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Abstract The purpose of this study is to investigate the
feasibility for quantitative measurement of singlet oxygen
(1O2) generation by using a newly developed 1O2-specific
fluorescence probe Singlet Oxygen Sensor Green reagent
(SOSG). 1O2 generation from photoirradiation of a model
photosensitizer Rose Bengal (RB), in initially air-statured
phosphate buffered saline (PBS) was indirectly monitored
with SOSG. In the presence of 1O2, SOSG can react with
1O2 to produce SOSG endoperoxides (SOSG-EP) that emit
strong green fluorescence with the maximum at 531 nm. The
green fluorescence of SOSG-EP is mainly dependent on the
initial concentrations of RB and SOSG, and the photoirradia-
tion time for 1O2 generation. Furthermore, kinetic analysis of
the RB-sensitized photooxidation of SOSG is performed that,
for the first time, allows quantitative measurement of 1O2

generation directly from the determination of reaction rate.
In addition, the obtained 1O2 quantum yield of porphyrin-
based photosensitizer hematoporphyrin monomethyl ether
(HMME) in PBS by using SOSG is in good agreement with
the value that independently determined by using direct mea-
surement of 1O2 luminescence. The results of this study clear-
ly demonstrate that the quantitative measurement of 1O2

generation using SOSG can be achieved by determining the
reaction rate with an appropriate measurement protocol.
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Introduction

Singlet oxygen (1O2), the lowest excited electronic state of
molecular oxygen, is a highly oxidative reactive oxygen
species (ROS) that plays an important role in numerous
chemical and photochemical reactions in different biological
systems and, in particular, in photodynamic therapy (PDT)
of solid tumors, age-related macular degeneration, localized
infection and several benign skin conditions [1–3]. This had
driven intense interest in 1O2 measurements, and several
physical and chemical methods have been reported [4–8].
The luminescence method, based on detection of the near-
infrared (NIR) emission of 1O2 around 1270 nm (1O2→

3O2)
has become a gold standard technique, particularly for PDT
dosimetry, since it is direct and does not depend on any
secondary reporters [4]. However, despite recent advances
in high-sensitivity NIR photomultiplier tube (PMT) and
single photon counting instrumentation, the technique
remains technically challenging in biological systems, due
to the weak signal that results from the very high reactivity
of 1O2 which means that only about 1 in 108 1O2 molecules
undergoes luminescence deactivation [9, 10]. Hence, a va-
riety of fluorescence probes have been developed to monitor
1O2 generation indirectly with the objective of high selec-
tivity, high sensitivity and easy detection, and the quantita-
tive measurement of 1O2 generation has been previously
achieved by using DPAXs, DMAX, PATA-Tb3+ and
MTTA-Eu3+, respectively [11–13].
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The fluorescence probe, Singlet Oxygen Sensor Green
reagent (SOSG), became commercially available in 2004. It
has the advantage of being highly selective for 1O2, versus
other ROS such as the hydroxyl radicals or superoxide [14].
Most recently, Ogilby’s group has independently illustrated
the chemical structure of SOSG for its mechanistic studies
[15]. As shown in Fig. 1, in the presence of 1O2, SOSG can
react with 1O2 to produce SOSG endoperoxides (SOSG-EP)
that are strongly fluorescence [16]. With a broad excitation
peak around 510 nm, the fluorescence of SOSG-EP has the
emission peak at 525-536 nm [14–17], which can be readily
detected by a conventional PMT.

To date, SOSG has been successfully applied to monitor
1O2 generation in a range of biological systems, including
studies of light-activated plant defenses [16, 18], plasmonic
engineering [19, 20], photoinactivation of bacterial viruses
[21], photodegradation of 5-methyltetrahydrogolate [22]
and photosensitizer-based PDT [23–26]. However, the fea-
sibility for quantitative measurement of 1O2 generation with
SOSG has not been explored, and this is the focus of the
present work, for which Rose Bengal (RB) that has been
used in many photosensitization studies and has a high 1O2

quantum yield of 0.76 in aqueous solution [27], was selected
as a model photosensitizer. Furthermore, kinetic analysis of
the RB-sensitized photooxidation of SOSG is performed to
obtain the reaction rate, which allows the quantitative mea-
surement of 1O2 generation. In addition, we compare the
1O2 quantum yields of porphyrin-based photosensitizer he-
matoporphyrin monomethyl ether (HMME) that determined
by using SOSG as a fluorescent reporter and by using direct
measurement of 1O2 luminescence, respectively.

Materials and Methods

Chemicals

Reagents and solvents were obtained commercially and
used without further purification. The contents of one
100 μg vial of SOSG (Invitrogen, Eugene, OR, USA) were
dissolved in 330 μL deoxygenated methanol to make a
stock solution of 500 μM and stored at 4 °C in the dark.

Aqueous solutions from this stock were prepared immedi-
ately before use. For generation of 1O2, a 100 μM stock
solution of RB (Sigma-Aldrich, St. Louis, MO, USA) and
HMME (Red-Green Photosensitizer Co., Ltd., Shanghai,
China) were made up in initially air-statured phosphate
buffered saline (PBS) at pH 7.5 and stored at 4 °C in the
dark. Solutions of RB and HMME were prepared with an
absorbance less than 0.20 at the desired wavelengths that are
used in this study. Preparation was done in near-dark con-
ditions to prevent photosensitized degradation of SOSG, RB
and HMME.

Absorption and Fluorescence Spectroscopy

The absorption spectra of SOSG, RB and HMME in PBS
were measured at room temperature in a UV/Vis/NIR spec-
trophotometer (Lambda 950, Perkin Elmer, Waltham, MA,
USA) using a standard 10 mm pathlength quartz cuvette
(101-QS, Hellma, Müllheim, GER). A spectrofluorimeter
(FLS920, Edinburgh Instruments Ltd., Livingston, UK)
was used for fluorescence measurements, keeping the slit
widths constant at 2 nm for excitation and 0.5 nm for
emission and integrating the signal for 0.3 s.

1O2 Generation from RB Photosensitization

A Xe arc lamp (XBO 450W/PFR, Osram, Munich, GER)
with the wavelength selected by a monochromator in
FLS920 was used to irradiate the RB for 1O2 generation.
An incident light beam with a power density of 7.5 mW/cm2

was coupled directly into the cell holder of FLS920. The
2 mL samples were continuously and gently stirred during
measurements to yield a homogeneous distribution of the
molecules by mounting the cuvette on magnetic stirrer unit
(VARIOMAG MINI, H+P Labortechnik AG, Bayern,
Munich, GER). The cuvette was open to room air at the
top. The irradiation time was precisely controlled with an
exposure timer (GSZ-92A, Tianjin GangDong Scientific
and Technical Development Co. Ltd., Tianjin, China).

SOSG Oxidation in the Presence of 1O2

The reaction of SOSG with 1O2 generated by photoirradia-
tion of RB in PBS was investigated. The concentrations of
SOSG and RB in the PBS solutions were varied in the
ranges 0.125–10.00 μM and 0.25–1.00 μM, respectively.
The fluorescence spectra were measured under 488 nm ex-
citation in the range 495–701 nm in 2 nm steps, using a
495 nm long-pass filter (FGL495, ThorLabs, Newton, NJ,
USA). A complete spectrum was measured in 45 s, and the
measurements were repeated at 30 s intervals. The irradia-
tion light was blocked by the shutter in the exposure timer
while the fluorescence spectrum was being recorded.Fig. 1 Photooxidation of SOSG in the presence of 1O2
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Quantitative Measurements of 1O2 Using SOSG

Fixing the concentration of RB in aqueous solution, the
reaction rate (r) of SOSG with 1O2 can be obtained by using
the data of time-dependent fluorescence enhancement of
SOSG, which is proportional to the concentration of
SOSG-EP:

r¼ d SOSG � EP½ �
dt

¼k SOSG½ �n 1O2

� �
; ð1Þ

where [SOSG-EP] is the concentration of SOSG-EP;
[SOSG] and [1O2] are the concentration of SOSG and 1O2,
respectively; n is the order of reaction with respect to SOSG.
When n equals zero, r is only dependent upon [1O2]. In this
case, we define the reaction of SOSG with 1O2 as “n-zero
reaction”. As a result, the concentration of 1O2 generated by
photosensitization of RB can be quantitatively determined
from the reaction rate (r).

In order to determine the minimal concentration of SOSG
to meet the condition of n-zero reaction, various concentra-
tions of SOSG have been used to react with 1O2 generated by
1.00 μM RB photoirradiation in PBS. Furthermore, measure-
ments were performed to explore the feasibility of quantitative
measurement for 1O2 generation from photosensitization of
various RB concentrations by keeping the SOSG concentra-
tion constant. As demonstrated in previously studies, the
reaction rate of the 1O2 fluorescence probes oxidation by
1O2 can be determined from the initial region of the kinetic
curve, which allows the quantitation of 1O2 generation [12,
13]. Therefore, as an additional test, the 1O2 quantum yield of
the porphyrin-based photosensitizer HMMEwas estimated by
comparing the reaction rate of a known photosensitizer using
SOSG after photosensitization in PBS. In this study, the 1O2

quantum yield of HMMEwas determined, with respect to RB
as a standard photosensitizer as following [28]:

ΦΔHMME ¼ rHMME AHMME=

rRB ARB=
� ΦΔRB; ð2Þ

where rHMME and rRB are the reaction rate of the SOSG with
1O2 generated from photosensitization of HMME and RB,
respectively. AHMME and ARB are the absorbance of HMME
and RB, respectively, and ΦΔRB (0.76) is the 1O2 quantum
yield of RB.

Determination 1O2 Quantum Yield of HMME by Measuring
1O2 Luminescence

The main procedure for the measurement of 1O2 quantum
yield is based on the comparison of 1O2 luminescence counts
(λmax01270 nm) photosensitized by standard RB and HMME
under the same conditions. To investigate this, the detection of
time- and spectra-resolved of the 1O2 luminescence was

achieved by using our custom-developed high sensitive de-
tection system, which has been described in detail elsewhere
[29]. In briefly, the 1O2 luminescence was detected by the
NIR-PMTat an operating voltage of −900 V. Three NIR band-
pass filters (1230, 1270, 1310 nm) were placed sequentially in
front of the PMT to sample the 1O2 luminescence spectrum.
1O2 luminescence measurements were made continuously
during irradiation of the sample by sampling each of the
1230, 1270 and 1310 nm filters in turn. In order to achieve a
sufficient signal-to-noise ratio (SNR), the 1O2 luminescence
counts at each wavelength were summed over 285, 000 laser
pulses. The 1O2 luminescence for photosensitizers in PBSwas
corrected for background by subtracting the control sample of
PBS alone, and the 1O2 luminescence counts was determined
as following:

I1270 ¼ IS1270 � IC1270
� �

� IS1230 � IC1230
� �þ IS1310 � IC1310

� �

2

� �
;

ð3Þ

where IS1270 , I
S
1230 and IS1310are the luminescence counts with

1270, 1230 and 1310 nm filters for the photosensitizers, and
IC1270, I

C
1230and I

C
1310 are the corresponding counts for the control

sample. The 1230 and 1310 nm filters, which lie outside the
1O2 emission band, were used to determine the luminescence
background in the 1270 nm region.

Based on the above measurements, the 1O2 quantum
yield of HMME can be determined, as previously reported
[30]:

ΦΔHMME ¼ IHMME AHMME=

IRB ARB=
� tΔRB

tΔHMME
� ΦΔRB; ð4Þ

where IHMME and IRB are the integration photon counts from
0.5 to 20 μs in the time-resolved 1O2 luminescence spectra
of HMME and RB, respectively. τΔHMME and τΔRB are the
1O2 lifetimes of HMME and RB, respectively.

Statistical Analysis

The data were processed and graphed using Origin8.0 soft-
ware (OriginLab Corporation, Northampton, MA, USA),
and all values are presented as means ± the standard devi-
ation (SD) for three independent samples.

Results and Discussion

Optimal Irradiation Wavelength for 1O2 Generation

Figure 2 shows the normalized absorption spectra of the RB,
HMME and SOSG in PBS solution. It is evident that the
absorption region of SOSG is up to 550 nm. Recently,
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Ragàs et al. noticed that the SOSG is able to produce 1O2 by
itself under exposure to ultraviolet and visible radiation, and
the photo-induced production of 1O2 by SOSG is dependent
on the irradiation wavelengths and the different reaction
pathways [31]. In order to avoid the potential absorption
of SOSG during photoirradiation, the irradiation wavelength
of 565 nm was selected for 1O2 generation in this study. As
indicated in Fig. 2, the absorption of exciting light at 565 nm
is almost exclusively for SOSG, while the desired absorp-
tion of light for RB and HMME can be obtained.

SOSG Oxidation in the Presence of 1O2

1O2 generation from the irradiation of RB in PBS was
monitored by using SOSG as a fluorescence probe.
Figure 3a shows the fluorescence emission spectra from
RB itself, SOSG and a mixture of RB+SOSG at equimolar
concentrations, before and after photoirradiation. The ap-
pearance of intrinsic fluorescence upon excitation of the
SOSG itself in PBS at 488 nm was observed, even in the
absence of external 1O2 generation, as shown in Fig. 3a.
Note that the maximal fluorescence signal at 531 nm can be
reliably measured in this system down to about 0.125 μM
(data not shown), which is important when SOSG is used
for the measurement of extremely low 1O2 generation. This
finding is consistent with a number of previous observations
that SOSG initially exhibits a relatively weak emission
around 530 nm [16]. RB has a maximum fluorescence
emission peak at 565 nm, while its emission at 531 nm is
negligible compared to that of SOSG. There is no evident
chemical reaction between the RB and SOSG without irra-
diation, since the intrinsic spectra are unchanged and addi-
tive. Upon irradiation, the green fluorescence intensity in the
mixture solution of RB+SOSG continuously increased with
the irradiation time, representing the generation of 1O2

during the irradiation and much higher fluorescence of
SOSG-EP compared to SOSG. In contrast, the three control
samples (including 1.00 μM RB, SOSG, and a mixture of
RB+SOSG at equimolar concentrations without irradiation)
showed negligible fluorescence intensity changes (data not
shown). As shown in Fig. 3b, there is a good linear rela-
tionship between the green fluorescence enhancement of Ft/
F0, with the irradiation time for the mixture of RB+SOSG,
where F0 and Ft are the fluorescence intensity before and
after irradiation. However, no significant fluorescence en-
hancement with 488 nm excitation was observed from the
emission of RB or SOSG alone at 565 and 531 nm, respec-
tively. This finding implies that the increased fluorescence
intensity is caused only from the 1O2 generation of RB, and
the alteration of light absorption by SOSG and RB can be
negligible during the measurements.

Fig. 2 Normalized absorption spectra of RB, HMME and SOSG in
PBS solution

Fig. 3 Fluorogenic interactions between 1.00 μM SOSG and 1O2

generated by photoirradiation of 1.00 μM RB. Fluorescence excited
at 488 nm. a Fluorescence emission spectra of RB and SOSG before
irradiation and a mixture of RB+SOSG before and at two different time
points after irradiation. b Dependence of the fluorescence enhancement
of Ft/F0 on irradiation time
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Quantitative Measurement of 1O2 Generation with SOSG

Fixing the RB concentration at 1.00 μM, Fig. 4a shows this
over a wide range of SOSG concentration, from 0.25 to
10.00 μM. The green fluorescence intensity increases linearly
with irradiation time, up to at least 300 s. Meanwhile, there is
no significant photobleaching of RB or SOSG was observed
during the measurements (data not shown). In this case, the
reaction rate (r) of the SOSG with 1O2 can be determined from
the slope of the linear curve. As indicated in Fig. 4b, r increases
with the initial SOSG concentration, but reaching plateau at
above 6.00 μM SOSG. Next, the natural logarithm of r was
plotted against the natural logarithm of [SOSG]. According to
the Eq. (1), the slopes of the curves represent the reaction order
of SOSG (n). As shown in Fig. 4c, when [SOSG] great than or
equal to 6.00 μM, n reaches to zero. Therefore, when the RB
concentration is less than 1.00 μM, the current measurements
suggest that 6.00 μM SOSG is sufficient for achieving n-zero
reaction and can be treated as constant.

Furthermore, the n-zero reaction for 6.00 μM SOSG react-
ing with 1O2 that generated from RB and HMME photosen-
sitization were compared studies. Figure 5a and b show the
reaction kinetic curves (curve slope, which is paralleling the
formation rate of SOSG-EP) are increased with the increase in
photosensitizer concentrations of RB and HMME, respective-
ly. In an effort to obtain the rate of SOSG-EP formation in this
reaction, the correlation between photosensitizer absorbance
and the rate of fluorescence enhancement was further exam-
ined. As shown in Fig. 5c, the r shows a very good linear
relationship with the RB and HMME absorbance, with the
slope values of 3160±19 and 511±17 (arbitrary unit) s−1,
respectively. In this case, the 1O2 quantum yield of HMME
in PBS can be calculated to be 0.12±0.01 with Eq. 2. This
finding suggests that the SOSG reaction with 1O2 is n-zero
reaction with respect to the photosensitizer concentrations,
and that the 1O2 generation in this reaction can be quantita-
tively determined by using SOSG as a fluorescent reporter.
However, the reaction between SOSG and 1O2 was shown to
be sensitive to the pH, temperature, dissolved oxygen concen-
tration, and so on, thus further care should be exercised when
using SOSG as a 1O2 probe for quantitative measurements in a
specific microenvironment [32].

Determination 1O2 Quantum Yield of HMME by Measuring
1O2 Luminescence

Figure 6a shows the time-resolved 1O2 luminescence curves
for various concentrations of RB and HMME in PBS, respec-
tively. Based on the previously established method [29], the
triplet state and 1O2 lifetimes of HMME were derived by
fitting the obtained 1O2 luminescence spectra in Fig. 6a. The
1O2 lifetimes of RB and HMME have similar values of 4.31±
0.03 and 4.00±0.04 μs, respectively, which are consistent

with the newly published literature values [33]. As shown in
Fig. 6b, the 1O2 luminescence intensities of RB and HMME
show a linear dependence on their absorbance, as expected.

Fig. 4 Reaction kinetics for SOSG with 1O2 generation from photo-
irradiation of 1.00 μM RB solution. a Reaction of different concen-
trations of SOSG with 1O2 generation. b Reaction rates versus SOSG
concentration. c ln[r] versus ln[SOSG]
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According to the Eq. 4, the 1O2 quantum yield of HMME can
be determined to be 0.13. This value is in good agreement

with the value obtained above by using SOSG, which implies
that the 1O2 generation estimated from steady-state measure-
ments on the enhanced fluorescence is reliable as well as that
from the time-resolved 1O2 luminescence measurements.
Hence, the quantitative measurement of 1O2 generation using
SOSG as a fluorescent reporter is not only feasible but also
accurate.

Conclusions

The application of SOSG as a fluorescence probe for quanti-
tative monitoring of 1O2 generation has been demonstrated in
photoirradiation of RB and HMME solutions. 1O2 reacts with
SOSG to produce SOSG-EP that emits green fluorescence
with a maximum at 531 nm. It is evident that the fluorescence
intensity of SOSG-EP depends on the initial concentrations of
SOSG and photosensitizers, and the photoirradiation time for
1O2 generation. The feasibility for quantitative measurement

Fig. 5 Quantitative measurements for 1O2 generation using SOSG as
the reporter probe. a Reaction of 6.00 μM SOSG with 1O2 generation
from different concentrations of RB. b Reaction of 6.00 μM SOSG
with 1O2 generation from different concentrations of HMME. c Reac-
tion rates as a function of RB and HMME absorbance

Fig. 6 Direct measurement of 1O2 luminescence intensity. a Time-
resolved 1O2 luminescence spectra of RB and HMME for different
concentration. A typical spectral-resolved 1O2 luminescence spectrum
is shown in inset. b Integrated 1O2 luminescence counts against absor-
bance for RB and HMME
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of 1O2 generation by using SOSG has been demonstrated here
for the first time: this can be achieved directly by determining
the reaction rate in the condition of the order of reaction with
respect to SOSG equals zero. Furthermore, the obtained 1O2

quantum yield of porphyrin-based photosensitizer HMME in
PBS by using SOSG is in good agreement with the value that
independently determined by using direct measurement of 1O2

luminescence.
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