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Abstract

A method for silicacoating of Agl nanoparticles is proposed, which applies Stiber method in the presence of a silane coupling agent,
3-mercaptopropyltrimethoxysilane (MPS), with the use of dimethylamine (DMA) catalyst for alkoxide hydrolysis. The Agl nanoparticles
were prepared from AgClO; and KI. The silica-coating was performed with 0-2.3 x 10~*M MPS, 11-20M water, 0-0.1M DMA and
0.0004-0.15 M tetraethyl orthosilicate (TEOS). The addition of MPS suppressed generation of free silica particles and improved wniformity
of shell thickness. Silica shells were formed at water concentrations of 11-15 M, but excess water {20 M) caused aggregation of free silica
particles, and resulted in formation of gel network. The silica shell thickness could be varied from 3 to 33.0nm as the TEOS concentration
was increased from 0.0004 to 0.04 M at 4.5 x 107* M MPS under the condition of 11 M water and 0.01M DMA.

© 2004 Elsevier B.V. All rights reserved,

Keywords: Agl; Nanoparticle; Core-shell; Silica coating; Sol-gel; Stober method

1. Introduction

Nano-sized semiconductor particles such as CdS, CdSe
and Agl attract special interest because they are in an inter-
mediate state between atoms or molecules and bulk material,
and can be expected to exhibit excellent properties different
from bulk material {1-3].

A common technique for stabilizing nanoparticles is the
use of surface active agents or macromolecular substances
that are adserbed to particle surface to form a physical bar-
rier against other approaching particles. The coating of the
particles with inert silica shells can also be used as a stabiliz-
ing technique [4-9]. Role of the silica shell is two-fold, since
it not only provides a greatly enhanced colloidal stability in

* Corresponding author. Tel.: +81 22 217 7239; fax: 481 22 217 7241.
E-mail address: konno@mickey.che.tohoku.ac jp (M. Konno).

0927-7757/$ - sce front matter © 2004 Elsevier B.V. All rights reserved.
doi: 10.1016/j colsurfa.2004.10.007

water, but also can be used to control distance between core
particles within assemblies through shell thickness.

From this view point, extensive studies on silica-
coated nanoparticles have been made [5,7]. The method
of the silica-coating was composed of three steps: (1)
modification of the nanoparticle surface to make it vit-
reophilic by using silane coupling agents with an amino or
thiol group such as 3-aminopropyltrimethoxysilnae and 3-
mercaptopropyltrimethoxysilane (MPS), (2) slow silica de-
position in water from a sodium silicate solution, and (3) ex-
tensive growth of the silica shells through sol-gel reaction of
silicon alkoxide in ethanol/ammonia mixtures [5]. The silica
deposition in the sodium silicate solution requires long-time
if silica shells are to be grown to certain thickness. In ad-
dition, the sodium silicate possibly introduces impurities to
the particles. Therefore, a simplified and more rapid method
with no sodiumn silicate is desirable.
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A study on preparing silica-coated Agl nanoparticles was
performed by Giersig <t al. [10]. They showed that silica-
coated Ag nanoparticles that were prepared according to the
ref. {7] were mixed with I solution, in which 13 molecules
diffused in silica shell layer, and eventually transforming the
Ag nanoparticles inside to Agl nanoparticles. However, long-
time processes with sodium silicate were required, and gen-
eration of Agl nanoparticles also took place on extemnal silica
surface. We have recently developed [11,12] a technique for
direct silica-coating of metal nanoparticles in one single step
without need of sodium silicate, which is based on Stober
method. In the present work, the direct silica-coating method
was extended to silica-coating of Agl nanoparticles in the
presence of MPS.

2. Experimental
2.1. Chemicals

Silver perchlorate (AgClO,4) (Kanto Chemical Co. Inc.,
99%) and potassium iodide (KI) (Wako Pure Chemicals
Ltd., 99.5%) were used as silver precursors. Tetracthyl or-
thosilicate (TEOS) (Wako Pure Chemicals Ltd., 95%), MPS
(Aldrich, 97%) and ethanol (Wako Pure Chemicals Ltd.,
99.5%) were used for silica-coating, and DMA (Wako Pure
Chemicals L.td., 50%}) was used as catalysts fora sol-gel reac-
tion of TEOS and MPS. All chemicals were used as received.
Ultrapure deionized water (resistivity higher than 18 MQ cm)
was used in all the preparations.

2.2. Preparation of materials

2.2.1. Agl nanoparticles

Colloids of Agl nanoparticles were prepared by mixing of
AgClO4 and K1. Freshly prepared 0.015 ml 0f 0.2 M AgCl0y
in H;O was added to 6 ml of 0.001 M K1 under vigorous stir-
ring at room temperature. Color of the mixture tumed yel-
low immediately. Fig. 1 gives absorption spectrum of Agl
nanoparticle colloid. A sharp peak around 421nm and a
shoulder peak around 330 nm were attributed to exciton peaks
of Agl [13-16}, which provided an evidence for generation
of Agl particles. Typically, spherical Agl nanoparticles with
an average size of 23.8 nm were observed in TEM (see inset
of Fig. 1).

2.2.2. Silica-coating

Stober method with TEQS was applied to silica-coating
of the Agl nancparticles. Six millilitres of the Agl col-
loid was added to 0.1 mt of 0.00135M MPS in H;0. After
15 min, 24 ml of ethanol and successively 0.0266 ml of TEOS
were added to the colloid. Then, the silica-coating was initi-
ated by rapidly injecting an aqueous DMA solution into the
AgUTEOS colloid. The concentrations of TEOS and water
were ranged from 0.0004 to 0.15M and from 11 to 20M,
respectively.

s

04

[-]
w

o
[X)

Absorbance (-)

0.1

400
Wavelength (nm)

Fig. 1. TEM image and UV-vis absorption spectrum of Agl colloid in
ethanol/water.

2.3. Characterization

The silica-coated Agl (Agl-SiO;) nanoparticles were
characterized by transmission electron microscopy (TEM)
and ultraviolet (UV)-visible (vis) spectroscopy. TEM was
performed with a Zeiss LEO 912 OMEGA microscope oper-
ating at 100kV. Samples for TEM were prepared by dropping
and evaporating the nanoparticle suspensions on a collodion-
coated copper grid. Silica shell thickness was estimated as
the difference between silver particle and composite parti-
cle sizes. UV—vis extinction spectra were measured with a
Hitachi UV-3010 spectrophotometer.

3. Resulis and discussion
3.1. Effect of MPS concentration

Fig. 2 shows TEM micrographs of Agl-Si0; nanoparti-
cles prepared at various MPS concentrations. In Fig. 2a and
b, many core-free silica particles and shell-free Agl nanopar-
ticles were observed, though a few core-shell particles were
present. Probably, silica did not have a strong affinity for the
Agl nanoparticle surfaces during growth from silica nuclei
to silica nanoparticle. Particles in Fig. 2¢ and d had core-
shell structures composed of the Agl core with a size of
13.5 nm and the silica shell with a thickness of 15.1 nm. MPS
molecules possibly had strong affinity for Agl surface so that
condensation reaction between MPS and TEOS was initiated
on the surface.

3.2. Effect of water concentration

Fig. 3 shows TEM micrographs of Agl-SiO; nanopar-
ticles prepared at water concentrations from 11 to 20M.
All the DMA concentrations were 0.01M in a series of
the experiments. The water concentration of 11 M was the
lower limit in the present experimental, because the water
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Fig. 2. TEM images of Agl-SiO; prepared at MPS concentrations of 0 (a),
4.5 1077 (b). 4.5 x 107° (c) and 2.3 x 107° M (d). Initial concentrations
of water, DMA and TEOS were 11, 0.01 and 0.004 M, respectively.

concentration in the commercial DMA selution is 50% and
adjusting the DMA concentration to 0.01 M provided the
water concentration of 11 M at lowest. Agl-Si0; core-shell
particles were observed in Fig. 3a and b. The Agl cores that
were observed in Fig. 3b were large, compared to Fig. 3a.
As the water concentration rises, DMA is dissociated and
consequently ionic strength increases in tum [17]. Since
the increase in ionic strength reduces electrostatic repulsion
between the Agl nanoparticles, the reduction of electrostatic
repulsion probably promoted the aggregation and growth
of Agl nanoparticles. It was also observed in Fig. 3b that
many core-free silica particles with a size of 22.]1 nm were

Fig. 3. TEM images of Agl-SiO; prepared at water concentrations of 11
(), 12 {b), 15 (c) and 20 M (d). Initial concentrations of MPS, DMA and
TEOS were 4.5 x 1076, 0.01 and 0.004 M, respectively.

Fig. 4. TEM images of Apl-Si0; prepared at DMA concentrations of 0 (2),
0.005 (b), 0.01(c) and 0.1 M {d). Initial concentrations of MPS, water and
TEOS were 4.5 » 1079, 11 and 0,004 M, respectively.

generated. The increase in ionic strength due to the dis-
sociation of DMA reduces electrostatic repulsion not only
between Agl nanoparticles but also between silica nuclei
generated with hydrolysis of TEQS. Consequently, the silica
nuclei aggregated and grew as the silica nanoparticles with
the increase in water concentration. In Fig. 3¢, network
structures were formed, though some Agl-Si0; core-shell
particles were still observed. In Fig. 3d, no core-shell
particles were formed. Further increase in ionic strength at
high water cencentration probably promoted aggregation of
silica nanoparticles and succeeding formation of gel network
structures.

3.3. Effect of DMA concentration

Fig. 4 shows TEM micrographs of Agl-Si0; nanoparti-
cles prepared at different DMA concentrations. At a DMA
concentration of M (Fig. 4a), no silica shell and no silica
particle was observed because of a shortage of the catalyst. At
0.005 M (Fig. 4b), particles that contained multiple cores and
core-free silica particles were obtained. At0.01 M, core-free
silica particles were obtained a little and the Agl nanopar-
ticles were coated with silica with a thickness of 15.1nm
(Fig. 4¢). An increase in the concentration to 0.1 M increased
silica shell thickness to 16.6 nm (Fig. 4d). Addition of DMA
is considered to increase the ionic strength of the solution
due to the dissociation and catalyzes the hydrolysis and con-
densation of the alkoxysilanes [18). Thus, the high DMA
concentration should reduce the double layer repulsion be-
tween the Agl nanoparticles and the silica nuclet. As aresult,
the silica nuclei were deposited on the Agl particle surfaces
and then the silica shells grew.
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Fig. 5. TEM images of Agl-SiO; prepared at TEOS concentrations of 0.0004 {a), 0.002 (b3, 0.004 (¢), 0.04 (d) and 0.15 M (e). Initial concentrations of MPS,

DMA and water were 4.5 x 1078, 0.01 and 11 M, respectively.

3.4. Effect of TEOS concentration

For the control of shell thickness, TEQOS concentra-
tion was varied in the experiments of Fig. § a-e. At
[TEOS] =0.0004-0.04 M (Fig. 5a-d), most of the particles
were quasi-perfect core-shells with just one Agl core and
the shell thickness increased from 3.0 to 33.0 nm. Thus, the
TEOS concentration was found to control the silica shell
thickness within a certain threshold. However, further ad-
dition of TEOS ([TEOS])=0.15 M) did not increase the shell
thickness, and generated a large amount of core free silica
particles, as shown in Fig. Se.

3.5. UV-vis spectroscopy

Fig. 6 gives absorption spectra of Agl-SiO; colloid. In
the spectra in Fig. 6a through c, a sharp peak arcund 421 nm
and a shoulder peak arcund 330 nm were observed, which
were the typical absorption spectra of the Ag! nanoparticles.
As the shell thickness increased, these peaks seemed to
be screened by the strong scattering from the silica shell.

2

Absorbance (-}

00
Wavelength (nm)

Fig. 6. UV-vis absorption spectra of Agl-Si0a. Refer to Fig. S for symbols.

Although the shoulder peak was not clearly seen in Fig. 6d
and e, the absorption peak of the Agl nanoparticles appeared
around 421 nm in these figures. Thus, the existence of Agl
nanoparticles was confirmed from the UV-—vis spectroscopy.

4. Conclusion

A synthetic method for Agl-SiO; core-shell particles was
developed. The method was based on the deposition of a sil-
ica shell on the Agl cores. The silica-coating was performed
with a sol-gel reaction of TEOS in the presence of the Agl
nanoparticles. At high water concentrations, no formation of
homogeneous silica shells could be performed. With increas-
ing TEOS concentration, the silica shell thickness increased.
Concentration effects can probably be explained by the dif-
ference in ionic strength of the solution.
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Abstract

This paper describes silica-coating of polystyrene microspheres incorporated with fluorescence dyes (fluorescent microspheres) by means
of a seeded polymerization technique based on Stober method. The silica-coating of the fluorescent microspheres was performed in the
presence of 0-10 g/l polyvinylpyrrolidone (PVP), 1.13-17M water, 0~1.2 M agueous ammonia and 0.00038-0.2 M tetracthoxyorthosilicate
(TEOS). The addition of PVP was found to suppress the generation of free silica particles and improve the uniformity of shell thickness,
The silica shell thickness increased from 13 to 138 nm with an increase in TEOS concentration at 10 g/1 PVP, 0.4 M aqueous ammonia and
10.9 M water. The thickness also increased with the ammonia concentration and the water concentration. However, excess ammonia and water
caused aggregation of free silica particles and the polystyrene microspheres. The silica-coated fluorescence microspheres showed more stable

fluorescence to laser-irradiation than uncoated microspheres.
© 2004 Elsevier B.V, All rights reserved,

Keywords: Fluorescent microsphere; Core-shell; Silica-coating; Sol-gel; Seeded polymerization

1, Introduction

Microspheres incorporated with fluorescence dyes (fuo-
rescent microspheres) have been used widely as cell-surface
antigen detection, neutral retrograde tracers, phagocytosis
tracers, sensitive diagnostic reagents and blcod flow mea-
surements [§ 4]. It is desirable that flucrescences of dyes
in the microspheres are strong and persistent for long peri-
ods. The photostability of the dyes is environmentally sen-
sitive, and singlet state oxygen molecules play the main role
of photo-bleaching of the fluorescence dye molecules in the
excited state [5 - 7). Core-shell type particles are good can-
didates for preventing decomposition because the shell ma-
terials can keep dyes from contact with oxygen molecules.

* Comresponding author. Tel.: +81 22 217 7242; fax: +81 22 217 7293,
E-mail address: yoshio@mickey.che.tohoku.ac jp (Y. Kobayashi).
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doi: 10.1016/j.colsurfa.2004.04.052

The core-shell types particles show various unique prop-
erties owing to their composite structures, They are applica-
ble to a wide variety of materials such as magnetism [8 12],
electronics [13-16] and optics [17-19]. Liz-Marzin and
co-workers demonstrated silica-coating on CdS nanopar-
ticles inhibited light-induced surface reactions, so that
photostability of CdS was improved [20]. Our group also
reported a protection effect of silica shell using silica~coated
Co nanoparticles, in which the silica-coating prevented Co
nanoparticles from oxidization and provided crystallization
to cubic metal Co phase that showed magnetic properties
[21]. In addition, we employed direct silica-coating on gold
nanoparticles by a seeded polymerization techniques [22].

In this article, the silica-coating technique is extended
to the fluorescence microspheres. The fluorescence micro-
spheres have been coated with silica shell at different con-
centrations of polyvinylpyrrolidone (PVP), water, ammonia
and tetraethoxysilane (TEQS). The photo-bleaching of the
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fluorescence dyes within the microspheres has been moni-
tored under irradiation of laser in the presence of air.

2. Experimental
2.1. Chemicals

FluoSpheres® beads (F-8803) commercially available
from Molecular Probes Inc. were used as fluorescent mi-
crospheres. The flucrescent microspheres were composed
of a host matrix of polystyrene and a dopant of fluorescent
dyes. Fig. | shows their fluorescence spectrum and photo-
graph taken by a transmission electron microscope (TEM).
The fluorescent microspheres have a fluorescence peak
at 512nm and an average size of 193 nm. The chemicals
of ethanol (99.5%), NH4OH (25% aqueous solution) and
tetracthylorthosilicate (TEOS, 95%) obtained from Wako
Pure Chemicals Ltd., and polyvinylpyrrolidone (PVP, av-
erage molecular weight: 36000} from Nacalai Tesque Ltd.
were used as received. Ultrapure deionized water (resistivity
higher than 18 M2 cm) was used in the preparations.

2.2. Preparation of materials

Silicacoating of the fluorescent microspheres was car-
ried out with ammonia-catalyzed reaction of TEOS in
ethanol-water solution in a hemmetically sealed reactor
equipped with a magnetic stirrer at room temperature.
Ethanol solution of TEQS was added to aqueous PVP solu-
tion under vigorous stirring after addition of the suspension
of the fluorescent microspheres. Hydrolysis reaction of
TEOS was initiated by the addition of the aqueous ammo-
nia solution to form silica shell on the microspheres, which

Fluorescence Intensity (a.u.)

1 1
500 550 600 650 700
Wavelength {nm)

Fig. 1. Fluorescence spectrum of FluoSpheres® (F-8811) and their TEM
image shown in the inset. The excitation wavelength was 488 nm.

Quartz cuvetta
. Ar ion laser
LN (488nm, 300mW)

N

Si photodiode = Optical power meter |— PC

Band pass filter{541nm})

Fig. 2. Experimental set-up for measurements of photo-bleaching.

was reacted for 24 h under stirring. Concentrations of PVP,
water, ammonia and TEOS and were in ranges of 0-10g/],
1.13-17M, 0-1.2 M and 0.00038-0.2 M, respectively.

2.3. Characterization

The silica<coated fluorescent microspheres were ob-
served with a transmission electron microscope (TEM)
(Zeiss LEO 912 OMEGA} operated at 100kV accelerating
voltage. Samples for TEM were prepared by dropping the
suspension of the fluorescent microspheres onto the top ofa
collodion-coated copper grid and drying. Fluorescence spec-
tra were measured with a Hitachi F-4500 fluorophotometer.
Fig. 2 shows a set-up for analysis of photo-bléaching. The
silica-coated microspheres in a quartz cuvette were irradi-
ated by an argon ion laser (Coherent, INOVA9() with an
emission wavelength of 488 nm and a power of 300mW.
Fluorescence at 541 nm was selected using a band pass
filter with a bandwidth of 10nm and detected with an Si
photodiode (Anritsu, MA9411A) connected with an Anritsu
ML9001 optical power meter.

3. Results and discussion
3.1. Effect of PVP concentration

Fig. 3 shows TEM micrographs of silicacoated fluores-
cent microspheres prepared at various PVP concentrations.
In whole images, many core-free silica particles with sizes
of 50-80 nm were observed. According to Kawahashi and
Shiho [23-25], PVP is required for preventing aggregation
of particles. However, no aggregations of the fluorescent mi-
crospheres were observed even without the addition of PVP
(Fig. 3(a)). The fluorescent microspheres used have carboxyl
groups on their surfaces according to a commercial cata-
log of FluoSpheres® beads. These carboxyl groups prob-
ably prevent such aggregation. In Fig. 3(a} and (b), silica
particles with sizes of 45-90nm deposited on the surfaces
of fluorescent microspheres, which indicated that silica did
not have a strong affinity for the fluorescent microsphere
surfaces during growth from silica nuclei to silica nanopar-
ticle. Such deposition decreased with the increase in PVP
concentration. In Fig. 3(c} (e), the silica shell with a size of
4045 nm was formed on the surfaces, though the deposited
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Fig. 3. TEM images of fluorescence microspheres coated with silica for 10.9M water, 0.4 M ammonia and 0.02M TEOS at PVP concentrations of (a)

0/, (b) 0.01 g, () 0.1 g/, (d) 1.0g/ and (e) 10gA.

silica particles were stil} observed in Fig. 3(c). The surfaces
of silica shell were smoother with the increase in PVP con-
centration. In our research, it can be considered that PVP
improved an affinity between the silica nuclei and the fluo-
rescent microsphere surfaces.

3.2. Effect of water concentration

Fig. 4 shows TEM micrographs of silica-coated fluores-
cent microspheres prepared at various water concentrations.

In Fig. 4(a} (c), homogeneous silica shells were observed
on the surfaces of the fluorescent microspheres and their
thickness increased from 13 to 60nm with the water con-
centration. As Bogush and Zukoski reported [26], an in-
crease in water concentration in TEQS/NH3/water/ethanol
solution dissociates ammonium hydroxide and brings about
an increase in electric conductivity that corresponds to ionic
strength. Since the increase in ionic strength reduces electro-
static repulsion between particles, the growth of silica shells
was probably promoted.

. 1
®

.o

[———
500 nm
[

{d)

(e)

*

Fig. 4. TEM images of fluorescence microspheres coated with silica for 10gA PVPE, 0.4 M ammonia and 0.02M TEOS at initial water concentrations of

(a) 113 M, (b) 5.0M, (c) 10.9M, (d) 13.0M and {e) 17M.
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Many core-free silica particles were also observed and
their average sizes increased from 41 to 92nm with the
water concentration. In Fig. 4(d) and (e), such silica parti-
cles adhered to the fluorescent microsphere surfaces and no
more homogeneous shell was observed, which can not be
explained by the change in jonic strength that was the fac-
tor causing the silica shell growth as shown in Fig. 4{a} {c).
Because the dielectric constant of water/ethanol mixture in-
creases with water concentration, silanol groups on the silica
particle surface probably tend to ionize with increasing wa-
ter concentration. This might increase affinity of the silica
particles for the dispersant. Therefore, silica nuclei gener-
ated during the early stages of the sol-gel reaction probably
grew as stable core-free silica particles.

3.3. Effect of ammonia concentration

Fig. 5 shows TEM micrographs of silicacoated fluores-
cent microspheres prepared at different ammonia concen-
trations. At an ammonia concentration of OM (Fig. 5(a)),
no silica shell and no silica particle was observed because
of a shortage of catalyst. At ammonia concentrations of
0.2-0.8 M (Fig. 5(b) (d)), the thickness of silica shell in-
creased from 38 to 43 nm with the increase in ammonia con-
centration. Addition of ammonia increases the ionic strength
of the sclution and catalyzes the hydrolysis and condensa-
tion of the alkoxysilanes [27]. Thus, the high ammonia con-
centration should reduce the double layer repulsion between
the fluorescent microspheres and the silica nuclei. As a re-
sult, the silica shells grew on the microsphere surfaces. At
an ammonia concentration as high as 1.2 M, the fluorescent
microspheres aggregated with the secondary generated silica
particles (Fig. 5(e)). The high ammonia concentration ex-

tensively accelerated the sol-gel reaction of TEOS and then
the core-free silica particles were gencrated from the silica
nuclei and grew much before the silica nuclei was used for
the silica shell formation.

3.4. Effect of TEOS concentration

Fig. 6 shows TEM micrographs of silica-coated fluores-
cent microspheres formed at various TEOS concentrations.
Some silica particles were observed and their size tended to
increase with the TEOS concentration. The ionic strength
decreases as a sol-gel reaction of TEOS proceeds and then
secondary silica particles are generated [28,29). Since the
high TEOS concentration should increase a source of silica,
the silica shell grew. The silica shell thickness was varied
from 13 to 138 nm as initial TEOS concentration increased
from 0.00038 to 0.2 M. This means the shell thickness can
be controlled within a certain threshold. The thickness of
silica was smaller than those estimated from initial TEOS
concentrations, because of the generation of the core-free
silica particles.

3.5. Photo-bleaching

Fig. 7 shows the time-dependence of the fluorescence
intensity. The fluorescence intensity of the silica-coated flu-
orescent microspheres was lower than that of the uncoated
ones up to 15min. However, the laser-irradiation over
15min reversed the order of the fluorescence intensites.
For making clear a difference between the silica-coated
microspheres and the uncoated ones, the fluorescence in-
tensities were normalized by the value of fluorescence
intensity measured before the laser-irradiation, as shown in

Fig. 5. TEM images of fluorescence microspheres coated with silica for 10g/1 PVP, 10.9M water and 0.02M TEOS at initial ammonia concentrations

of (a) OM, (b) 0.2 M, (c) 0.4 M, (d) 0.8M and (¢) L.2M.
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Fig. 6. TEM images of fluorescence microspheres coated with silica for 101 PVP, 10.9 M water and 0.4 M ammonia at initial TEOS concentrations of

(3) 0.00038 M, (b) Q0015 M, (c) 0.009M, {d) 0.02M and {e) 0.2M.

the inset. Time-dependence of the normalized fluorescence
intensity for the silica-coated fluorescent microspheres was
weak compared to that of the uncoated fluorescent micro-
spheres, which is evidence that the silica-coated fluorescent
microspheres were more stable in respect to their lumines-
cence property than the uncoated ones. Singlet state oxygen
molecules decompose dye molecules in their exited stage.
[5 -7]. This stable fluorescence property is probably related
to the diffusional limitations of oxygen molecules inside of
the fluorescent microspheres through the silica shell. Such
stabilization by the silica-coating will be of importance in
the preparation of stable materials for practical applications,

2.0y
gts
=
2186
g
[} N i i i
@ 10 120, (%?n) 4050
214
@ silica-coated
:
g 1.2 .
iT uncoated™ * .,
1.0 L [] L 1
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Fig. 7. Fluorescence intensities of silica-coated fluorescent microspheres
and uncoated ones as a function of laser-irradiation time. The silica-coating
was employed at 10g/1 PVP, 10.9M water, 0.4 M ammonia and 0.02 M
TEOS. The inset shows fluorescence mtensity normalized by the value
of flucrescence intensity measured before the laser-irradiation.

4. Conclusion

A synthetic method was developed for the stabilization
of fluorescent microspheres, The method was based on the
deposition of a silica shell on the fluorescent microsphere
cores. The silica-coating was performed with a sol-gel re-
action of TEOS in the presence of PVP and the fluores-
cent microspheres. Homogeneous silica shells were formed
on the fluorescent microspheres in the presence of PVP. At
high water and ammonia concentrations, no formation of ho-
mogeneous silica shells could be performed. With increas-
ing TEOS concentration, the silica shell thickness increased.
Concentration effects can probably be explained by differ-
ences in ionic strength of the solution. It was observed that
the silica-coated flucrescent microspheres provided high lu-
minescence stability, compared with uncoated ones. This
property is significant for biomedical application.
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Biophoton emission is defined as extremely weak light that is ra-
diated from any living system due to its metabolic activities,
without excitation or enhancement. We measured biophoton im-
ages of tumors transplanted in mice with a highly sensitive and
ultra-low noise CCD camera system. Cell linas employed for this
study were AH109A, TE4 and TE9. Biophoton images of each tu-
mor were measured 1 week after carcinoma cell transplantation

- to estimate the tumor size at week 1 and the biophoton inten-
sity. Some were also measured at 2 and 3 weeks to compare the
biophoton distribution with histological findings. We achieved
sequential biophoton imaging during tumor growth for the first
time. Comparison of microscopic findings and biophoton intensity
suggested that the intensity of biophoton emission reflects the
viability of the tumor tissue. The size at week 1 differed between
cell lines, and the biophoton intensity of the tumor was corre-
lated with the tumor size at week 1 (correlation coefficient 0.73).
This non-invasive and simple technique has the potential to be
used as an optical biopsy to detect tumor viability. (Cancer Sci
2004; 95: 656-661)

U Itraweak biophoton emission is defined as extremely weak
light originating from living things as a result of their met-
abolic activities. This phenomenon has been recognized to oc-
cur without enhancement or excitement by chemical

administration or light irradiation. Ultraweak biophoton emis-

sion ranges from the ultraviolet to the near infrared, and its in-
tensity is generally lower than 10-* W/cm?, i.e., less than 1/
1000 of the human visible light intensity.

Many living systems have been shown to exhibit biophoton
emission since the invention of photo-multiplier tubes,? includ-
ing proliferating Saccharomyces cerevisiae, longitudinal sec-
tions of bamboo shoot, injured soybean seedlings and fertilizing
sea urchins.>® All the results are consistent with pathological
or physiological significance of biophoton emission. Samples
from human beings, including smoker's breath and serum, also
exhibit ultraweak light emission.® Thus, biophoton emission
may be an indicator of pathological conditions in patients.

Cancer is a major cause of human mortality, and many diag-
nostic methods have been developed. Trials on ultraweak bio-
photon measurement of the serum or urine from cancer patients
have also been performed for diagnostic applications.™® Eleva-
tion of ultraweak light intensity from serum or urine has been
attributed to metabolic changes in patients. Thus, measurement
of carcinoma lesions might provide more accurate information
on the pathological status of cancer. Shimizu et al. measured
biophoton intensity from transplanted malignant tumors® and
observed differences among the tumors, and Amano et al, pre-
sented biophoton images of bladder cancer transplanted in nude
mice.!? Although these results suggest the feasibility of biopho-
ton measurement for cancer diagnosis, there has been no report
discussing applications based on specific pathological features
for cancer diagnosis.

In a recent study, we detected changes in biophoton emission
from proliferating carcinoma cell cultures using a flow culture

656661 | CancerSci | August2004 | vol.95 | no.B

system coupled with a highly sensitive apparatus.!) In the
present study, TE®, an esophageal carcinoma cell line, exhib-
ited quite similar changes in biophoton intensity during cell
proliferation, and we measured the specific biophoton spectrum
of a cell culture for the first time. The results demonstrated the
applicability of biophoton measurement to the detection of cell
proliferation for cancer diagnosis. Growth rate is one of the
most important of the factors that define malignancy, and the
results lead to the idea that biophoton emission may reflect the
growth potential of the tumor.

In the present study, we investigated the relationship between
biophoton intensity and tumor size after 1 week to ascertain the
relationship of biophoton properties with the tumor growth po-
tential. Furthermore, we took weekly measurements of the bio-
photon images of 3 different types of tumor for 2 or 3 weeks
and compared them with the tumor histology to clarify the rela-
tionship between tissue distribution and the two-dimensional
biophoton emission image. The feasibility of specific applica-
tion of biophoton imaging is discussed.

Materials and Methods

Instrumentation. For the imaging of ultraweak light emission,
a cooled charge-coupled device (CCD) camera system
{ATC200C, Photometrics, Inc.) was utilized. A back-illumi-
nated type of CCD (TK1024AB2, Tektronix, Inc.) is incorpo-
rated in the camera system with cooling at —120°C using liquid
nitrogen. The camera head is mounted on a completely light-
tight chamber, which includes a temperature-controlled mount-
ing bed to maintain the body temperature of a mouse (Fig. 1).'2
A lens system (Nikor F/1.2," Nikon) was used for imaging an
observation area measuring 100x100 mm. The CCD has a
speciral sensitivity over the wavelength range from 400 to 1000
nm with a maximum quantum efficiency of 73% at 700 nm.
Pixel size of the CCD is 24x24 pm with 1024x1024 format. In
the experiments, the CCD camera was operated in 2x2 binning
mode, with a resulting spatial resolution of 48x48 pm, which
corresponded to a resolution of 190 pum on the object. Integra-
tion time for each measurement was 1 h. The minimum detect-
able intensity of the emission on a sample surface under the
above condition is estimated to be 1.0x10* photons/s/cm?, tak-
ing into account read-out noise and the dark current of the
CCD, and the total light detection efficiency of the system. One
count of the intensity indicated in figures corresponds to
1.64x10* photons emitted on the sutface.

Image processing was made based on grey scale images of
tumors. The images in figures shown in this article were further
modified by converting emission intensity to specific colors ac-
cording to a color bar (Fig. 2). Image processing for elimination
of background noise induced by high-energy particles was ap-
plied with threshold filtering, The average emission intensity in
the total region of the tumor was evaluated after subtraction of

$To whom correspendence should be addressed. E-mail: noriaki-c@umin.ac.jp
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Fig. 1. Schematic of the biophoton imaging samole alens
system, The biophoton imaging system consists P
of a liquid nitrogen-cooled highly sensitive chamber .
CCD camera system (ATC200C, Photometrics), a o P asample a monitor
completely light-shielded samgple chamber, a
thermostat heater to warm the mice, and a set T
of computers. The CCD camera system includes
a back-illuminated, thinned type Si-CCD / a personal
(TK1024ARB2-G1, Tektronix). The CCD format is
1024x1024 pixels for a full frame, with each a warmed computer

pixel size being 24x24 um. The dark current of sample table
the device is 0.225 e'/h pixel at =120°C in MPP
(multipinned phase} mode and the readout

noise is 3.3 e’ RMS/pixel.

a heating bath

Before Transplantation iw

AHI109A

Biophoton image and pathological findings of AH109A at week 1. The arrows drawn on the tumor corresponds to the cross-sectional line.

Fig. 2.

the background emission of the mouse determined at a circular
region of 600-800 pixels between the blade bones, which ex-
hibited good repreducibility with the lowest biophoton emis-
sion in the body of the mice.

Cell lines. The cell lines used in the present study were TE4,
TES and AH102A. Both TE4 and TES are human esophageal
carcinoma cell lines established in our department.'® AHI09A
ts a rat hepatoma cell line.'” All of the cell lines were cultured
in an RPMI1640 medium supplemented with 10% fetal bovine
serum. The TE4 and TE9 cells were harvested for transplanta-
tion after detachment with trypsin and ethylenediaminetetraace-
tic acid (EDTA) when the cells were confluent on the bottomn of
the flasks. The AH109A cells proliferated as a suspension in
the medium. The cell suspension was then centrifuged, and

Takeda et al.
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cells were collected for transplantation.

Chemicals and animals. We used RPMI1640 medium supple-
mented with 10% fetal bovine serum (FBS} without phenol red
for cell culture. The RPMI1640 medium was purchased from
Life Technologies, Inc. (Grand Island, NY) and the FBS was
purchased from ICN, Inc. (Costa Mesa, CA). EDTA and trypsin
were used to detach the cells from the bottom of the sample cu-
vettes and culture flasks. The EDTA was purchased from Life
Technologies, Inc. and the trypsin was purchased from ICN,
Inc. All chemicals were of culture grade.

Mice supplemented in this study were nu/nu male nude
mice, 5—7 weeks old, purchased from Charles Liver, Inc.

Sample preparation and experimental details. Cells of each line
(107 cells) were suspended in 0.1 ml of saline (cell volume Q.1

CancerS¢i | August2004 | vol. 95 | nro.8 | 657



*solid line circles: live tissue, dotted line circles: necrotic tissue

Fig. 3. Changes in the ultraweak biophoton images with tumor growth. Ultraweak biophoton images taken after cell transplantation: week 1,

week 2 and week 3.

ml) and 0.2 ml of cell suspension was injected subcutancously
into the backs of the nude mice. After transplantation, the mice
were anesthetized with pentobarbital (0.05 mg/g) by intraperi-
toneal injection and fixed on a temperature-controlled sample
table in a completely light-shielded sample chamber. Then bio-
photon imaging was performed for | h with detection of the
raw image obtained by a biophoton detector under very weak
illumination for estimation of tumor size. Thereafter, the mice
were kept in their cages for 1 week and biophoton imaging was
performed again for another hour. The correlation between tu-
mor growth rate and biophoton intensity was made at week 1
because AHI09A exhibited the fastest growth at that time
point; at later times, tumor necrosis appears, and heterogeneity
of growth occurs so that the growth rate cannot be properly es-
timated. Throughout the measurements, the body temperature
of the mice was kept at about 37°C.

In some cases the nude mice were kept for 3 weeks for detec-
tion of ultraweak biophoton images and pathological examina-
tion, After biophoton imaging, the mice were sacrificed by
cervical dislocation, and the tumors were excised and embed-
ded in 10% buffered formalin for fixation. We sketched the
shape of the tumor mass when we cut the sample for formalin
fixation, and we compared the sketch of the pathological sam-
ple with the biophoton images. The measurement points of bio-
photon intensity were carefully identified. Comparison of the
biophoton images and pathological slices revealed the relation-
ship between the pathological findings and the two-dimensional
biophoton images.

All animal experiments were approved by the Institutional
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‘Laboratory Animal Care and Use Committee of Tohoku Uni-

versity. All experiments were performed under UKCCCR
guidelines (Workman et al., 1998).!%

Evaluation of growth rate and statistical analysis. Since the same
numbers of cells in the same volume of 0.1 ml were introduced
at the point of transplantation, we determined the size of tumors
at week | to calculate the growth rate. The tumor size at week 1
was estimated from the product of the longest diameter and its
perpendicular diameter. Tumor height was not measured at
week | because the tumor was so thin that it was very difficult
to measure.

Estimation of the tumor size and the emission intensity of
biophoton images at week [ were performed for 7 TE9 tumors,
9 TE4 tumors and 17 AHI09A tumors. The emission intensity
was measured by averaging the total tumor area with subtrac-
tion of background biophoton intensity obtained from the data
measured at the midpoint of bilateral blade bones on the back
of mice (this point exhibited the most stable biophoton intensity
in the body throughont the measurement period).

The correlation coetficient was calculated from the biopho-
ton intensity and tumor size (area) or square root of tumor size
at week 1.

Biophoton intensity and tumor viability. To compare live and
necrotic tumor, we observed 5 AHI109A xenografts at 3 weeks.
We classified each area into live or necrotic tissue, then we
measured the biophoton intensity of corresponding circular ar-
eas of 697 pixels in biophoton images (Fig. 3). The intensity
was measured in 40 live areas and 26 necrotic areas, Statistical
analysis was done with a two tailed 1 test.
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