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Abstract There have been several studies on biopolymer
synthesis under hydrothermal conditions. The conventional
hydrothermal methods make it possible to synthesize only
a dipeptide and short oligopeptides as well as cyclo-dimer,
from amino acids. As these studies that were applied with
various quenching methods suggested the importance of
quenching rate from hydrothermal conditions, rapid
quenching could avoid hydrolysis of the oligomers that had
already been synthesized under hydrothermal conditions.
In this study, therefore, we designed a novel hydrothermal
flow reactor adopted with adiabatic expansion cooling
system from the reason that it was thought to be one of the
most rapid quenching methods. It mimics geysers, fuma-
roles, hot springs, and volcanic eruptions. Once aqueous
solutions of monomers were treated at high temperature
and pressure, the solutions were released into the atmo-
sphere through an orifice to be depressurized and cooled
down simultaneously with the Joule-Thomson effect. We
demonstrated oligomerization of glycine up to decamer
(Gly,) by using the flow reactor, which had never been
yielded with any other quenching methods. This suggests
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that rapid quenching methods under non-equilibrium con-
ditions such as adiabatic expansion cooling is an efficient
way to produce long oligomers connected by covalent
bonds via dehydration condensation.

Introduction
Origins of life and prebiotic synthesis of its component

On the basis of phylogenetic analyses, hyperthermophiles
are located near the root of the phylogenetic tree. From the
view of origins of life, the last common ancestor is thought
to be a hyperthermophile [1]. In the context, the first living
cell might have been born under hydrothermal conditions
on the earth. However, where and how were the compo-
nents of living cells synthesized?

Living cells are composed with water, inorganics, and
organics such as proteins, nucleic acids, polysaccharides,
and so on. Such organics are composed with monomer of
amino acids, nucleotides, sugars, respectively (Fig. 1). The
onset of polymerization must have been a major step in the
chemical evolution that formed the precursors of life. In
this paper, we’d like to focus on polymer synthesis from
monomers under hydrothermal conditions.

Prebiotic synthesis of biopolymers in deep sea or in
geysers?

Submarine *“Alvin” discovered chemoautotrophic com-
munities in a hydrothermal vent in deep sea of Galapagos
Rift in 1977 (2, 3]. The temperature would be 100400 °C
and the pressure should depend on the hydraulic pressure
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that is 25 MPa at a depth of 2,500 m. After then, hydro-
thermal vents are thought to be one of the candidates of
place of origins of life and the components of living cells
would be also synthesized from monomers there [4].

Imai and his colleagues tried to polymerize an amino
acid using a flow reactor that simulates a submarine
hydrothermal vent. As the results, up to trimer of oligo-
glycine were yielded without any catalyst added [4-7].

Now, we report a novel flow reactor dealing with
subcritical and supercritical water for synthesizing oligo-
peptides from amino acids. The adiabatic expansion
method for quenching and depressurizing the system was
adopted to reduce the hydrolysis reaction of products. In
almost all the previous studies the temperature and pressure
of the system or the reaction time are often focused on. On
the other hand, there is hardly any knowledge of methods
of quenching and depressurizing the system. We consid-
ered these processes important.

In this study we worked on the reaction where glycine,
the simplest amino acid, is formed into oligoglycines. After
heating and pressurizing the glycine aqueous solution
without any catalysts, it was quenched and depressurized
with the adiabatic expansion method. The diglycine was
produced about 45 times as much as in a previous study
using water-cooled method for quenching the solution. It
suggests that when the oligomer produced in water at high
temperature and under high pressure was quenched, it was
not hydrolyzed because of the higher rate of quenching.
What is more, the concentration of linear-dimer was more
than that of cyclo-dimer. It suggests our method was more

suitable to make long peptides from amino acids. Actually
we obtained longer chains of peptides up to decamer,
which were not obtained in the previous studies.

The flow reactor in the previous studies simulated sub-
marine hydrothermal vents in deep sea. On the other hand,
the flow reactor with adiabatic expansion cooling simulates
geysers and hot springs. Such a rapid quenching environ-
ment would be suitable for synthesis of hydrolytic
compounds such as biopolymers.

Experimental details

The flow diagram of an experimental apparatus we
designed is shown in Fig. 2. The apparatus had two res-
ervoirs, one was for water and the other was for sample
solution. Water was pressurized by the pump P-1 and was
heated with the pre-heating unit. On the other hand, the
pump P-2 pressurized sample solution. In order to raise the
temperature of sample solution rapidly, sample solution
and heated water were mixed together in the interflow

“block whose temperature was monitored with the thermo-

electric couple TI-1. The needle valve made it feasible that
the solution was quenched and depressurized more rapidly
than by a water-cooling unit, a conventional method.
Therefore it was expected that the hydrolysis or the
decomposition of products would be suppressed during
quenching and depressurizing the solution.

HPLC and LC-Mass analyses of oligoglycines were
performed as described in Fig. 3.
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Fig. 2 The experimental apparatus adopted for an adiabatic expan-
sion cooling with a needle valve to reduce the hydrolysis reaction of
products; This fow reactor was designed to endure up to 40 MPa and
500 °C. Almost all the parts that contacted with the solution were
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kept heated, was placed between an interflow block and an inlet of a
needle valve. The volume of the tube was 1.5 mL. The gap of needle
valve is about 10 mm?
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Fig. 3 (a) A high performance liquid chromatography (HPLC)
profiles of the products in the sample that yielded from 0.1 molL
glycine aqueous solution at 270 °C and 10 MPa and (b) Selected Ion
Monitoring (SIM) mass chromatograms of decaglycine (top) and
nonaglycine (bottom); (Gly);, denotes i-mer of glycine. The chro-
matograms were obtained from a Waters HPLC and LC/Mass
spectrometry system respectively, with the use of a same reverse-

Results and discussion
Oligomerization of glycine

So far, there have been several studies on oligomerization
of amino acids in subcritical water. Nevertheless, in most
of the studies [4-7], oligomerization reaction did not occur
efficiently.

Using the flow reactor with adiabatic expansion cooling
(Fig. 2), after pressured, glycine aqueous solution was
mixed into pre-heated water to make it reach the desired
condition of concentration and temperature in the reactor,
and it was quenched with adiabatic expansion. As shown in
Fig. 3, we obtained various oligoglycines up to decagly-
cine (Gly;o) that had never been obtained with any other
cooling methods [4-8).
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phase column (Waters Xterra MS C;3 2.5 mm; 4.6 x 50 mm).
Aqueous solution containing S0 mM KH,PO, and 7.2 mM C¢H,;3SO
3Na (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), aqueous solution of I mM CsF;,COOH was used as
a mobile phase and the mass chromatograms of the oligoglycines
were detected in Selected Ion Recording (SIR) mode

Polymerization or circulation

It was found that the reaction solution contained diglycine
and cyclo-diglycine (diketopiperazine) as its products.
These concentrations were 0.078 and 0.015 mM respec-
tively, which was calculated by HPLC chromatogram areas
in Fig. 3. The concentration of the diglycine was 45 times
as much as that in the previous study by Islam et al. [7].
Moreover, in comparing our study with the previous
studies, we found an interesting fact about the ratios of
linear-dimer against cyclo-dimer.

After the experiment of Imai et al. [4], not a few works
on the polymerization of the amino acids has been done
with the supercritical and subcritical water and supported
the formation of cyclo-dimer. In all of these experiments,
cyclo-dimer was detected more than the linear dimer [4-7].
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Table 1 Ratio of diglycine to

. Reference Reaction condition Products conclusion
cyclo-diglycine after L
hydrothermal weatment of P(MP)  T(K)  Glycine (Raw material) (mM)  [EYlo-dighycine]
glycine [linear-diglycine|

Imai et al. [4] 24 498 100 02
Ogata et al. [6] 24 523 100 0.17
Alargov et al. [5] 22 623 65 0.23
Islam et al. {7] 25 523 100 0.096
This study 24 523 100 52

Table 1 shows the results obtained from the different
papers with their own devices under the different condi-
tions. In all the previous studies, the ratios were less than
one, but our result was opposite, the concentration of lin-
ear-dimer was more than that of cyclo-dimer. It meant that
our experiment, especially adopting the process of de-
pressurizing and quenching, was more suitable to make
long peptides from amino acids because the seed of poly-
mer was thought to be linear-multimer like diglycine. As a
result, our apparatus using the needle valve had a possi-
bility to be proper for making the hydrolytic compounds
such as biopolymers.

The equilibrium reaction among glycine, diglycine, and
cyclo-diglycine is shown in Fig. 4. Cyclo-dimer is formed
via intramolecular condensation reaction of linear dimer,
called unimolecular reaction, whereas linear oligomers are
formed via intermolecular condensation of monomers and/
or oligomers. Bimolecular reaction depends on the con-
centration of reactants. Adiabatic expansion cooling may
contribute to increasing the concentration of reactants of
bimolecular reaction.

Oligomers
Gly, -H,0
OH /
Gly +Gly O)\
-H,0

+Gly
OH -H,0 N NH
Kg o o o]
NH, NH, \ NH,
-H,0 H
04[::/[/)
H

Cyclo-diglycine (diketopiperazine)

Fig. 4 Oligomerization of glycines and intramolecular condensation
of diglycine

These results led us to the speculation that the amino
acids could be polymerized linearly in the high pressure
and high temperature water, but as for the cyclo-multimer,
the polymerization would stop at the cyclo-dimer (Fig. 4).
The generation of the cyclo-dimer from the monomer
amino acids will compete the generation of the linear
multimer. If the polymerization of the amino acids might
be necessary for the initiation of the origin of life, this
result leads us to a paradoxical problem.

Perspectives

Considering prebiotic chemical evolution, biopolymer
syntheses have a common point: dehydration condensation
of monomers. Dehydration condensation is a common
reaction to form hydrolytic bonds between monomers, such
as amide bond formation of oligopeptides, phosphoester
bond formation of oligonucleotides, glycosyl bond forma-
tion of oligosaccharides, and acyl bond formation of lipids.
Non-equilibrium cooling from hydrothermal conditions
would be efficient for various types of dehydration
condensation reaction.
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Magpnetic particles have been used widely in both biotechnological and medical fields, including
for immunoassay, enzyme immobilization, drug transport, and immunological diagnosis.
Especially particles with bioactive molecules such as antibodies and streptavidin are very useful
tools for cell separation. Here we report affinity selection of neutrophils and macrophages from
peritoneal inflammatory cells performed by thermoresponsive magnetic nanoparticles conjugated
with macrophage-specific anti-F4/80 antibody. The magnetic nanoparticles, which are capped
with thermoresponsive polymers, are aggregated by heating the particles over 30 °C and show
their intrinsic magnetism. The neutrophils are concentrated approximately 90% by these magnetic
nanoparticles without any activation, indicating that this novel cell separation method could
fulfill a wide range of applications in analysis of the isolation of fragile cells such as neutrophils.

With the development of nanotechnology, nanometer-sized
products that are smaller than several hundred nanometers have
been applied in almost all areas of science and technology. The
nanometer-sized products, including carbon nanotubes, fullerene
derivatives, and nanocrystal quantum dots, are widely used as
novel tools in various fields including the materials engineering,
electronics, plastics, automobile, aviation, and aerospace indus-
tries (/). In recent years, nanobiotechnology, which is a fused
research field of biotechnology and nanotechnology, has been
widely expected to apply the fruits of advanced nanomaterials
to even the fields of cellular and molecular biology (2—4) and
basic and clinical medicine (5—13). In particular, nanoparticles
exert their intrinsic properties based on nanometer-sized effect
that is generated from increased surface area per their volume.
Therefore, research reagents with nanoparticles are expected to
show higher specificity for the reaction and shorter reaction time
compared with conventional ones. In the case of magnetic
particles, a smaller particle is the more effective to exert its
magnetic reactivity, because the sensitivity of the magnetic
particle is defined by the particle surface area. However, a small
magnetic particle less than 1 sm hardly responds to a magnetic
field because it has less magnetism due to its extra small size.
We capped these magnetic nanoparticles with thermoresponsive
polymers in order to exert much stronger magnetism by heat-
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E-mail: akondo@kobe-u.ac.jp.

* International Medical Center of Japan.

3 Tokyo Medical and Dental University Graduate School.
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mediated aggregation (/4). By this surface modification we
succeeded in gathering magnetic nanoparticles whenever we
want.

Neutrophils are known to be the primary responding immune
cells in the case of acute protection against microorganisms (/5).
The lifetimes of neutrophils are known to be a couple of days,
whereas monocytes/macrophages live more than several months.
Neutrophils act as phagocytic cells when they encounter
microorganisms (16). In some case, neutrophils release cellular
enzymes such as hydrases, myeloperoxidases, elastases, and
other lysosomal enzymes from their granules in order to kill
bacteria, fungi, and other microbes (/7—20). Therefore, neu-
trophils are too sensitive to collect without inducing any
activation (21/).

In this method, we demonstrate a novel method to separate
neutrophils from acute inflammatory neutrophils and macroph-
ages by thermoreactive magnetic nanoparticles.

Materials and Methods

Preparation of Thermoresponsive Magnetic Nanoparticle
with Antibody. A solution of thermoresponsive magnetic
nanopatticles conjugated with Therma-Max LSA Streptavidin
(30) was a gift from Magnabeat Incorporated (Chiba, Japan).
The effective particle size distribution in aqueous solutions was
measured by the DLS method with the particle characterizer
Zeta Sizer-Nano ZS (Malvem Instruments, Malvern, Worces-
tershire, U.K.). The temperature response of the thermorespon-
sive magnetic nanoparticles was measured using a spectropho-
tometer equipped with a water bath to control the temperature
of the cuvette.

© 2007 Amedican Chemical Society and American Institute of Chemical Engineers
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Figure 1. Properties of thermoresponsive magnetic nanoparticles. (a)
Schematic model for the structure of thermoresponsive magnetic
nanoparticles. (b) Comparison of accumulation of the magnetic
nanoparticles under the magnetic field. The photos were captured after
30 s in the magnetic field: (left) <20 °C chilled condition, (right)
>30 °C warmed condition. (c) Thermal transmittance of the magnetic
nanoparticles. The transparent nanoparticle solution (A) becomes turbid
(B) by heating. (d) Size distribution of magnetic nanoparticle measured
by DLS methods. The particles at chilled condition show diameters of
167.6 £ 1.5 nm at 10 °C (blue column), whereas at 40 °C they are
1470.0 & 85.4 nm (red column).

The thermoresponsive magnetic nanoparticles used for neu-
trophil separation were prepared as follows. A 10 ug portion
of Therma-Max LSA Streptavidin (30) magnetic nanoparticles
(4 mg/mL solution) conjugated with streptavidin was mixed with
20 ug of biotinylated anti-F4/80 monoclonal Ab (100 ug/mL,
Caltag Laboratories, Burlingame, CA) and incubated on ice for
30 min for conjugation with the antibody. The magnetic particle
solution was warmed to 37 °C for 1 min to aggregate, and the
aggregated nanoparticles were collected with a magnet. The
collected nanoparticles were washed twice with chilled 2% FCS/
PBS solution. The premix solution was stored on ice until
immediately before use.

Mice and Neutrophil Separation. C57BL/6J mice were
purchased from Japan Clea, Inc. (Tokyo, Japan) and maintained
in the animal facility of the Research Institute, International
Medical Center of Japan. All experiments were performed
according to the Guidelines for Laboratory Animal Experiments
in Research and with the approval of both local ethics com-
mittees at the Research Institute, International Medical Center
of Japan.

Murine peritoneal neutrophils were prepared as described
following ref 21. The peritoneal exudate cells acutely infiltrated
in the peritoneal cavity of CS7BL/6 mice were induced by
intraperitoneal injection with 2 mL of 8% casein in PBS
suspension solution. Four hours after injection, cells were
collected by washing the peritoneum twice with S mL of Hank’s
balanced salt solution (HBSS). The collected peritoneal fluid
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collected and the magnetic nanoparticles were prepared before separa-
tion as detailed in Materials and Methods.

with HBSS was centrifuged at 800xg for 10 min at room
temperature. Then cells were incubated with anti-CD16/32
neutralizing antibody (Pharmingen BD, San Diego, CA) for 20
min on ice to block Fey receptor-medicated immune responses.
The blocked cells were incubated with Therma-Max/anti-F4/
80 Ab premix on ice for 20 min and then transferred to a 37 °C
water bath and incubated at 37 °C for 1 min to aggregate the
magnetic nanoparticles conjugated with cells. The aggregated
magnetic nanoparticles with F4/80% cells were collected under
a magnetic field by a magnet (Magna6 stand, Magnabeat Inc.).
The purified neutrophils were washed with PBS three times,
and the separated neutrophils and macrophage tfractions were
immediately stained with FITC-conjugated anti-Gr-1 mono-
clonal Ab (Pharmingen BD), PE-conjugated anti-F4/80 mono-
clonal Ab (Cedarlane Corp., Ontario, Canada), and PE-
conjugated anti-CD1 1b monoclonal Ab (Pharmingen BD). Then
neutrophils were fixed and analyzed by FACS Calibur (BD
Biosciences).

Results and Discussion

Thermoresponsive Property Magnetic Nanoparticles. Mag-
netic beads are one of the most useful tools for cell separation.
However, the magnetic-based separation of magnetic particles
smaller than 1000 nm is ditficult because of the resistance of
Brownian’ movement. Therefore, we coated the magnetic
nanoparticles with thermoresponsive polymers that have a lower
critical solution temperature (LCST). The polymer-coated
magnetic nanoparticles disperse well in an aqueous solution
when at a temperature below the LCST and aggregate above
the LCST; hence, they easily respond to a magnetic field (22,



Biotechnol. Prog., 2007, Vo!. 23, No. 6

298

Casein-Induced
pentoneal Celis

F4/80

CD11D

b

F4/80 nanoparticle
through fraction
(Neutrophils)

F4/80 nanoparticle
capilured fraction

® CO11tM
D CD11b

Collected Cells (X 10%6)
O = NWbouo
Caollected Cells (X 10%6)
O - NWbDO”M

e

PEC- captured through
F4/80 NP

PEC captured through

F4/80 NP
Figure 2. Neutrophil separation using magnetic nanoparticles. (a)
Peritoneal inflammatory cells stained with FITC-conjugated anti-Gr-1
mAb, PE-conjugated anti-F4/80 mAb, and the PE-conjugated anti-
CD11b mAb. The neutrophils were fixed and analyzed by FACS
Calibur (BD biosciences). (b) Representative data of magnetic nano-
particle-separated fractions of captured cells and through cells, im-
mediately stained with FITC-conjugated anti-Gr-1 mAb, PEconjugated
anti-F4/80 mAb, and PE-conjugated anti-CD11b mAb, analyzed by
FACS Calibur. Gr-1" CD11b™ F4/80~ cells are counted as neutrophils,
and Gr-1™ CDI11bM F4/80* as macrophages. (c) Count of Therma-
Max/anti-F4/80-conjugated magnetic nanoparticle-captured and through
cell populations. The data are presented as the mean value + standard
deviation of independently performed samples (n = 3).

23). The schematic model of the particle’s structure is shown
in Figure la. The particles are expected to be insoluble and
responsive to magnetic field when they are heated over 30 °C.
As expected, the aggregated nanoparticles show magnetism
when warmed in a 37 °C water bath (Figure 1b). To further
investigate the thermoresponsive property, the thermal transmit-
tance of the magnetic nanoparticles was measured by a
spectrophotometer (Figure 1¢). The light transmittance was
approximately 100% at low temperature because the nanopar-
ticles were in a dispersed state. The nanoparticles became turbid
and lost the transmittance due to tloc formation when the
temperature increased. The solution dispersed again when
they cooled. Thus, the magnetic nanoparticles acquired the
property of thermoresponsiveness. To confirm the heat-
responsive aggregation, we measured the effective particle size
distribution of magnetic nanoparticles in aqueous solution in
dispersed and aggregated states, respectively. The dispersed
particles show diameters of 167.6 & 1.5 nm (Figure 1b, blue
column). In contrast, the aggregated nanoparticles show 1470.0
4 85.4 nm diameter distributions at 40 °C (Figure 14, red
column).

Flow Cytometric Analysis of Target Cells by Magnetic
Nanoparticle with Antibody. The principle of cell separation
by Therma-Max LSA Streptavidin (30) magnetic nanoparticles
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method is to ablate the unwanted cell populations with heat-
mediated aggregation of the magnetic nanoparticles. The reac-
tion is schematically shown in Scheme 1. Antibodies against
unwanted cell population-specific molecules were first conju-
gated with thermoresponsive nanoparticles through a biotin—
streptavidin complex, which is then bound on the surface of
the unwanted cells. The magnetic nanoparticles aggregate
and acquire magnetism when the mixture is heated. The
unwanted cells are ablated with the aggregated nanoparticles.
In this process, only 30 s is enough for aggregation and cell
separation.

In order to evaluate the efficiency of the affinity selection of
the target cells using Therma-Max LSA Streptavidin (30)
magnetic nanoparticles, the separation ability of macrophages
and neutrophils from murine peritoneal exudate inflammatory
cells was studied. The peritoneal inflammatory cells were
induced by intraperitoneal injection of 8% of cow milk casein
suspension solution in PBS. The inflammatory cells contain
approximately 55% of Gr-1M CD11b™ F4/80™ neutrophils and
30% of Gr-1'" CD 1 1b" F4/80* macrophages according to flow
cytometric analysis (Figure 2a). To purify the neutrophils in
the inflammatory cells, we used magnetic nanoparticles conju-
gated with anti-F4/80 antibody, because F4/80 antigen is a
glycoprotein specifically expressed on the cell surface of
macrophages and monocytes. After reaction, the cells captured
on F4/80-magnetic nanoparticles were drawn and accumulated
under the magnetic field. After the separation procedure, the
target neutrophils were collected and concentrated; the
noncaptured fraction included more than 85% Gr-1% CDI11bm
F4/80~ neutrophils (Figure 2b). This result suggests that
ablation of macrophages by magnetic nanoparticles is more
suitable for neutrophil collection. Surprisingly, the macrophage-
rich fraction could also be collected trom the captured fraction;
the captured cell fraction contained approximately 20% Gr-1%
CD11b™ F4/80~ neutrophils and 55% Gr-1™ CD11bM F4/80*
macrophages after one cycle of separation (Figure 2b). There-
fore, Therma-Max LSA Streptavidin (30) magnetic nanoparticles
would be useful to separate a specific cell population. The
nanoparticles are retained on the cell surface, while unlabeled
cells pass through. The retained particles are dropped off from
the surface after | h of culture at 37 °C (data not shown). These
cells can be also used for both flow cytometric and microscopic
analysis.

In conclusion, the present study demonstrates the high
potential of a new technique to collect and purify both labeled
(positive selection) and unlabeled (depletion) cells with ther-
moresponsive magnetic nanoparticles.
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Abstract. Quantum Dots (QDs) have been used in life science study because of their higher
emission and photostability. Although physicochemical and biological properties of QDs
were varied dramatically by the surface modification of QDs, little is known about the reason
why the photoluminescence intensity (PLI) of QDs was changed by surface modification. We
report on the millisecond-span change of PLI of QD’s collective fluorescence oscillation.
QDs covered with carboxylic acid and hydroxyl groups show enhanced PLI by adding NaNj,
whereas QDs with amine showed less. Removal of NaN; from QD solution abrogated the
enhanced PLI. In addition, observation on evanescent field revealed that addition of
antioxidants induced enhanced oscillation of QDs. Furthermore, the blinking count at one
millisecond was also increased by addition of antioxidants. However the oscillation
enhancement is observed in both aqueous solution and polar organic solvents but not in
nonpolar organic solvents, indicating that PLI of QD was varied by the interaction between
QDs and their environmental solvents. These millisecond oscillation mechanism was
independent of "on" and "off" events which were conventionally known as "blinking". Taken
together, the fluorescent emission of colloidal QDs is affected by both surface-covered
colloidal molecules and external solvents around at millisecond span interaction.

Keywords: quantum dots, blinking, single molecular imaging, polar organic solvents,
millisecond oscillation.

1 INTRODUCTION

Nowadays, colloidal nanocrystal quantum dots (QDs) are widely used in biological study
because QDs are attractive fluorophores for multicolor imaging due to broad absorption and
narrow emission spectra and brighter and far more photostable than organic dyes. Many
advanced improvements on surface modification of QDs enable to promote a lot of biological
experiments. Although physicochemical and biological properties of QDs were varied
dramatically by the surface modification of QDs [1-3], little is known about the reason why
the photoluminescence intensity (PLI) of QDs was also changed by surface modification. We

©2007 Seciety of Photo-Optical Instrumentation Engineers {DOI: 10.1117/1.2767608|
Received 18 Apr 2007: accepted 4 Jul 2607; published 10 Jul 2007 {CCC: 19342608/2007/$25.00]
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previously reported that QDs were applied for some biological experiments; long-term
multicolor cell imaging [4,5], single cell tracking in live cells [6,7], microorganism
observation in living cells [8,9], single bacterial antigen detection under evanescent emission
field [10], and even in cancer immunotherapy with QDs [11,12]. When QDs are observed
under the steady laser illumination such as evanescent fields, the photoluminescence of single
QDs shows fluctuations, called blinking [11,12]. Blinking is one of the specific characters of
single fluorescent nanomaterials, and many researchers previous focused on bright fraction
and on dark fraction events in the span of several minutes [13-16].

We found that the preservative chemical, sodium azide (NaN3), in storage buffer have an
ability to change fluorescent intensity of QDs. We assumed it could be explained by the
change of blinking, but in failed. Therefore in this paper, we focused on the short time
phenomenon within a millisecond span; both surface-covered colloidal molecules and
environmental solvents around QDs interact and affect the fluorescent emission at a span of
milliseconds.

2 EXPERIMENTAL DETAILS

2.1 Preparation of surface-modified nanocrystal QDs

ZnS-coated CdSe nanocrystal QDs enfolded into the micelle of n-trioctylphosphine oxide
(TOPO) (fluorescence wavelength: approximately 522 nm, emitted green) were synthesized
by a known inversed-micelle method [17]. In brief, QDs were dissolved into chloroform in
4ml-volume flask and dihydrolipoic acid (DHLA), 2-aminoethanethiol (cysteamine
hydrochloride), or 3-mercapto 1,2-propanediol (thioglycerol) were added in order to replace
surface TOPO in these molecules [18]. After moderately heating for 24 hours under reflux
conditions with an oil bath whose temperature was set at 90 °C, methanol was dropped to the
flask and mixed until the QDs were deposited. The turbid solution was centrifuged and
washed with acetone twice. Next, distilled water was added to the QD precipitated residue.
QD solution was applied to a Sephadex G-25 column (PD-10, Amersham Biosciences,
Piscataway, NJ) to remove impurities, and then flow-through was purified using an ultra-
filtration membrane (Amicon ultra, NMWL =5 kDa, Millipore, Concord Road Billerica, MA)
to remove detached low molecular ingredients such as DHLA, cysteamine and thioglycerol.
Finally, purified QD solution was powderized by vacuum distillation. QDs were reconstituted
in distilled water and filtrated with a 0.1-pm filter (Millipore) immediately before use.

2.2 Evanescent field assay

QD-COOH, QD-OH, and QD-NH, were dissolved in purified water. Then QD solution was
warmed to 50 °C and mixed with one-fifth volume of 5 % agarose solution. The mixture was
dropped on the APS-coated slide glass (Matsunami glass Indusrtiy, Osaka, Japan) and
immediately embedded with 0.12 mm-thickness coverslips (Matsunami Glass Industries). The
packaged samples were then chilled to with or without 1 pM NaNj solution. Millisecond
oscillation of QD was observed on the evanescent field of total-reflective fluorescent
microscopy. The samples were excited with an argon laser (488 nm) on the evanescent field,
and observed through dichroic mirrors (DM505) and emission filters on an Olympus IX-70
equipped with total-interanal reflective fluorescent microscopy. The laser beam was injected
on the coverslip at 58.4 ~ 64.2 degree to the optical axis giving a decay constant of the
evanescent field of 48-62 nm. The beam was focused on the periphery of the back focal plane
of a 100x objective lens with NA of 1.65 with high refractive index immersion oil (Olympus
Corporation). The filter cube contained a 488/10 laser clean-up filter in the excitation
position, and emission signals were separated using two kinds of optical splitters; Chlwas
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with 510-550 band-pass, and Ch2 was with > 610 long-pass emission filters; the red (Ch2)
and green (Chl) images were simultaneously imaged side by side on observed with a fiber-
coupled CCD camera (FASTCAM® MAXI-F, Photoron corp., Tokyo, Japan). Millisecond
oscillation was by captured every one millisecond Span by using MetaMorph® software
(Universal Imaging Corporation, Marlow, Buckinghamshire, UK), and numeric conversion
was performed with NIH-Image software. The oscillation frequency was analyzed and
calculated by Fourier transform.

3 RESULTS

3.1 External condition of nanocrystal QD solution affect the photoluminescence

We assumed that the surrounding environmental molecules could affect the emission
properties of QDs, the same as shown in the change of physicochemical properties and
cytotoxicity [19]. We have changed the surface-covered organic molecules of QD to bind
biological molecules functionally and stably. These data suggested that the electric charge of
QD was significantly concermned with their augmentation/diminishment of fluorescent
intensity by NaNj;. Next, we examined whether other preservative molecules have an ability
to enhance the fluorescent intensity of QD (Fig.1b). Fluorescence intensity of nanocrystal
QDs was also enhanced by some kinds of antioxidant agents such as 2-mercaptoethanol and
dithiothreitol. In contrast, an oxidant chemical 1H-pyrrole diminished the fluorescent
intensity. However, ascorbic acid and psorbitol, which are frequently used as food
antioxidant, diminished the fluorescence, suggesting that electron leakage of QDs via the
ionization of surface-covered molecules regulate the fluorescent enhancement. To investigate
the possibility that NaNj; directly binds the surface of QDs, we compared the fluorescence
before and after removal of NaN;. QD solution with NaN; was purified by dialysis with
ulteracentrifuge filter to remove uncomplexed NaNs in QD solution. Removal of NaNj; by
dialysis from the solution recovered the QDs’ augmented/diminished fluorescence (Fig.1c),
implying that no direct chemical interaction of NaNj, (e.g, covalent bond and ionic complex)
was formed on the surface of QDs. Thus, the solutes around QD-solution influenced the
fluorescence intensity of QDs. These results suggest that not only the surface covered
molecules but also surrounding external environmental solutes around QD solution regulate
the fluorescence intensity.

3.2 On- and Off-phases of nanocrystal QD oscillation

These results prompted us to investigate whether blinking frequency of QDs was also
enhanced by the addition of NaNj, into the QD-COOH solution, because the intermittence in
fluorescent emission is known as blinking [20-22]. We compared the blinking on each QD
under a fluorospectrometry (Fig. 2a) with an evanescent fluorescent field (Fig. 2b) by ultra
sensitive high-speed camera. We observed sudden hopping enhancement of
photoluminescence intensity in a span of millisecond. Notably, the millisecond oscillation we
observed is still continued after transition from "on-phase" to "off-phase" of QD (Fig 2b). We
defined this phenomenon as millisecond oscillation. Millisecond oscillation is different
phenomenon to conventional photo-intermittence called blinking.
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Fig. 1. External environmental condition on QDs varies fluorescence intensity. (a), NaN, in agueous
solution augment/diminish the fluorescence intensity of QD. The fluorescence intensity of 100 pM of
QD-COOH (red circle), QD-OH (blue triangle), and QD-NH; (green square) were measured in the
presence of NaNj at the range of 0- 0.5 % concentrations. (b), Fluorescence intensity of QD-COOH was
changed by the antioxidants in aqueous solution. (c), NaN, Removal by dialysis recovered the
augmented/diminished fluorescence intensity by the effect of NaN,. QD solutions with 0.1 % NaN,
were dialyzed by ultrafiltration membrane. The concentration of collected solution was adjusted with
adequate volume of distilled water. Data are the mean aggregation area + one SD of triplicate
experiments.

Relative Intensity Ja.uf
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Fig. 2. The mechanism of the millisecond oscillation is different from that of blinking. (a), A blinking
change of QD-COOH fluorescence intensity in aqueous solution. Fluorescence intensity was
continuously measured for 120 sec with a fluorospectrometer. The red line upper graph indicates” off”
phase of blinking. (b), The millisecond oscillation of QD-COOH in aqueous solution was observed on
the evanescent field with ultra sensitive high-speed fiber-coupled CCD camera (FASTCAM® MAXI-I,
Photoron corp., Tokyo, Japan). x-axis indicates the time and y-axis indicates the relative fluorescence
intensity. Red, blue, and yellow lines that indicate the emission from individual QD during the on-off
switching phase (n=3) were overlaid. Green line indicates the photoemission of "on-phase”.

3.3 NaN; in aqueous solution change the QD-oscillation

Next we investigated the relationship between NaNj-dependent fluorescence enhancement
and the millisecond oscillation. We observed whether the millisecond oscillation was also
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enhanced by the addition of NaN; into the QD-COOH solution. The millisecond oscillation
was also enhanced by the addition of NaN; The photoluminescence frequency of
fluorescence millisecond oscillation that was observed on the evanescent field of total-
reflective fluorescent microscopy with a fiber-coupled CCD camera (Movie 1) was enhanced
by the addition of NaN; in QD-solution (Movie 2).

Video 1. QD-COOH solution was embedded into the 1% agarose gel without NaN;.
Millisecond oscillation of QD was observed on the evanescent field of total-
reflective fluorescent microscopy with a fiber-coupled CCD camera (FASTCAM®
MAXI I?, Photoron Corp., Tokyo, Japan) by capturing at a span of every one
mllisecond (QuickTime, 1.52 MB).

Video 2. QD-COOH solution was embedded into the 1% agarose gel containing 1

KM NaN,. Millisecond oscillation of QD was observed on the evanescent field of
total-reflective fluorescent microscopy with a fiber-coupled CCD camera
(FASTCAM® MAXI I, Photoron Corp., Tokyo, Japan) by capturing at a span of
every one mllisecond (QuickTime, 883 KB).

To support this, the analyzed power spectrum of QD-COOH before and after NaNj,
indicated that the photoluminescence frequency of fluorescence millisecond oscillation was
also increased (Fig.3). This result suggests that NaN; in QD-solution has an ability to increase
the photon emission from QDs. The same results were observed in QD-OH solution, but not
QD-NH, solution (data not shown). This is consistent with the results that QD-NH, has no
activity to enhance the fluorescent intensity.
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3.4 Solvent-Surface interaction regulates the oscillation of nanocrystal QDs

Next we determine the effect of solvents on millisecond oscillation. To investigate the
possibility that aqueous solvents were implicated to the millisecond oscillation, QD-COOH
was dispersed and fixed on the surface of cover slip and filled with some organic solvents.
We assumed that the oscillation of QD was not observed in chloroform. Contrary to our
expectation, the QD-oscillation was also observed even in chloroform (Fig. 4a). Then we
hypothesized that polarity of the organic solvents was also operated as the electron donor in
the solution. In the non-polar organic solution such as toluene, each QD displays no
detectable fluorescent oscillation (Fig. 4b). The results suggest that both solutes and solvents
that surrounded by QDs may function as the donor/interceptor of excited electron on
nanocrystal QDs.

d
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Fig. 3. Exposure to NaN, changes the frequency of millisecond oscillation. QD-COOH was
embedded into the 1 % agarose gel (a) with or (b) without 1 pM NaNj. Millisecond oscillation of
QD was observed on the evanescent field of total-reflective fluorescent microscopy. Millisecond
oscillation was observed with a CCD camera unit FASTCAM?® by captured at the span of every one
millisecond. The oscillation frequency of each monodispersed QD is analyzed by Fourier
Transform. x-axis indicates oscillation frequency [s-1] of QD. Each line indicates individual QD
(n=20). One of three independent experiments is presented.

3.5 Discussion

The theory that electron transfer processes regulates the power-law distribution for the
lifetime of a blinking of QDs has already proposed [23]. We first demonstrated that the
electron condition on the core of QD, beside the QD covered molecules, and even around QD
external environments by observation of millisecond oscillation, implying that emission of
QD depends on at least these factors; surface-covered substance, the solvent and solutes in
solution, specified the fluorescence activity of QD particle. The studies demonstrated here
suggest that QD property depends on multiple factors derived from both the inherent
physicochemical properties of QDs and environmental conditions. For example, we found
that QD properties like QD size, charge, concentration, outer coating bioactivity (capping
material and functional groups), and oxidative, photolytic, and mechanical stability are each
factors that, collectively and individually, can determine the toxicity of QD [20, 24]. We can
overcome the reduction of cytotoxicity by changing the physicochemical characteristics,
functional coating and core stability of QDs. It has no doubt that the photoluminescence
property of QDs also depend on the environmental conditions around QDs [25]. In addition,
our result supports the possibility that the brightness of whole QD particle can be also
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