1.

The RFP was inserted in the pLNCX2 vector at the EglII and NotI
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 a precipitated mixture of N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium methylsulfate reagent and saturating amounts
of pLNCX2-DsRed2 plasmid for 18 h. Fresh mediumwas replenished at
this time. The cells were examined by fluorescence microscopy 48 h
after transfection. For selection, the cells were cultured in the
presence of 500–2000 μg/mL of G418 for 7 days.

For RFP gene transduction, 25% confluent HT-29 cells were
incubated with a 1:1 precipitated mixture of retroviral supernatants
of PT67 cells and RPMI 1640Medium 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 subcultured at a ratio of
1:15 into a selective medium that contained 200 μg/mL of G418. The
level of G418was increased to 400 μg/mL in a stepwisemanner. Clones
stably expressing RFP were isolated with cloning cylinders by trypsin-
EDTA and were then amplified, and transferred by conventional
culture methods in the absence of a selective agent.

Nude mice, 4-week-old outbred nu/nu female mice, were used for
tumor implantation. A tumor stock of HT-29-RFP was established by
subcutaneously injectingHT-29-RFP cells (1×106 cells/mL) into theflank
of nudemice at a dose of 0.05 mL/mouse. The tumor wasmaintained in
thenudemice subcutaneouslyas tumor stockprior to beingused.On the
day of implantation, the tumor was harvested from the subcutaneous
site and placed in RPMI-1640Medium. Strong RFP expression of the HT-
29-RFP tumor tissues was confirmed by fluorescence imaging. Necrotic
tissueswere removed andviable tissueswere cut into 1mm3pieces. The
nude mice were transplanted by surgical orthotopic implantation using
tumor tissue fragments harvested 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 abdomenwas opened, the ascending colonwas exposed. The serosa
of the transplantation site hadbeen stripped. Two fragments of 1mm3of
the HT-29-RFP tumor tissue were sutured adjacent to each other onto
the ascending colonwith a sterile 8–0 surgical suture (nylon) to generate
only one primary tumor. The abdomen was closed using sterile 6–0
surgical sutures (silk). All surgical procedures and animalmanipulations
were conducted under HEPA-filtered laminar-flow hoods.

2.5.2. In vivo biorecognition of imaging agents against orthotopic human
colorectal tumors

Animal experiments were approved by the Ethical Review
Committee of Setsunan University. Nude mice bearing ascending
colon tumors were fasted for 24 h with free access to water before
experiments. Under ether anesthesia, the abdomen was opened and
the ascending colon in which HT-29-RFP tumor tissues were
implanted was observed. An approximately 3-cm loop of the
ascending colon bearing tumor tissues was prepared in the abdomen
by ligating both ends of the colon after washing its luminal side with
saline. The imaging agents were dispersed in PBS (with divalent metal
ions) at a concentration of 4 mg/mL, and 1.0 ml of the dispersion was
injected into the loop. At 30 min after injection, the loop was removed
and its luminal side was washed with 1.0 mL of PBS (with divalent
metal ions). The colon was cut longitudinally and the fluorescence
microphotograph of the mucosal surface was measured using the
fluorescence microscope (excitation: 470–495 nm; emission: 510–
550 nm; exposure: 1/15 to 1/60 of a second). As a control, normal nude
mice that did not undergo tumor implantation were tested in the
same manner as that described above. For the evaluation of the

Table 1
Culture media for respective cells

Cell lines Media

T47D RPMI-1640 Medium supplemented with 100% (v/v) FBS, 50 U/ml penicillin,
and 50 μg/mL streptomycin

HT-29 McCoy's 5A Medium, Modified supplemented with 10% (v/v) FBS, 50 U/mL
penicillin, 50 μg/ML streptomycin, and 1.5 mM L-glutamine

HCT-116 McCoy's 5A Medium, Modified supplement with 10% (v/v) FBS, 50 U/mL
penicillin, 50 μg/mL streptomycin, and 1.5 mM L-glutamine

LS174 T Minimum Essential Medium Eagle supplemented with 10% (v/v) FBS,
50 U/mL penicillin, 50 μg/mL streptomycin, and 0.1 mM non-essential
amino acids

HCT-15 RPMI-1640 Medium supplemented with 20% (v/v) heat-inactivated FBS,
50 U/mL penicillin, and 50 μg/mL streptomycin

Caco-2 Dulbecco's Modified Eagle's Medium supplemented with 10% (v/v) FBS,
50 U/mL penicillin, 50 μg/mL streptomycin, and 0.1 mM non-essential
amino acids

SW480 L-15 Medium supplemented with 10% (v/v) FBS, 50 U/mL penicillin, 50 μg/
mL streptomycin, and 1.5 mM L-glutamine

Epithelial
cellsa

CSF-4KO-500Db

a Epithelial cells of the small intestine in humans.
b A medium kit supplied from Dainippon–Sumitomo Pharma Biomedical Co. Ltd.

(Osaka, Japan).
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autofluorescence of normal and tumor tissues in the colon, an
equivalent volume of PBS (with divalent metal ions) was substituted
for the dispersion of the imaging agents.

3. Results and discussion

3.1. Quantitative evaluation of the fluorescence intensity of fluorescent
nanospheres with only surface PNVA chains encapsulating coumarin 6

Polymeric nanospheres composed of graft copolymers having a
hydrophobic polystyrene backbone and hydrophilic polyvinyl
branches were used as platforms for the imaging agents. The nano-
spheres, which have been thoroughly investigated by Akashi and his
co-workers [30–36], are spherical particles whose size is adjusted to
the magnitude of 102 nm and whose hydrophobic polystyrene core is
covered with hydrophilic polyvinyl chains (core-corona type struc-
ture). By changing the chemical structure of the polyvinyl chains,
nanospheres with diverse surface properties can be obtained. Further-
more, macromolecules such as lectins can be immobilized chemically
on the surface of nanospheres via linkers such as PMAA. Hydrophobic
compounds with small molecular weights can be incorporated into
the hydrophobic core through physicochemical interactions.

In our previous research, we newly synthesized fluorescein-
labeled cholesterol as the hydrophobic fluorescein-labeled compound
[17]. The fluorescein-labeled cholesterol was encapsulated efficiently
and strongly into the hydrophobic polystyrene core of the nano-
spheres. Individual PNA-immobilized nanospheres with surface PNVA
chains encapsulating the fluorescein-labeled cholesterol were
observed under fluorescence microscopy, although the purity of the
cholesterol was 6% (94% was unreacted cholesterol without a
fluorescent probe). The mass balance study also indicated that
fluorescein-labeled cholesterol is a potent candidate for a hydrophobic
fluorescein-labeled compound that provides endoscopically detect-
able fluorescence intensity. However, a modification process yielding
highly pure fluorescein-labeled cholesterol could not be established.

Therefore, fluorescein-labeled cholesterol was replaced with
coumarin 6, a commercial hydrophobic product having a high
fluorescent quantum efficiency and a fluorescence spectrum similar
to that of fluorescein-labeled cholesterol. Table 2 shows the
encapsulation properties of coumarin 6 into fluorescent nanospheres
with only surface PNVA. Vinylbenzyl group-terminated PNVA was
copolymerized with styrene in the ethanol/water mixture (2/1, v/v)
containing coumarin 6 in the absence of vinylbenzyl group-termi-
nated PMAA because PMAA is insoluble in chloroform that was used
as a solvent to extract coumarin 6 from the nanospheres. Theweight of
coumarin 6 encapsulated into the fluorescent nanospheres per gram
of the nanospheres roughly corresponded to the ratio of the
concentration of the dye to that of the total monomers in the 0.1%
to 0.5% region (Runs 1–3). The mass balance of coumarin 6 in that
range was ≥20%, which was comparable to the yield of nanospheres.
These data indicated that most coumarin 6 would be encapsulated
into nanospheres when the yield approached 100%. When the ratio of
the concentration of coumarin 6 to that of the total monomers was
elevated to 1.0% (Run 4), the weight percentage of the dye in the
nanospheres remained about 0.5%, and the mass balance reduced to
about 10%, although the yieldwas constant. The solvent became turbid
at the elevated concentration of the dye before copolymerization.
Since the water solubility of coumarin 6 is extremely low, it appeared
that an increased ratio of ethanol in the solvent would be useful for
improving the encapsulation properties of the dye. The strength of the
fluorescence intensity obtained from image analysis was consistent
with the weight percentage of coumarin 6 in the nanospheres. After
incubation of the fluorescent nanospheres at 37 °C for 3 h in PBS, no
peak was visible at 445 nm, which, if present, would have been
derived from coumarin 6, in the supernatant. The absence of a
measurable leakage of coumarin 6 from the fluorescent nanospheres

indicated a strong hydrophobic interaction between the dye and the
polystyrene core (encapsulation efficiency: 100%).

Akashi et al. found that the core-corona type structure of nano-
spheres and the polarity of the solvent in the copolymerization between
the hydrophilic vinylbenzyl group-terminated polyvinyl compounds
and the hydrophobic styrene were closely linked [35]. Since the highly
polar ethanol/water mixture is generally utilized as the solvent, the
hydrophobic core-hydrophilic corona type structure is formed to
stabilize the interface between the solid nanospheres and the liquid
solvent. Itwas probable that the hydrophobic coumarin 6was efficiently
encapsulated into the polystyrene cores during the formation of the
core-corona type structure of the nanospheres according to the
principles of thermodynamic stability. Consequently, we decided to
use coumarin 6 as the hydrophobic fluorescent compound that provides
an endoscopically detectable fluorescence intensity.

3.2. Characterization of the fluorescent nanospheres with surface PNVA
and PMAA chains and PNA-immobilized ones

The biorecognition of lectins can be evaluated using the hemag-
glutination test [17]. Since a lectin molecule possesses several sites
that bind the carbohydrate residues on the erythrocyte surface, a
cross-linking network is formed between the lectins and erythrocytes,
thereby inducing erythrocyte agglutination. MAC, i.e., the minimum
concentration of lectins that induces erythrocyte agglutination,
decreases with an increase in the affinity of lectins for the
corresponding carbohydrate residues. Gal-β(1-3)GalNAc, which is
recognized by PNA, is expressed on the surface of the erythrocytes
that have been pretreated with neuraminidase. The specificity of PNA
for this carbohydrate can be estimated by comparing the MACs for
neuraminidase-treated and neuraminidase-untreated erythrocytes.
The ratio of the MACs (i.e., MAC for neuraminidase-untreated
erythrocytes/MAC for neuraminidase-treated erythrocytes) increases
with an increase in the specificity. The average MAC of intact PNAwas
0.39 μg/mL and 5.7 μg/mL for neuraminidase-treated and neuramini-
dase-untreated erythrocytes, respectively. Our previous research
showed that PNA was immobilized actively on the surface of the
nanospheres [17]. The molecular weights of the surface PNVA and
PMAA chains affected the affinity and specificity of PNAmost strongly,
although PNA activity was also influenced by the amount of
immobilized PNA and the ratio of the number of NVA units to that of
MAA units. When the weight-average molecular weight of PNVA was
nearly equal to that of PMAA, the affinity of the PNA immobilized on
the nanosphere surface for recognition of Gal-β(1–3)GalNAc was as

Table 2
Encapsulation properties of coumarin 6 into fluorescent nanospheres with only surface
PNVA chains

Run Amount of
coumarin 6a

Yield of
nanospheresb

Coumarin 6
encapsulatedc

Mass
balanced

Fluorescence
intensitye

Leakagef

1 0.1 29 0.10 29 26.8±5.74 n.d.g

2 0.3 20 0.35 23 39.3±10.3 n.d.g

3 0.5 33 0.44 29 59.6±13.6 n.d.g

4 1.0 26 0.43 11 63.0±15.2 n.d.g

a Coumann 6 applied in the copolymerization (to total monomers (%, w/w)).
b Calculated from the weight of lyophilized fluorescent nanospheres with only

surface PNVA chains encapsulating coumarin 6 (%, w/w).
c Calculated from the weight of coumarin 6 encapsulated in the fluorescent

nanospheres per gram of the nanospheres (%, w/w).
d Calculated from the weight ratio of coumarin 6 encapsulated in the fluorescent

nanospheres to the dye applied in the copolymerization (%, w/w).
e Obtained from image analysis of fluorescence microphotographs of the fluorescent

nanospheres (mean±s.d., nN250 nanospheres).
f Calculated from the amount of coumarin 6 released from the fluorescent

nanospheres thatwere redispersed in PBSwith calciumandmagnesium ions (%,w/w).
g Not detected (Lower limit of quantification (0.1 μg/mL) corresponds to 1% of

coumarin 6 released from nanospheres when Run 1 is used).

6 S. Sakuma et al. / Journal of Controlled Release 134 (2009) 2–10



Author's personal copy

strong as that of the intact PNA; the specificity for the carbohydrate
residue was higher than that of the PNA (the average MAC of
immobilized PNA was 1.0 μg/mL and 62.5 μg/mL for neuraminidase-
treated and neuraminidase-untreated erythrocytes, respectively). This
result indicated that PNVAenhanced the specificity of PNA through the
reduction of nonspecific interactions between the PNA and carbohy-
drates other than Gal-β(1-3)GalNAc on the erythrocyte surface.

The preparation of PNA-immobilized fluorescent nanospheres
with surface PNVA chains was repeated using coumarin 6 instead of
fluorescein-labeled cholesterol. PNVA with an Mw/Mn of 9500/4000
and PMAA with an Mw/Mn of 10,000/5600 were used. The
concentration of coumarin 6 was adjusted to 0.1% of the total
monomers. Table 3 summarizes the characterization of the fluorescent
nanospheres with the surface PNVA and PMAA chains (platforms of
imaging agents) and the PNA-immobilized ones (imaging agents). The
yield of the fluorescent nanospheres with surface PNVA and PMAA
chains was 29%. Since chloroform-insoluble PMAA was immobilized
on the nanosphere surface, the mass balance was calculated from the
residual amount of coumarin 6 in the solvent remaining after
copolymerization, and 48% of coumarin 6 applied in the copolymer-
izationwas observed to have been encapsulated into the nanospheres.
The estimated yield and mass balance suggested that the weight of
coumarin 6 encapsulated into the fluorescent nanospheres per gram
of the nanospheres was 0.17%. The addition of PMAA enhanced the
encapsulation of coumarin 6 that was concomitant with the formation
of the core-corona type structure. The ionization of the corona layer
may result in a clearer phase separation in comparison with the
nanospheres with only surface nonionic PNVA chains. The PNA-
immobilized fluorescent nanospheres with the surface PNVA chains
thus obtained possessed good water dispersibility with no detactable
leakage of coumarin 6. The increased fluorescence intensity of the
imaging agents reflected an increased amount of coumarin 6

encapsulated into the nanospheres. The other characteristics were
similar to those described in our previous article [17].

3.3. Specificity of the imaging agent against various types of human
colorectal cancer cell lines

Carbohydrates are found on the surfaces of almost all cells in the
form of glycoproteins, glycolipids, and polysaccharides [41]. Cell
surface glycoproteins are integral components that regulate cell-to-
cell interactions and act as receptors for a number of different ligands
such as lectins and antibodies [21,42]. Several research groups have
been attempting to utilize the biorecognizable interactions between
ligands and carbohydrates for site-specific drug delivery [17,22–29].

Ligands with fluorescent probes are often used for the visual
evaluation of biorecognition [26–28,43]. When fluorescein-labeled
ligands are incubated with cells that have corresponding carbohydrate
residues, they bind to the cells specifically as do intact ligands.
Therefore, under fluorescence microscopy, biorecognition can be
evaluated by measuring the fluorescence of the cells derived from
the ligands. Image analysis of themicrophotograph also contributes to
the quantitative evaluation of the fluorescence intensity of the ligand-
bound cells. T47D, a human breast ductal carcinoma cell line, is a
typical cell that has the TF antigen [44]. Immunofluorometric cell
staining supported the fact that the antigen was obviously expressed
on the surface of T47D cells (data not shown). We first examined the
biorecognition of the imaging agent (PNA-immobilized fluorescent
nanospheres with the surface PNVA chains encapsulating coumarin 6)
against cells with exposed Gal-β(1-3)GalNAc by using TF antigen-
expressing T47D cells as a positive control. Fig. 2 shows the
fluorescence microphotograph of the T47D cells incubated with the
imaging agents in PBS. Since PNA is a C-type lectin that requires
calcium ions for carbohydrate binding, calcium ion-containing PBS
was used as a medium. As shown in Fig. 2, each of the T47D cells was
clearly observed with a strong fluorescence. Image analysis estimated
that the fluorescence intensity of the cells was 36.3±8.3. FITC-PNA,
which is commercial PNAwith a fluorescent probe, was substituted for
the imaging agent. When the PNA concentration of FITC-PNA was
adjusted to be equivalent to that of the imaging agent, the
fluorescence intensity of the FITC-PNA-bound T47D cells was 2.48±
4.2, which was less than one-tenth of the fluorescence intensity of the
imaging agent-bound T47D cells. It is considered that there is no
significant difference between the affinities of the imaging agent and
FITC-PNA for Gal-β(1-3)GalNAc. Data have demonstrated that the
fluorescence intensity of the imaging agents was much higher than
that of FITC-PNA at an equivalent amount of PNA. The difference in the
fluorescence intensities may relate to the fluorescent quantum

Table 3
Characterization of fluorescent nanospheres with surface PNVA and PMAA chains and
PNA-immobilized ones

Characterization Fluorescent
nanospheres with
surface PNVA and
PMAA chains

PNA-immobilized
fluorescence nanospheres
with surface PNVA chains

Average molecular weight of
PNVA (Mw/Mn)

9500/4000 ←

Average molecular weight of
PMAA (Mw/Mn)

10,000/5600 ←

Particle size (nm)a 243±35 n,t,i

Zeta potential (mV) −10.9 n,t,i

NVA/MAAb 0.40/0.60 ←
Coumarin 6 encapsulated

(%, w/w)c
0.17h n,t,i

Fluorescence intensityd n.t.i 33.4±23.0
Immobilized PNA (μg/mg)e −j 5.3
MAC for erythrocytes (μg/mL)f −j 125
MAC for neuraminidase-treated

ones (μg/mL)g
−j 1.0

a Weight-average diameter (mean±s.d.).
b Ratio of the number of NVA units to that of MAA units on the nanosphere surface

calculated from ESCA spectra.
c The weight of coumarin 6 encapsulated in the fluorescent nanospheres per gram of

the nanospheres.
d Numerical value estimated from image analysis of fluorescence microphotographs

of the fluorescent nanospheres (mean±s.d., nN250 nanospheres).
e Immobilized amount (μg) of PNA per milligram of nanospheres.
f Minimum concentration of PNA immobilized on the nanosphere surface that

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

induced neuraminidase-treated erythrocyte agglutination.
h Calculated from the residual amount of coumarin 6 in the solvent after

copolymerization and the yield of nanospheres.
i Not tested.
j Not required.

Fig. 2. Fluorescence microphotograph of the T47D cells incubated with PNA-
immobilized fluorescent nanospheres with surface PNVA chains encapsulating
coumarin 6 (imaging agents) in PBS with calcium and magnesium ions at 37 °C for
30 min. The picture was obtained using the fluorescence microscope (magnification:
×400; excitation: 470–495 nm; emission: 510–550 nm; exposure: 1/60 of a second).
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efficiency of coumarin 6 encapsulated into the nanospheres and/or the
amount of the dye per gram of PNA.

We next examined the biorecognition of the imaging agent against
several types of human colorectal cancer cells. The expression of the
TF antigen in HT-29, LS174T, Caco-2, and SW480 has been reported in
the literature [19–20,45,46]; however, it appeared that the expression
of the TF antigen in HCT-116 and HCT-15 has not been confirmed.
Cultured human small intestinal epithelial cells were used as a
negative control. It is predicted that Gal-β(1-3)GalNAc is masked by
oligosaccharide side chain extension or sialylation in these normal
cells. As shown in Table 4, the fluorescence intensity of the cancer cells
derived from the imaging agent was higher than that of the normal
epithelial cells. The difference between cancer cells and normal cells
with regard to biorecognition probably resulted from the presence or
absence of the surface carbohydrate residues. There were differences
in the intensity of fluorescence among the cancer cells. A statistically
significant increase in the fluorescence intensity of the cancer cells
other than SW480 was observed in comparison with that of the
normal epithelial cells. The order of the fluorescence intensity possibly
corresponded to the expression level of the TF antigen. The
quantification of the expression level was examined using immuno-
fluorometric cell staining; however, the validity of this method has not
been established due to its insufficient sensitivity (data not shown).

3.4. Targeting of the imaging agent against the orthotopic human
colorectal tumor in vivo

We evaluated the in vivo performance of the imaging agent by
using a human colorectal cancer orthotopic animal model. In this
study, animals bearing tumors on the large intestinal mucosa are
required because the imaging agent has been designed to recognize
the tumor-derived changes on the mucosal side of cells. Two types of
orthotopic models have been reported: the implantation of cultured
human colorectal cancer cells in the large intestine of immune-
deficient animals such as nude mice [47], and the implantation of
tumor tissues in the intestine [37–40]. In the latter model, which has
been developed by Hoffman et al., cultured cancer cells are first
xenografted onto the flank of nudemice, andmatured tumor tissues are
next transplanted in the large intestine of other animals by surgical
orthotopic implantation. In both models, cancer cells and tumor tissues
are implanted on the serosa of the large intestine. Therefore, we
examined the period that is required for the mucosal invasion of tumor
tissues implanted on the large intestinal serosa by using the latter
model. Histological examination showed that tumor tissues invaded the
mucosal side of the epithelial cells when mice were maintained for at
least 2 weeks after implantation (data not shown).

Coumarin 6, which was encapsulated into the nanosphere core,
exhibits a fluorescence emission spectra at 510–550 nm. It is known
that the autofluorescence in the body is seen in spectra similar to

Fig. 3. Fluorescence microphotographs of the large intestinal mucosa in normal nude
mice (a, c) and HT-29-RFP tumor tissues-implanted nude mice (b, d). Pictures were
obtained using the fluorescence microscope (magnification: ×40; 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, b) and 1/30 of a second (c, d).

Table 4
Fluorescence intensity of various human cells after incubation with imaging agents
(mean±s.d., nN5)

a Statistically significant difference from data of normal epithelial cells.
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those of coumarin 6 [13,14]. Thus, the large intestinal mucosa in
normal and HT-29-RFP tumor tissue-implanted nude mice was first
observed under fluorescence microscopy in the absence of imaging
agents. As shown in Fig. 3, weak autofluorescencewas observed on the
mucosal surface, irrespective of the tumor implantation when the
mucosa was observed at an exposure time of 1/15 of a second.
However, the autofluorescence almost disappeared in bothmicewhen
the exposure time was halved. Nonspecific interactions between
normal tissues and imaging agents were subsequently examined.
Weak fluorescence was extensively observed on the mucosal surface
when the exposure time was set as 1/30 of a second, which was free
from autofluorescence (data not shown). It appeared that the
fluorescence observed was derived from imaging agents bound to
normal tissues nonspecifically. However, as shown in Fig. 4a, 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. This indicated that the nonspecific interactions
between normal tissues and imaging agents were not so strong. The
same test was performed for HT-29-RFP tumor tissue-implanted nude
mice. The exposure time was set as 1/60 of a second during which
nonspecific interactions between normal tissues and imaging agents
were barely observed. As shown in Fig. 4b, c, and d, the strong
fluorescence was observed at several sites of the large intestinal
mucosa in tumor tissue-implanted mice treated with the imaging
agent. The mucosal invasion in the tissues was confirmed by
histological evaluation after performing biorecognition (data not
shown). Specific accumulation of the imaging agent was not observed
when nude mice that did not undergo tumor implantation were used
(Fig. 4a). The accumulation of the imaging agents on the large
intestinal mucosa in the orthotopic human colorectal cancer model
indicated that the imaging agents bound to HT-29-RFP-derived tumor
tissues with high affinity and specificity.

It seems that PNA-immobilized fluorescent nanospheres with sur-
face PNVA chains encapsulating coumarin 6 are a potential candidate
for use as a colonoscopic imaging agent. It is anticipated that small-
sized early colorectal cancer is detected by observing a clear fluore-
scence contrast between the normal and tumor tissues using a fluore-
scence endoscope. However, several issues should be clarified. The
macroscopic evaluation for the imaging ability was completed success-
fully, as shown in this report; however, the microscopic evaluation has
not yet been performed. The excision of the mucosa under the mic-
roscope will prove that the bright and dark areas correspond to the
presence and absence of mucosal invasion, respectively. Figs. 3 and 4
show that coumarin 6-based imaging overcame the autofluorescence of
the mucosa. However, the replacement of coumarin 6 with near-
infrared fluorescence imaging dyes may be effective for enhancing the
accuracy of the diagnosis. We also hope that our system is evaluated
clinically in the future. Re-design of imaging agents may be required
from the standpoints of clinical use. For instance, a non-biodegradable
covalent bond is another option to immobilize the dye into nanosphere
cores because it assures for a hundred-percent non-release of the dye
from nanospheres in a rigorous environment [48,49], although the
strong hydrophobic interaction between coumarin 6 and polystyrene
cores was observed. The productivity, specifications, and the chemical
stability of imaging agents should be also examined. Further experi-
ments will be discussed in future reports.

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. Coumarin 6
was encapsulated efficiently into the polystyrene cores of nano-
spheres during the formation of their core-corona type structure. In
vitro studies on the interactions between imaging agents and various
types of cultured human cells demonstrated that the imaging agent

Fig. 4. Fluorescencemicrophotographsof the large intestinalmucosa innormal nudemice (a)
andHT-29-RFP tumor tissues-implantednudemice (b–d).Micewere sacrificedandaca. 3-cm
loop of the ascending colonwas prepared. The luminal side of the colonwas contacted with
imaging agents for 30 min, washed with calcium ions-containing PBS, and then observed
under the fluorescence microscope (magnification: ×40; excitation: 470–495 nm; emission:
510–550 nm; exposure: 1/60 of a second). Pictures b, c, and d correspond to fluorescence
microphotographs of the mucosa in tumor tissues-implanted nude mice sacrificed at 22nd,
39th, and 48th day, respectively, after the surgical orthotopic implantation. In these three
cases, the loop of the colon bearing tumor tissues was prepared.
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bound to the TF antigen-expressing cancer cells with high affinity and
specificity; this was due to the recognition by the imaging agent of
Gal-β(1–3)GalNAc, the terminal sugar of the antigen. In vivo studies
further indicated that the imaging agent bound to HT-29-RFP-derived
tumor implanted orthotopically in the large intestine of nude mice
with high affinity and specificity. It seemed that these fluorescent
nanospheres are suitable as an imaging agent for fluorescence
colonoscopy.
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