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Abstract: The incorporation of gold
nanoparticles (AuNPs) as quencher
modules in fluorescent probes for
DNA damage caused by intracellular
hydroxyl radicals (HO) is reported.
Au NPs of 15 nm diameter were deco-
rated with DNA oligomers terminating
in thiol functions in their 3’ positions

[b]

switched off as a factor of HO-induced
strand breakage in the single-stranded
DNAs, restoring the fluorescence of
the quenched fluorophores, which can
be followed by spectrofluorimetry. In
vitro assays with HO™-generating
Fenton reagent demonstrated increases
in fluorescence intensity with a linear

range from 8.0 nm to 1.0 um and a de-
tection limit as low as 2.4 nm. Confocal
microscopic imaging of macrophages
and HepG2 revealed that the probe is
cell-permeable and intracellular HO™-
responsive. The unique combination of
good selectivity and high sensitivity es-
tablishes the potential value of the

and possessing 5’ fluorophore modifica-
tions. The Au NPs, which have high ex-
tinction coefficients, functioned as ex-
cellent fluorescent quenchers in the flu-
orophore—Au NP composites. FRET is

Introduction

Currently, the biochemistry of oxygen activation and the
biological significance of reactive oxygen species (ROS) are
attracting much interest. Oxygen-centered free radicals—
such as singlet oxygen, superoxide anion radical, hydrogen
peroxide, hydroxyl radical, and peroxynitrite—are potent
agents responsible for many potentially pathological effects
and aging.'¥ The OH radical, one of the strongest oxidants
known, is primarily responsible for cellular disorders and cy-
totoxic effects that can be traced back to oxidative damage
to DNA,™ proteins,” or lipids."! However, more detailed
understanding of the importance of HO" in initiating cellular
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probe for facilitating investigations of
HOr"-mediated cellular homeostasis and

(fluorescence o
injury.

injury has seldom been achieved, due largely to a lack of
highly selective, sensitive, and quantitative methods for its
detection under the complicated oxidative circumstances
found in biological systems.

Several methods to detect ROS, including electron spin
resonancel’! and chemiluminescence,® have been developed,
but fluorescence detection is superior in terms of high sensi-
tivity and of making ROS “visible” in living cells.”'?' Cen-
trally to its use, fluorescent probes have evolved into an ex-
tremely powerful tool for evaluating the characteristics of
HO -related biological processes.'”! These probes include
the succinimidyl ester of coumarin-3-carboxylic acid
(SECCA),™  fluorescamine-derivatized nitroxide,"™ and
chromophores with ROS-cleavable protecting groups.!'®!”)
However, limitations of currently available HO-responsive
probes include interference from background fluorescence
from other ROS and lack of effective direct means of bio-
logical monitoring. As Hempel and co-workers have pointed
out, the most commonly used fluorophore for cellular ROS
detection—2',7’-dichlorodihydrofluorescein (DCFH)—lacks
specificity between ROS and suffers from autoxidation; that
is, the fluorescence increases even in the absence of ROS
upon continued exposure to light irradiation.'¥ Hence, the
design of selective and stable fluorescent probes for individ-
ual ROS species and assays based on fluorescence imaging
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allowing for the assessment of single ROS generated from
living cells would be of special interest for biochemistry.

Recent advances in the growing field of nanobiotechnolo-
gy have resulted in favorable participation by inorganic
nanoparticles in FRET-based (fluorescence resonance
energy transfer-based) studies, due to their size-dependent
physical and chemical characteristics.'”?! Au NPs, which
display extremely high quenching efficiencies, open up new
perspectives in the use of hybrid materials as sensitive
probes in fluorescence-based assays.”?*! Since Mirkin®! and
Alivisatos” made the important step of exploiting the link-
ing of Au NPs to one another through complementary DNA
strands, many fascinating ideas for applications of DNA-
based nanostructures have been developed.’”" To the best
of our knowledge, however, no attempt to employ DNA-
conjugated fluorophore—Au NP composites for monitoring
of ROS in living cells has previously been made. Our strat-
egy here has been to design a new type of fluorescent
probe—FAM-DNA-Au NPs—for trapping HO", the detec-
tion mechanism being based the switching off of FRET
through the highly selective HO™-induced cleavage of DNA
strands. In vitro assays with HO-generating Fenton reagent
demonstrate an increase in fluorescence intensity attributa-
ble to HOinduced DNA strand breakage. The probe has
the merits of a very low background signal and hence high
achievable sensitivity, coupled with excellent selectivity
toward HO® over competing ROS. Confocal microscopy
studies of macrophages and HepG2 have revealed that the
probe is cell-permeable and intracellular HO™-responsive. In
particular, the presence of Au NPs featuring broad absorp-
tion in the UV and visible light regions provides efficient
background removal to avoid interference from autofluores-
cence. The features of these particular spectral regions make
them ideal for using the probe to detect HO' in living cells.
Our results have established the value of this nanotechnolo-
gy-based probe for imaging of HO" in living cells and open a
new window to facilitate investigations of ROS-mediated
cell behavior.

Results and Discussion

Designing FAM-DNA-Au NPs for HO': The available evi-
dence indicates that HO" radicals produced in vivo from
H,O, by a metal-mediated reaction may attack and cleave
the DNA phosphate/deoxyribose backbone in a largely se-
quence-independent manner.”*? Oxidative attack by HO*
on the deoxyribose moiety leads to the release of free bases
from DNA, generating strand breaks with various sugar
modifications and abasic (AP) sites (sites where a DNA
base has been lost).”! Cleavage by HO" occurs not only in
DNA but also in protein. However, this does not interfere
with probe specificity for HO", since DNA is cleaved much
more efficiently than protein, due to its higher sensitivity
toward HO"®Y The probe system involves an artful design
containing attack sites for HO® functions as outlined in
Scheme 1. Single-stranded DNAs labeled with thiol groups
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Scheme 1. Chemical structure of a FAM-DNA-Au NP and schematic il-
lustration of its FRET-based operating principles.

at their 3'-termini and 6-carboxyfluorescein (6-FAM; A., =
490 nm, A.,=517 nm) at their 5'-termini are attached to a
15 nm Au NP acting as a nano-quencher unit. FAM remains
a reagent of choice for the preparation of hydrolytically
stable fluorescent DNA conjugates. When HO" breaks the
DNA strands and the FAM is divorced from the particle sur-
face, the FAM fluorescence originally quenched by the
Au NPs will be recovered, and the fluorescence increase will
be related to the HO" concentration, thus providing a new
assay of HO" in biological systems.

Stern-Volmer Plot: The absorption spectrum of Au NPs
overlaps the emission spectrum of FAM, and so efficient
FRET between the donor-acceptor pair should be expect-
ed.! Indeed, when the concentration of FAM was stabi-
lized at 0.3 um, while the Au NP content was varied from 0-
1.2 nMm in increments of 0.2 nM, a regular decrease in the
emission of FAM was observed. Fluorescence quenching is
described by the well known Stern—Volmer equation:(*®

Fy/F = 1+Kgsy[Au NPs]

where F, and F denote the steady-state fluorescence intensi-
ties in the absence and in the presence, respectively, of
quencher Au NPs. A plot of F/F versus [Au NPs] produced
a straight line as shown in Figure 1, the slope of which gave
the Stern-Volmer constant (Kg,=1.54x10°m™"); knowing
the lifetime of the donor FAM (7,=4.5 ns), we were then
able to estimate its quenching rate constant: k= Kg/7,=
3.4x10"M s

Performance characteristics and statistical analysis: We
monitored changes in the fluorescence spectra of FAM-
DNA-Au NPs in the presence of different concentrations of
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Figure 1. Stern—Volmer plot of Fy/F versus [Au NPs]. The linear approxi-
mation gives Fy/F=0.88+1.54[Au NPs], R=0.9905.

HO- as shown in Figure 2. As expected, there was near-zero
background fluorescence before addition of HO", with a
donor quenching efficiency close to 100 %. Upon the occur-

[Fe™ (EDTA) ]/ M

8000

2000

fluorescence intensity
-3
o
o
o

500 520 540 560 580 600

A /nm
Figure 2. Fluorescence spectra of 1x probe solutions (250 pL, 0.3m PBS,
pH 7.4) after addition of varying amounts of Fenton reagent (Fe'-
(EDTA)/H,0, 1:6 molmol ). All spectra were obtained after incubation
at 37°C for an equilibration period of 15 min.

rence of HO-induced DNA chain scission, however, the
constrained conformation was opened, and the release of
the cleaved fragment resulted in a distinct fluorescence in-
crease due to the elimination of the FRET effect. The
change in the fluorescence intensity relative to that of the
probe increased with increasing concentration of Fenton re-
agent. At concentration ranges higher than 10 pm the fluo-
rescence intensity was saturated, indicating that nearly all of
the probe in the sample solution had reacted with HO" and
that all of the linkers of the probe had been cleaved.

To confirm further that the increase in fluorescence emis-
sion was indeed due to the HO"-induced breakdown of
DNA chains, DMSO, a typical HO"-scavenger,”” was used.
Before the addition of Fenton reagent to trigger the reac-
tion, DMSO was introduced into the reaction mixture, and
the extent of fluorescence increase was greatly suppressed.

Furthermore, we also examined the relationship between
the concentration of Fe"(EDTA) in the added Fenton re-
agent and the fluorescence increase in the Fenton reaction.
As can be seen from the calibration curve of fluorescence
signals versus Fe"(EDTA) concentrations shown in Figure 3,
the fluorescence increase is proportional to the concentra-
tion of Fe"(EDTA) in the 8.0 nM—1.0 um range. Fe"(EDTA)
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Figure 3. Linear plot of fluorescence intensity as a function of HO" con-
centration.

has often been used as an effective inorganic reagent for
mediating HO® production from H,O, according to the
Fenton reaction equation.’® A concentration of Fe'(EDTA)
as low as 2.4nm, generating approximately the expected
quantity of HO", could readily be detected. The precision,
expressed as the relative standard deviation (% RSD), ob-
tained from a series of 11 standards each containing 1 um of
HO:, was 2.7. Therefore, the probe can detect HO® formed
in the Fenton reaction in the form of a dose-dependent in-
crease in fluorescence.

Amount of alkanethiol-oligonucleotides loaded on Au NPs:
In previous work by Pir Sandstrom,”! alkanethiol-tagged
oligonucleotides were incubated with the particles in a 200-
fold excess of DNA strands. This ratio was used to ensure
that each particle bound at least one oligomer molecule. De-
ficiency in the amount of Au NPs made DNA deposition in-
sufficient, and high background fluorescence could be ob-
served. Use of excess Au NPs resulted in effective quench-
ing of the FAM fluorescence, but only very limited fluores-
cence recovery would be observed despite HO™-induced
strand breakage. By chemically tailoring the density of alka-
nethiol-oligonucleotides bound to the surface of Au NPs, we
found that 300-fold molar excesses of DNA strands may be
the appropriate amount regarding our experimental condi-
tions for HO" determination.

Specifically thiol-modified oligonucleotides tend to be
anchored to the particle at one end and thus stand up from
the surface. The loading of particles with DNA achieved by
this method was estimated by a fluorescence-based
method."! Dithiothreitol at 1.7 mm concentration was used
to displace the surface-bound oligonucleotides rapidly
through an exchange reaction, and the amount of released
DNA was measured by fluorescence. Standard curves were
derived according to the known concentrations of FAM-la-
beled oligonucleotides under identical conditions (such as
buffer pH, salt and dithiothreitol concentrations). The fluo-
rescence signals were converted into molar concentrations
of the thiol-modified oligonucleotides by interpolation from
a standard linear calibration curve. By dividing the total
number of oligomer molecules by the original Au NPs con-
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centration, we calculated that there were 144 oligomers per
Au NP.

Conditions of metal-mediated Fenton reaction: It is general-
ly assumedP®#!! that HO' is generated in biological processes
from H,O, through the Fenton reaction, known from inor-
ganic chemistry. Metal binding can occur on DNA, and this
can lead to partial site-specificity in HO® formation. Fe com-
plexed to chromatin functions as a catalyst for the Fenton
reaction in vivo, similarly to the role played by Fe-chelate in
vitro. Fe commonly catalyzes the decomposition of H,0O, to
produce HO', and an even higher number of strand breaks
is observed when Fe is complexed with EDTA, consistently
with the well known participation of Fe-EDTA chelate in
the Fenton reaction.*”)

The kinetic behavior of the reaction was investigated
(Figure 4) with the aim of determining the optimal experi-
mental conditions for the proposed method. The fluores-
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Figure 4. Fluorescence intensity of the system was recorded as a function
of reaction time after the introduction of Fenton reagent into 1x probe
buffer solutions (250 pL, 0.3m PBS, pH 7.4) at 37°C. a: Blank. m: [Fe'-
(EDTA)]/[H,0,], 10 nMm:60 nm. : [Fe"(EDTA)]/[H,0,], 1 um:6 pm.

cence signal was recorded as a function of reaction time on
addition of Fe"(EDTA) at 1 um concentration to stimulate
the reaction. The fluorescence signal increased sharply up to
the 15 min time point and then remained almost constant
with increasing reaction time. At 10 nm Fe"(EDTA) concen-
tration, however, the kinetics of HO" production and DNA
damage were fast enough to be finished within 10 min.
Therefore, a 15 min reaction time can be selected in subse-
quent experiments.

Effects of various species on the probe: Perhaps the most at-
tractive feature of the approach is its selectivity for HO’, es-
pecially in cellular systems, and so the effects of interfering
species normally found in association with HO® were studied
(Figure 5). The experimental results demonstrated that the
probe showed no remarkable fluorescence output when var-
ious ROS or reductants—such as superoxide anion radical
(0,7), hydrogen peroxide (H,0,), hypochlorite (C1O™), per-
oxynitrite (ONOQ"), single oxygen ('O,), nitric oxide (NO),
glutathione (GSH), and 1,4-hydroquinone (HQ)—were
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Figure 5. Comparison of the fluorescent responses of probe to various
ROS and reductants. The fluorescence intensities of the system were re-
corded after the introduction of various ROS and reductants (final 1 pum
for each) into 1x probe buffer solutions (250 uL, 0.3m PBS, pH 7.4). All
data were obtained after incubation at 37°C for an equilibration period
of 15 min. *O,~ was created by the enzymatic reaction of XA/XO, and
'0, was obtained by addition of NaClO to H,0, (10:1 mol per mol).
ONOO™ and NO were delivered by use of 3-morpholinosydnonimine
(SIN-1), and 3-(aminopropyl)-1-hydroxy-3-isopropyl-2-oxo-1-triazene
(NOC-5), respectively.

added with an equal amount of HO" (final 1 um for each).
However, it appears that addition of ONOO™ resulted in a
relatively large fluorescent augmentation. This is thought to
be because peroxynitrous acid decomposes to give about
28% free HO", so one would expect a relatively stronger re-
sponse of the probe if it is indeed specific for HO". A slight
fluorescence yield from added Fe" in the absence of H,O,
might further account for the probe specificity.

Imaging of intracelluar HO': Most probes rely on their posi-
tively charged surfaces to ensure cellular uptake. Unexpect-
edly, FAM-DNA-Au NPs readily entered cells despite their
coating with negatively charged DNA.®! We performed
uptake experiments with different cell types, including
mouse peritoneal macrophages and HepG2 (cancerous liver
cells). Probe-loaded macrophages showed weak intracellular
background fluorescence (Figure 6a). A strong fluorescence
signal was observed upon stimulation of probe-loaded mac-
rophages with phorbol myristate acetate (PMA, a stimulator
of cell respiratory burst to give rise to ROS) over 1 h, as de-
termined by confocal microscopy on living cells (Figure 6b
and c). Incubation of probe-loaded macrophage cells with
DMSO as a HO' scavenger prior to PMA stimulation result-
ed in negligible fluorescence yields (Figure 6¢), highlighting
the specificity of the measurement. Furthermore, we provide
a confocal microscopic image of HepG2 (Figure 6f) as a
practical biological model to demonstrate the practicability
and high membrane penetrability of the probe.

Apoptosis markers can address cell viability; acridine
orange (AO) is a vital fluorescent stain useful for identifying
cell apoptosis.*! AO staining should be informative for
checking putative toxic effects of the treatment with probe
and confirming that the cells were viable throughout the
imaging experiments. The experiment showed that cells did
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Figure 6. Confocal fluorescence and phase-contrast images of living cells.
a) Fluorescence image of macrophages incubated with the probe for
30 min at 37°C. b) Fluorescence image of probe-stained macrophages
stimulated with PMA for 1 h at 37°C. c¢) Brightfield image of live macro-
phages shown in panel b, confirming their viability. d) AO staining of
probe-loaded macrophages, confirming their viability. e) Probe-loaded
cells were treated with DMSO (0.1 %) for 1 h prior to PMA stimulation.
f) Fluorescence image of HepG?2 incubated with the probe for 30 min at
37°C. g) AO staining of probe-loaded HepG2 cells, confirming their via-
bility.

not display typical apoptosis features such as cell shrinkage,
membrane blebbing, nucleus condensation, or the common
nucleus fragmentation (Figure 6d and g). Taken together,
these contrast images indicated that FAM-DNA-Au NPs, as
a cell-permeable probe, can respond to changes in intracel-
lular HO' concentrations, and that native cellular species do
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not contribute to the fluorescence imaging, as shown in the
HO' scavenging test (Figure 6¢).

Reliability assessment in cell biological applications: In
order to evaluate the reliability of this method, macrophages
were divided into four parallel groups. Cell imaging tests
were performed under the same experimental conditions as
described (Figure 6b). Average fluorescence intensities of in-
dividual cells (more than 50 cells) in each group were deter-
mined with the aid of an Image Pro plus analysis system.
Average fluorescence intensities were 746, 709, 713, and
719, which demonstrated good reliability of the method in
living cells.

A cell extract test was performed to evaluate the preci-
sion of the method. According to the procedure outlined
above, fluorescence readings of the cell supernatant solu-
tions were undertaken. Incubation of macrophage cells with
HO' scavenger DMSO (0.1 %) for 1 h prior to probe loading
resulted in autofluorescence output. The detected HO® con-
tent of PMA-stimulated cells was 0.31 um on average, de-
rived from the standard curve and the regression equation.
The average recovery test was carried out by using the stan-
dard addition method, and the RSD obtained from a series
of six cell suspensions was 3.4%. The results given in
Table 1 indicated that the recovery and precision of the
method applied to determine HO" in cell extracts were satis-
factory.

Table 1. Determination of HO' in cell extracts (n=6).

Sample HO* Added Found [um] Mean  Average RSD
content  [um] [um] recovery  [%]
(] [%]

Cellex- 031+ 0.30
tracts 0.04

0.58, 0.62, 0.60, 0.59+ 93.3 3.4
0.61,0.59, 0.56  0.02

Conclusions

What has been demonstrated here is that FAM-DNA-
Au NPs could serve as a new probe for detecting HO", con-
tributing to shedding new light in cases of appropriately
suited imaging of HO" at the cellular level. The probe fea-
tures excellent selectivity for HO® over competing cellular
ROS. Application of the FAM-DNA-Au NPs in macro-
phage assays resulted in low background signals before and
significant fluorescence readouts after stimulation of cellular
HO® production by PMA, and effective signals were also
readily obtained in HepG2 by use of the probe. It is to be
expected that this novel probe might work not only for in
vivo HO" imaging, with little or no interference from auto-
fluorescence, but might also quantify HO" in ex vivo biologi-
cal systems such as cell extracts with satisfactory results.
Our results have established the value of this nanotechnolo-
gy-based probe for imaging of HO" in living cells and hold
considerable promise in investigations of cellular behavior
mediated by other biological species.
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Experimental Section

Materials and physical instrumentations: Hydrogen tetrachloroaurate(III)
(HAuCl,-3H,0) and trisodium citrate were purchased from Aldrich
Chemical Co. and used as supplied. HO' is chemically generated through
the Fenton reaction, catalyzed by a transition metal such as Fe"" in a che-
lated state. Fe'(EDTA) solution (5mmu) was prepared daily by adding
the appropriate amount of ammonium ferrous sulfate to EDTA solution
(Fe/EDTA 1:3 molmol™") in Sartorius ultrapure water (18.2MQcm™),
giving a slightly green, clear solution. A stock solution (100 mL) of H,O,
(0.3m) was freshly prepared by diluting H,O, (30 %, 3.4 mL) with water,
and the concentration was standardized by titration with potassium per-
manganate. The single-stranded oligonucleotide used in this work (syn-
thesis and purification by Shanghai Sangon, China) was derivatized with
3'-alkanethiol and 5-FAM to give the following sequence: 5-FAM-
(CH,)¢-AGGGTTAGGG-(CH,);-SH-3'. Absorption spectra were record-
ed on a UV-1700 spectrophotometer (Shimadzu Corp. Kyoto, Japan). Flu-
orimetric spectra were measured with an Edinburgh FLS 920 spectro-
fluorimeter (Edinburgh Instruments Ltd., UK) fitted with a xenon lamp
in a quartz cuvette (1.0 cm optical path) as the container. Spectrometer
slits were set for 1.0 nm band-pass. Transmission electron microscopy
(TEM) images were collected with a Hitachi Model H-800 instrument
operating at 100 keV accelerating voltage.

Gold-particle fabrication: The starting step for this work was the prepa-
ration of an aqueous solution of AuNPs (15 nm). Near-monodisperse
Au NPs of 15 nm diameter were prepared by the classical citrate reduc-
tion route pioneered by Frens.”! All glassware was cleaned in aqua regia
(3 parts HCI, 1 part HNO,), rinsed with Sartorius water, and then oven-
dried prior to use. Briefly, trisodium citrate (1%, 5.25 mL) was added
rapidly to HAuCl, (0.01 %, 150 mL) that was brought to reflux while stir-
ring. This mixture was heated at reflux for an additional 15 min, during
which the color changed to deep red. The solution was then set aside to
cool to room temperature. This resulted in AuNPs with a net negative
charge from the citrate ions stabilizing the particles. The size distribution
and quality of the resulting particles, of average diameter 15.7+2 nm,
were determined by TEM. Please note that we denote the concentration
of the as-prepared AuNPs to be 1x(1.2x10" particlesL™', ~2 nm)“
with a high molar extinction coefficient (e at 520 nm) 6.1x10°m'cm™". A
typical solution of 15nm diameter AuNPs was chosen because they
could be readily prepared with little deviation in size (+2 nm), and with
a characteristic absorption band centered at 520 nm, so that the FRET
process was highly efficient as there was an appreciable overlap between
the emission spectrum of the FAM donor and the absorption spectrum of
the Au NP acceptor.

Attachment of fluorescent alkanethiol oligonucleotides to AuNPs: In a
famous “Northwestern” preparation by Mirkin and co-workers,”*! fluo-
rescent alkanethiol oligonucleotides of 10 bases corresponding to 3.4 nm
were attached to Au NPs by incubation of thiolated single-stranded oligo-
nucleotides with a gold solution (250 pL, 1x) at a 300:1 mol ratio. After
standing for 16 h, the solution was gently treated with phosphate buffer
(10 mm, pH 7.4) and NaCl (0.1m), and allowed to “age” for an additional
40 h at room temperature. Please pay attention to the fact that a gradual
increase in electrolyte concentration and ionic strength over the course
of DNA deposition significantly increase surface coverage and conse-
quently particle stability. Unbound oligonucleotides were then removed
by repeated centrifugation and suspension of the red oily precipitate (Ep-
pendorf 5417R Centrifuge, 14000 rpm, x2). The DNA-complexed parti-
cles were finally redispersed in fresh PBS (250 uL, 0.3m, pH 7.4). This
procedure was used to prepare all the probes described here, and for sim-
plicity, their concentrations have been presented as 1x (1x AuNPs and
0.6 um fluorescent alkanethiol oligonucleotides unless otherwise noted).
The difference in the UV/Vis spectra of unmodified AuNPs of and
Au NPs modified with fluorescent thiol-oligonucleotides (Figure 7) is at-
tributed to slightly different particle size distributions, coupled with a de-
crease in particle concentration during the workup of the oligonucleo-
tide-modified particles.

Fluorescence detection: A PBS buffer (0.3m, pH7.4) containing 1x
probe solutions (250 uL) was incubated for HO" cleavage at 37°C for an
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Figure 7. Comparison of UV/Vis spectra of 15 nm diameter Au NPs and

of AuNPs functionalized with fluorescent thiol-oligonucleotides in fresh
PBS (0.3m, pH 7.4).

equilibration period of 15 min after addition of Fe"(EDTA) (10 nm-
100 um) and H,0, (60 nma600 um). Each sample solution was diluted
with pure PBS buffer to a final volume of 500 uL, and a fluorescence
spectrum of the diluted sample solution was obtained. Care was taken to
keep the pH and ionic strength of the sample solutions the same for all
measurements, due to the sensitivity of the optical properties of FAM to
these conditions.*”) The reproducibility of these experiments was checked
by the carrying out of two to three independent experiments. Selectivity
experiments for various ROS and reductants were carried out by the
same method.

Cell culture and imaging: Peritoneal exudate cells were harvested from
peritoneal lavage with use of chilled serum-free RPMI 1640 medium,
centrifuged at 1000 rpm for 5 min, and suspended with PBS. The concen-
tration of counted cells was adjusted to 10° cells mL™"' and samples were
placed on the culture plates above glass coverslips. After 3 h of incuba-
tion at 37°C in an atmosphere of 5% CO, in a CO, incubator, the nonad-
herent cells were removed by vigorous washing (x2) with warm serum-
free medium, and the adherent cells were incubated with 1x probe solu-
tions (0.3m PBS, pH 7.4) for 30 min at 37°C. A set of cells was stimulated
with PMA (2 ngmL™') at 37°C for 1 h. Another set of cells was treated
with DMSO (0.1%) for 1h prior to PMA stimulation. HepG2 cells
(human cancerous liver cells) were maintained by protocols provided by
the American Type Tissue Culture Collection. Cells were seeded at a
density of 10°cellsmL™" in high-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM, 4.5 gL' glucose) supplemented with fetal bovine
serum (FBS, 10%), NaHCO; (2gL"'), and antibiotics (penicillin
100 UmL™", streptomycin 100 uygmL'). Cultures were maintained at
37°C under a humidified atmosphere containing 5% CO,.

Prior to imaging, the medium was removed. Cell imaging was carried out
after washing of cells with PBS to stop the progress of the labeling reac-
tion.

AO, generally regarded as a marker of apoptosis, was used to visualize
cellular changes characteristic of apoptosis and to confirm that the cells
were viable throughout the imaging experiments. Probe-loaded macro-
phages and HepG2 were incubated with acridine orange (1 ugmL™") at
37°C for 20 min. After washing with ice-cold PBS, the cells were ob-
served under a microscope. Florescent images were acquired on a
LSM 510 confocal laser scanning microscope (Carl Zeiss Co., Ltd.) with
commonly used Ar* laser irradiation at 488 nm.

Cell extracts: Cultured macrophages (RAW 264.7 cells were purchased
from the American Type Culture Collection, Manassas) were passaged in
cell culture flasks (10° cellsmL™") in DMEM. Incubation of a proportion
of the macrophage cells with HO" scavenger DMSO (0.1 %) for 1 h prior
to probe loading resulted in autofluorescence output. Stimulation of an-
other portion of macrophage cells with PMA (2ngmL™") at 37°C for
12 h was then carried out. After incubation with 1x probe solutions for
30 min at 37°C, all of the cells, harvested by centrifugation in the cold,
were washed twice with NaCl solution (0.9 %). These cells were again re-
suspended in a volume of PBS (0.1m, pH7.4) equal to that in the
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DMEM medium in which they had been grown, and were then disrupted
for 10 min in a VC 130 PB ultrasonic disintegrator (Sonics & Materials
Inc.). During sonic disruption, the temperature was maintained below
4°C with circulating ice water. The broken cell suspension was centri-
fuged at 4000 rpm for 10 min and the pellet was discarded. Cell superna-
tant solutions obtained were prepared for average recovery test.
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