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Measurement of Reactive Oxygen Species in the Culture Media Using Acridan
Lumigen PS-3 Assay
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Reactive oxygen species (ROS) are generated continuously during aerobic metabolism. ROS are highly
reactive molecules and in excessive amounts, can lead to protein and DNA oxidation, protein cross-linking,
and cell death. Cell-culture models provide a valuable tool in understanding the mechanisms that lead to cell
death. Accumulation of ROS within cells and/or their release into the culture media are highly cell
type-specific. The ability to estimate ROS levels in the culture media is an important step in understanding the
mechanisms contributing to disease processes. In this paper, we describe the optimization of a simple
method to estimate ROS levels in the culture media using the Acridan Lumigen PS-3 reagent provided in the
Amersham ECL Plus kit (GE Healthcare, UK). We have shown that the Acridan Lumigen PS-3 assay generates
ROS-specific chemiluminescence in fresh as well as media stored at �20°C, in as little as 10 –20 �l of
samples. The method was able to detect the dose (of stimulants)- and time (acute and chronic)-dependent
changes in ROS levels in media collected from various cell types. Our results suggest that the kit reagents, PBS
buffer, and various media did not contribute significantly to the overall chemiluminescence generated in the
assay; however, we suggest that the unused medium specific for each cell type should be used as blanks and
final readings of test samples normalized against these readings. As this method uses commonly available
laboratory equipment and commercially available reagents, we believe this assay is convenient, economical,
and specific in estimating ROS released extracellularly into the culture media.
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INTRODUCTION
In mammalian cells, free radical species, including

ROS and reactive nitrogen species (RNS), are continuously
generated during aerobic metabolism.1–3 These reactive
species include hydroxyl radicals (OH�), hydroperoxyl rad-
icals (HOO�), peroxy nitrite (ONOO�), nitric oxide radi-
cals (NO�), oxygen radicals, and superoxide radical anions
(O2

��).1–5 Superoxide is generated as a by-product of the
respiratory chain, and toxic OH� are generated from hydro-
gen peroxide (H2O2) and superoxide through the Fenton
reaction and the Haber-Weiss cycle. Superoxide may also
spontaneously break down into oxygen and H2O2. In
addition, several oxidases generate H2O2 as a by-product.1

H2O2 is a very mild and a less-reactive, non-radical ROS;
however, it gets converted into highly reactive OH� within
cells.1,6 Depending on the cell type, the ROS produced can
be accumulated within cells or released into the extracellu-

lar environment.7,8 In the central nervous system (CNS),
microglia are the main immune effectors; these cells protect
the CNS from invading microorganisms and clear debris
generated as a result of cell damage.9,10 Once activated,
microglia produce a cocktail of cytokines and enzymes
(such as proteases) and release ROS.11–13 As ROS are
highly reactive molecules, their accumulation can lead to
damage, such as protein and lipid oxidation, protein cross-
linking leading to protein inactivation, and breakage of
DNA strands.14,15 Oxidative stress-mediated damage, as a
result of excessive accumulation of ROS/RNS, contributes
to the pathogenesis of several chronic diseases involving the
loss of specific cells. The effect of ROS-mediated cell loss
also depends on the ability of certain cell types to produce,
accumulate, and/or release ROS into the extracellular en-
vironment and the susceptibility of other cell types to
ROS-induced damage.

In vitro culture models are important tools to under-
stand the pathways involved in cell loss during disease
processes. It is therefore critical to study ROS-mediated
damage resulting from ROS generated and retained within
cells, as well as ROS that are secreted extracellularly into the

*ADDRESS CORRESPONDENCE TO: Shamim B. Shaikh, Dept. of Anatomy
with Radiology and The Centre for Brain Research, Faculty of Medi-
cal and Health Sciences, University of Auckland, Auckland, New
Zealand (Phone: �6499232158; E-mail: s.shaikh@auckland.ac.nz).

xxxxxx
xxxxxx

Journal of Biomolecular Techniques 22:95–107 © 2011 ABRF

http://www.ABRF.org
http://www.ABRF.org


culture environment. There are a number of well-estab-
lished methods available to measure intracellular ROS.
Most widely used methods involve oxidizable fluorescent
dyes, such as dihydroethidium (DHE), chemically reduced
and acetylated forms of 2�-7�-dichlorofluorescein (DCF),
carboxyl derivatives, and other derivatives of fluorescein
such as 5-(and-6)-chloromethyl-2�,7�-dichlorodihydro-
fluorescein diacetate acetyl ester (CM-H2DCFH-DA) and
H2DCF-DA. DHE is oxidized specifically by superoxide
anions, and the oxidized dye intercalates with nuclear DNA
and fluoresces red; the intensity and number of red dots in
the nucleus represent the amount of superoxide present in
the cell.14,16,17 By contrast, DCF and its derivatives are
oxidized by a wide range of ROS, including H2O2, hy-
droxyl radicals (OH�), hydroperoxy, and ONOO�, pro-
ducing red fluorescence.16,18 Some studies have also used
NBT for detecting the presence of intracellular ROS; NBT
can be oxidized into purple-blue formazan compounds,
detected as a purple-colored precipitate in the cells, which
can be quantified by lysing cells in acetic acid and reading
absorbance at an appropriate wavelength.19,20 In addition,
there are several chemiluminescent substances that are very
sensitive and have been used in measuring intracellular
ROS.21–23

Current methods used to estimate extracellular ROS
released into the culture media are complex, and most of
the methods need to be performed in the presence of live
cells and require special equipment. These include the use
of compounds such as luminol and lucigenin and tech-
niques such as electron spin resonance spectroscopy and
liquid scintillation counting.22–25 Recently, Stratagene (La
Jolla, CA, USA) developed a luminol-based method (Lu-
miMax kit) to detect ROS released extracellularly in the
presence of live cells.26 As ROS are very unstable, and
current methods require the presence of live cells and/or

sophisticated equipment, measurement of ROS in the cul-
ture media becomes inconvenient for researchers. We be-
lieve that there is a clear need for a simple method that can
measure extracellular ROS in the media. In this study, we
have developed a simple, quick, and reproducible method
of measuring extracellular ROS in culture media using the
Acridan Lumigen PS-3 reagents provided in the Amersham
ECL Plus kit (GE Healthcare, UK), which is commonly
used for Western blotting. Acridan compounds (or acridin-
ium derivatives) can be oxidized enzymatically or electro-
chemically; in both cases, oxidation products generate
chemiluminescence.21,27 Acridan Lumigen PS-3 reacts
with H2O2 and forms acridinium ester, which can ex-
change electrons with free radicals, generating acridanyl
radical intermediate. Acridanyl radical decarboxylates
spontaneously to give a singlet-excited state of N-methy-
lacridone, which emits light at 430 nm (Fig. 1).28 This
method has been described briefly in our recently pub-
lished paper.7 Here, we present the methods in full, as well
as details relating to assay specificity and effects of certain
components. We then go on to compare the assay with a
well-known in vitro assay to measure ROS, generated by a
chemical reaction, followed by validating the assay under
various oxidative stress conditions in a range of different
cell types.

MATERIALS AND METHODS
Cell Culture and Treatment of Different Cell Types with

Rotenone

Three different cell lines of human origin and rat primary
blood monocytes were used to demonstrate that different
levels of ROS/RNS are produced in response to an identi-
cal stimulus. Transformed human microglial cell line
CHME-5 [a generous gift from Professor Pierre Talbot,
Laboratory of Neuroimmunovirology, Institut Nationale

FIGURE 1

Schematic diagram showing the ROS excitation of the
Acridan Lumigen PS-3 by ROS. Diagram showing the
exchange of electrons between acridan Lumigen PS-3
and reactive species (ROS/RNS) in the presence of
H2O2. The intermediate acridanyl radical spontaneously
decarboxylates into CO2 and excited N-methyl acri-
done, which emits light at 430 nm in the form of chemi-
luminescence. This diagram was modified from Wilson
et al.28 and the Amersham ECL Plus Western blotting
detection kits (GE Healthcare), product booklet (codes:
RPN2132 and RPN2133), http://gehealthcare.com/
lifesciences.
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de Recherches Scientifiques (INRS)-Institute, Armand-
Frappier, Quebec, Canada], human SH-SY5Y neuroblas-
toma (American Type Culture Collection, Manassas, VA,
USA) cell line, and a human acute monocytic leukemia cell
line THP-1 (a gift from Dr. Fiona Radcliff, Department of
Molecular Medicine and Pathology, University of Auck-
land, New Zealand) were used. The majority of experi-
ments was carried out using the CHME-5 microglial cell
line; CHME-5 is obtained from embryonic human micro-
glia through transformation with simian virus-40.29,30

This cell line has been well-characterized by Professor Tal-
bot’s group and has been used successfully by us7 and
others29,31 as a model of microglial activation. SH-SY5Y is
a human neuroblastoma cell line. These cells share several
properties with dopaminergic neurons.32 The THP-1 cell
line was derived from human acute monocytic leukemia.
This cell line exhibits properties similar to the human
monocyte-derived macrophages, maintains distinct mono-
cytic characteristics in culture,33 and shares the same lin-
eage with microglia.33,34 For routine cultures, all cell types
were cultured at 37°C/5% CO2. CHME-5 (9�103

cells/25 cm2) and SH-SY5Y (5�105/25 cm2) cells were
cultured in DMEM-F12 (Invitrogen, Carlsbad, CA, USA)
medium with 10% heat-inactivated FBS (Invitrogen), 2
mM glutamine, and 1 mM sodium pyruvate. To carry out
time-dependent chronic treatments, the cell number of
each cell type was adjusted to achieve 90–95% confluency
within the required treatment period. THP-1 cells were
grown in RPMI-1640 medium, supplemented with 10%
FBS and 0.05 mM beta-mercaptoethanol (�-ME). Cells
were split before reaching 1 � 106 cells/ml. Rat peripheral
blood mononuclear cells (BMNCs) were used as primary
cells; the procedure of isolation of BMNCs is given below.
For performing the acridan Lumigen PS-3 ROS assay and
assessing other parameters, cells were treated as described in
each section.

Isolation of rat BMNCs

Rat blood was provided by the Vernon Jensen Unit (the
animal housing facility; University of Auckland). Blood
sample (10 ml) was collected from Wistar rats by cardiac
puncture, according to the standard protocol approved by
the Animal Ethics Committee of the University of Auck-
land (Ethics No. R763); EDTA was used as an anticoagu-
lant. The blood sample was subjected to gradient fraction-
ation using Histopaque 1083 solution (Sigma-Aldrich, St.
Louis, MO, USA). Mononuclear cells at the interface of
Histopaque and plasma were removed and washed twice
with Ca2�- and Mg2�-free Dulbecco’s PBS (Gibco, Invit-
rogen). Cells were then suspended in complete RPMI-
1640 medium (with 10% FBS) and counted using a hemo-
cytometer. Cells (6.53�105 cells/ml) were cultured in a

24-well format in RPMI-1640 medium (with 10% FBS)
for 1 h at 37°C under standard humidity and CO2 condi-
tions. After 1 h, floating lymphocytes were removed by
replacing the medium with the fresh medium.

Acridan Lumigen PS-3 assay

CHME-5 cells were cultured in triplicate using complete
DMEM-F12 medium in the presence of 5 nM rotenone
(mitochondrial complex I enzyme inhibitor, Sigma-Al-
drich) or DMSO (solvent for rotenone; same volume that
was used for rotenone, Sigma-Aldrich) for 1 week in trip-
licate. At the end of Week 1, culture media were collected
and stored at �20°C. To measure ROS released into the
medium by the cells, the Acridan Lumigen PS-3 assay was
developed in a 96-well plate format. To develop this 96-
well plate format assay, we used the Acridan Lumigen PS-3
reagent, provided as a chemiluminescent substrate for HRP
(in the Amersham ECL Plus kit, GE Healthcare). For the
purpose of measuring ROS in the culture media, we mixed
Reagent A (H2O2 in Tris buffer, Amersham ECL Plus kit,
GE Healthcare) and Reagent B (acridan solution in diox-
ane and ethanol, Amersham ECL Plus kit, GE Healthcare)
in a 40:1 ratio; this mixture was named the ALPS-3 sub-
strate. The detection of ROS in the media was done in the
presence of heat-inactivated serum.

Volume of the Media Required (Linear Curve) and Effect
of Media Storage Temperature

To determine the appropriate volume of the medium re-
quired for the assay, 10, 20, 30, 40, and 50 �l of the culture
media were used. These media were collected at the end of
Week 1 from the rotenone-treated and untreated (control)
CHME-5 cells (cultured in three replicates). Each sample
was placed in an individual well of a 96-well plate. The final
volume of each sample was adjusted to 100 �l with PBS
(pH 7.4), followed by 50 �l of the ALPS-3 substrate. The
plate was incubated in the dark for 5 min at room temper-
ature. Chemiluminescence was recorded digitally using a
Fujifilm luminescent image analyzer (LAS-3000, Version
2.2). Light intensity (photons) was also measured using a
BioTek Synergy 2 plate reader and Gen5 software. Read-
ings recorded by the BioTek plate reader were used for
analysis. Fresh (collected on ice) or stored (�20°C)
DMEM-F12 media collected after 1 week’s treatment with
5 nM rotenone were processed for the Acridan Lumigen
PS-3 assay to assess the effect of freezing on the ROS-
mediated chemiluminescence.

Treatment with Antioxidants to Confirm ROS-Specific
Chemiluminescence

The specificity of the Acridan Lumigen PS-3 assay in
generating ROS-specific chemiluminescence was con-
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firmed by using two different antioxidants. The culture
media collected from rotenone-treated CHME-5 cells at
the end of Week 1 were incubated with different doses (10,
30, and 100 �M) of ascorbic acid (vitamin C) or different
dilutions (1:500, 1:750, 1:1000) of NuPAGE antioxidant
(Invitrogen, Cat No. NP0005), which contains sodium
bisulfite. The incubation of the media with these antioxi-
dants was carried for 5 min at room temperature before the
addition of the ALPS-3 substrate. Chemiluminescence was
recorded as described above.

Contribution of H2O2 to the Chemiluminescence
Generated in the Assay

H2O2 is an important component of Reagent A of the ECL
Plus kit, which is also part of the acridan Lumigen PS-3
assay. As H2O2 is a mild oxidant and a nonradical ROS, we
studied the effect of H2O2 in the generation of chemilumi-
nescence. H2O2 (441 mM) in PBS was incubated with/
without HRP enzyme (0.3 unit/�l) for 5 min at room
temperature, followed by incubation with ALPS-3 sub-
strate and recording of chemiluminescence as described
above. Controls included H2O2 (441 mM in PBS) only
and HRP only (0.3 unit/�l), treated similarly in the pres-
ence of PBS buffer.

Comparison of NBT and ALPS-3 Substrates in Measuring
ROS Generated in an In Vitro (Cell-Free)

Xanthine-Xanthine Oxidase (XO) Reaction

Oxidation of xanthine by XO is a well-known method to
generate superoxide in a cell-free in vitro reaction.35,36

Nitroblue tetrazolium (NBT) assay is generally used to
estimate superoxide produced in this reaction through the
generation of purple-colored formazan compounds.35,36

We first generated a standard plot of formazan, produced
by incubating increasing concentrations of xanthine (0,
100, 200, and up to 1000 �M, made in PBS) with 1 U/ml
XO. The reaction showed a linear increase in the genera-
tion of formazan crystals (formed as a result of reaction of
superoxide with NBT), with increasing concentrations of
xanthine (data not shown). We then compared the NBT
and ALPS-3 assays using four concentrations (0, 500, 700,
and 1000 �M) of xanthine. For the NBT assay, the four
selected concentrations of xanthine were incubated with
XO (1 U/ml, in PBS) and NBT (0.33 mg/ml, diluted in
PBS) in a 96-well format with 100 �l reaction mixture in
each well. The plate was incubated at room temperature,
in the dark for 5 min, followed by addition of 50 �l DMSO
in each well to dissolve the purple-colored formazan crys-
tals. The absorbance was recorded at 630 nm using the
BioTek Synergy 2 plate reader. The highest concentration
of xanthine (1000 �M) � XO was also incubated with the
1:500-diluted NuPAGE antioxidant to confirm that

the specificity of the color development was a result of the
generation of superoxide by xanthine � XO.

For Acridan Lumigen PS-3 assay, xanthine � XO was
mixed in similar concentrations as described above, fol-
lowed by the addition of 50 �l ALPS-3 substrate. The plate
was incubated in the dark for 5 min, and chemilumines-
cence was measured at 430 nm using the BioTek plate
reader. For this experiment, the highest concentration of
xanthine (1000 �M) � XO was also incubated with a
1:500-diluted NuPAGE antioxidant.

Effect of Different Media and PBS Buffer on
ROS-Mediated Chemiluminescence

The media used to culture the four different cells types
(SH-SY5Y, CHME-5, THP-1, and BMNCs) used in this
study were DMEM-F12, RPMI-1640, or DMEM high-
glucose medium. PBS buffer was used to wash cells and
dilute media before the assay. We therefore tested whether
these media and PBS contributed to the chemilumines-
cence in the assay. Media collected from rotenone-treated
CHME-5 cells (5 nM, 1 week) were used as a positive
control in conjunction with unused/fresh RPMI 1640,
DMEM-F12, DMEM high glucose, and PBS. In addition,
all solutions were incubated with and without NuPAGE
antioxidant (1:500, Invitrogen), followed by incubation
with the ALPS-3 substrate in the dark for 5 min and
measurement of chemiluminescence as described above.

Rotenone Dose-Dependent Release of ROS

CHME-5 cells are activated in response to rotenone and
produce ROS.7 To determine the sensitivity of the acridan
Lumigen PS-3 assay in measuring the dose-related response
of microglia in terms of ROS production, CHME-5 cells
(4�105 cells/cm2) were cultured in DMEM-F12 for 48 h.
Media were supplemented with DMSO (control) or 5, 10,
or 20 nM rotenone. After 48 h, media were collected and
stored immediately at �20°C until required. ROS released
into the media were measured by the acridan Lumigen
PS-3 assay.

Acute Response of Cells (of the Same Lineage) to
Various Stimulants

CHME-5 cells were plated in complete DMEM-F12 me-
dium supplemented with 10% FBS, and the cell number
was adjusted to achieve 90–95% confluency within 24 h.
After allowing cells to adhere to the flask overnight, the
medium was replaced by media supplemented with 10 �M
advanced glycation end-products (AGEs; known to acti-
vate microglia7), 20 nM rotenone, 100 EU/ml LPS, or 100
nM phorbol myristate acetate (PMA) for 1 h at 37°C in 5%
CO2. Media from three independent replicates of each
treatment group were processed for the acridan assay as
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described above. We also tested the ability of the acridan
assay to detect ROS-mediated chemiluminescence in the
human monocytic THP-1 cells and rat primary blood
monocytes (BMNCs). THP-1 cells were pelleted and re-
suspended at 1 � 106 cells/ml in RPMI-1640 media,
supplemented with 10% FBS and 100 nM PMA or 100
EU/ml LPS for 1 and 6 h. At each time-point, cell suspen-
sions were pelleted by centrifugation at 4°C and media
collected for detection of chemiluminescence using the
Acridan Lumigen PS-3 assay. To detect very acute release of
ROS from primary cells, rat blood monocytes were stimu-
lated with PMA for 15 min. Adherent monocytes were
supplemented with RPMI medium containing 100 nM
PMA or DMSO (amount equivalent to 100 nM PMA) and
incubated at 37°C for 15 min. All media from each cell type
and treatment groups were collected on ice and processed
immediately or stored at �20°C. Controls included un-
treated cells. Chemiluminescence (photon) counts of each
group were normalized with corresponding blank (medium-
only) readings.

Acute and Chronic Response of Cells to Rotenone

To determine the efficacy of the Acridan Lumigen PS-3
assay, we used two types of cells from different lineages;
microglial CHME-5 and neuronal SH-SY5Y cells. Our
previous work suggested that these two cell types demon-
strate differences in their ability to respond to the same
stimulus in terms of ROS production.7 Both cell types were
cultured in DMEM-F12 (supplemented with 10% heat-
inactivated FBS) in the presence of DMSO (control) or
with 5 nM rotenone for 1 h (acute) and 1 week (chronic).
The number of each cell type was adjusted to achieve
90–95% confluency at the end of 1 week. Culture media
were collected at the end of each time-point and processed
for the measurement of ROS using the Acridan Lumigen
PS-3 assay in the presence and absence of 100 �M ascorbic
acid or NuPAGE antioxidant (1:500). Photon counts in
each group were normalized with the respective “medium-
only” readings.

Statistical Analysis

Data from three independent experiments were used for
statistical analysis. Means of various treatment groups
were compared using one-way ANOVA (Prism software,
version 3.02, GrapPad Software, San Diego, CA, USA),
and Tukey’s post hoc test (for multiple comparisons)
was carried out to determine if the differences between
means were statistically significant. Student’s t test was
also used where appropriate; P � 0.05 was considered to
be statistically significant. Data were expressed as the
mean � SD.

RESULTS
Standardization of the Acridan Lumigen PS-3 Assay

Volume of the media and the effect of freezing

Microglia have been shown to be activated upon rotenone
treatment, and activated microglia are known to produce
ROS.7 We therefore used microglial cells (CHME-5) and
rotenone treatment to standardize the Acridan Lumigen
PS-3 assay. Media from untreated cells were used as con-
trols. The media collected from controls showed a slight
increase in photon counts between 10 and 20 �l of sample,
however no further change in the levels observed with in-
creasing volume of the media from untreated cells (Fig. 2A).
The media collected from 1-week rotenone-treated CHME-
5 cells showed a continuous increase in the chemilumines-
cence produced with an increasing volume (from 10 to 50
�l) of the culture medium (Fig. 2A). The assay detected
chemiluminescence (20,000 photon units) in 10 �l me-
dium, however the values observed in 10 �l medium from
rotenone-treated and control cells were not different. The
significant difference (1.46-fold, P�0.001) in the photon
counts between the two groups was noticeable in as little as
20 �l media, and this difference kept escalating with in-
creasing volume (Fig. 2A). The maximum difference in the
photon counts between rotenone-treated and untreated
media was observed at 50 �l (2.4-fold); this may, however,
depend on the type of cell and the treatment protocol. We
used 50 �l medium for checking all other parameters.

Media collected freshly or stored at �20°C from
CHME-5 cells after 1-week treatment with 5 nM rotenone
did not show significant difference in the ROS-mediated
chemiluminescence when processed using the Acridan Lu-
migen PS-3 assay (Fig. 2B), although the values were
slightly reduced in frozen media (Fig. 2B).

Specificity of the Acridan Lumigen PS-3 assay

To test if the chemiluminescence generated in our Acridan
Lumigen PS-3 assay was specifically a result of the presence
of ROS and that the intensity of chemiluminescence was
directly proportional to the amount of ROS present in the
media, the Acridan Lumigen PS-3 assay was performed in
the presence and absence of different concentrations of two
well-known, strong antioxidants. Results showed a dra-
matic dose-dependent reduction in chemiluminescence
upon incubation with different concentrations of ascorbic
acid (10, 30, and 100 �M). Medium incubated with 100
�M ascorbic acid showed a 98.74% decrease in chemilu-
minescence (Fig. 3A). In addition, media incubated with
different dilutions (1:500, 1:750, and 1:1000) of NuPAGE
antioxidant showed complete inhibition of chemilumines-
cence at all dilutions (Fig. 3A).
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An important component in the Amersham ECL Plus
kit (GE Healthcare) is Reagent A, which contains H2O2.
As H2O2 is a nonradical ROS and mild oxidant, we deter-
mined whether H2O2 contributed to the overall chemilu-
minescence observed in the Acridan Lumigen PS-3 assay by
incubating H2O2 with HRP enzyme prior to performing
the Acridan Lumigen PS-3 assay. The reaction between
HRP and H2O2 resulted in high photon counts
(143,458.7 photons) compared with the almost-negligi-
ble counts when only H2O2 or HRP was processed in a
similar way (Fig. 3B), indicating that H2O2 , on its own,
does not contribute to the chemiluminescence in the
acridan Lumigen PS-3 assay.

Comparison between Acridan Lumigen PS-3 and NBT assays in
measuring the ROS generated in the xanthine-XO in vitro reaction

The NBT assay showed a linear increase in absorbance with
increasing concentration of xanthine as a result of the
superoxide-mediated generation of formazan. The absor-
bance increased 4.6-, 7.2-, and 11.1-fold when XO was
mixed with 500, 700, and 1000 �M xanthine compared
with 0 �M (Fig. 4). Similar to the NBT assay, the Acridan
Lumigen PS-3 assay also showed an increase in photon
counts with increasing concentration of xanthine in the
reaction. Interestingly, the photon counts in the Acridan
Lumigen PS-3 assay were only 2.56-fold between 0 and
500 �M; however, there was a dramatic increase of 105-
and 195-fold in 700 �M and 1000 �M xanthine, respec-
tively, when compared with 0 �M (Fig. 4).

Effect of media and PBS buffer on the chemiluminescence
generated in the Acridan Lumigen PS-3 assay

To assess the influence of different media and PBS on the
overall chemiluminescence generated in the Acridan Lumi-
gen PS-3 assay, DMEM-F12 medium collected from the
rotenone-treated CHME-5 cells (5 nM, 1 week) and fresh,
unused RPMI-1640, DMEM-F12, DMEM high-glucose
media, and PBS were assessed (Fig. 5). All media used in the
study were supplemented with 10% heat-inactivated FBS.
Results showed that the chemiluminescence generated by
DMEM-F12 was 12.4% of the chemiluminescence re-
corded in the medium collected from the rotenone-treated
cells, DMEM high glucose generated 9.7% of chemilumi-
nescence, RPMI generated only 6.5%, whereas the chemi-
luminescence generated by PBS was a negligible 1.6% of
the chemiluminescence generated in the medium from

FIGURE 2

Determination of appropriate media volume and the effect of
�20°C storage on ROS-mediated chemiluminescence. (A) Graph
showing the increase in the ROS-mediated chemiluminescence with
increase in the volume of the media collected from CHME-5 cells
treated with 5 nM rotenone for 1 week. The media collected from
untreated control cells remained unchanged after a small increase in
the photon counts between 10 and 20 �l. The light intensity (pho-
tons) was recorded using the BioTek Synergy 2 chemiluminescent
plate reader. The upper panel shows the chemiluminescence re-
corded digitally using a Fujifilm luminescent image analyzer (LAS-
3000, Version 2.2) in various volumes of media from rotenone-
treated cells. Results indicated that the Acridan Lumigen PS-3 assay
can detect the ROS released in the media from volumes as small as
10 and 20 �l media. Results shown are representative of three
independent experiments, and each point represents the mean and
SD. *P � 0.001: significance between 10 and 20 �l rotenone-treated
samples; **P � 0.01: significance between 20 and 30 �l rotenone-
treated samples; ***P � 0.05: significance between 30 and 40 �l
rotenone-treated samples; ****P 	 0.05: significance between 40
and 50 �l samples. (B) Histogram showing the effect of storage of
media at �20°C on chemiluminescence in the Acridan Lumigen
PS-3 assay. Media collected from rotenone-treated CHME-5 cells (1
week) were processed immediately (Fresh) or stored at �20°C
(Frozen) and analyzed later by the Acridan Lumigen PS-3 assay. The
results indicate that there was no significant difference in the photon

counts (chemiluminescence) in the fresh or frozen media. Results
shown are representative of three independent experiments, and
each column represents the mean and SD. P 
 0.05 indicates no
significant difference between the two groups.
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rotenone-treated CHME-5 cells. The chemiluminescence
in these media was inhibited by the antioxidant (1:500
NuPAGE). The results indicate that the unused/fresh me-
dia must be used as controls/blanks and final readings

normalized or adjusted against the chemiluminescence in-
tensity generated in the respective medium used. The neg-
ligible chemiluminescence produced by PBS indicates that
the components of the Amersham ECL Plus kit (GE
Healthcare) did not contribute significantly to the overall
chemiluminescence detected.

Dose-Dependent Generation of Chemiluminescence

The Acridan Lumigen PS-3 assay was performed on media
collected from the microglial (CHME-5) cells treated with 5,
10, and 20 nM rotenone for 48 h. The assay showed an
increase in the levels of ROS released with increasing concen-
trations of rotenone (Fig. 6). Media from 10 nM rotenone-
treated cells showed a significant 1.96-fold increase in ROS-
mediated chemiluminescence into the medium compared
with cells treated with 5 nM rotenone (P�0.001). Whereas
the media from the cells treated with 20 nM rotenone showed
a further 1.83-fold increase (P�0.001) in the chemilumines-
cence generated compared with the media collected from the
cells treated with 10 nM rotenone. These results indicate a
linear, dose-dependent relationship between the amount of
ROS/chemiluminescence generated by CHME-5 cells in re-
sponse to the dose of rotenone.

Acute Response of Different Types of Cells to Various
Stimulants

Three cell types of the macrophage/monocyte lineage
(CHME-5, THP-1, and rat primary blood monocytes)
were used to test the ability of the Acridan Lumigen PS-3
assay to measure the ROS released in the culture media
after acute stimulation (Fig. 7). Microglial CHME-5 cells
showed a maximum (P
0.035) amount of chemilumines-
cence when stimulated with 20 nM rotenone for 1 h,
followed by the treatment with LPS. The treatment of
CHME-5 cells with PMA and AGEs for 1 h did not result
in any significant changes in ROS levels compared with
untreated controls (Fig. 7A). THP-1 monocytic cells
showed a dramatic increase in the photon counts compared
with untreated controls in response to LPS and PMA.
THP-1 response to produce ROS was greater in PMA-
treated cells compared to LPS-treated at both 1- and 6-h
time-points (4.2- and 4.6-fold, respectively; Fig. 7B). Rat
primary blood monocytes showed a 3.7-fold increase in the
ROS-mediated chemiluminescence in the culture media
within 15 min of stimulation with PMA compared with
untreated controls (Fig. 7C).

Acute and Chronic Response of Cells in Releasing ROS
upon Low-Dose Rotenone Treatment

We tested the ability of two cell types of different lineages
to release ROS in culture media upon acute and chronic
rotenone (low dose) treatment. After 1-h treatment with 5

FIGURE 3

Specificity of acridan Lumigen PS-3 assay. (A) Histogram showing
the dose-dependent decrease in the chemiluminescence in culture
media collected from CHME-5 cells treated with 5 nM rotenone for
1 week in the presence and absence of ascorbic acid (10, 30, and
100 �M) and NuPAGE antioxidant, which contains sodium bisulfite
(Invitrogen; 1:1000, 1:750, and 1:500 diluted). The results showed a
98% reduction in the chemiluminescence in the presence of 100 �M
ascorbic acid and complete inhibition of the chemiluminescence in
the presence of NuPAGE antioxidant. Results shown are representa-
tive of three independent experiments, and each column represents
the mean and SD. (B) Histogram showing the dramatically high levels
of photon counts in H2O2 (441 mM in PBS) samples incubated with
HRP (0.3 unit/�l). The chemiluminescence observed in H2O2

and/or HRP alone was negligible. **P 
 0.0012 indicates a highly
significant difference in the values observed between samples of
H2O2 � HRP and H2O2 or HRP only.
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nM rotenone, SH-SY5Y showed a negligible 1.16-fold
increase in the ROS levels released in the culture medium,
whereas CHME-5 cells showed a twofold increase com-
pared with controls (Fig. 8). After a 1-week chronic treat-
ment, SH-SY5Y cells showed a 3.88-fold increase in the
ROS levels, whereas CHME-5 cells showed a dramatic
9.47-fold increase compared with controls (Fig. 8), indicat-
ing that microglial CHME-5 cells have a greater tendency

to release ROS into the extracellular environment, and this
ability of CHME-5 cells is enhanced (2.66-fold) upon
chronic treatment with rotenone. The chemiluminescence
generated in the assay was ROS-specific, as indicated by the
inhibition of the chemiluminescence in the presence of the
two different antioxidants (Fig. 8).

DISCUSSION

Cell culture models are very important tools in understand-
ing the basic physiological and biological processes and
pathways involved in cell death. Culture media collected
during experiments can be stored immediately following
collection and analyzed for various metabolites such as
cytokines, growth factors, and reactive molecules (ROS/
RNS). There are several methods available to estimate
intracellular ROS but very few estimate extracellular ROS
in the culture medium. Therefore, this study aimed to
develop and optimize a simple, reproducible, sensitive, and
economical method to measure ROS in culture media.

Methods to measure extracellular ROS to date require
the use of specialized equipment, or the assay must be
carried out in the presence of live cells.6,21–23 In addition,
there are now several sensitive chemiluminescent substrates
commercially available that can be oxidized electrochemi-
cally or by certain enzymes.25,27 Chemiluminescence is
defined as the emission of light when an electronically
excited compound returns to the ground state after a chem-
ical reaction.28,37 This property of chemiluminescence has
been used in analytical chemistry to conduct sensitive as-
says without the need for expensive equipment. The most
commonly used chemiluminescent compound in biologi-
cal assays is Luminol, which is used as a substrate for the
enzyme hydrogen peroxidase in immunoassays.22,23,26,37

FIGURE 4

Measurement of ROS using the Acridan Lumigen PS-3
and NBT assays in the xanthine-XO in vitro reaction.
Diagram representing comparison of levels of ROS mea-
sured by NBT (line graph presenting absorbance values,
primary y-axis) and Acridan Lumigen PS-3 (bar graph
presenting photon counts, secondary y-axis). Both assays
showed an increase in ROS levels with increasing con-
centrations of xanthine. The NBT assay showed a linear
increase of 4.6-, 7.2-, and 11.1-fold in absorbance in 500,
700, and 1000 �M xanthine, respectively, compared
with 0 �M, whereas the Acridan Lumigen PS-3 assay
showed a dramatic 105- and 195-fold increase in photon
counts in 700 and 1000 �M xanthine, respectively, com-
pared with 0 �M. Results shown are representative of
three independent experiments, and each column repre-
sents the mean and SD. *P: significance between 0 and
500 �M; **P: significance between 0 and 700 �M;
***P: significance between 0 and 1000 �M.

FIGURE 5

Effect of different media and PBS buffer on the generation of chemi-
luminescence in the Acridan Lumigen PS-3 assay. DMEM-F12 me-
dium collected from the rotenone (5 nM for 1 week)-treated
CHME-5 cells, fresh/unused DMEM-F12, DMEM high-glucose, and
RPMI-1640 media, and PBS buffer were processed for the Acridan
Lumigen PS-3 assay in the presence and absence of the NuPAGE
antioxidant (1:500). The results indicated that PBS had a negligible
effect on the chemiluminescence generated in the assay. The influ-
ence of DMEM-F12, DMEM high-glucose, and RPMI media was only
12.5%, 9.3%, and 6.5%, respectively, of the chemiluminescence
observed in the media from rotenone-treated cells.
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ROS are unstable and have a short life, and Luminol detects
global levels of ROS released from live cells, including
spermatozoa. In the presence of H2O2 , Luminol under-
goes a deoxygenation reaction mediated by a heterogeneous
group of peroxidases, present in cellular membranes. Lu-
minol can measure a wide range of oxyradicals under phys-
iological conditions28,37; however, the use of luminol to
measure ROS in the culture media is not documented.

Other commonly used chemiluminescent probes are
acridinium compounds. Acridinium esters are routinely
used as a chemiluminescent substrate for the enzyme HRP
to detect the targets of interests in Western blotting. One of
the acridinium compounds, lucigenin, which is specifically
oxidized by superoxide extracellularly, has been used suc-
cessfully to measure the release of ROS in the presence of
live cells.23,27,28,37 One major drawback of acridinium
compounds, however, is that in conditions suitable for
immunoassays, acridinium compounds have the tendency
to react with nucleophiles and are converted to an inactive
pseudobase upon reaction with hydroxide ions.23,27,37,38

This pseudobase has to be reconverted into an acridinium
compound through the addition of acidic H2O2 , followed
by an alkaline solution to trigger light emission at 430 nm.
Formation of a pseudobase also affects the intensity of the
light emitted. Advances with acridinium compounds in-
clude synthesis of acridan esters. These esters are synthe-

sized by reducing the corresponding acridinium compound
with ammonium chloride and zinc.28 These reduced com-
pounds do not react with nucleophiles, and hence, the
probability of formation of a pseudobase is minimized.28

Several acridan esters have been developed as substrates for
HRP. One such compound, Acridan Lumigen PS-3, is
used as a chemiluminescent substrate in an Amersham ECL
Plus kit (available from GE Healthcare). Some authors28,38

suggest that acridan compounds can be reconverted into
corresponding acridinium esters in the presence of H2O2 ,
which can then form acridanyl radicals in the presence of
free radicals by electrochemical reactions. These acridanyl
radicals spontaneously decarboxylate into N-methylacri-
done and CO2 , which then emit light on reaching ground
state (Fig. 1). We used this property of Acridan Lumigen
PS-3 (Amersham ECL Plus kit, GE Healthcare) in this
study to develop a simple and reliable assay to measure
extracellular ROS present in culture media. We propose
that the ROS, present in the media, are able to initiate
oxidative (electrochemical) reactions and exchange elec-
trons with Acridan Lumigen PS-3 in the presence of
H2O2 , resulting in the generation of the excited N-methy-
lacridone and light. This assay can therefore only detect
reactive species that are able to exchange electrons with the
acridan molecule and therefore, cannot detect all of the
forms of ROS/RNS (especially non-radical ROS/RNS).

Our results suggested that the Acridan Lumigen PS-3
can detect ROS in as little as 10–20 �l culture medium,
which was stored at �20°C. We repeated the experiments
with freshly collected media samples from rotenone-treated
cells. The readings in frozen media were slightly lower than
freshly collected media; however, the difference was not
significant. The frozen media we used were stored at
�20°C for a couple of months until used, and they were
thawed once or twice. We did not study the specific effects
of frequent freezing/thawing of media on the levels of
ROS-mediated chemiluminescence. Our results suggest
that media stored immediately in appropriate conditions
after collection can be used later to estimate the levels of
ROS. Frequent freeze/thaw of the media may, however,
affect the levels of detectable ROS.

As rotenone is known to generate ROS by inhibiting
mitochondrial complex I enzyme activity,16,39,40 we used
rotenone in this study as an agent to induce oxidative stress.
We found that the Acridan Lumigen PS-3 method was
sensitive enough to detect time- and dose (of stimulant)-
dependent changes in ROS, as well as the ability of various
cell types in producing different levels of ROS. Although
the increased levels of ROS could be a result of an increased
number of cells with time, and we did not normalize the
amount of ROS for cell numbers; the cells were consis-

FIGURE 6

Dose (rotenone)-dependent release of ROS in culture media by
CHME-5 cells. Histogram showing a linear dose-dependent increase
in the chemiluminescence (light intensity, photon units) in the cul-
ture media collected from the untreated controls and CHME-5 cells
treated with 5, 10, and 20 nM rotenone for 48 h. Results shown are
representative of three independent experiments, and each column
represents the mean and SD. *P � 0.001 indicates significant differ-
ence between untreated control and three treatment groups.
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tently 90–95% confluent each time the medium was col-
lected.

The generation of chemiluminescence can be influ-
enced by factors present in the media, such as pH, dissolved
oxygen, and other trace elements, which can react with
acridans. We therefore confirmed that the chemilumines-
cence generated in the assay was specifically a result of the
presence of ROS in the culture media by using various
doses of two different antioxidants; ascorbic acid and the
potent antioxidant sodium bisulfite NuPAGE antioxidant
(Invitrogen).41–45 As H2O2 , a mild, nonradical ROS, is
the main component of Reagent A, we, therefore, checked
if H2O2 contributed to the overall chemiluminescence
generated in the assay. When we individually incubated
H

2
O2 or the peroxidase (HRP) enzyme with the ALPS-3

substrate, the chemiluminescence observed was negligible.
However, when H2O2 was incubated with HRP, it resulted
in a dramatic increase in the number of photon counts
within 5 min. This increase could be a result of the forma-
tion of highly reactive enzyme intermediate complex-I
upon reaction of HRP with H2O2. This complex can carry
out a single electron oxidation of various organic substrates
(usually phenols and anilines), including chemilumines-
cent substrates, such as acridan and luminol.46–47 Given
this reaction, we suggest that only reactive species that are
able to exchange electrons with acridan compounds con-
tribute to the chemiluminescence in the assay. These may
include ROS/RNS radicals, such as peroxy radicals (ROO�,
HOO�), ONOO�, NO�, oxygen radicals, and O2

��.
We also compared the ALPS–3 assay with the well-

known NBT assay using an in vitro reaction between
xanthine and XO.19,20,35,36 ALPS-3 and NBT assays
showed an increase in chemiluminescence and absorbance
with increasing concentration of xanthine, respectively.
Interestingly, NBT showed a linear increase in the absor-
bance of 4.6-, 7.2-, and 11.1-fold in 500, 700, and 1000
�M xanthine, respectively, compared with 0 �M xanthine,
whereas the increase in the chemiluminescence observed
using ALPS-3 was dramatic (105- and 195-fold in 700 and
1000 �M compared with 0 �M). This is most likely
because XO � xanthine reaction generates superoxide andFIGURE 7

Acute response of cells of the same lineage to various stimulants.
(A) Histogram showing the amount of ROS-mediated photon counts
in untreated CHME-5 cells and CHME-5 cells treated with AGEs (10
�M), rotenone (20 nM), LPS (100 EU/ml), or PMA (100 nM). Acute
rotenone treatment for 1 h (at 37°C) induced a maximum increase in
the photon counts, followed by LPS. AGEs and PMA did not show
any change in the number of photon counts compared with un-
treated controls. (B) Histogram representing the amount of photon
counts (light intensity) in media from THP-1 cells upon stimulation
with LPS and PMA for 1 and 6 h. The response of THP-1 to generate
ROS-mediated chemiluminescence was greater when activated with
PMA compared with LPS at both time-points. Media collected from

untreated cells were used as controls. (C) Histogram representing
the amount of photon counts (light intensity) in media from rat
primary blood monocytes upon stimulation with 100 nM PMA for 15
min. The ROS-mediated chemiluminescence was 3.7-fold higher in
primary monocytes upon activation with PMA within 15 min. Results
shown are representative of three independent experiments, and
each column represents the mean and SD. P 
 0.035 shows the
significant difference between control and rotenone-treated cells in
A, whereas P 
 0.001 shows the significant difference between
controls and treatment groups in B and C.
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H2O2 in a 1:3 molar ratio, and superoxide radicals can
react with H2O2 to generate OH�.48 NBT reacts specifi-
cally with superoxide,19,20,35,36 whereas ALPS-3 can react
with superoxide radicals and OH�, thus explaining the
dramatic (several-fold) increase in chemiluminescence in
the Acridan Lumigen PS-3 assay compared with the NBT
assay. These data also suggest that superoxide radicals that
are lost as a result of reaction with H2O2 cannot be mea-
sured by the NBT assay, whereas in the Acridan lumigen
PS-3 assay, the OH� generated by reaction of superoxide
with H2O2 can also be detected. As ALPS-3 can react with
a wide range of ROS, this assay may be suitable for mea-
suring global levels of ROS.

We also found that the influence of different media
and PBS buffer used in the assay had an insignificant effect
on the overall chemiluminescence. In particular, the negli-
gible amount of chemiluminescence in the “PBS-only”
sample also confirmed that none of the reagents in the
Amersham ECL Plus kit interfered and/or contributed to
the overall chemiluminescence generated in the assay.
However, we do suggest that the fresh media should be
used as blanks, and readings should be normalized against
these blanks before making any comparisons between cell
types or treatment groups. One interesting observation was

that the chemiluminescence generated in the “medium-
only” blanks was also inhibited completely by the antioxi-
dants. This observation cannot be explained completely.
One of the important points to note is that we stimulated
our cells in the presence of 10% FBS (heat-inactivated
serum). The percentage of serum in the culture media was
selected based on the work of others19,49–52 and our previ-
ous work,7,14 where there is no interference of FBS in the
detection of ROS. To support this, we also performed
experiments to estimate ROS in media with 10% and 3%
serum and did not find any difference in the levels of
photon counts between these two groups (data not shown).
In addition, depriving cells with serum (especially in
chronic, long-term treatments) can activate pathways (in-
cluding increased oxidative stress), which may not be asso-
ciated with the pathways directly induced by the stimulants
and/or mechanisms of interest.

Within the CNS, excessive amounts of cytokines
and/or ROS can be released by microglia as a result of acute
cellular interaction with a variety of stimuli, such as infec-
tion, trauma, or cell death and the pathway induced, and
hence, the type of cytokine and/or ROS released is often
stimuli-dependent.53 We tested the acute response of
CHME-5 cells to four stimuli that are known to induce
ROS production in a chronic environment. These were
AGEs, rotenone, LPS, and PMA. In CHME-5 cells, we
observed maximum (statistically significant) ROS-medi-
ated chemiluminescence as an acute response to rotenone
within 1 h, whereas AGEs and PMA did not activate
microglia within the same time period. It was surprising
that microglia did not respond to PMA, given that micro-
glia belong to a macrophage lineage, and PMA has been
shown to activate leukocytes and macrophages, resulting in
the generation of free oxyradicals.54 Given the lack of
response to PMA, we then tested activation of human
monocytic THP-1 cells and primary rat blood monocytes.
As expected, in the presence of PMA, THP-1 cells showed
a dramatic increase in chemiluminescence after 1 and 6 h
compared with untreated controls. Furthermore, the re-
sponse of THP-1 cells to produce ROS was greater upon
stimulation with PMA compared with LPS, irrespective of
the time-point. This indicates that although CHME-5 and
THP-1 belong to macrophage lineage, their acute response
to various stimuli is different. As it is well-established that
primary leukocytes respond quickly and acutely upon PMA
stimulation, we treated rat primary blood monocytes (pri-
mary cells of a macrophage lineage) with PMA, and these
cells showed a 3.7-fold increase in ROS-mediated chemi-
luminescence within 15 min of stimulation. By using this
assay, we were also able to test for the ability of two cell
types of different lineage to produce different levels of ROS
in response to acute and chronic rotenone treatment. Al-

FIGURE 8

Acute and chronic response of cells to rotenone and ROS-mediated
chemiluminescence in culture media. Histogram showing release of
ROS from microglial CHME-5 and neuronal SH-SY5Y cells treated
with 5 nM rotenone. Media collected at the end of 1 h and 1 week
were processed for the Acridan Lumigen PS-3 assay in the presence
and absence of 100 �M ascorbic acid or 1:500 NuPAGE antioxidant.
Results showed that microglial cells had greater capacity to release
ROS into the culture media compared with SH-SY5Y cells at both
time-points. One-week chronic treatment enhanced the ROS-medi-
ated chemiluminescence in the culture media in both cell types. The
chemiluminescence was inhibited in the presence of antioxidants.
Results shown are representative of three independent experiments,
and each column represents the mean and SD.
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though rotenone is a robust inhibitor of the mitochondrial
complex I enzyme in various cell types, some cells are more
vulnerable to rotenone-mediated oxidative stress than oth-
ers.7,39,55 There is currently insufficient evidence in the
literature to suggest that THP-1 cells and primary rat
monocytes can be used for chronic treatment proto-
cols33,34,56, therefore, these cells were not used for chronic
comparison. In agreement with our previous study,7,14

CHME-5 cells released higher amounts of ROS into cul-
ture media compared with neuronal SH-SY5Y cells. The
ability of CHME-5 cells to produce ROS was enhanced
upon chronic treatment with rotenone. This suggests that
there is a difference in the capacity of various cell types to
produce and/or release ROS in response to the same stim-
ulus. Although cells that produce and accumulate large
amount of ROS within themselves can have detrimental
effects on their own survival, the cells that are able to release
a large amount of ROS extracellularly can cause damage to
other cells, as is the case with microglial-mediated damage
to neuronal cells.

Although the Acridan Lumigen PS-3 assay is a simple,
economical, less labor-intensive, and quick assay to esti-
mate ROS levels released in the culture media, there are
some important considerations. This assay can only esti-
mate reactive species (ROS/RNS) that are able to exchange
electrons with acridan molecules. As ROS are very unstable
molecules, extreme care should be taken to collect media on
ice and process immediately or store appropriately at
�20°C; freeze/thaw of media can affect the ROS level.
This study also did not examine the specific type of reactive
species (ROS/RNS), which can be detected by this method,
and we believe this is an avenue for further investigation.
Although we observed that media components and PBS
buffer do not significantly influence the overall chemilumi-
nescence generated in the assay, the contribution of each
component of the various media has not been tested. There
may be some unknown biological compounds in complex
media, which may interfere and/or influence the chemilu-
minescence in the assay by reacting with H2O2 (present in
Reagent A used in the assay) or with reactive species (ROS/
RNS), thereby yielding a false increase or decrease in the
chemiluminescence, respectively. This can be addressed, to
some extent, by using appropriate controls.

Conclusion

We have developed a simple, reliable, and reproducible
assay to measure the amount of reactive species (ROS/
RNS) released by cells into the culture media, collected
freshly or stored at �20°C, using reagents supplied in the
Amersham ECL Plus kit (GE Healthcare). The assay is
specific for reactive species present in the culture media and
sensitive enough to detect reactive species in small volumes

of culture media. The specific types of individual ROS
and/or RNS, which can be measured by this assay, need to
be investigated further. Although there is a scope to develop
this method further, using the Acridan Lumigen PS-3
reagents (Amersham ECL Plus kit, GE Healthcare) makes
this assay economical, as there is no need to buy additional
reagents or equipment to perform this assay.
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