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ABSTRACT: The singlet oxygen has been widely applied to the treatment of
physiological diseases, and the photosensitized generation of singlet oxygen is the main
means of its physiological applications. On the basis of the fluctuation of fluorescence field
from single photosensitizer, we characterize the generation of singlet oxygen at single
molecule level with the time-dependent photon statistical method. By measuring the time-
tagged-time-resolved single-molecule fluorescence photons, we analyze the time-
dependent Mandel-Q parameter, which has been performed at different oxygen
environment. It is shown that the single molecule not only offers an efficient way of
generating singlet oxygen in ambient condition but also provides insights for the
fluctuation of singlet oxygen in the nanoscale environment. The method of time-
dependent photon statistics provides a convenient methodology for observing
photosensitizers generating singlet oxygen in real time at single photosensitizer level.

Singlet oxygen (1O2) is widely involved in physiology,
pharmacology, bioscience, especially in the metabolism of
many living organisms.1−4 It is also shown as an important
substance in photodynamic cancer therapy.5−7 In the
physiological condition, the generation of singlet oxygen is
mainly originating from the interaction of photosensitizers with
laser and triplet oxygen (3O2), where the photosensitizers in
their triplet state will exchange energy with triplet oxygen and
thus lead the formation of singlet oxygen.2,8−12 The generation
of singlet oxygen under different conditions have been
reported recently, such as singlet oxygen generation via energy
transfer in nanocomposites based on semiconductor quantum
dots and porphyrin ligands13 and microenvironment-switch-
able singlet oxygen generation by axially coordinated hydro-
philic ruthenium phthalocyanine dendrimers,10 as well as the
control of singlet oxygen generation photosensitized by meso-
anthrylporphyrin through interaction with DNA.14 As a kind of
photosensitizers, fluorescent dye molecules have an important
role in the life sciences due to their nondestructive way of
tracking and/or analyzing biological molecules through
fluorescence imaging. In particular, as dye molecules label to
a diseased tissue or cell to generate singlet oxygen, they can
treat damaged cells at a specific site, which has broad
application prospects in physiology and medicine.2

To apply singlet oxygen in physiology, their detection has
great significance. In particular, in the photodynamic therapy
of cancer cells and skin diseases, the efficiency of singlet
oxygen generation on drugs is a crucial indicator to
characterize the therapeutic effect of drugs on diseased
cells.15,16 Actually, singlet oxygen can be identified by electron

paramagnetic resonance or phosphorescence characteristics
itself.17−19 These methods can determine the amount of singlet
oxygen well. However, some limitations, such as complicated
equipment, long measurement period, and strong signal
requirements, restrict the characterization of singlet oxygen
in many areas. Above all, the generation and detection of
singlet oxygen at single molecule level is quite difficult,
considering the low generation rate of singlet oxygen via
energy transfer with one photosensitizer. However, these
techniques have important applications in physiology and
medicine, such as getting insight into the mechanism of
therapy by singlet oxygen at single molecule level.
In this work, we present a method to observe the generation

of singlet oxygen at single molecule level by characterizing the
fluorescence properties of single photosensitizer. The gen-
eration of singlet oxygen is achieved by energy transfer
between triplet state single photosensitizer and triplet
oxygen,8,9,20,21 which will substantially vary the relax processes
of triplet state and thus change the fluorescence fluctuation
properties of single photosensitizer.22−24 Here we characterize
the fluorescence fluctuation of single photosensitizer by time-
dependent Mandel-Q parameter (Q(T)),22,25 without the
necessary to define an arbitrary threshold between on- and off-
levels. The Mandel-Q parameter of single photosensitizer at
different time scale have been investigated to determine its

Received: July 4, 2018
Accepted: August 14, 2018
Published: August 20, 2018

Letter

pubs.acs.org/JPCLCite This: J. Phys. Chem. Lett. 2018, 9, 5207−5212

© XXXX American Chemical Society 5207 DOI: 10.1021/acs.jpclett.8b02088
J. Phys. Chem. Lett. 2018, 9, 5207−5212

D
ow

nl
oa

de
d 

vi
a 

SH
A

N
X

I 
U

N
IV

 o
n 

Se
pt

em
be

r 
20

, 2
01

8 
at

 0
1:

10
:3

5 
(U

T
C

).
 

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.
 

pubs.acs.org/JPCL
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.8b02088
http://dx.doi.org/10.1021/acs.jpclett.8b02088


characteristic features and reveal the fluctuation of fluorescence
field. The characteristic features varied as the concentration of
triplet oxygen have been studied. The results indicate that this
time-dependent photon statistical method can quantitatively
analyze the generation of singlet oxygen on the single-molecule
fluorescence-field in real time.
To explore the generation of singlet oxygen, Figure 1b presents
the mechanism of energy transfer between SR molecules and
oxygen. The ground state SR molecules (S0) can be excited to
their first excited state (S1) by the pulsed laser with the rate of
kexc. The electron in excited state can relax by three channels:
returning to S0 by the radiative recombination (emitting a
fluorescence photon) with the rate of kr (4.5 × 108 s−1, the
detailed derivation of the rates involving with energy transfer
can be found in the third section of Supporting Information)
and/or the nonradiative process with the rate of knr, as well as
transferring to triplet state (Tr) by intersystem crossing with
rate of kisc (5 × 107 s−1). Then, the electron will further return
to S0 from Tr with the rate of kp (5 × 102 s−1). When the
electron cycles between S1 and S0 states, the SR molecule will
continuously emit fluorescent photons and thus its fluores-
cence-field will remain very stable. When the electron transfers
to the Tr state, the fluorescence emission will be interrupted
for a period of time since the rate of kp is small. This intrinsic

intermittent of fluorescence emission will increase the
fluctuation of the fluorescence field. In contrast, when the
triplet oxygen approaches a single SR molecule, the SR may
return to S0 from Tr by energy transfer with triplet oxygen at
the rate of kQ (2.6 × 104 s−1). As a consequent, the triplet
oxygen will excite to singlet oxygen with the rate of kT. In this
process, the SR acts as the photosensitizer, triplet oxygen acts
as the quencher of Tr state. Considering the kQ is almost 2
orders of magnitude larger than kp, triplet oxygen will primarily
exchange energy with SR molecules to generate the singlet
oxygen as it approaches SR molecules. When the triplet oxygen
is present, the electron will return to S0 quickly (due to the
large kQ), and the rapid cycle between S0 and S1 will be
establish, resulting in the stable fluorescence emission. When
the triplet oxygen is absent, the electron will stay in the Tr
state for a long time (due to the small kp), and the fluorescence
of the SR molecule will alternate between the on-state and off-
state, resulting in obvious fluctuation of the fluorescence field.
Therefore, by measuring the fluctuation of fluorescence field,
the concentration of triplet oxygen and the generation of
singlet oxygen can be observed in real time.
Generally, the fluctuation of fluorescence field can be

reflected by the properties of emitted photons N(T) in a
period of time T, as shown in Figure 2a (detailed procedure to

Figure 1. (a) Confocal scanning fluorescence imaging microscopy with a time-correlated single-photon counting (TCSPC) module. (b) Scheme of
energy levels and interactions between SR molecule and oxygen. kexc, kr, and knr are the rates of excitation, radiation, and nonradiative relaxation,
respectively. kisc is the rate of intersystem crossing, kp is the rate of Tr state returns to S0, and kc is the rate of phosphorescence of

1O2. kQ and kT are
the rates of exchange energy between Tr state of single molecule and triplet oxygen.

Figure 2. Time-dependent Mandel-Q parameter (Q(T)) of a SR molecule. (a) Sequences of N(T) as T equaling to 10−3 s. (b) The black points are
the Q(T) values of SR molecule obtained at various time scales, and the green solid line is obtained by fitting the Q(T) curve with eq 2. The blue
and red dashed lines are three characteristic tangents of the Q(T) curve, with the two intersections (TC and TR) dividing the Q(T) curve into three
parts, labeled as I, II, and III, respectively.
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generate N(T) from the raw data can be found in the first
section of the Supporting Information). To quantitatively
describe the fluorescence fluctuation features of single SR
molecules induced by triplet oxygen, we evaluate the Q(T) of
the fluorescence field from single molecule, which can be
expressed as22,27,28

Q T
N T
N T

( )
( ( ))

( )
1

2

= ⟨ Δ ⟩
⟨ ⟩

−
(1)

Here angle brackets can be understood as a mean value in
the same period of time T, ⟨(ΔN(T))2⟩ is the variance of
N(T). Taking T equaling to 10−3 s as an example, the
fluorescence trajectory will be divided into 104 (t/T, here t is
the total measurement time. As shown in Figure 2a, t is equal
to 10 s for this trajectory). The number for each part can be
obtained by counting the emitted photons from the TCSPC
data acquisition card (Figure S1). Then ⟨N(T)⟩ and
⟨(ΔN(T))2⟩ can be calculated from these 104 numbers.
Consequently, Q(10−3) is determined (setailed procedure to
generate Q(T)−T graph can also be found in the first section
of the Supporting Information). When Q(T) = 0, the
fluorescence field has a Poissionian distribution, while when
Q(T) >0, it has a super-Poissionian distribution.25,27,29,30

Figure 2b presents a typical Q(T) for a SR molecule. It can be
found that at the time scale smaller than 10−5 s, Q(T) almost
equals zero, indicating the Poissionian distribution of
fluorescence emission. When the time scale is larger than
10−5 s, Q(T) increases rapidly and shows a super-Poissionian
behavior. This is due to the direct impact of the Tr state, which
results in the switch of single-molecule fluorescence intensity
between on-state and off-state.
For single molecule system, the Q(T) curve can be fitted by

the model considering the intermittency of fluorescence
field:27
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where β ≡ PISC + qτrep, PISC is the intersystem crossing
probability per excitation pulse, and q = kp + kQ, which is the
rate of electrons returning to S0 from Tr, τrep is time interval

between laser pulse, k is the number of pulses. As the green
solid line shown in Figure 2b, the fitted result agrees well with
the experimental data. To get insight into the fluctuation
features of fluorescence field, we defined two characteristic
statistics parameters, TC and TR, in the Q(T) curve. These two
values are determined by the crossing points of three tangent
lines, which are the tangent to the fitted curve at the start and
end points with the convergent values less than 10−2, as well as
the point with the largest first derivative (Detailed determi-
nation has been presented in Figure S2 in the Supporting
Information). Thus, the fluorescence fluctuation features of
single SR molecule can be divided into three time scales by TC
and TR, as shown in Figure 2b. Region I, with time scale less
than the time of electrons returning to S0 from Tr, describes
the fluctuation of the fluorescence of single molecule in its on-
state. Region II, with time scale in the vicinity of the time of
electrons returning to S0 from Tr, presents the fluorescence-
field of the single SR molecule entering the super-Poisson
distribution. Region III, however, describes the influence of the
longer-time off-state, which is induced by the cationic state
that dominates the dynamics of SR molecule on a larger time
scale.31,32

The present of triplet oxygen and the generation rate of
singlet oxygen will substantially reduce the time of electrons
returning to S0 from Tr (due to the large kQ), thus will
significantly vary the time scale of fluorescence from SR
molecule entering the super-Poisson distribution, i.e., TC. To
verify this hypothesis, we collect the fluorescence emission of a
same single SR molecule at different oxygen partial pressures
(pO2) and calculate the Q(T) curves, as shown in Figure 3a.
Note that the higher the pO2, the larger time scale the Q(T)
curve entering the super-Poissonian distribution. This
phenomenon clearly reveals that the value of TC is strongly
dependent on the concentration of triplet oxygen and the
generation rate of singlet oxygen. On the other word, TC can
be used as an indicator to characterize the generation of singlet
oxygen. To eliminate the anisotropy of single molecule, we also
perform the oxygen concentration dependent TC for different
single SR molecules, as shown in Figure 3(b). Note that most
of the molecules show similar trend as that in Figure 3a, which
is larger TC at higher oxygen concentrations. In other word,

Figure 3. Oxygen-dependent TC for single SR molecule. (a) The solid dots with three different shapes in the figure are experimental date (different
shapes correspond to different pO2), and the solid curve is obtained by fitting the Q(T) to eq 2, taking the intersection of the tangents of the fitting
curves to get the TC, and mark them as solid dots. (b) TC of nine molecules at different pO2, which determines the rate of singlet oxygen generation
(each color represents the TC of one molecule in different oxygen concentrations).
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more singlet oxygen is generated by SR molecule at higher
oxygen concentrations. However, few of the SR molecules as
the blue curve “▲” shown in Figure 3(b), presents the
decrease of TC when the pO2 increases. These unexpected
changes can be understood as the nonuniform dynamic
characteristics of oxygen molecules in the nanoenvironment.
(As shown in Figure S6, the statistical distribution of TC of
more than 200 SR molecules under different oxygen
concentration has been provided as the further evidence to
eliminate the anisotropy of single molecules.)
By measuring the fluorescence fluctuation features of

individual molecule based on time-dependent photon statistics,
we can not only detect the change of oxygen concentration,
but also monitor the fluctuation of oxygen in nanoenvironment
and the generation of singlet oxygen. (As a comparison
experiment, the photon statics results without significant
change under different pressures of pure Nitrogen have been
presented in Figure S7 in Supporting Information.) Figure 4a
shows the fluorescence intensity trajectory of the SR molecule
at pO2 of 1.26 Torr and the corresponding TC trajectory in the
Figure 4c. Note that TC presents clearly two levels, one is larger
than 6.0 × 10−4 s with major fluctuation, and the other is
smaller than 6.0 × 10−4 s with minor fluctuation. The statistical
distribution for the area C can be fitted by a double Gaussian
distribution, as shown in Figure 4d. These two levels hint the
interaction and noninteraction of single SR molecule with
triplet oxygen. Here the larger TC can be used as the indicator
to observe the generation of singlet oxygen. Note that although
the fluorescence intensity and TC synchronously decrease in
area B, however, there is no obvious change in the fluorescence
intensity in the area A and C, and the histogram of
fluorescence intensity can be well fitted with a single Gaussian
function in the Figure 4b. This phenomenon suggests that TC
can reveal the fluctuation of singlet oxygen generation at single
molecule level that is unclear by detecting fluorescence
trajectory.
In conclusion, we present a time-dependent photon statistical
method to monitor the generation of singlet oxygen at the
single-molecule level. This method is realized based on the
energy transfer between the photosensitizer of single SR

molecule and triplet oxygen, which will vary the fluctuation of
fluorescence filed of SR molecule. We use the time-dependent
Mandel-Q parameter to describe the features of fluorescence
filed at the single-molecule level, and define characteristic
parameter TC to indicate the generation of singlet oxygen. TC
varied as oxygen concentration and measurement time have
been investigated, suggesting that our method can be used to
monitor the generation of single oxygen at single-molecule
level in real time. Our method will provide a new approach to
elaborate the mechanism of therapy by singlet oxygen in
physiology at single-molecule level.

■ EXPERIMENTAL SECTION

Here, the squaraine-derived rotaxane (SR, 1001, Molecular
Targeting Technologies, Inc.) molecules were used as the
photosensitizer to generate the singlet oxygen, in view of its
high efficiency energy transfer with triplet oxygen.26 The single
molecule sample was prepared by spin-coating 20 μL solution
(dissolved in dimethysulfoxide) containing 10−10−10−9 mol.
SR molecules onto the glass coverslip at 2500 rmp. The
concentration of SR molecules was kept at such a low level that
either one molecule or no molecule was in the focus. As shown
in Figure 1a, the prepared sample was mounted in a chamber
(Montana Instruments) for measurement. The concentration
of triplet oxygen was controlled by changing the pressure of
the chamber from 727 to 0.3 Torr. The chamber filled with
pure nitrogen has also been performed, as a comparison
experiment. The fluorescence field of single SR molecule was
investigated by combining a home-built confocal scanning
fluorescence microscope with a time-correlated single-photon
counting (TCSPC) data acquisition card (HydraHarp 400,
PicoQuant). A 385 fs pulsed fiber laser (Toptica, FemtoFiber
Pro) with a repetition rate of 10 MHz and the central
wavelength of 635 nm was used to excite SR molecules. As
shown in Figure 1a, the laser was reflected by a dichroic mirror
and a 4-f telecentric relay lens system with a fast steering
scanner (Newport, FSM-300-M-03), and finally focused by an
objective lens (Olympus, LUCPFLN60x, NA = 0.7) onto the
sample. The fluorescence photons were collected by the same
objective, separated by a beam splitter (BS) and focused on

Figure 4. Trajectory of the fluorescence intensity and TC for one SR molecule at 1.26 Torr of pO2. (a) The red line is the fluorescence trajectory
and (b) its corresponding statistical intensity distribution for the area C with Gaussian fitted line. (c) The blue circles show the trajectory of the TC
for the molecule and its statistical distribution for area C in part (d), and the solid line is the double Gaussian fitting of its statistical distribution.
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two single-photon counting modules (SPCM, τ−SPAD-50,
PicoQuant). Laser synchronization signal and the absolutely
arrived time of each photon were recorded by using the time-
tagged-time-resolved (TTTR) mode of the TCSPC data
acquisition card.
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