Figure 1.  Cytoplasmic inclusion bodies are visible by light microscopy in acute Kawasaki disease {KD) ciliated bronchial epithelium. A and 5,
hematoxylin-eosin-stained sections from patients 4 and 6 showing amphophilic spheroidal cytoplasmic inclusion bodies (thin arrows) and irregular,
golden yellow, granular, supranuclear pigment resembling classic lipofuscin (thick arrows) C, Immunohistochemistry-stained section from patient 3
demonstrating brown, spheroidal, cytoplasmic inclusion bodies identified with synthetic KD antibody J. D, Methylene blue/azure li/basic fuchsin

trichrome-stained section from patient 2 showing dark blue cytoplasmic inclusion bodies; goblet cells stained red. Original magnifications, X640 for
all panels.
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Figure 2.

Detection of antigen in inflamed, partially necrotic bronchus from patient 4. A, Hematoxylin-eosin stain of bronchus. Most of the right

side of the bronchus shows inflammation with intact epithelium; the bottom and most of the left side of the bronchus is devoid of epithelial cells,
which have been replaced by an inflammatory exudate that spills over into the fumen. B, Immunohistochemistry-stained section, with synthetic Kawasaki
disease antibody J, corresponding to the boxed area indicated in panel A. It demonstrates brown antigen in the remaining bronchial epithelial cells
(thin arrows] and in the cytoplasm of a macrophage located in the adjacent inflammatory exudate (thick arrow). Qriginal magnifications, x40 for panel

A and X640 for panel B.

[I/basic fuchsin trichrome stain (figure 1), indicating very con-
centrated protein and/or nucleic acid accumulation.

TEM. For patients 1-4, homogeneous, relatively regular,
electron-dense inclusion bodies (up to 1.4 microns in diam-
eter) were observed in the perinuclear region of the ciliated
bronchial epithelial cells. Inclusion bodies were not present in
nonciliated cells. These structures resembled the intracyto-
plasmic aggregates of viral proteins/nucleic acids, such as nu-
cleocapsid aggregates, that are observed during infection with
many RNA viruses (figures 3 and 4) [9-13]. Because mem-
branes do not survive postmortem degeneration and the par-
affin-embedding process, it was not possible to determine
whether the inclusion bodies were membrane bound. Fur-
thermore, these harsh conditions would undoubtedly obscure
any ultrastructural features of virus-related structures that
might be present in the inclusion bodies, for example, nucleo-
capsids and virions. Nothing resembling intranuclear inclusion
bodies or viral components was identified in the nucleus. A
section of the JHC-stained block face from patient 1 was com-
pared with the TEM image from that area; excellent correlation
was observed between the inclusion bodies identified by IHC
and the electron-dense inclusion bodies observed by TEM (fig-

ure 3). In patients 1, 3, and 4, in addition to inclusion bodies,
many smaller, pleomorphic, electron-dense bodies were also
observed. These structures were mostly homogeneous, unlike
typical lipofuscin. No structures resembling bacterial, fungal,
or parasitic elements were observed by TEM in the inclusion
bodies, the epithelial cells, or the ciliated border external to the
cells from patients 1-4.

DISCUSSION

In the present study, we report that LM and TEM demonstrate
that synthetic KD antibodies A and J detect intracytoplasmic
inclusion bodies in acute KD ciliated bronchial epithelial cells.
The inclusion bodies are consistent with aggregates of viral
proteins that are likely to be associated with nucleic acid. These
results provide new insights into the etiology and pathogene-
sis of acute KD, and they suggest new directions for identifi-
cation of the etiologic agent.

Although the coronary arteries are the most clinically signif-
icant site of inflammation in patients with acute KD, pathological
studies indicate a high incidence of inflammatory lesions in many
organs and tissues, including the lungs [14]. The epidemiologic
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Figure 3.

Correlation of cytoplasmic inclusion bodies as demonstrated by immunohistochemistry (IHC) and transmission electron microscopy (TEM).

A, IHC block face from patient 1 demonstrating IHC-positive inclusion bodies farrows). B, Homogeneous perinuclear inclusion bodies (arrows/ demonstrated
by TEM correspond to inclusion bodies demonstrated by IHC. The thickness of the TEM section is 0.08 microns, and the thickness of the IHC section
is 5 microns; therefore, not all structures present in the HC section can be observed in the TEM section. Orlgmal magnifications, X500 for panel A

and X2000 for panel B. C, cilia; N, nucleus.

profile of KD supports a ubiquitous etiologic agent, and most
ubiquitous infectious agents enter the body through either the
respiratory or the gastrointestinal tract. The infiltration of IgA
plasma cells mto the upper respiratory tract in patients with acute
KD occurs in a pattern similar to that generally observed during
respiratory viral infections [4]. The predominance of CD8 T

lymphocytes in the inflammatory cell infiltrate during acute KD
{5] implicates an intracellular pathogen as the etiologic agent.
Our discovery that synthetic antibodies A and J bind to intra-
cytoplasmic inclusion bodies in acute KD ciliated bronchial ep-
ithelium leads to speculation that the antibodies bind to antigens
derived from the etiologic agent of KD and that the site of
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Figure 4.

Homogeneous cytoplasmic perinuciear inclusion bodies observed by transmission electron microscopy in patients 2-4. A, Three regular,

homogeneous perinuclear inclusion bodies (arrow) are observed in a ciliated bronchial epithelial cell from patient 3. B, A single homogeneous spheroidal
inclusion body {arrow/ is observed indenting the nucleus of a ciliated bronchial epithelial cell from patient 2. C, Multiple homogeneous bodies (arrows)
are observed in ciliated bronchial epithelial cells from patient 4. Original magnifications, % 17,000 for panel A and x14,000 for panels B and C. C,

cilia; N, nucleus.

primary infection for acute KD may be the medium-sized bron-
chi of the lungs. Although limited TEM studies have been per-
formed on lymph nodes, kidneys, conjunctivae, and peripheral
blood from patients with acute KD [15~18], the lungs have not
been examined. However, if the lungs are the site of primary
infection for acute KD, examination of this tissue could be par-

ticularly important to understanding the disease’s pathogenesis.

Therefore, we studied ciliated bronchial epithelial cells from pa-
tients with acute KD by LM and TEM.

The normal ciliated bronchial epithelial cell is highly polar-
ized, with an electron-dense nucleus and mostly electron-lucent
cytoplasm. The rough endoplasmic reticulum and the Golgi
complex are mostly apical and are adjacent to the nucleus.
Small numbers of lysosomes can be present in the apical cy-
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face, to provide energy for the cilia. Inclusion bodies are ob-
served in the apical cytoplasm of mammalian ciliated bronchial
epithelial cells infected with RNA viruses, particularly those
belonging to the Paramyxoviridae family [8]; these inclusion
bodies represent aggregates of nucleocapsids.

Rapid, neutral-buffered glutaraldehyde fixation of fresh tis-
sues is optimal for TEM, with rapid, neutral-buffered formalin
fixation being second best. The tissue available to us from pa-
tients with acute KD was formalin fixed at autopsy and then
embedded in paraffin and was, thus, exceedingly suboptimal for
ultrastructural study. When TEM is performed on such material,
cellular details such as membranes, cytoplasmic organelles, and
infectious agents (especially viruses) are poorly preserved, at best.
Although inclusion bodies consistent with aggregates of viral
protein were observed in acute KD ciliated bronchial epithelial
cells, viral particles or nucleocapsids were not identified, which,
given the state of the tissue, does not rule out their presence.

Immune electron microscopy with gold beads is the optimal
technique for confirming that the inclusion bodies observed
by IHC are the same as the inclusion bodies observed by TEM;
however, this technique is best suited to fresh tissues, which
are virtually unavailable. Therefore, we aligned TEM images
with the IHC-stained tissue block face and demonstrated that
the inclusion bodies identified by the 2 techniques represented
the same structures.

Inclusion bodies were predominantly observed in ciliated
bronchial epithelial cells of medium-sized, compared with larg-
er or smaller, bronchi. Recent evidence indicates that many re-
spiratory viruses preferentially infect ciliated bronchial epitheli-
al cells, potentially because they use certain sialic acid residues
as receptors that are expressed only by ciliated epithelial cells
[19, 20].

The detection of golden yellow, lipofuscin-like pigment in cil-
iated bronchial epithelium from some patients with acute KD
was, at first, puzzling. Classic lipofuscin is an age-related pig-
nient—it is especially seen in adult liver, brain, and heart—and
consists of oxidatively modified cross-linked proteins originating
from autophagocytized, indigestible cytoplasmic components
[21]. Although accumulations of lipofuscin can be observed in
the neurons of children with neuronal ceroid lipofuscinosis, we
were unable to find a precedent for accumulations of lipofuscin-
like material in tissues from otherwise healthy infants or even
infants with other respiratory infections (such as RSV infection),
particularly in bronchial epithelium. The lower quantity of pig-
ment detected by Fontana stain, compared with that observed
as golden yellow granular pigment detected by HE stain, and the
relatively small pleomorphic brown bodies observed in the [HC
preparations suggest that the pigment observed in HE-stained
sections is not classic, age-related lipofuscin but rather may be

pigment formed during a process of lysosomal degradation of

large quantities of protein in inclusion bodies. the major cy-
toplasmic pathway used by eukaryotic cells to selectively degrade
excess proteins is ubiquitin-dependent proteolysis in the protea-
some. Proteins not degraded by proteasomes can be autophag-
ocytized, further oxidized within lysosomes, and, therefore, partly
converted into lipofuscin. It is possible that excessive viral protein
produced in the bronchial epithelial cells cannot be handled by
the proteasome and that, as a result, lysosomal activity is in-
creased. Alternatively, several viruses—such as adenovirus [22],
herpesviruses {23], and, potentially, severe acute respiratory syn-
drome coronavirus (CoV) [24]-—may produce proteins that in-
terfere with proteasome function to their advantage. Proteasome
inhibition has been shown to enhance lipofuscin formation [25].
Thus, the etiologic agent of KD may interfere with proteasome
function, resulting in increased lysosomal degradation of its pro-
teins and resultant lipofuscin-like deposits containing undigested
viral material.

Because synthetic antibodies A and ] both bind to inclusion
bodies in ciliated bronchial epithelial cells in patients with
acute KD, and because both show binding to tissues from the
same patients with acute KD, it is likely that these antibodies
bind to the same or different epitopes of a single antigen. The
detection of the inclusion bodies by synthetic monoclonal KD
antibodies implies that KD results from infection with a sin-
gle respiratory viral agent or a group of very closely related vi-
ral agents, as we suggested in our previous study [7]. A recent
study reported detection of human CoV (HCoV) NL63 in re-
spiratory samples from patients with acute KD by reverse-tran-
scriptase polymerase chain reaction [26], but we, in collaboration
with an international multicenter group of collaborators {27],
and at least 2 other independent groups of investigators 28, 29]
have subsequently tested respiratory samples from children with
acute KD from diverse geographic locations and reported that
acute KD is not associated with HCoV-NL63. Therefore, we be-
lieve that it is unlikely that the inclusion bodies we observed are
the result of infection with HCoV-NLG63.

We suspect that KD likely results from infection with an as-
yet unidentified viral agent. ldentification of the antigen de-
tected Dy use of 'synthetic KD antibodies A and ] in acute KD
tissues has been considerably hampered by the lack of fresh
tissue samples available for analysis. Deaths from acute KD
are rare but continue to occur worldwide. It will be critical to
obtain glutaraldehyde-fixed tissue samples from futare fatali-
ties so that more-optimal ultrastructural experiments can be
performed. Identification of the structure of any viral particles
observed could be critical in narrowing the search for a viral
etiologic agent. In the meantime, we are using various molec-
ular methods to analyze formalin-fixed tissues in an effort to
determine the nature of the viral proteins and/or nucleic acids

present in the inclusion bodies.
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Abstract. Objective and design: This study examined the
role of neutrophil-derived reactive oxygen species (ROS)
in neutrophil recruitment into ultraviolet B (UVB)-exposed
skin of mice.

Methods: Mouse dorsal skin was irradiated with UVB
(600mJ/cm?). Accumulation of neutrophils within the in-
flammatory sites was observed histochemically. Keratinoc-
yte-derived chemokine (KC) and macrophage inflammatory
protein 2 (MIP-2) were quantified, and in vivo chemotaxis of
neutrophils toward KC and MIP-2 was examined.

Results: UVB exposure of mice deficient in myeloperoxidase
(MPO), NADPH oxidase, or both, caused skin neutrophil in-
filtration peaking at 60, 48, and 48 h, respectively, which was
earlier than the 72-h peak in wild-type mice. MIP-2 level was
higher in mutant than wild-type mice. Mutant neutrophils
produced more MIP-2 in vitro. Neutrophil migration toward
a localized source of KC was higher in mutant than wild-
type mice. NADPH oxidase deficiency had a greater effect
on migration than MPO deficiency.

Conclusions: These results suggest that ROS produced by
neutrophils regulate expression of MIP-2 and migration of
neutrophils toward KC. This may explain the earlier infiltra-
tion of mutant neutrophils in response to UVB.

Key words: Inflammation — Myeloperoxidase — NADPH
oxidase — Neutrophil — Ultraviolet

Introduction

Neutrophils are the first line of defense against invading
microorganisms such as bacteria and fungi. The most effi-
cient microbicidal system employed by neutrophils depends
on reactive oxygen species (ROS) generated by NADPH
oxidase and myeloperoxidase (MPO). Patients with chronic

Correspondence to: Y. Aratani

granulomatous disease (CGD), in which granulocytes are
unable to produce superoxide (0O,7) due to deficiency in
NADPH oxidase, exhibit clinical symptoms early in life, and
die from recurrent infections during childhood [1, 2]. In a
mouse model of X-linked CGD, infection with Aspergillus
Jumigatus results in high rates of mortality [3, 4]. We previ-
ously reported that mice deficient in MPO (MPO-KO mice)
cause severe impairment in early host defense against vari-
ous fungi and bacteria [5-8].

Impaired ROS production has previously been shown to
cause abnormal inflammatory responses. CGD mice exhib-
ited increased peritoneal leukocytosis in response to thiogly-
collate [4, 9]. Similarly, in human X-linked CGD patients,
the percentage of neutrophils measured with the Rebuck
skin window technique was abnormally elevated from 8 to at
least 24 h after abrasion [10]. Intratracheal administration of
sterilized Aspergillus hyphae produced a chronic bronchop-
neumonia with a distinctive neutrophilic infiltrate in CGD
mice but not wild-type mice [3]. These studies suggest that
inflammatory responses to some stimuli may be abnormal
in CGD.

Ultraviolet (UV) radiation causes acute effects on the
skin including sunburn. Both UVA (320-400nm) and UVB
(280-320nm) have deleterious effects, although UVB is
the more potent waveband with respect to the inflamma-
tory response. It is well-known that neutrophils infiltrate
human and murine skin following UV exposure [11-13].
There is an accumulating body of evidence demonstrating
that neutrophil trafficking in inflammation is controlled by
chemokines [14, 15]. In mice, the two best-defined CXC
chemokines are keratinocyte-derived chemokine (KC) [16]
and macrophage inflammatory protein 2 (MIP-2) [17], both
of which are functional murine homologs of IL.-8 and potent
stimulators of neutrophil activation and tissue infiltration
[15, 18]. These chemokines are also important for the me-
diation of UVB-induced inflammation. IL.-8 is up-regulated
in human keratinocytes following UVB-irradiation in vitro
[19-21] and in vivo [13], and notably promotes neutrophilic

infiltration in human skin [12].
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In the present study, we found that MPO and/or NADPH
oxidase deficiency greatly accelerated neutrophil infiltra-
tion to the UVB-exposed site. MIP-2 was more abundantly
expressed in the irradiated mutant mice. We found that
mutant neutrophils produced larger amounts of MIP-2 than
wild-type cells. We also found that neutrophils lacking these
enzymes became more able to migrate toward a localized
source of KC. These results suggest that ROS produced by
neutrophils, such as 02™ and hypochlorous acid (HOC)), reg-
ulate both production of MIP-2 and migration of neutrophils
toward KC at sites of inflammation. This regulation by ROS
provides a possible explanation for earlier infiltration of mu-
tant neutrophils in response to UVB.

Materials and methods
Animals

Experimentation on eight- to ten-week-old female C57BL/6 mice was
performed in accordance with the guidelines of Kihara Institute for
Biological Research, Yokohama City University, Japan. C57BL/6 mice
were purchased from Japan SLC (Hamamatsu, Japan). MPO-KO mice
were generated as previously described [6] and CGD mice (gp91phox
knockout; X-linked CGD) obtained from Dr. Mary C. Dinauer [4] were
backcrossed at least 12 times with C57BL/6 mice to ensure similar ge-
netic backgrounds. MPO-KO/CGD double knockout mice were gener-
ated by crossing MPO-KO with CGD mice. All animals were housed
under specific-pathogen-free conditions.

Exposure of mice to UVB

Mice were anesthetized with ketamine/xylazine. The middle of the back
was shaved, and the dorsal skin was irradiated with an acute (400s),
single exposure of UVB (600 mJ/cm?) with UV lamps (UVLMS-38;
Ultra-Violet Products, Upland, CA, USA) that emit predominantly
UVB wavelengths (70 % of total emitted enexgy) with a peak emission
at 302nm. The dose of UVB was quantified with a UVB radiometer
(UVX-31; Ultra-Violet Products).

Histology

The mice were sacrificed 48, 60, 72, and 96h after UV exposure, and
skin samples (3 mm long, 3 mm wide), which also contained associ-
ated dermis, were taken and placed in 4 % paraformaldehyde. Tissues
for light microscopy were fixed overnight in 4 % paraformaldehyde in
phosphate buffer, dehydrated in graded ethanol solutions, embedded in
paraffin, sectioned at 7pm, and stained with hematoxylin/eosin (HE).
For quantification of inflammation, skin inflammation was scored in
a blinded fashion by two independent investigators. A value of 0 was
given when HE-stained sections showed no sign of inflammation. Sec-
tions were graded from 1 to 3 according to the severity of inflammation
(1, mild; 2, moderate; and 3, severe).

For immunohistochemistry, freshly isolated tissues were frozen in
dry ice using OTC compound (Sakura Finetek, Torrance, CA, USA).
Sections of 10 pm were cut from the frozen tissues, dried, pre-incubated
in phosphate buffered saline (PBS) containing 5% dialyzed goat serum
(Dako, Glostrup, Demmark) for 1h, and incubated with biotinylated rat
anti-Grl monoclonal antibody (diluted 1:200; R&D Systems, Minne-
apolis, MN, USA) and rabbit anti-matrix metalloproteinase-9 (MMP-9)
polyclonal antibody (diluted 1:200; Chemicon, Temecula, CA, USA)
overnight at 4 °C. After washing three times with PBS, the sections were
incubated with secondary antibodies for 2h at room temperature. Cy-3
conjugated streptavidin (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) or FITC-conjugated anti-rabbit Ig (Chemicon) was

1. AK, 14.03.2006
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used as the secondary antibody to visualize the primary antibody. Nuclei
were stained with 4',6’-diamidino-2-phenylindole.

Enzyme-linked immunosorbent assay (ELISA)

Freshly isolated skin samples (3 mm long, 3mm wide) were homog-
enized in 0.3 ml ice-cold PBS containing 3 ul Proteinase Inhibitor Cock-
tail (Sigma Chemical, St. Louis, MO, USA). The homogenates were
centrifuged at 3000 g for 20 min at 4 °C, and the resulting supematants
were frozen at —20°C and assayed for KC using a KC-specific ELISA
kit (R&D Systems) and for MIP-2 using a MIP-2-specific ELISA kit
(R&D Systems) according to the manufacturer’s instructions. The limit
of detection of these assays was 2 and 1.5 pg/ml, respectively.

For the assay of MIP-2 production from neutrophils, peritoneal
exudate cells were prepared from peritoneal cavities of mice 3h after a
single intraperitoneal injection of 1 mi 3 % fluid thioglycollate medium
(Difco Laboratories, Detroit, MI, USA). Exudate cells consist of ~80 %
neutrophils {22]. The cells were adjusted to 2.5 x 10° cells/ml with
PBS and were activated with 30ng/ml phorbol 12-myristate 13-acetate
(PMA; Wako Chemicals, Osaka, Japan) for 1 h. Supernatants obtained
by centrifugation for 5min at 350 g were assayed for MIP-2 concentra-
tion as described above.

Air pouch model

The mouse air-pouch model for in vivo chemotaxis has been described
in detail elsewhere [23-25]. On experimental day 0, 2.5ml sterile air
was injected under the dorsal skin to raise subcutaneous (s.c.) air
pouches; the resultant space was reinjected with 2.5 ml sterile air on day
3. On day 6, 0.5 ug recombinant KC (R&D Systems) or 0.2ug recom-
binant MIP-2 (R&D Systems) dissolved in 1 ml PBS was injected into
the pouch cavities. The animals were sacrificed 2h later, and the pouch
exudates were harvested by washing the s.c. cavities three times with
2ml ice-cold PBS containing 3mM EDTA. The resulting cell suspen-
sions were centrifuged at 350 g for 10min at 4 °C, and the cell pellets
were re-suspended in 0.1 ml PBS. The numbers of leukocytes per pouch
were calculated from differential cell counts of 0.1ml re-suspended
cells' diluted fourfold (v/v) in Turk solution (0.01% crystal violet w/v
in 3 % acetic acid; Nakaraitesk, Kyoto, Japan) using a hemocytometer.
Recruited cells were defined as polymorphonuclear or mononuclear
leukocytes, and polymorphonuclear leukocytes were considered to be
neutrophils. The absolute number of neutrophils in each sample was
determined by multiplying the percentage of this cell type by the total
number of leukocytes per sample.

Statistics

Data were analyzed and expressed as mean +SD. Statistical analysis
was performed using one-way ANOVA with Bonferroni correction for
multiple comparisons. Probability values were considered statistically
significant at <0.05.

Results

MPO and NADPH oxidase deficiency shows earlier skin
inflammation in response to UVB exposure

Trradiation of shaved dorsal skin with UVB light induced
transient inflammation in the dermis and epidermis. In wild-
type mice, no obvious inflammation was observed 48h after
irradiation (Figs. 1A and B). Inflammation peaked at 72h,
and returned to the control level at 96h (Fig. 1B). In MPO-
KO mice, it is of interest that a maximum accumulation of
inflammatory cells was observed at 60 h (Fig. 1B), which
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Fig. 1. Histopathology of dorsal skin sections from UVB-irradiated
mice. Mice of the indicated genotypes were exposed to UVB and the
dorsal skin sections were prepared at the indicated times postirradiation. MPO-KO

(A) Representative photomicrographs (x40) of HE-stained sections at
48h after irradiation. A skin section not irradiated with UVB (-UV)
was also stained with HE as a control. (B) Inflammation scores on
histology sections. The severity of inflammation was determined in a
blinded fashion on a 4-point scale (0, minimal inflammation; 3, massive
inflammation). Values shown are means based on three measurements
per histological section in five histological sections per mouse. Bars
indicate mean scores determined from the severity of eight mice in each
time point.

is considerably earlier than in wild-type mice. In CGD and
MPO-KO/CGD mice, inflammation proceeded more rap-
idly; a peak was observed at 48h (Figs. 1A and B), and a
regular reconstitution of epithelial layers was observed 72h
postirradiation (data not shown). Inflammation observed in
the MPO-KO/CGD mice at 48 h was more severe than that in
the CGD mice. No inflammation was observed at 24 h in any
of the mice, regardless of genotype (data not shown). These
results indicate that lack of MPO and/or NADPH oxidase
results in an earlier onset of inflammation, and that the effect
of NADPH oxidase deficiency is more pronounced than that
of MPO deficiency.

UV irradiation induces neutrophil infiltration

Although a variety of leukocytes migrate outside blood ves-
sels and infiltrate UVB-exposed sites, neutrophils are the

cGh

Ml’O‘KO,CGD- - -

Fig. 2. Tissue sections showing neutrophil infiltration in the skin of
mutant and wild-type mice 48h (B) and 72h (C) after UVB-irradiation.
Neutrophils were stained with anti-Gr-1 antibody (red) and anti-MMP-
9 antibody (green). Skin sections not irradiated with UVB were also
stained with Gr-1 as controls (A). Data shown are representative of five
mice with each genotype. Original magnification, X40.

main infiltrating cells in the inflammatory phase {11, 26].
Infiltration of Gr-1-positive neutrophils was assessed im-
munohistochemically. Gr-1-positive neutrophils were rarely
detected in any of the mice with different genotypes before
UVB treatment (Fig. 2A). At 48 h after irradiation (Fig. 2B),
neutrophils were still not detected in the wild-type mice. In
contrast, a slight accumulation of neutrophils was observed,
mostly in the epidermis, of MPO-KO mice, and a larger
accumulation in the dermis and epidermis was observed
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in CGD mice. The deficiency of both MPO and NADPH
oxidase caused the largest accumulation at 48 h. In wild-type
mice, neutrophil infiltration reached a maximum at 72h,
whereas most of the neutrophils had already disappeared
in the CGD and MPO-KO/CGD mice by this time (Fig.
2C). The time course of neutrophil accumulation in each
genotype was associated with the severity of inflammation
observed in Figure 1, indicating that the majority of inflam-
matory cells were neutrophils.

Neutrophils are producers of proteolytic enzymes includ-
ing MMP-9 {27]. Sections from skin were double-stained for
MMP-9 and Gr-1. Some MMP-9-positive cells co-localized
with Gr-1-positive cells (Fig. 2B and C), indicating that a
proportion of the MMP-9-expressing cells was in fact ac-
cumulated neutrophils at the UV-exposed site. These results
suggest that earlier neutrophil infiltration is capable of in-
flicting earlier tissue damage in the skin.
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Fig. 3. Production of KC and MIP-2 in the skin of wild-type, MPO-KO,
CGD, and MPO-KO/CGD mice after UVB-exposure. Skin tissues were
collected at different time points from wild-type (black bars), MPO-KO
(white bars), CGD (gray bars), and MPO-KO/CGD (hatched bars) mice.
KC (A) and MIP-2 (B) levels were measured using specific ELISAs.
The detection limits of the assays were 2 and 1.5 pg/ml, respectively. The
data are the mean=SD of the results from five different mice. *, P <0.05,
compared to wild-type mice.
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KC and MIP-2 generation in UVB-exposed skin

KC and MIP-2 are well-defined CXC chemokines control-
ling neutrophil recruitment. To address the mechanism by
which neutrophils deficient in MPO and/or NADPH oxidase
more rapidly emigrate into the skin in response to UVB ir-
radiation, we measured the amounts of KC and MIP-2 in
skin homogenates. Both chemokine levels were significantly
and time-dependently elevated during the 48h after UVB
exposure (Fig. 3A and B), suggesting that these chemokines
contribute to neutrophil recruitment. However, there was
no significant difference in the KC level between the mice
with different genotypes at each time point (Fig. 3A). In
contrast, it should be noted that the MIP-2 level at 48h was
significantly higher in all of the mutant mice compared to
the wild type (Fig. 3B). Although MIP-2 level in CGD and
MPO-KO/CGD mice was slightly higher than in MPO-KO
mice, it was not significantly different. Therefore, it is possi-
ble that the earlier recruitment of neutrophils in mutant mice
is dependent on MIP-2 expression, but independent of KC
expression.

MIP-2 production by neutrophils in vitro

The amount of MIP-2 produced from neutrophils was de-
termined by specific ELISA. Peritoneal exudate neutrophils
rarely produced MIP-2 irrespective of mouse genotype (Fig.
4). Notably, however, we found that stimulation of neu-
trophils from MPO-KO or CGD mice with PMA resulted
in an increase in MIP-2 production, which was significantly
greater than that seen in normal neutrophils. Although not
significant, neutrophils from MPO-KO/CGD mice produced
a larger amount of MIP-2 than those from the single mutant
mice. These results indicate that neutrophil-derived ROS
regulate the production of MIP-2 from neutrophils.

500
450
400
350
300
250
200
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50

MIP-2 (pg chemikine/10 © cells)

+PMA

Fig. 4. Production of MIP-2 from neutrophils in vitro. Peritoneal exu-
date cells were prepared from wild-type (black bars), MPO-KO (white
bars), CGD (gray bars), and MPO-KO/CGD (hatched bars) mice. The
cells (2.5 x 10° cells/ml) were incubated with (+) or without (-) PMA
(30ng/ml) for 1h. MIP-2 levels of four mice with each genotype were
determined by ELISA, The data are the mean +SD. *, P < 0.05; **, P
<0.01.
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KC-induced neutrophil recruitment is regulated by
MPO and/or NADPH oxidase

Injection of KC into air pouches caused a dramatic, neu-
trophil-dominated (>85 %) leukocyte response. As shown
in Figure 5A, the number of exudate neutrophils 2h after
KC injection in the pouches of MPO-KO mice was 1.9-
fold higher than that in the pouches of wild-type mice.
Compared to the MPO-KO mice, a larger number of CGD
neutrophils infilirated, and the largest number of neutrophils
was recovered from the MPO-KO/CGD mice. The number
of neutrophils from the air pouches obtained by injection of
vehicle alone was <0.5 + 0.1 x 10° cells/pouch.

We also examined MIP-2-provoked neutrophil recruit-
ment (Fig. 5B), but no significant difference was observed
between the wild type and any of the mutant mice. These
results indicate that neutrophils lacking ROS production due
to MPO and/or NADPH-oxidase deficiency become more
able to migrate toward a localized source of KC, and suggest
that this response to KC may contribute, at least in part, to
the earlier infiltration of CGD and MPO-KO neutrophils in
response to UVB.

Discussion

This paper describes the involvement of MPO and NADPH
oxidase in the UVB-responsive recruitment of neutrophils.
Our data demonstrate that lack of MPO and/or NADPH
oxidase results in an earlier onset of inflammation accompa-
nied by neutrophil infiltration in response to UVB-exposure.
CGD mice showed earlier infiltration of neutrophils than
MPO-KO mice (Fig. 2), indicating that O, or its metabolites
produced by NADPH oxidase regulates neutrophil infiltra-
tion more strongly than HOCI. This inflammatory response
in the mutant mice was associated with an increase in MIP-2
level produced by skin exposed to UVB (Fig. 3B). It was
also associated with a significant increase in the migration of
neufrophils toward a localized source of KC (Fig. 5A). These
results suggest that MPO and NADPH oxidase are responsi-
ble for the development of UVB-induced skin inflammation,
possibly by up-regulating both expression of MIP-2 in re-
sponse to UVB and KC-dependent neutrophil migration.

Leukocyte recruitment to sites of inflammation is regulat-
ed by chemokines. To understand the mechanism by which
neutrophils deficient in MPO and/or NADPH oxidase accu-
mulate earlier at UVB-exposed sites, we first determined the
concentration of chemokines expressed in the skin. KC is a
key mediator of acute recruitment of neutrophils [15, 18].
Our data showed a significant increase in KC level following
UVB exposure of the dorsal skin of mice, consistent with
a previous report that IL-8 is up-regulated in the epidermis
of normal human skin after UVB exposure [13]. However,
no significant difference in the level of KC was detected
between any the mice regardless of genotype (Fig. 3A), indi-
cating that earlier neutrophil accumulation is independent of
endogenous KC expression.

MIP-2 is another key mediator of neutrophil recruitment.
We found that MIP-2 level in all mutant mice was signifi-
cantly higher than that in wild-type mice (Fig. 3B), suggest-
ing that the larger amount of MIP-2 is at least partly involved
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Fig. 5. Greater migrating activity of neutrophils deficient in MPO and/or
NADPH oxidase toward KC in vivo. PBS containing recombinant KC
(A) or MIP-2 (B) was injected into air pouches generated on the back
of wild-type (black bars), MPO-KO (white bars), CGD (gray bars),
and MPO-KO/CGD (hatched bars) mice. The number of neutrophils
exuded in the pouch was determined 2h after injection. The data are
the mean+SD. The number in parentheses indicates the number of mice
used in each assay. *, P < 0.05; **, P <0.01.

in the earlier infiltration of neutrophils to skin exposed to
UVB. Several cell types including macrophages [28], epithe-
lial cells [29], mast cells [30], and neutrophils [31-33] have
been identified as sources of MIP-2. Notably, we found that
mutant neutrophils produced larger amounts of MIP-2 than
wild-type neutrophils in vitro when stimulated with PMA
(Fig. 4). The data indicate that MPO and/or NADPH oxi-
dase deficiency up-regulates the production of MIP-2 from
neutrophils. Since an early release of MIP-2 can promote
recruitment of more neutrophils, greater production of this
chemokine from the mutant neutrophils provides a possible
explanation for the earlier accumulation of neutrophils in the
skin of mutant mice in response to UVB.

The s.c. air pouch has been used extensively as a model
of leukocyte extravasation in vivo [23, 25, 34], The advan-
tage of this model is that leukocytes migrating into the pouch
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in response to inflammatory mediators can be collected and
counted. In the present study, we used this model to examine
the migration rate of each neutrophil in mice with different
genotypes toward KC and MIP-2. Injection of KC and MIP-
2 into the pouch induced a rapid (2h) accumulation of neu-
trophils (Fig. 5), confirming that both chemokines are critical
mediators of neutrophil accumulation in acute inflammation.
Surprisingly, we also found that neutrophil migration toward
KC was higher in mutant than wild-type mice (Fig. 5A).
The greater migrating activity of those neutrophils toward
endogenously expressed KC may have been involved in the
earlier neutrophil recruitment in the mutant mice in response
to UVB. Neutrophil migration to KC is mediated through
its receptor CXCR2 [35, 36]. To further understand how
neutrophil-derived ROS regulate migration of neutrophils
toward KC, we measured surface expression of CXCR2 on
the air pouch-exudate neutrophils. However, flow cytometry
revealed that there was no significant difference in the ex-
pression level between mice with different genotypes (data
not shown). Therefore, it is not likely that neutrophil-derived
ROS regulate the number of CXCR2. In contrast, neutrophils
with different genotypes showed an equivalent response to a
localized source of MIP-2 (Fig. 5B), suggesting that neither
neutrophil-derived O, nor HOC]I regulates the migration of
neutrophils toward MIP-2.

The acute inflammatory state normally represents a
transient proteolytic episode that gives way to phases of
remodeling and tissue regeneration. Neutrophils are potent
producers of a wide array of proteolytic enzymes, includ-
ing MMP-9, which is potentially capable of inflicting seri-
ous extracellular matrix damage [27]. In the skin, MMP-9
is generally associated with keratinocytes and fibroblasts.
However, our data indicate that UVB irradiation elevates
MMP-9 protein levels by recruiting neutrophils containing
MMP-9 in mouse skin in vivo, consistent with a recent report
of UV-irradiated human skin [37]. Taken together, it is likely
that the earlier accumulation of neutrophils causes earlier tis-
sue destruction followed by tissue regeneration.

Although further studies are necessary to clarify the
mechanism by which neutrophils deficient in O, and HOC1
production accumulate more rapidly at UVB-exposed sites,
our present findings strongly suggest that neutrophil-derived
ROS are factors that control neutrophil infiltration to inflam-
matory sites.
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A novel flow reactor adopted for the adiabatic expansion cooling method, a rapid quenching method,
was designed to synthesize oligopeptides from amino acids under hydrothermal conditions. We studied
the hydrothermal reaction under the two experimental conditions, whose raw materials were glycine
and diglycine aqueous solution. The temperature, the pressure and the residence time of the reaction
were 270°C, 10 MPa and 27 seconds, respectively. Then we could obtain long oligoglycines like octa-,
nona- and decaglycine, The concentration profiles of each product in the two experimental conditions
were similar. It suggests that the equilibrium relations would be established between condensation reac-
tions and hydrolysis reactions of oligoglycines, which might light up a new pathway to the study of the

origin of life.

Introduction

We designed a novel flow reactor for synthesiz-
ing oligopeptides from amino acids in subcritical and
supercritical water. In this reactor the method for
quenching the solution after the reaction was adopted
for the adiabatic expansion. We hypothesized that the
method for quenching the solution had to be so rapid
that we could obtain long oligopeptides. Shock (1992)
reported that the thermodynamic equilibrium would
shift to the condensation of amino acids as the tem-
perature increased. This report suggests that the rapid
quenching, a non-equilibrium method, could avoid
hydrolysis and dissociation of the oligopeptides, which
had already been synthesized under hydrothermal con-
ditions. In short, the rapid quenching method such as
the adiabatic expansion made it feasible that the
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oligopeptides were brought into our hands at room tem-
perature and the atmospheric pressure. Here, the abun-
dance ratio of products was kept at the equilibrium
between condensation and hydrolysis of oligopeptides
at high temperature and high pressure.

Several studies suggest the importance of quench-
ing speed (Imai et al., 1999; Ogata et al., 2000; Alargov
et al., 2002; Islam et al., 2003). In the study of Ogata
et al. (2000) the method for cooling after the reaction
that had been already heated at 250°C and pressurized
at 24 MPa, was to pour the solution into a cold water
bath whose pressure was somewhat higher than the
atmospheric pressure. They found that di-, tri- and
hexaglycine were synthesized from glycine without
adding metal ions. Both Islam et al. (2003) and Alargov
et al. (2002) applied another method to quenching the
solution. After the glycine aqueous solution reacted at
high temperature and high pressure, it passed through
a cooling tube, the outside of which was bathed in cold
water. However, the two research groups failed in syn-
thesizing longer peptides like hexaglycine although
their reaction conditions, the temperature and the pres-
sure, were similar to those in the study of Ogata et al.
(2000). The quenching method was supposed to play a
key role in making their results differ greatly from each
other. In fact, the method of pouring the solution into

Copyright © 2005 The Society of Chemical Engineers, Japan
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1.5 mL. (b) The detailed view inside the needle valve; the needle was attached to a valve seat and there was a very
small gap between the needle and the valve seat. The pressure of the reactor was controlied with two back pressure

regulators and the needle valve

the cold bath more rapidly resulted in the synthesis of
the longer oligoglycine.

The adiabatic expansion cooling was thought to
be one of the most rapid methods for quenching the
solution. When the solution that had reacted at high
temperature and high pressure was erupted into the
atmosphere through the needle valve, it was both de-
pressurized and cooled quickly with the Joule-Thomson
effect. We used this method to reduce the decomposi-
tion of products. In this paper we demonstrated that
the adiabatic expansion cooling method was an appro-
priate one to obtain the longer peptide and the equilib-
rium relation between condensation and hydrolysis of
oligoglycines under hydrothermal conditions would be
established.

296

1. Experimental

The flow diagram of the experimental apparatus
we designed is shown in Figure 1(a). This flow reac-
tor was designed to endure high pressure and high tem-
perature, up to 40 MPa and 500°C respectively. Al-
most all the parts that contacted with solution were
made of stainless steel SUS316. The apparatus had two
reservoirs, one was for water and the other was for the
sample solution. Water was pressurized by the pump
P-1 (NP-KX-500-20; Nihon Seimitsu Kagaku Co.,
Ltd.) and was heated with the pre-heating unit. On the
other hand, the pump P-2 (NP-D-324; Nihon Seimitsu
Kagaku Co., Ltd.) pressurized the sample solution. In
order to raise the temperature of the sample solution
rapidly, the sample solution and heated water were
mixed together in the interflow block whose tempera-
ture was monitored with a thermoelectric couple
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(a) An high performance liquid chromatography (HPLC) profile of the products in the sample that reacted from
1.0 M glycine aqueous solution at 270°C and 10 MPa. (b) Selected Ion Monitoring (SIM) chromatograms of decaglycine .

(top) and nonaglycine (bottom); (Gly), denotes the i-mer of glycine. The profile and the chromatograms were ob-
tained from the HPLC system and the LC/MS system respectively, with the use of the same reverse-phased column

(Waters Xterra MS C,; 2.5 mm; 4.6 X 50 mm). An aqueous solution of 50 mM KH,PO, within 7.2 mM C(H,,SO,Na
(pH = 2.5) was used as a mobile phase in the condition for (a). The UV detector monitored the absorbance at 200 nm.

In the condition for (b), an aqueous solution of 1 mM C

F COOH was used as a mobile phase and the oligoglycines
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were detected in the Selected lon Recording (SIR) mode

(TD-11S; SHIMADEN Co., Ltd.). A stainless tube, by
which the heat block kept heated, was placed between
the interflow block and the inlet of a needle valve. The
volume of the tube where material would react was
1.5 mL. Figure 1(b) is the details of the inside of the
needle valve. The needle was connected with the valve
seat and there was a very small gap between the nee-
dle and the valve seat. The pressure of the reactor was
controlled with two back pressure regulators and the
needle valve. To keep the solution heated just before
adiabatic expansion cooling, the needle valve was also
kept heated. The needle valve made it feasible that the
solution was quenched more rapidly than by a water-
cooling unit, a conventional method. Therefore it was
expected that hydrolysis or decomposition of the prod-
ucts would be suppressed during quenching and de-
pressurizing the solution.

We analyzed the products in an aqueous solution
with a high performance liquid chromatography,
HPLC, (600E Multisolvent Delivery System and 2487
Dual A absorbance Detector; Waters Co.) to identify
and quantify oligoglycines. A reverse-phased column
(Waters Xterra MS C ;2.5 mm; 4.6 X 50 mm) was ap-
plied and an aqueous solution of 50 mM KH,PO, within
7.2 mM CH ,SO,Na (pH = 2.5) was used as a mobile
phase (Tucker er al., 1989). The flow rate of the mo-
bile phase was 0.5 mL/min and the UV detector moni-
tored the absorbance at 200 nm. We also used a Liquid
chromatography/Mass spectrometer system, LC/MS,
(2695 separation module and Micromass ZQ2000 mass
spectrometer; Waters Co.) in order to identify too long
oligoglycines to be available as a standard, like
nonaglycine and decaglycine. The column was the
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reverse-phased column as described above and the mo-
bile phase was an aqueous solution of 1 mM

C,F,,COOH (Pearson and McCroskey, 1996).
Oligoglycines were detected in the Selected Ion Re-
cording mode.

Glycine, glycine anhydride and 1-hexane sulfonic
acid sodium salt were purchased from Wako Pure
Chemical Industries, Ltd. Diglycine, triglycine,
tetraglycine, pentaglycine, hexaglycine, Phosphoric
acid and Potassium dihydrogen phosphate were pur-
chased from Sigma-Aldrich Co. Heptaglycine and
octaglycine were purchased from Invitrogen Co. The
purified water was from Kozakai Seiyaku Co., Ltd.
Undecafluorohexaonic acid was purchased from Tokyo
Kasei Kogyo Co., Ltd.

2. Results and Discussion

Water was heated to nearly 500°C in the pre-heat-
ing unit and was pressurized at 10 MPa by the pump
P-1 whose flow rate was 1.3 mL/min. At the same time,
sample solutions, 2.0 M glycine and 1.5 M diglycine
aqueous solutions, were put into the sample reservoir
and was pressurized by the pump P-2 whose rate was
also 1.3 mL/min because the concentration of the gly-
cine and diglycine solution after the mixing in the
interflow block would be 1.0 M and 0.75 M respec-
tively. Considering the density of water at 270°C and
10 MPa, the residence time of the reaction was always
27 seconds. With the rate of the input being 2.6 mL/
min, the needle valve was controlled so that its rate of
the output would be about 2.6 mL/min. Moreover, both
the heat block and the needle valve were heated to the
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Material
B a) 1.0M Glycine
[ b) 0.75M Diglycine

1

Concentration, C. [mM]
b=

(G, (Gly), (Gly), (GIy), (Gly),
Product

Gly @Gly),
Fig. 3 The concentration profiles of the products in the
two samples that obtained from (a) 1.0 M glycine
and (b) 0.75 M diglycine aqueous solutions at 270°C
and 10 MPa without the compensation by the con-

centration in erupting and expanding; (Gly}), denotes
the i-mer of glycine

reaction temperature of 270°C. After the reaction in
highly heated and highly pressurized water, the solu-
tion was rapidly quenched and depressurized by the
needle valve.

We have sampled reaction solutions at the outlet
of the needle valve in two kinds of experiments whose
raw material was 1.0 M glycine and 0.75 M diglycine
aqueous solution respectively. The samples had been
already concentrated about three times because of
erupting and expanding to the open system. We
analyzed the two samples with the HPLC system to
identify and quantify their products. Figure 2(a) shows
an HPLC profile of the products in the solution that
obtained from 1.0 M glycine aqueous solution at 270°C
and 10 MPa, which resulted in identifying the prod-
ucts with glycine, di-, tri-, tetra-, penta-, hexa-, hepta-
and octaglycine. The peak at five minutes was the void
peak of the HPLC system and the peak around six min-
utes mainly came from glycine anhydride including
unknown products. The products of the other sample
that obtained from 0.75 M diglycine were also con-
firmed with an HPLC profile (Data not shown). What
is more, we have detected a certain amount of
nonaglycine and decaglycine with the LC/MS system
(Figure 2(b)). We have not confirmed whether
undecaglycine or longer oligoglycines were produced
or not. However, it is suggested that the adiabatic ex-
pansion cooling method was an effective way to ob-
tain oligopeptides.

Figure 3 shows the concentration profiles of the
products starting from glycine or diglycine. The value
of concentration C, where i is the degree of condensa-
tion, in the two profiles wasn’t considered with the
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compensation by the concentration when the solution
was erupting and expanding to the open system. The
higher the value of /, the degree of condensation of the
product, was, the lower the value of Ci, the concentra-
tions of oligoglycines, were. The profiles were so simi-
lar that we could consider that the residence time of
the reaction, 27 seconds, had been sufficient to finish
the two reactions, condensation and hydrolysis. It could
be predicted that under hydrothermal conditions the
equilibrium relations would be established between the
condensation reaction and the hydrolysis reaction of
oligoglycines.

Here, we calculated the rate of the loss of glycine
(L) with the process as follows:

(co - Zic,.*)

Go

L=

where C, is defined as the concentration of material
(glycine 1.0 M or diglycine 0.75 M) and C;" is defined
as the compensated C, by evaporation. We got the val-
ues of the loss of glycine obtained under the condi-
tions (a) and (b) as 67 % and 68 % respectively, where
the peak around six minutes in Figure 2(a) was sup-
posed to be just composed of glycine anhydride. This
indicated that more than a half of the material did not
react into oligoglycine. It was possible that the mate-
rial was decomposed into such compounds as ammo-
nia, carbon dioxide and organic acids, which was in-
ferred from Sato’s study (Sato et al., 2002). However
we didn’t analyze the side reaction.

In this paper, we demonstrated that the adiabatic
expansion cooling method was one of the most proper
processes of quenching the solution to polymerize
peptides from amino acid. It might be thought that the
adiabatic expansion cooling method made it feasible
to obtain peptide easily with keeping the equilibrium
stage between condensation and hydrolysis of
oligopeptides at high temperature and high pressure.
The hydrothermal reactor with the adiabatic expansion
was so effective in polymerizing the amino acid that
we could synthesize oligoglycine from glycine
monomers, which could light up a new pathway not
only in the field of chemical engineering but also in
the study of the origin of life.
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Nomenclature
C, = concentration of a raw material [mM]
C. = concentration of i-mer of oligoglycine [mM]
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c’ = concentation of i-mer of oligoglycine compensated

by evaporation fmM]
i = degree of condensation [—1
L = rate of the loss of glycine {—]
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We developed smaller sized quantum dots covered with sodium 2-mercaptoethanesulfonate which has
a sulfonyl group (QDS-SOJ_), and compared its stability in acid, salt and buffer solutions with that of the
quantum dots covered with the mercaptoundecanoic acid (QDs-MUA) and covered with the NH, group
(QDs-NH,). We found that the QD-SO,” well disperses in these solutions without quenching and this
stability holds on for 24 h. Next, we investigated the effect of Sheep Serum Albumin (SSA) coating. The
SSA coating stabilizes the QD-MUA in the solutions. However, for the QD-SO,, it does not have any
significant effect. It implies that the QD-580, has advantages over the other quantum dots on the stabil-
ity in the solutions. These results suggest that the novel surface processing using the sulfonyl group

expands the possibilities of applications for various fields.

Introduction

The nanometer-size semiconductor is called a
quantum dot (QD). The quantum dots are character-
ized by the following quantum effects: (1) a special
photo quality caused by widening the band gap when
the spatial dimension is reduced (Unold et al., 2004;
Weig et al., 2004); (2) they can produce different colors
by changing the sizes (Mattoussi et al., 2000); and
(3) they have excellent photostability and their
fluorescences can be observed more than 1 h (Hoshino
et al., 2004). Because of these interesting characteris-
tics, quantum dots are widely employed for industrial
and medical applications. For the industrial applica-
tions, they are used as photovoltaics, multicolor LEDs,
electronic memory devices, quantum dot barcodes, high
throughput chemical and biological sensors (Han et al.,
2001; Coe et al., 2002; Santori et al., 2002; Zrenner et
al., 2002; Alivisatos., 2004; Clapp et al., 2004). For
the medical applications, they are coming into use as
immunostaining, a drug delivery system, and so on
(Dubertret et al., 2002; Xu et al., 2003; Shiohara et
al., 2004). Here, one of the indispensable properties
for both applications is their interactions with other
materials; especially the interaction with water plays
a crucial role for the dispersibility in aqueous solu-
tions. For example, this property is important for inte-
grating quantum dots into devices functionally (Jaffer

Received on May 18, 2005. Correspondence concerning this
article should be addressed to K. Yamamoto (E-mail address:
backen @ri.imcj.go.jp).

et al., 2004). A simple way to control the solvation is
to modify the surface of the quantum dots. The sur-
face-modified quantum dots synthesized for the first
time are covered with non-polar groups of organic mol-
ecules such as trioctyl phosphine oxide (TOPO), so that
they are insoluble in water, putting some limitations
on their functions in aqueous conditions. This prob-
lem was solved by Chan and Nie (1998). They synthe-
sized water-soluble quantum dots, CdSe/QD-MUA, the
surface of which are covered with mercaptoundecanoic
acid (MUA). This QD-MUA was made by the method
of substituting non-polar groups of organic molecules
on the surface of quantum dots for MUA. The QD-
MUA made a tremendous contribution to the possibil-
ity of application of quantum dots for various fields
not only industry but also medical biology (Huang et
al., 1998; Akerman ef al., 2002; Hanaki et al., 2003;
Gao et al., 2004; Hoshino et al., 2004; Wu and Bruchez,
2004; Santra et al., 2005).

A further important problem is that the QD-MUA
is not stable in acid or it coheres easily in buffer solu-
tion. This should be an impediment to medical 3 ap-
plications, and it might also cause a problem in the
field of industry. Hanaki et al. (2003) have succeeded
to stabilize QD-MUA under physiological conditions
by coating it with sheep serum albumin (SSA), and the
purpose of the present work is to develop their study.
We investigated CdSe/QD covered with sodium 2-
mercaptoethanesulfonate (QD-S0O,") and focused on its
compatibility with various solvents. The reasons we
chose this ligand are as follows. First, the sulfonyl
group is a strong acid, and secondly this ligand can be
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Exchange TOPO for

sodium 2-mercaptoethanesulfonate

Soluble in Toluene and THF

Y TOPO

Fig. 1  Synthesis of QD-SO,"

connected with an alkyl chain followed by the termi-
nal group, SH. In this study, (1) we succeeded in syn-
thesis of QD-S0," for the first time; (2) we compared
the stability of QD-50, with that of quantum dots with
NH, connected to two alkyl groups (QD-NH,) and QD-
MUA in acid and buffer solutions; and (3) we studied
those quantum dots coated with SSA to conduct the
experiments under conditions similar to Hanaki et al.
(2003).

1. Materials and Methods

1.1 Preparation of QD-MUA, QD-NH, and QD-

SO~

The quantum dots with the core of CdSe and the
shell of ZnS (see Figure 1) were synthesized from the
QD-tri-n-octylphosphine oxide (QD-TOPO). After QD-
TOPO (Murray et al., 1993; Hines and Guyot-Sionnest,
1996; Peng et al., 1997) dissolved in tetrahydrofuran
{(Wako Pure Chemical Industries, Ltd.), the solution
was warmed up to 85°C, and sodium 2-mercapto-
ethanesulfonate (Shionogi & Co., Ltd.), MUA (Sigma-
Aldrich Co.) and cysteamine hydrochloride (Wako Pure
Chemical Industries, Ltd.) dissolved in ethanol were
dripped into it. It was reflexed for 12 h. Then, for the
sodium 2-mercaptoethanesulfonate and MUA, 100 pL
of the NaOH solution (pH 10) was added into them to
ionize the quantum dots, and the tetrahydrofuran was
evaporated at 90°C. The unrefined quantum dots thus
obtained, were refined and concentrated with an ultra-
filtration membrane (Microcon YM-3, Millipore Corp.)
and sephadex column (MicroSpin G-25 Columns,
Amersham Bioscience Corp.), and then each of the re-
fined quantum dot was obtained. To coat the quantum
dots with SSA, we mixed the solutions of quantum dots
and SSA.
1.2 Preparation of acid, buffer and salt solutions

The acidic conditions were provided by sulfuric
acid. The observation range was 0.25 mM (pH 3.2)~

Table 1  Particle size and surface potential of each
quantum dot
Particle size [nm] Zeta potential [mV]
QD-SO, 10.12 -32.74
QD-MUA 19.97 -32.31
QD-NH, 10.36 10.95

The particle size and surface potential of each quantum
dot was measured with Zetasizer (Malvern Instruments
Ltd.) after filtration. A 0.45 pum filter was used for this
experiment.

0.001 mM (pH 5.1). The pH of borate buffer solution
was pH 9. The concentration of the salt solutions were
1 M NaCl and 5 M NaCl. The PBS and MEM were
used as salt solutions as well. The concentration of QD-
MUA, QD-NH,, and QD-SO,” was 0.1 mg/mL.. As for
these quantum dots, the powder of each quantum dot
was weighed and 10 mg/mL aqueous solution was
made. Then the solutions were diluted into 0.1 mg/mL.
The quantum dots were added to each solution and they
were observed 1 h and 24 h after.

2. Result

2.1 Spectrum intensity, size distribution, and zeta
potential

We measured the fluorescent intensity of QD-
MUA, QD-NH,, and QD-SO,". The spectra are shown
in Figure 2. The fluorescent peak intensity of QD-
MUA was about 3 times as large as that of QD-50,".
However, that of QD-NH, was 3 times lower than that
of QD-SO,~.

The results of the particle sizes and the zeta po-
tential are shown in Table 1. The particle diameter of
QD-SO{ is 10.12 £+ 3.247 nm. On the other hand, 80%
of the provided QD-MUA have the particle diameter
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