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Lectin-immobilized fluorescent nanospheres were designed with the aim of developing a novel endo-
scopic imaging agent for the detection of early colorectal cancer. Submicron-sized polystyrene nano-
spheres with surface poly(N-vinylacetamide) (PNVA) and poly(methacrylic acid) (PMAA) chains
encapsulating fluorescein-labeled cholesterol were prepared as a platform of the imaging agent. Peanut
agglutinin (PNA) was immobilized on the surface of fluorescent nanospheres through a chemical reaction
with PMAA in order to recognize B-p-galactosyl-(1-3)-N-acetyl-p-galactosamine (Gal-B(1-3)GalNAc),
which is the terminal sugar of the Thomsen-Friedenreich antigen that is specifically expressed on the
Colonoscopy mucosal side of colorectal cancer cells. The effect of surface structure of nanospheres on the affinity
Colorectal cancer and specificity of immobilized PNA for Gal-p(1-3)GalNAc was examined. Agglutination of normal and
Lectin Gal-p(1-3)GalNAc-expressed erythrocytes in the presence of nanospheres showed that PNA was immo-
Poly (N-vinylacetamide) bilized actively on the nanosphere surface. Molecular weights of PNVA and PMAA affected the PNA activ-
ity most strongly. When the weight-average molecular weight of PNVA was nearly equal to that of PMAA,
the affinity of PNA immobilized on the nanosphere surface for Gal-B(1-3)GalNAc was as strong as that of
intact PNA; the specificity for the carbohydrate residue was higher than that of the PNA. Results indicated
that PNVA enhanced the specificity of PNA through the reduction of nonspecific interactions between
PNA and carbohydrates other than Gal-B(1-3)GalNAc on the erythrocyte surface without a significant

Keywords:
Endoscopic imaging agent
Nanomedicine

decrease in the affinity.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Colorectal cancer is a major cause of mortality and morbidity in
developed countries [1-3]. Currently, surgical resection is the pri-
mary treatment of choice, and early detection and resection are
indispensable to cure colorectal cancer [2-5]. Physicians utilize
an endoscope to diagnose colorectal cancer definitively although
a fecal occult blood testing is popular as the easiest way of screen-
ing the cancer [6-8]. This colonoscopy is often accompanied by
resection of cancer that remains in the mucous membranes or only
minimally invades the submucosal tissues without vessel invasion
[9,10]. This minimally invasive operation known as endoscopic
mucosal resection (EMR) has several advantages such as low cost,
low mortality, and low morbidity and can serve as an alternative to
surgical resection [11]. However, a limitation of the current colon-
oscopy procedure is that it can detect cancers of size more than
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ca. 1cm with a relatively high risk of metastasis, although the
detectable size depends on the cancer type and the skill of the phy-
sician [5,12].

We just started to develop a novel endoscopic imaging agent for
the detection of small-sized early colorectal cancer which has few
risk of metastasis. Colorectal cancer first develops in the mucous
membranes of the large intestine, and invasion and metastasis
are observed as the cancer progresses. We noted the mechanism
of the cancer development, and designed the colonoscopic imaging
agent that can recognize tumor-derived changes in the large intes-
tinal mucosa with high affinity and specificity. The Thomsen-Frie-
denreich (TF) antigen is specifically expressed on the mucosal side
of cancer cells in the early stage of colorectal cancer [13-15]. Its
terminal sugar is B-p-galactosyl-(1-3)-N-acetyl-p-galactosamine
(Gal-B(1-3)GalNAc), and it is masked by oligosaccharide side chain
extension or sialylation in normal cells [13-16]. Surface glycopro-
teins are integral components that act as receptors for different
compounds [17-20]. It is known that peanut (Arachis hypogaea)
agglutinin (PNA) binds to the TF antigen specifically through the
recognition of Gal-B(1-3)GalNAc [13,18-21]. Poly(N-(2-hydroxy-
propyl)methacrylamide) (HPMA)-drug conjugates bearing PNA
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have been investigated as anticancer agents for colorectal cancer
[22-25]. PNA may be utilized as a targeting moiety of the imaging
agent against cancer tissues in the large intestine.

On the other hand, the tumor-derived change in the large intesti-
nal mucosa is a very slight one through the whole large intestine. In
order to detect this change accurately, the imaging agent should be
designed from the standpoints of not only strong affinity for targets
(cancer tissues) but also the minimization of nonspecific interac-
tions with nontargets (normal tissues). Poly(ethylene glycol) (PEG)
is well known as a material that reduces the nonspecific interactions
through the formation of hydrophilic barriers [26,27]. Chemical
bonding of PEG to drugs and drug carriers known as PEGylation are
used commercially as a technique that provides long circulation
half-lives after intravenous administration. However, Ishida et al.
found that anti-PEG IgM elicited by the first dose of PEGylated lipo-
somes mainly initiated the accelerated blood clearance of a subse-
quent dose of the liposomes [28]. This finding may support that
even PEG cannot remove nonspecific interactions completely.

We have been separately investigating core-corona type nano-
spheres composed of graft copolymers having a hydrophobic poly-
styrene backbone and hydrophilic polyvinyl branches [29-33]. The
size of the nanospheres is adjusted to the magnitude of 10% nm,
and the hydrophobic polystyrene core is covered with hydrophilic
polyvinyl chains. By changing the chemical structure of polyvinyl
chains, nanospheres with diverse surface properties can be ob-
tained. Furthermore, macromolecules such as lectins can be immo-
bilized chemically on the surface of nanospheres via a linker such
as poly(methacrylic acid) (PMAA) [34]. Hydrophobic and hydro-
philic compounds with small molecular weights can be incorpo-
rated into the hydrophobic core and onto the hydrophilic corona,
respectively, through their physicochemical interactions. The po-
tential of these nanospheres in medical fields is currently being
studied [32,34-36]. When the behavior of nanospheres in the gas-
trointestinal tract was examined, it was found that nanospheres
with surface poly(N-vinylacetamide) (PNVA) chains rarely interact
with the mucous membranes [32,37,38]. This property of PNVA
may minimize nonspecific interactions between the imaging agent
and normal tissues in the large intestine.

Core-corona type nanospheres with both surface PNVA and
PMAA chains can be used as a platform of the imaging agent. Deliv-
ery of the imaging agent into cancer tissues appears to be achieved
through biorecognition of Gal-(1-3)GalNAc of the TF antigen by
PNA immobilized on the nanosphere surface via the PMAA linker.
It is expected that PNVA enhances PNA-induced biorecognition
through the reduction of nonspecific interactions between the
imaging agent and normal tissues. We propose to use a fluorescent
endoscope, which is currently being developed by Olympus Co.,
Ltd. (a leading manufacturer of endoscopes), to detect the imaging
agent accumulated on the surface of cancer tissues visually [39].
Endoscopically detectable fluorescent intensity will be achieved
by using a sufficient amount of a hydrophobic fluorescent com-
pound that is strongly encapsulated into the polystyrene core of
PNA-immobilized nanospheres with surface PNVA chains.

This is our first report on the colonoscopic imaging agent illus-
trated in Fig. 1. Here, we succeeded to optimize the surface struc-
ture of nanospheres from the standpoint of the maximization of
the affinity and specificity of immobilized PNA for Gal-B(1-
3)GalNAc.

2. Materials and methods
2.1. Materials

NVA monomers were gifted by Showa Denko Co. (Tokyo, Japan).
Fluorescein-5-carbonyl azide diacetate (F-6218) was obtained
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Fig. 1. Schematic representation of PNA-immobilized fluorescent nanospheres with
surface PNVA chains.

from Invitrogen Co. (Tokyo, Japan). Tritiated cholesterol (choles-
terol [1,2-3H], 1.48-2.22 TBq/mmol, 37 MBq/mL of ethanol) was
purchased from Muromachi Yakuhin Co., Ltd. (Tokyo, Japan). All
other chemicals were commercial products of reagent grade. Sty-
rene 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 puri-
fication. PNA, Agaricus bisporus agglutinin (ABA), and Artocarpus
integrifolia agglutinin (AIA) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Dulbecco’s Phosphate Buffered Saline (product
number: D8662, with calcium chloride and magnesium chloride),
Dulbecco’s Phosphate Buffered Saline, Modified (D8537, without
the divalent metal ions), Dulbecco’s Modified Eagle’s Medium
(D5796), and McCOY’S 5A Medium, Modified (M8403) were also
obtained from Sigma-Aldrich and used as Phosphate Buffered Sal-
ine (PBS). Hereafter, we have used the manufacturer-assigned
product number of PBS. Rabbit preserved blood was purchased
from Nippon Bio-Test Laboratories Inc. (Tokyo, Japan). Neuramini-
dase (sialidase, 1 U/mL, extract from Arthrobacter ureafaciens) was
obtained from Roche Diagnostics (Indianapolis, IN, USA).

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

2.2.1. Preparation of core-corona type nanospheres

Core-corona type nanospheres with surface PNVA and/or PMAA
chains were prepared according to the procedure described in our
previous studies [32,35]. Briefly, PNVA and poly(tert-butyl methac-
rylate) (PBMA) were prepared by the free radical polymerization of
NVA and butyl methacrylate (BMA) monomers, respectively, by
using AIBN as an initiator in the presence of 2-mercaptoethanol
as a chain transfer agent in ethanol. The resulting hydroxyl
group-terminated PNVA and PBMA were reacted with p-chloro-
methyl styrene to introduce a polymerizable vinylbenzyl group
in an alkaline solution with tetrabutylphosphonium bromide as a
phase transfer catalyst. Vinylbenzyl group-terminated PBMA was
hydrolyzed in an acidic solution with hydroquinone as a polymer-
ization inhibitor to obtain vinylbenzyl group-terminated PMAA.
Nanospheres, whose chemical structure is shown in Fig. 2, were
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Fig. 2. Chemical structure of core-corona type nanospheres with surface PNVA and
PMAA chains.

prepared using a modification of the dispersion copolymerization
process described in our previous studies [29-35]. As shown in Ta-
ble 1, vinylbenzyl group-terminated PNVA, vinylbenzyl group-ter-
minated PMAA, and styrene were weighed in a glass tube and
dissolved in 5 mL of ethanol/water mixture (2:1, v/v) containing
AIBN (ca. 1 mol% of the total monomers). The solution was bubbled
with nitrogen for 30 min, and the tube was then sealed. The copo-
lymerization was successively carried out at 60 °C for 24 h under
mild stirring. After centrifugation of the resulting nanosphere dis-
persion (6200g, 15 min), the supernatant containing unreacted
substances was removed, and the precipitated nanospheres were
dispersed in the ethanol/water mixture. This process was repeated
three times. The precipitated nanospheres were finally dispersed in
purified water and lyophilized.

2.2.2. Synthesis of fluorescein-labeled cholesterol [40]

Cholesterol (264 mg) and fluorescein-5-carbonyl azide diace-
tate (10 mg) were weighed in a 25-mL round-shaped flask and dis-
solved in 4 mL of N, N-dimethylformamide. After incubation of the
solution at 70 °C for 1 h, 2 drops of hydroxylamine aqueous solu-
tion (50 w/v%) and 2 mL of ethanol were added and mixed well.
Purified water (20 mL) was added and the precipitate was collected
by filtration. The filtrate was washed with purified water to re-
move water-soluble unreacted fluorescein-5-carbonyl azide diace-
tate and dried under a vacuum. The resulting vivid yellow-colored
solid was used without further purification. Gel permeation chro-
matography (system: HLC-8220GPC, Tosoh, Tokyo, Japan; column:
ResiPore, Polymer Laboratories Ltd., Shropshire, UK; mobile phase:

THF) showed that the solid contained 6% fluorescein-labeled cho-
lesterol and 94% unreacted cholesterol as impurity.

2.2.3. Encapsulation of fluorescein-labeled cholesterol into core-corona
type nanospheres

One hundred milligrams of core-corona type nanospheres were
dispersed in 1 mL of ethanol/water mixture (325:175, v/v). In the
case of nanospheres with only surface PNVA chains, the ethanol/
water mixture was substituted with ethanol. The nanosphere dis-
persion was mixed with 1 mL of ethanol dissolving 5 mg of fluores-
cein-labeled cholesterol (5 mg of fluorescein-labeled cholesterol/
100 mg of nanospheres). Purified water was dropped into the dis-
persion under mild stirring until the total volume reached 20 mL.
The nanosphere dispersion was centrifuged at 18,400g for 15 min
(all nanospheres were collected as a precipitate), the supernatant
was removed, and the precipitated nanospheres were dispersed
in 10 mL of purified water. This process was repeated three times,
and the precipitated fluorescent nanospheres were finally dis-
persed in purified water at a concentration of 20 mg/mL. The dis-
persion was lyophilized to obtain powdered fluorescent
nanospheres.

Separately, in order to estimate encapsulation efficiency of cho-
lesterol, radiolabeled nanospheres were prepared. One milliliter of
ethanol dissolving 5 mg of fluorescein-labeled cholesterol was
substituted with an equivalent volume of ethanol dissolving
5 mg of cholesterol with 20 pL of tritiated cholesterol ethanol solu-
tion. Radiolabeled nanospheres dispersed in purified water at a
concentration of 20 mg/mL were obtained by means of the same
procedure as described above (the radioactivity of the dispersion
was adjusted to ca. 100 kBq/mL). The dispersion and its superna-
tant (10 pL each) were mixed with 10 mL of scintillation fluid,
respectively. After the mixtures were kept at room temperature
for 6-12 h, the radioactivity was measured with a liquid scintilla-
tion counter (LSC 3500, Aloka, Tokyo, Japan).

2.2.4. Immobilization of PNA on the surface of fluorescent nanospheres

Immobilization of PNA on the nanosphere surface via the PMAA
linker was carried out using a modification of the procedure de-
scribed by Akashi et al [34]. Fifty milligrams of fluorescent nano-
spheres were dispersed in 10 mL of 0.05M KH,PO, aqueous
solution dissolving 20 mg of 1-ethyl-3-(3-dimetylaminopropyl)-
carbodiimide. After incubation of the dispersion at 4°C for
30 min, the nanospheres with activated carboxyl groups in the
PMAA chains were collected by centrifugation (18,400g, 15 min).
The nanospheres were dispersed in 10 mL of PBS (D8537) dissolv-
ing 2.5-10 mg of PNA and incubated at 4 °C for 24 h. The nano-

Table 1
Characterization of core-corona type nanospheres with surface PNVA and/or PMAA chains
Run In feed [g (mmol)] Particle size® (nm) Zeta potential (mV) NVA/MAAP
PNVAS PMAA?Y Styrene
1 2.0 (0.40)° 0.0 (0.0) 2.0 (19.2) 430 +47 -1.6 1/0
2 1.5 (0.30)° 0.5 (0.09)% 2.0 (19.2) 530+ 111 -03 0.47/0.53
3 1.0 (0.20)¢ 1.0 (0.18)% 2.0(19.2) 450+79 -0.3 0.46/0.54
4 0.5 (0.10)¢ 1.5 (0.27)8 2.0 (19.2) 380+52 -32 0.29/0.71
5 0.0 (0.0) 2.0 (0.36)° 2.0 (19.2) 320 +40 —27.8 0/1
6 0.5 (0.13)f 0.5 (0.09)% 1.0 (0.96) 510+ 69 -15.4 0.45/0.55
7 0.5 (0.13)f 0.5 (0.05)" 1.0 (0.96) 580 + 95 -325 0.42/0.58
2 Weight-average diameter (mean +s.d.).
b Ratio of NVA units to MAA units on the nanosphere surface calculated from ESCA spectra.
¢ Vinylbenzyl group-terminated PNVA.
d

Vinylbenzyl group-terminated PMAA.

¢ PNVA with weight- and number-average molecular weights (M,,/M,) of 14,000/5000.

f PNVA with My/M, of 9500/4000.
& PMAA with M/M, of 10,000/5600.
h PMAA with My/M, of 19,000/10,000.
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sphere dispersion was centrifuged (18,400g, 15 min), the superna-
tant was removed, and the precipitated nanospheres were dis-
persed in 10 mL of purified water. This process was repeated
three times, and the precipitated PNA-immobilized fluorescent
nanospheres with surface PNVA chains (imaging agent) were final-
ly dispersed in purified water at a concentration of 20 mg/mL.

2.3. Characterization

2.3.1. Core-corona type nanospheres with surface PNVA and/or PMAA
chains

Core-corona type nanospheres were characterized as described
in our previous studies [32,35]. Briefly, weight- and number-aver-
age molecular weights (M,,/M,) of the surface PNVA and PMAA
chains were determined by gel permeation chromatography (sys-
tem: HLC-8220GPC, Tosoh; column: MesoPore (for PNVA) or Resi-
Pore (for PBMA), Polymer Laboratories Ltd.; mobile phase: 0.05 M
LiBr (for PNVA) or THF (for PBMA)). Polyethylene glycol and poly-
styrene (standard samples with known molecular weights) were
used to provide calibration curves for PNVA and PBMA, respec-
tively. The value of M,,/M, of the surface PMAA chains was calcu-
lated based on those of PBMA chains. The nanosphere size was
measured by dynamic light scattering spectrophotometry with
measurement time of 180 s (Honeywell Microtrac UPA, Honeywell
International Inc., Morristown, NJ, USA) and scanning electron
microphotography (S-3500N, Hitachi Co., Ltd., Tokyo, Japan). The
zeta potential of the nanospheres was measured by electrophoretic
light scattering spectrophotometry (ELS-800, Otsuka Electronics
Co., Osaka, Japan) in PBS (D8537) at 25 °C. The ratio of NVA units
to MAA units on the nanosphere surface was evaluated by electron
spectroscopy for chemical analysis (ESCA) (Kratos Axis Ultra, Shi-
madzu Co., Kyoto, Japan).

2.3.2. PNA-immobilized fluorescent nanospheres with surface PNVA
chains

Leakage of fluorescein-labeled cholesterol from PNA-immobi-
lized fluorescent nanospheres with surface PNVA chains was eval-
uated. Nanospheres were dispersed in PBS (D8537, D5796 and
M8403) at a concentration of 10 mg/mL and incubated at a rate
of 40 strokes/min at 37 °C for 24 h. After centrifugation of the nan-
osphere dispersion (18,400g, 15 min), the absorbance of superna-
tant was measured at 495nm by UV-vis spectrophotometry
(V-550, JASCO Co., Tokyo, Japan) (average of three experiments).
Lower limit of quantification corresponded to 1.0% of fluorescein-
labeled cholesterol released from nanospheres.

PNA-immobilized fluorescent nanospheres with surface PNVA
chains were dispersed in purified water at an adequate concentra-
tion. The fluorescent microphotograph was measured using a fluo-
rescent microscope at an excitation of 470-495nm and an
emission of 510-550 nm (IX71-22FL/PH, Olympus Co., Ltd., Tokyo,
Japan).

The amount of PNA immobilized on the nanosphere surface was
measured by the ninhydrin method [34]. Ninhydrin (400 mg) and
hydrindantin (60 mg) were dissolved in 15 mL of 2-methoxyetha-
nol. The solution was cooled with ice and bubbled with nitrogen
for 1 h. After bubbling, 5 mL of acetate-buffered solution (4 M,
pH 5.5) was added to prepare the ninhydrin solution. In a separate
step, PNA-immobilized fluorescent nanospheres were dispersed in
PBS (D8537) at a concentration of 5 mg/mL. One milliliter of the
dispersion was mixed with 0.5 mL of 6 M HCl aqueous solution
in a glass tube. The tube was sealed and incubated at 100 °C for
2 h. After hydrolytic cleavage of PNA, the nanospheres were re-
moved by filtration, and the filtrate was neutralized by adding an
adequate amount of 6 M NaOH aqueous solution. The filtrate con-
taining PNA-derived amino acids was mixed with 0.3 mL of the
ninhydrin solution, and the mixture was incubated at 100 °C for

0.5 h. After the reaction, the absorbance was measured at 595 nm
by using a microplate reader (Model 3550UV, Bio-Rad Laboratories,
Hercules, CA, USA). The calibration curve was prepared by substi-
tuting nanospheres with intact PNA. The amount of PNA immobi-
lized on the nanosphere surface was expressed as PNA amount
(ng) per milligram of the nanospheres (average of three
experiments).

2.4. Biorecognition

The biorecognition of PNA-immobilized fluorescent nano-
spheres with surface PNVA chains was evaluated using the conven-
tional hemagglutination test [41-43]. Two experiments were
carried out for each nanosphere. When there was difference in data
between 2 experiments, additional 2 experiments were carried out,
and the average of 4 experiments was calculated. Data of intact
PNA, which was a control experiment, were expressed as the aver-
age of all 8 experiments performed in this study. PBS (D8662) was
used because PNA is a C-type lectin that requires calcium ions for
carbohydrate binding.

Two milliliters of rabbit preserved blood was mixed with 4 mL
of PBS. After centrifugation of the mixture (1000g, 30 min), the pre-
cipitated erythrocyte fraction was dispersed in 4 mL of PBS. This
washing process was repeated three times, and the erythrocytes
were finally suspended in PBS at a concentration of 2 v/v%. A por-
tion of the precipitated erythrocyte fraction was mixed with an
equivalent volume of neuraminidase solution (1 U/mL), and the
mixture was incubated at 37 °C for 1h. The resulting Gal-p(1-
3)GalNAc-expressed erythrocytes were washed with PBS in the
same manner as described above, and finally suspended in PBS at
a concentration of 2 v/v%. In a separate step, intact PNA was dis-
solved in PBS at a concentration of 0.25 mg/mL. PNA-immobilized
fluorescent nanospheres with surface PNVA chains were also dis-
persed in PBS, and their concentration was adjusted to 0.25 mg/
mL equivalent to that of PNA. A twofold dilution series (50 pL) of
both PBS solutions was prepared in a 96-well microtiter U-plate,
50 uL of the erythrocyte suspension was added to each well, and
the mixture was incubated at room temperature for 1 h. Agglutina-
tion of erythrocytes was observed with a naked eye, and the min-
imum concentration of PNA in the mixture that induced
erythrocyte agglutination was measured. This concentration was
defined as the minimum agglutination concentration (MAC). The
same test was performed for other intact lectins (ABA and AlA)
and core-corona type nanospheres without immobilized PNA
(n=2).

A hemagglutination test was also carried out in the presence of
carbohydrates (n = 2). Galactose or lactose was dissolved in PBS at
a concentration of 0.2 M. A twofold dilution series of PNA and PNA-
immobilized fluorescent nanospheres with surface PNVA chains
(25 pL) was prepared in a 96-well microtiter U-plate. To each well,
25 pL of the carbohydrate solution was added, followed by the
addition of 50 pL of the erythrocyte suspension. MAC was mea-
sured after 1-h incubation of the mixture at room temperature.

3. Results

3.1. Core-corona type nanospheres with surface PNVA and/or PMAA
chains

Table 1 shows the characteristics of core-corona type nano-
spheres prepared as a platform of the imaging agent. The M,,/M,
values of PNVA were 14,000/5000 and 9500/4000. As shown in
our past researches, an increase in the amount of 2-mercap-
toethanol resulted in the reduction of the molecular weight of
PNVA [32,35]. PMAA with different molecular weights (M,,/M,:
19,000/10,000 and 10,000/5600), as well as PNVA, were synthe-
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Fig. 3. Scanning electron microphotograph of core-corona type nanospheres with
surface PNVA and PMAA chains (Run 3, Table 1).

sized. Seven types of nanospheres (Runs 1-7) were prepared by
changing the ratio of vinylbenzyl group-terminated PNVA to
vinylbenzyl group-terminated PMAA and the combination of them
with different molecular weights in the dispersion copolymeriza-
tion process. The weight-average diameters of the nanospheres
were in the range of approximately 300-600 nm. Chemical compo-
sition of the nanospheres did not affect their size clearly. The size
distribution of these spherical nanospheres was very narrow as
evident in their scanning electron microphotographs. The micro-
photograph of nanospheres (Run 3) is shown in Fig. 3. The zeta po-
tential of nanospheres with only surface anionic PMAA chains (Run
5) was —27.8 mV in PBS. This negative charge disappeared when
nonionic PNVA chains with the molecular weights of 14,000/
5000 (M\,/M,) were introduced on the nanosphere surface, irre-
spective of the ratio of vinylbenzyl group-terminated PNVA to
vinylbenzyl group-terminated PMAA (Runs 2, 3, and 4). However,
the negative charge of PMAA remained when the weight-average
molecular weight of PNVA was nearly equal to or lower than that
of PMAA (Runs 6 and 7). The characteristics of the core-corona type
nanospheres were the same as those described in our previous
studies [32,35].

When ESCA analysis of nanospheres with only surface PNVA
chains (Run 1) was carried out, a PNVA-derived O1s energy peak
was observed at 528.2 eV. PMAA-derived O1s energy peaks were
observed at 529.2 eV and 531.7 eV when nanospheres with only
surface PMAA chains (Run 5) were analyzed. These O1s energy
peaks were somewhat overlapped at the above-mentioned three
positions in the ESCA spectra of nanospheres with surface PNVA
and PMAA chains (Runs 2, 3, 4, 6, and 7). The overlapped peaks
were separated mathematically based on the binding energy of
NVA and MAA units [44,45]. The ratio of NVA units to MAA units
on the nanosphere surface calculated from respective areas of

Table 2
PNA-immobilized fluorescent nanospheres with surface PNVA chains (imaging agents)
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O1s energy peaks was almost consistent with that fed in the reac-
tion, except for Run 2. There was no difference in the ratio between
Run 2 and Run 3, even though an excess amount of vinylbenzyl
group-terminated PNVA was used for the preparation of Run 2.

3.2. PNA-immobilized fluorescent nanospheres with surface PNVA
chains (imaging agent)

Table 2 summarizes the preparation of PNA-immobilized fluo-
rescent nanospheres with surface PNVA chains. Nanospheres with
only surface PNVA chains (Run 1) were not used because PNA was
immobilized on the nanosphere surface through the coupling of
amino groups of PNA with carboxyl groups of PMAA. As shown
in Table 2, the amount of immobilized PNA increased with an in-
crease in PNA concentration in the reaction between PNA and fluo-
rescent nanospheres (Runs 2-1, 2-2, and 2-3) and with a decrease
in the ratio of NVA units to MAA units (Runs 2-1, 3-1, 4-1, and 5-
1). The immobilized amount of PNA did not depend on the molec-
ular weight of PMAA (Runs 3-1, 6-1, and 7-1).

The strength of encapsulation of fluorescein-labeled cholesterol
in polystyrene cores of nanospheres was evaluated. Nanospheres
encapsulating fluorescein-labeled cholesterol at a concentration
of 5 w/w% (Run 2-3) were used. After incubation of the nano-
spheres at 37 °C for 24 h in PBS, there was no peak at 495 nm
which derived from fluorescein-labeled cholesterol in the superna-
tant. This showed that fluorescein-labeled cholesterol was not re-
leased from the nanospheres to any measurable extent. When
encapsulation efficiency was examined by using radiolabeled nan-
ospheres with surface PNVA chains (Runs 1 and 3), the efficiency
was 98.3% (Run 1) and 100.0% (Run 3). The radioactivity in the
supernatant of the resulting radiolabeled nanosphere dispersion
was almost the same as that of the background. Mass balance of
radiolabeled cholesterol through the preparation process showed
that about 70% of applied radiolabeled cholesterol was encapsu-
lated into the nanospheres.

Fig. 4 shows a fluorescent microphotograph of PNA-immobi-
lized fluorescent nanospheres with surface PNVA chains (Run 2-
3). Individual nanospheres were clearly observed with a strong
fluorescent intensity by using the fluorescent microscope. Fluores-
cent microscopy indicated that the fluorescent intensity decreased
with a decrease in the concentration of fluorescein-labeled choles-
terol encapsulated in the nanospheres (data not shown). The ab-
sence of vivid yellow color in the background supported the fact
that there was no leakage of fluorescein-labeled cholesterol from
the nanospheres into the purified water.

3.3. Biorecognition

Lectins are proteins that recognize and bind reversibly to spe-
cific carbohydrate residues expressed on the cell surface [18-21].

Run Weight- and number-average molecular weights NVA/MAA? PNA conc.” (mg/mL) Immobilized PNA® (ug/mg)
PNVA (My/M,) PMAA (My/M,)
2-1 14,000/5000 10,000/5600 0.47/0.53 1 3.8
2-2 14,000/5000 10,000/5600 0.47/0.53 0.5 2.3
2-3 14,000/5000 10,000/5600 0.47/0.53 0.25 1.5
3-1 14,000/5000 10,000/5600 0.46/0.54 1 3.8
4-1 14,000/5000 10,000/5600 0.29/0.71 1 5.7
5-1 - 10,000/5600 0/1 1 7.0
6-1 9500/4000 10,000/5600 0.45/0.55 1 3.0
7-1 9500/4000 19,000/10,000 0.42/0.58 1 3.1

2 Ratio of NVA units to MAA units on the nanosphere surface calculated from ESCA spectra.

> PNA concentration in the reaction between PNA and fluorescent nanospheres.

¢ Immobilized amount (pg) of PNA per milligram of nanospheres (average of 3 experiments).
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5 um

Fig. 4. Fluorescent microphotograph of PNA-immobilized fluorescent nanospheres
with surface PNVA chains encapsulating fluorescein-labeled cholesterol at a
concentration of 5 w/w¥% (Run 2-3, Table 2).

This biorecognition of lectins can be evaluated using the conven-
tional hemagglutination test [41-43]. Since a lectin molecule pos-
sesses several sites that bind carbohydrate residues on the
erythrocyte surface, a cross-linking network is formed between
lectins and erythrocytes, thereby inducing erythrocyte agglutina-
tion. MAC—the minimum concentration of lectins that induces
erythrocyte agglutination—decreases with an increase in the affin-
ity of lectins for the corresponding carbohydrate residues. The pre-
treatment of erythrocytes with enzymes such as neuraminidase
and trypsin results in the expression of carbohydrate residues that
differ from the original residues. Gal-B(1-3)GalNAc is expressed on
the surface of neuraminidase-treated erythrocytes. Since PNA, ABA,
and AlA are lectins that recognize Gal-p(1-3)GalNAc, their affinity
and specificity for this carbohydrate can be estimated by compar-
ing MACs for neuraminidase-treated and untreated erythrocytes.
The average MAC of intact PNA was 0.39 and 5.7 pg/mL for neur-
aminidase-treated and untreated erythrocytes, respectively. The
ratio of MAC (MAC for untreated erythrocytes/MAC for neuramin-
idase-treated erythrocytes) was 15. The affinity and specificity of
ABA for Gal-B(1-3)GalNAc were considerably lower than those of
PNA (MAC of ABA for neuraminidase-treated erythrocytes:
7.8 ng/mL; MAC of ABA for untreated erythrocytes: 16 pg/mL).
The affinity of AIA for Gal-B(1-3)GalNAc was as strong as that
of PNA; however, the specificity of AIA was not observed (MAC of
AIA for neuraminidase-treated erythrocytes: 0.49 pg/mL; MAC of
AlA for untreated erythrocytes: 0.49 pg/mL).

Erythrocyte agglutination by core-corona type nanospheres
without immobilized PNA was also examined. Nanospheres with
only surface PMAA chains (Run 5) induced erythrocyte agglutina-
tion when the concentration of nanospheres was more than
0.00625 mg/mL, irrespective of erythrocyte pretreatment. On the
other hand, agglutination of neuraminidase-treated and untreated
erythrocytes was not observed even when the concentration of
nanospheres with only surface PNVA chains (Run 1) was more than
20 mg/mL, which was the maximum nanosphere concentration
used for the evaluation of erythrocyte agglutination due to
turbidity.

Fig. 5 shows MAC of PNA-immobilized fluorescent nanospheres
with or without PNVA chains. MAC was expressed as the minimum
concentration of PNA immobilized on the nanosphere surface that
induced erythrocyte agglutination. In the absence of PNVA chains
on the nanosphere surface (Run 5-1), the MAC for neuramini-
dase-treated erythrocytes was 1.0 pg/mL, which was as low as that
of intact PNA. However, there was no difference in MAC between
neuraminidase-treated and untreated erythrocytes, as observed
in the case of core-corona type nanospheres with only surface
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Fig. 5. Erythrocyte agglutination in the presence of PNA-immobilized fluorescent
nanospheres with or without surface PNVA chains. MAC was expressed as the
minimum concentration of PNA immobilized on the nanosphere surface that
induced erythrocyte agglutination (M: MAC for neuraminidase-treated erythro-
cytes; O: MAC for untreated erythrocytes; Number: ratio of MAC for untreated
erythrocytes to MAC for neuraminidase-treated ones). Each bar was expressed as an
average of 2 experiments except for Run 6-1 (average of 4 experiments). Run
numbers correspond to those in Table 2.

PMAA chains (Run 5). The introduction of surface PNVA chains con-
tributed to the improvement of specificity, which was not observed
in PNA-immobilized fluorescent nanospheres with only surface
PMAA chains, except for nanospheres whose weight-average
molecular weight of PNVA was half that of PMAA (Run 7-1). The
MAC for untreated erythrocytes increased with an increase in the
ratio of NVA units to MAA units on the nanosphere surface (Runs
3-1 and 4-1). The MAC for neuraminidase-treated erythrocytes de-
creased with an increase in the amount of PNA immobilized on the
nanosphere surface while MAC for untreated erythrocytes was
constantly more than 63 pg/mL, which was maximum concentra-
tion in this study due to nanosphere-induced turbidity (Runs 2-1,
2-2, and 2-3). However, the molecular weight was a factor that af-
fected erythrocyte agglutination most strongly (Runs 3-1, 6-1, and
7-1). When there was no difference in weight-average molecular
weights between PNVA and PMAA on the nanosphere surface
(Run 6-1), the average MAC was 1.0 and 63 pg/mL for neuramini-
dase-treated and untreated erythrocytes, respectively, indicating
that the affinity for Gal-p(1-3)GalNAc was as strong as that of in-
tact PNA; the specificity for the carbohydrate residues was higher
than that of the PNA. This high specificity disappeared completely
when weight-average molecular weight of PNVA was half that of
PMAA (Run 7-1).

Binding of lectins with carbohydrate residues expressed on the
cell surface is inhibited competitively by a large amount of carbo-
hydrates having the same chemical structure [17-21]. As summa-
rized in Table 3, the MAC of intact PNA for neuraminidase-treated
erythrocytes was 0.39 pg/mL in the absence of carbohydrates, but
the MAC increased when galactose or lactose was present. Similar
results were obtained when the same test was performed for PNA-
immobilized fluorescent nanospheres with surface PNVA chains
(Run 3-1, Table 2).

Table 3
MAC (pg/mL) of intact PNA and PNA-immobilized fluorescent nanospheres with
surface PNVA chains in the presence of carbohydrates

Carbohydrates Intact PNA Nanospheres (Run 3-1)?
No additives 0.39 3.9
Galactose 15.6 >62.5
Lactose 62.5 >62.5

4 Run number corresponds to those in Table 2.
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4. Discussion

As shown in Fig. 1, there are three prerequisites for an endo-
scopic imaging agent. First, the agent must have moieties that rec-
ognize cancer tissues in the large intestine. PNA, which recognizes
Gal-p(1-3)GalNAc of the TF antigen expressed on the mucosal side
of cancer cells in the early stage of colorectal cancer, was selected
as the corresponding targeting moiety. PNA possessed stronger
affinity and higher specificity for the carbohydrate residue when
compared with AIA and ABA.

Second, the agent must have moieties that minimize the non-
specific interactions with the normal tissues of the large intestine.
PNVA, which was selected as the moiety that minimizes the non-
specific interactions, is a nonionic polymer with strong hydrophi-
licity. In our previous study, we demonstrated that core-corona
type nanospheres were useful as carriers for oral peptide delivery
[32,35,37-38]. Some types of nanospheres enhanced the absorp-
tion of salmon calcitonin (sCT) in rats via the gastrointestinal tract.
The absorption enhancement was affected by the chemical struc-
ture of the hydrophilic polymeric chains. The absorption of sCT
was most strongly enhanced by nanospheres with surface
poly(N-isopropylacrylamide) (PNIPAAm) chains; however, nano-
spheres with surface PNVA chains did not enhance sCT absorption
at all [32]. The adhesion of nanospheres to the intestinal mucosa
was related to absorption enhancement [32]. It was considered
that the lack of absorption-enhancing function of nanospheres
with surface PNVA chains resulted from the strong hydrophilicity
of PNVA. Thick water layers that were formed on the nanosphere
surface probably prevented the nanospheres from interacting with
the mucous membranes in the gastrointestinal tract [32,35,37,38].
As shown in Table 1 and based on our previous report, the negative
charge of nanospheres with surface PMAA chains was shielded by
the introduction of PNVA chains [35]. Complete shielding effect
was observed when the weight-average molecular weight of sur-
face PNVA chains was larger than that of PMAA chains. The inter-
ference from PNVA was probably related to the formation of
water layers on the nanosphere surface whose thickness depends
on the molecular weight. We anticipated that PNVA-reduced non-
specific interactions with normal tissues would enhance PNA-in-
duced biorecognition.

Third, the agent must have a fluorescence intensity that is suf-
ficient for providing a clear fluorescent contrast between cancer
and normal tissues under a fluorescent endoscope. We prepared
PNA-immobilized fluorescent nanospheres with surface PNVA
chains encapsulating fluorescein-labeled cholesterol at a concen-
tration of 1 or 5 w/w%. Nanospheres were first dispersed in ethanol
dissolving fluorescein-labeled cholesterol. By gradually decreasing
the hydrophobicity of the dispersion medium, fluorescein-labeled
cholesterol was encapsulated successively into the polystyrene
cores of the nanospheres through their hydrophobic interactions.
Encapsulation efficiency and mass balance were examined by
substituting fluorescein-labeled cholesterol with radiolabeled cho-
lesterol. Results supported the fact that hydrophobic cholesterol
was encapsulated into the hydrophobic polystyrene cores of nano-
spheres strongly and efficiently. A similar experiment was
performed in our past research by using 3-(trifluoromethyl)-3-
(m-['**I]iodophenyl)diazirine [37]. Mass balance showed that only
less than 10% of applied diazirine was encapsulated into the nano-
spheres, although its encapsulation efficiency was almost 100% and
no release of diazirine was observed during 2-h incubation with
simulated gastrointestinal fluids and genuine fluids obtained from
rats’ gastrointestinal tract. The low recovery of diazirine from
the dispersion medium through the encapsulation process was
probably caused by its relatively low hydrophobicity. Individual
PNA-immobilized fluorescent nanospheres encapsulating fluores-
cein-labeled cholesterol at a concentration of 5 w/w% were

observed under the fluorescent microscope although the purity
of the cholesterol was 6% (Fig. 4). It is anticipated that the nano-
spheres are accumulated specifically on the surface of cancer tis-
sues in the large intestine after their intracolonic (enema)
administration, and that small-sized early colorectal cancer can
be detected through observation of a clear fluorescent contrast be-
tween the normal and cancer tissues under a fluorescent endo-
scope, as illustrated in Fig. 6. Endoscopically detectable
fluorescent intensity will be achieved by encapsulating a sufficient
amount of fluorescein-labeled compounds. The required amount is
still unclear in this study, but the synthesis process of fluorescein-
labeled cholesterol should be modified to increase the purity.

The chemical structure and characteristics of core-corona type
nanospheres with surface PNVA and/or PMAA chains as a platform
of the imaging agent are shown in Figs. 2 and 3 and Table 1, respec-
tively. A research group of Akashi has already reported that the
particle size increased with a decrease in molecular weights or
concentration of vinylbenzyl group-terminated hydrophilic poly-
mers in the dispersion copolymerization [29-32]. However, there
was no obvious effect of vinylbenzyl group-terminated PNVA/
vinylbenzyl group-terminated PMAA proportion on the particle
size. ESCA analysis indicated that the current preparation method
did not yield nanospheres whose NVA units were higher than
MAA units. A change in the solvent may be required for the prep-
aration of nanospheres with an excess amount of PNVA chains on
their surfaces because the polarity of the solvent also affects the
surface composition [29-35]. Table 2 shows that PNA was immobi-
lized on the nanosphere surface. Amino groups of PNA were re-
acted with carboxyl groups of PMAA although PNVA possibly
interfered with the reaction.

A focus on this study is to verify the usefulness of PNVA as a
material that reduces nonspecific interactions and to conse-
quently maximize the affinity and specificity of PNA immobilized
on the nanosphere surface for Gal-p(1-3)GalNAc. The hemagglu-
tination test was performed to evaluate the activity of immobi-
lized PNA. The effect of PNVA and PMAA chains on erythrocyte
agglutination was first examined by using core-corona type nan-
ospheres with surface PNVA or PMAA chains. A large difference
was observed in the minimum concentration of nanospheres that
induced erythrocyte agglutination. The erythrocyte agglutination
in the presence of nanospheres with surface PMAA chains was
probably caused by PMAA-induced strong nonspecific interac-
tions. Nanospheres with surface PNVA chains did not agglutinate
erythrocytes in the range of nanosphere concentration examined
in this study. These results indicated that PNVA enabled the
imaging agents to reduce nonspecific interactions. As shown in
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Fig. 6. Principle of the detection of early colorectal cancer by using PNA-
immobilized fluorescent nanospheres with surface PNVA chains under the fluores-
cent endoscope.
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Fig. 5, the hemagglutination of neuraminidase-treated erythro-
cytes was observed in the presence of a small amount of PNA-
immobilized fluorescent nanospheres without surface PNVA
chains (Run 5-1). However, the specificity was not observed, dif-
fering from the case of intact PNA. Erythrocyte agglutination was
probably induced by nonspecific interactions occurring due to
residual PMAA that had not reacted with PNA. PNVA prevented
erythrocyte agglutination caused by PMAA-induced strong non-
specific interactions although this effect was not observed when
the molecular weight of PMAA was considerably larger than that
of PNVA (Run 7-1). Table 3 indicated that PNA on the nano-
sphere surface recognized Gal-p(1-3)GalNAc which was ex-
pressed on the surface of neuraminidase-treated erythrocytes.
The molecular weights of surface PNVA and PMAA chains af-
fected the affinity and specificity of PNA most strongly although
the PNA activity was also influenced by the immobilized amount
of PNA and the ratio of NVA units to MAA units. When the
weight-average molecular weight of PNVA was nearly equal to
that of PMAA (Run 6-1), the affinity of PNA immobilized on
the nanosphere surface for Gal-B(1-3)GalNAc was as strong as
that of intact PNA; the specificity for the carbohydrate residue
was higher than that of the PNA. This result indicated that PNVA
enhanced the specificity of PNA through the reduction of non-
specific interactions between PNA and carbohydrates other than
Gal-p(1-3)GalNAc without a significant decrease in the affinity.

PNA was immobilized actively on the surface of nanospheres,
and its biorecognition was enhanced through the surface PNVA-
reduced nonspecific interactions between the nanospheres and
nontargets. Current data, however, remain to optimize the sur-
face structure of nanospheres using the hemagglutination test.
We should first examine biorecognition of PNA-immobilized
fluorescent nanospheres with surface PNVA chains against hu-
man colorectal cancer cells with the TF antigen. In vivo experi-
ments using animals bearing the TF antigen-expressing cancer
cells in the large intestinal mucosa will be performed to evaluate
the usefulness of the imaging agent practically. The effect of
PNVA should be also compared with that of PEG. In the field
of imaging agents, PEGylation is being studied for polymeric mi-
celles composed of block copolymers that bound gadolinium ions
providing high contrasts in Magnetic Resonance Imaging (MRI)
[46]. Studies on these issues will be successively discussed in fu-
ture reports.

5. Conclusions

PNA-immobilized fluorescent nanospheres with surface PNVA
chains were designed with the aim of developing an endoscopic
imaging agent for the detection of early colorectal cancer. PNA
was actively immobilized on the nanosphere surface and its affin-
ity for Gal-p(1-3)GalNAc, which is the terminal sugar of the TF anti-
gen that is specifically expressed on the mucosal side of colorectal
cancer cells, was as strong as that of intact PNA. PNVA enhanced
the specificity of PNA for the carbohydrate residue through the
reduction of nonspecific interactions between nanospheres and
nontargets.
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