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ABSTRACT: The singlet oxygen produced by energy transfer between an
excited photosensitizer (pts) and ground-state oxygen molecules plays a key
role in photodynamic therapy. Diﬀerent nanocarrier systems are extensively
studied to promote targeted pts delivery in a host body. The phosphorescence
kinetics of the singlet oxygen produced by the short laser pulse photosensitization of pts inside nanoparticles is inﬂuenced by singlet oxygen
diﬀusion from the particles to the surrounding medium. Two theoretical
models are presented in this work: a more complex numerical one and a
simple analytical one. Both the models predict the time course of singlet
oxygen concentration inside and outside of the spherical particles following
short-pulse excitation of pts. On the basis of the comparison of the numerical
and analytical results, a semiempirical analytical formula is derived to calculate
the characteristic diﬀusion time of singlet oxygen from the nanoparticles to the
surrounding solvent. The phosphorescence intensity of singlet oxygen
produced in pts-loaded nanocarrier systems can be calculated as a linear combination of the two concentrations (inside and
outside the particles), taking the diﬀerent phosphorescence emission rate constants into account.

■

and singlet oxygen photosensitizing protein,38,39 but also in Znsubstituted myoglobin.40
Generally, two strategies can be followed while studying pts
molecules (or photoactive sites) located/loaded inside nanoparticles. Either the pts molecules are released from the carrier
prior to photoactivation in the target cell or are encapsulated
inside the nanoparticle throughout the PDT process. In this case,
singlet oxygen created in the nanocarrier interior diﬀuses out of
the particle into the intracellular or extracellular space.
The singlet oxygen lifetime values (τΔ) are inﬂuenced by the
local environments in the particle interior and exterior through
the local unimolecular (pseudo-ﬁrst-order) rate constants of
singlet oxygen radiative and nonradiative deactivation: 1/τΔ = kr
+ knr. The eﬀect of the environment on kr and knr has been studied
extensively, mostly for the case of diﬀerent solvents.41−44 In
heterogeneous systems, the diﬀusive transport of singlet oxygen
through diﬀerent environments may aﬀect its lifetime in a
relatively complicated way, which has an impact on the kinetics of
its phosphorescence emission.
Oxygen and singlet oxygen diﬀusion in pts-loaded heterogeneous polymer systems and phase-separated liquids was
monitored by Ogilby and coworkers using time-resolved and

INTRODUCTION
The oxidative stress induced by singlet oxygen in living cells plays
a key role in the photodynamic therapy (PDT) of cancer.1−4
Photosensitive molecules (photosensitizers, pts) internalized
into the tumor tissue are used in the PDT to produce singlet
oxygen in a cascade of photochemical processes triggered by light
absorption. First, an excited singlet state of the pts is created, the
energy of which is transferred to a long-lived pts triplet state.
Next, the triplet-state pts reacts with the ground-state molecular
oxygen to form the singlet oxygen. The chemical processes
induced by intracellular singlet oxygen lead to cell death
(apoptosis or necrosis) and at the ﬁnal stage to the destruction
of the tumor tissue. The produced singlet oxygen state
(O2(1Δg)) can be detected by monitoring its phosphorescence
at 1270 nm. This is usually performed by time-resolved
phosphorescence measurements using pulsed laser excitation.5−14
During the last decades, various nanoformulations have been
developed to promote the targeted delivery of pts in the host
body.15 The properties of pts molecules embedded in diﬀerent
polymer-based nanoparticles,16−21 protein conjugates,22 silicabased nanostructures,23−27 liposomes,28,29 lipoproteins,30−32
solid lipid particles,33 or encapsulated into macrocycles34,35
were investigated. Another set of scientiﬁc papers deal with
singlet oxygen generation inside proteins, mostly in LOV-derived
ﬂavoprotein systems called mini singlet oxygen generator36,37
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value of this diﬀusion rate (or the corresponding eﬀective
diﬀusion time) is of major importance. In the work of
Lepeshkevich et al.,40 the experimental results of oxygen
rebinding to myoglobin were used to evaluate the mentioned
escape rate. This method, however, is not applicable to most of
the pts-loaded nanoparticle systems. A semiempirical formula is
proposed in this work to calculate the characteristic diﬀusion
time of singlet oxygen based on the particle radius, the diﬀusion
constants of singlet oxygen inside and outside the particles, and
the decay rate of singlet oxygen in the surrounding solution. The
validity range of the proposed formula is tested by direct
comparison between the results of the analytical and numerical
models.

spatially resolved singlet oxygen phosphorescence measurements.45,46 Comprehensive analytical and numerical modeling
was applied to describe the observed singlet oxygen diﬀusion.
A numerical model simulating the generation, diﬀusion, and
deactivation of singlet oxygen produced by photosensitization
inside the membrane of water-suspended small unilamellar
vesicles was reported by Hackbarth and Rö der.47 The
experimentally determined time course of singlet oxygen
luminescence (following short-pulse excitation) was wellreproduced by this model. The rate constant of radiative
depopulation of singlet oxygen was found to be higher (by a
factor of 347 or 1148) inside the lipid bilayer as compared to the
aqueous surroundings. It was shown that singlet oxygen diﬀused
out of lipid membranes and spent most of its time in the aqueous
environment.
A comprehensive analytical model describing the phosphorescence kinetics of singlet oxygen generated in the protein matrix
of Zn-substituted myoglobin has been published by Lepeshkevich and coworkers.40 The model gives the time course of singlet
oxygen concentration inside and outside the protein in a form of
analytical formulae. The physical parameters (mostly the rate
constants) of the photochemical processes involved in the
photosensitization have been determined by ﬁtting the modeling
results to the experimental data.
The main goal of the present work is to describe the
phosphorescence kinetics of singlet oxygen produced by
photosensitization inside solid nanospheres of diﬀerent radii
and composition. Two theoretical models are presented: a more
complex numerical one and a simple analytical one. Both models
predict the concentration of singlet oxygen inside and outside the
particles following short-pulse (nanosecond or sub-nanosecond
range) excitation of pts. The particle interior and the surrounding
solvent are characterized with singlet oxygen diﬀusion
coeﬃcients, lifetimes, and the corresponding partition coeﬃcient
values, which serve as the input parameters of the models. In
general, both models can be applied to predict the phosphorescence kinetics of singlet oxygen produced in diﬀerent
nanocarrier/pts combinations. The models are used in part II
of the present work (DOI: 10.1021/acs.jpcb.8b00659) to
analyze singlet oxygen production by photosensitization of
hypericin-loaded LDL particles.
The presented numerical model (analogous to the one
developed by Hackbarth and Röder for vesicles47) calculates
the whole spatiotemporal concentration distribution of singlet
oxygen created inside of the nanospheres. The diﬀusion equation
complemented by source and decay terms is solved numerically
using ﬁnite diﬀerence techniques. The model allows for
nonhomogeneous material properties and pts distribution to
be taken into account inside the nanoparticles. A detailed
explanation of the model assumptions and the calculation
procedure are provided.
The analytical model is derived for solid spheres with
homogeneous interior. It gives an alternative to the numerical
modeling scheme, which may be advantageous for fast analysis of
diﬀerent pts/nanoparticle systems. The core of this analytical
model is similar to the one presented by Lepeshkevich et al.40 It
provides the time-dependence of singlet oxygen concentration
inside and outside the nanospheres in a form of analytical
formulae. The spatial distribution of singlet oxygen concentration (which determines the diﬀusive ﬂux) is not calculated by
the analytical model. Instead, the diﬀusion of singlet oxygen out
of the particles is characterized by a single diﬀusion rate, which is
analogous to the escape rate deﬁned by Lepeshkevich et al.40 The

■

THEORETICAL METHODS
Numerical Model. The proposed numerical model calculates the concentration [Δ] of singlet oxygen produced by
photosensitization in spherical particles of radius R (see Figure 1)

Figure 1. Schematic view of the singlet oxygen spatial distribution inside
and outside the nanoparticles as calculated by the numerical model.

by solving the diﬀusion equation complemented with source and
decay terms
∂[Δ]
[Δ]
= D∇2 ([Δ]) + S −
∂t
τΔ

(1)

D and τΔ are the singlet oxygen diﬀusion coeﬃcient and lifetime,
respectively, both being dependent on the local environment. S is
the production rate of singlet oxygen. The diﬀusion equation is
solved numerically in spherical coordinates using a radial grid of
equal spacing dr. The corresponding grid point indexes are i = (0,
1, ..., b), where b indicates the boundary of the simulated region
located at Rb = b dr. The interface between the particle and the
solvent is located at i = r = R/dr. The time derivative is
approximated by a forward diﬀerence and the corresponding
ﬁnite diﬀerence form of eq 1 is chosen as follows49
d[Δ]i
6D0([Δ]1 − [Δ]0 )
[Δ]0
=
+ S0 −
2
dt
τΔ0
(dr )

for i = 0
(2)

d[Δ]i
Di
((i + 2)[Δ]i + 1 − 2i[Δ]i
=
dt
2i(dr )2
Di + 1
([Δ]i + 1 − [Δ]i )
+ (i − 2)[Δ]i − 1 ) +
2(dr )2
Di − 1
[Δ]i
([Δ]i − 1 − [Δ]i ) + Si −
+
2
τΔi
2(dr )
for i = (1, ..., r − 1) and i = (r + 1, ..., b − 1)
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the corresponding rate constant of radiative deactivation kr. The
value of kr may be diﬀerent in the particle interior and the
surrounding solvent.40,47 It follows that the overall phosphorescence signal P(t) is proportional to the linear combination of
the total amount of singlet oxygen inside and outside the particle
and can be approximated as follows

Equation 3 can be used for particles with nonhomogeneous
(multi-shell-like) internal structure, where the diﬀusion coeﬃcient, the source, and the lifetime of singlet oxygen depend on
the distance from the particle center.
The source term Si is proportional to the product of the tripletstate pts and ground-state oxygen concentrations. It is assumed
in our model that the ground-state oxygen concentration is not
aﬀected by the photodynamic process and stays constant
throughout the experiment. The time course of the pts tripletstate concentration can be determined experimentally in a laserﬂash photolysis measurement.
The interface between the particle and the surrounding
solution (at i = r) needs to be treated separately. In general, there
is a diﬀerence in singlet oxygen concentrations inside and outside
OUT
the particle, denoted here as [Δ]IN
(see Figure 1).
r and [Δ]r
The concentration ratio at the interface is deﬁned by the partition
OUT
coeﬃcient K = [Δ]IN
. It is assumed in our model that a
r /[Δ]r
constant concentration ratio is sustained at all conditions, and
this ratio is not aﬀected by the transport of singlet oxygen
through the interface. In each time step, the change of the total
OUT
concentration [Δ]IN
is calculated for an interfacial
r + [Δ]r
layer of thickness dr (indicated in gray in Figure 1) using the
following approximation

OUT
P(t ) = A(EΔIN
tot + Δ tot )

(7)

where
⎛ r−1
[Δ]rIN r 2
[Δ]0IN ⎞
3⎜
2
⎟
ΔIN
=
π
Δ
+
+
4
d
r
[
]
i
tot
i
⎜∑
2
24 ⎟⎠
⎝ i=1

(8a)

⎛ b
[Δ]OUT
r2 ⎞
r
3⎜
2
⎟⎟
4
d
r
[
]
i
ΔOUT
=
π
Δ
+
∑
tot
i
⎜
2
⎠
⎝i=r+1

(8b)

krIN/kOUT
r

The emission factor E =
is the ratio of the
phosphorescence emission rate constants inside and outside
the particle (assumed to be a constant for the whole particle
interior), and A is a proportionality factor. It is to be noted that
the absolute value of the singlet oxygen source term (see eqs
2−4) is usually not known. Because of this fact, only the relative
concentration and relative phosphorescence intensity of singlet
oxygen can be calculated.
The Analytical Model. In this section, a simpliﬁed
theoretical approach describing the time course of singlet oxygen
total concentration inside and outside the nanoparticles is
presented. The scheme of the physical processes taken into
account is shown in Figure 2. The model assumptions can be
listed as follows. First, singlet oxygen diﬀusion out of the particles
is characterized with a single “eﬀective” diﬀusion time τeff
D . It will
be shown later that this assumption is well-justiﬁed in the case of
small particles. Second, the source of singlet oxygen is decaying
exponentially, as determined by the pts triplet-state decay time

d([Δ]rIN + [Δ]OUT
)
r
dt
1
= 2 2 {DINrIN 2([Δ]r − 1 − [Δ]rIN ) + DOUTrOUT 2
r dr
[Δ]IN
[Δ]OUT
S
r
([Δ]r + 1 − [Δ]OUT
)} + r − INr − OUT
r
2
τΔr
τΔr
(4)

where rIN = r − 0.5 and rOUT = r + 0.5. The two terms inside the
curly brackets belong to the ﬂux of singlet oxygen through the
inner and the outer surface of the interface layer, the remaining
three terms being the source and depletion terms inside the layer.
The possible quenching of singlet oxygen molecules located in
the solvent (right at the outer surface of the particle) by the
particle material is neglected. In each time step, new values of
OUT
[Δ]IN
are calculated, taking the partition condition
r and [Δ]r
into account
[Δ]rIN = {([Δ]rIN + [Δ]OUT
)old + d([Δ]rIN + [Δ]OUT
)}
r
r
K
(5)
1+K

[Δ]OUT
=
r

[Δ]rIN
K

(6)

The outer radius Rb of the simulated area (see Figure 1) is set
to the eﬀective diﬀusion space radius determined by the
concentration of simulated nanoparticles n (Rb3 = 3/(4πn)).
Fully reﬂecting boundary walls are used (by setting [Δ]b =
[Δ]b−1) to account for singlet oxygen generated by neighboring
nanoparticles. The eﬀects connected to particle motion are
neglected.
The model describes the time evolution of singlet oxygen
spatial distribution inside and outside the particle. In order to
simulate the phosphorescence intensity data, the emission
contribution of both singlet oxygen groups (inside and outside
the nanoparticle) needs to be taken into account. The
phosphorescence signal emitted from a certain volume element
is proportional to the local concentration of singlet oxygen and

Figure 2. (a) The outline of the analytical model. The source, diﬀusion,
and depletion rates are characterized by the corresponding lifetime
values. (b) The characteristic time-dependence of the total amount of
singlet oxygen inside and outside a nanoparticle as calculated by eqs 10a
OUT
eff
= 4 μs, τpts
and 10b for τIN
Δ = 10 μs, τΔ
T = 7 μs, and τD = 5 μs.
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OUT
eff
minor dependence of τeff
D on τΔ , too. To calculate τD , we
propose a semiempirical formula in the following form

τpts
T . This assumption corresponds to short-pulse photoactivation
of the pts. Third, the particle interior is homogeneous with the
corresponding singlet oxygen lifetime τIN
Δ . Similarly, singlet
oxygen is deactivated in the surrounding solution at a rate of 1/
τOUT
Δ .
The kinetic equations for the total amount of singlet oxygen
inside and outside the nanospheres can be written as follows (see
Figure 2a)
⎛ 1
⎛ t ⎞
dΔIN
1 ⎞
tot
= St 0 exp⎜ − pts ⎟ − ΔIN
⎜ IN + eff ⎟⎟
tot ⎜
dt
⎝ τT ⎠
τD ⎠
⎝ τΔ

(9a)

dΔOUT
ΔIN
ΔOUT
tot
tot
tot
= eff
− OUT
dt
τΔ
τD

(9b)

⎛ 1
(K − 0.3)Z ⎞
|τDeff |calc = R2⎜
+
⎟
3DOUT(1.3R + Z) ⎠
⎝ 7.8 DIN

where Z = DOUTτΔOUT . Equation 11 can be rationalized as
shown in Supporting Information A. It is emphasized that the
above relation was derived for homogeneous particles with
homogeneously distributed source of singlet oxygen localized
solely inside the particles. In real heterogeneous systems, sitedependent (multiexponential) pts triplet-state kinetics may
occur,38 the treatment of which is beyond the scope of the
present analytical model. The numerical constants of eq 11 were
optimized to get a good match between the numerical and
analytical models (see the Results and Discussion section). As a
consequence, the limitations of the numerical model are
transmitted to this formula, too. For example, the possible
quenching of singlet oxygen molecules located right at the
particle surface (but still outside the particle) by the particle
constituents was not taken into account. Because of this fact, in
order to keep the two models self-consistent, the lifetime of
singlet oxygen in the pure solvent is to be used for τOUT
when
Δ
calculating the Z value.
Test Conditions for Simulation Studies. The kinetics of
singlet oxygen concentration produced in spherical nanoparticles
was followed by running the simulations on a homogeneous
particle model. It was assumed in these studies that the particles
are of no internal structure and that singlet oxygen is equally
produced in the entire particle volume. An exponentially
decaying source term was applied to mimic the pts triplet-state
decay in a pulsed laser experiment. These assumptions allow for
direct comparison between the numerical and analytical results.
The particle radius was varied in the range of 4−200 nm. It was
our goal to cover the transition from small particles to large ones.
In the case of small particles, singlet oxygen diﬀuses out to the
surroundings in a very short time compared to singlet oxygen and
pts triplet-state lifetimes. By contrast, in large particles, the
diﬀusion time may exceed the lifetimes of singlet oxygen and pts
triplet-state decay. The outer radius of the simulated region was
increased proportionally to the particle size, keeping a constant
value of Rb/R = 16. This ratio was tested to be large enough not
to aﬀect the computational results signiﬁcantly, even in the case
of the smallest particles studied. It follows that the studied
conditions belong to the low particle concentration limit.
For the sake of simplicity, the lifetime of singlet oxygen inside
and outside the particle and the pts triplet-state lifetime were
kept constant, choosing a realistic set of lifetime values: τIN
Δ = 10
μs, τOUT
= 4 μs, and τpts
Δ
T = 7 μs. The remaining parameters were
varied in the following ranges: DIN = (0.2−1.0) × 10−9 m2 s−1,
DOUT = (1.0−4.0) × 10−9 m2 s−1, and K = (1−4). The time step
of the numerical simulations was set to dt = 2.5 × 10−13 s. The
spatial grid spacing was dr = 0.2 nm, for R = 4 nm particles, and
increased up to dr = 10 nm for R = 200 nm particles. Smaller dr
and dt values did not change the numerical results signiﬁcantly.

Deﬁning the overall lifetime of singlet oxygen inside the
eff
particle τp as 1/τp = 1/τIN
Δ + 1/τD , the analytical solution of the
coupled diﬀerential eqs 9a and 9b has a form
ΔIN
tot =

ΔOUT
tot

⎡ ⎛
⎞
⎞⎤
⎛
⎢exp⎜ − t ⎟ − exp⎜ − t ⎟⎥
⎜
⎟
pts
1
⎝ τT ⎠⎥⎦
− τ ⎢⎣ ⎝ τp ⎠
p

St 0
1
τTpts

⎡
⎛ t⎞
t
⎢ exp⎜⎝ − τp ⎟⎠ − exp − τ OUT
St 0
Δ
⎢
=
1
1
1
1 ⎞⎢
eff ⎛
− τ
⎜
⎟
τD τ pts − τ ⎢
τΔOUT
p
⎝T
p⎠ ⎣

(

−

(10a)

)

⎤

( ) − exp(− ) ⎥⎥
t

t

T

τΔOUT

exp − τ pts

1
τΔOUT

−

1
τTpts

⎥
⎥⎦

(11)

(10b)

The time-dependence of the total singlet oxygen amount
inside the particles (see eq 10a and the black curve in Figure 2b)
is described by two exponential terms. The shorter lifetime
component (τp or τpts
T ) belongs to the rising part of the curve,
whereas the longer lifetime value determines the exponential
decay in the long-time limit. This behavior is analogous to shortpulse singlet oxygen production in homogeneous pts solutions
(without nanoparticles).
The time course of the total amount of singlet oxygen outside
the particle is described by four exponential terms (combining
three diﬀerent lifetimes, see eq 10b). The general shape of the
corresponding curve is shown in Figure 2b (red line). It can be
seen that because of the ﬁnite diﬀusion time, the initial rise of
singlet oxygen concentration outside the particle is delayed as
compared to the concentration rise in the particle interior. In the
zero-time limit (right after the excitation pulse), the slope of the
singlet oxygen concentration time course outside the particle is
zero (no singlet oxygen is produced there). This is diﬀerent from
the time course of the singlet oxygen concentration inside the
particle, where the zero-time slope is determined by St0.
Supposing that the emission factor E and the lifetime values
IN OUT
eff
τpts
T , τΔ , τΔ , and τD are known, the phosphorescence kinetics of
singlet oxygen (as detected in a short-pulse experiment) can be
predicted by substituting 10a and 10b into eq 7. The estimation
eff
of τeff
D is of major importance. In general, τD is aﬀected by the
particle diameter R, the diﬀusion constants of singlet oxygen
inside and outside the particle, DIN and DOUT, and the partition
coeﬃcient K. Moreover, the diﬀusion of singlet oxygen out of the
particle is faster when singlet oxygen is eﬃciently depleted in the
surrounding solution. As a consequence, one would expect a

■

RESULTS AND DISCUSSION
Spatiotemporal Concentration Distribution of Singlet
Oxygen. The numerical model was used to calculate the time
evolution of singlet oxygen spatial distribution inside and outside
the nanoparticles using the parameter set described above.
Typical results obtained for particles with 60 nm radius are
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shown in Figure 3. It can be seen that during the ﬁrst 4 μs, the
concentration of singlet oxygen increases inside the particle. At

Figure 4. The time course of the total (integrated) singlet oxygen
concentration inside and outside the nanoparticles as calculated for (a)
R = 20 nm and (b) R = 200 nm particles. The open symbols represent
the results of the numerical model. The solid lines indicate the best ﬁt of
the analytical model to the numerical data. Simulation parameters:
DIN = 0.5 × 10−9 m2 s−1, DOUT = 2.0 × 10−9 m2 s−1, K = 3, τIN
Δ = 10 μs,
= 4 μs, and τpts
τOUT
Δ
T = 7 μs.

Figure 3. The spatial distribution of singlet oxygen concentration
at diﬀerent times after pts photoactivation calculated by the
numerical model. The simulation parameters are R = 60 nm, DIN =
OUT
=
0.5 × 10−9 m2 s−1, DOUT = 2.0 × 10−9 m2 s−1, K = 3, τIN
Δ = 10 μs, τΔ
=
7
μs.
4 μs, and τpts
T

denoted as |τeff
D |fitted. The solid lines plotted in Figure 4 represent
such ﬁtted analytical solutions. Evidently, the numerical results
are well-described by the analytical model in the case of small
particles (Figure 4a), and a reasonable agreement of the
numerical and analytical results is found in the case of large
particles (Figure 4b).
The eﬀective diﬀusion time (denoted as |τeff
D |calc) was also
calculated from eq 11. The validity and applicability of the
proposed formula was tested by direct comparison of |τeff
D |calc and
|τeff
D |fitted at diﬀerent conditions. The results are shown in Figure 5a
as a function of the partition coeﬃcient K (for diﬀerent DIN
values) and in Figure 5b as a function of the particle radius R (for
diﬀerent DOUT values). It is obvious that in the studied range of
parameters, the values of |τeff
D |calc obtained from eq 11 are almost
identical to |τeff
D |fitted, which provide the best ﬁt of the analytical
model to the numerical results. The diﬀusion time is a linear
function of the partition coeﬃcient K (Figure 5a) and for small
particles it scales with the square of the particle radius (Figure
5b).

the same time, the shape of the distribution gradually changes
from a (predominantly) ﬂat curve to a parabolic radial
dependence. After reaching the maximum, the concentration
starts to decrease.
It is important to note that depending on the experimental
conditions, the total number of singlet oxygen molecules inside a
single particle (at a certain time) may be extremely low. For
example, the average number of oxygen molecules inside the
particles with 10 nm diameter in aqueous environment at airsaturated conditions can be as low as 2−3 pieces. This number
was estimated from the oxygen-solubility data50 using a partition
coeﬃcient of K = 3 for the particle/water environment. It is
unlikely that the number of singlet oxygen molecules would
exceed the (equilibrated) number of ground-state oxygen
molecules dramatically in the particle interior at any condition.
As a consequence, the calculated spatial distribution (as shown in
Figure 3) should be viewed as an average distribution in a largeparticle ensemble.
Comparison of the Numerical and Analytical Models.
The total amount of singlet oxygen inside and outside the
particles is plotted in Figures 4a and 4b for nanoparticles of R =
20 nm and R = 200 nm radius, respectively. The results of the
numerical model (see eqs 8a and 8b) are indicated with open
symbols, and the solid lines belong to the analytical solution (eqs
10a and 10b). In the case of the smaller (20 nm radius) particle,
singlet oxygen, after being produced inside the particle, diﬀuses
out to the surrounding solution very fast. Because of this fact, the
overall singlet oxygen concentration outside the particle exceeds
the interior concentration (except for the very ﬁrst microsecond). The opposite situation applies for large particles, where
only a small portion of singlet oxygen diﬀuses out to the solution.
As mentioned in the Theoretical Methods section, the
analytical model relies on the knowledge of the eﬀective diﬀusion
time τeff
D . In the present work, this parameter was determined in
two ways. First, the diﬀusion time was used as a ﬁtting parameter
to ﬁnd the best match between the analytical and numerical
results. The details of the ﬁtting procedure are described in
Supporting Information B. The obtained diﬀusion time is

■

CONCLUSIONS
The phosphorescence kinetics of singlet oxygen produced by
photosensitization of pts in nanoparticles is aﬀected by the
diﬀusion of singlet oxygen from the particle interior to the
surrounding solvent. The time course of the phosphorescence
signal generated with short-pulse (few nanosecond or subnanosecond range) excitation depends on various physical
parameters including the particle size, the diﬀusion coeﬃcients,
and singlet oxygen lifetimes both inside and outside the particles,
the lifetime of the photosensitizer triplet state, the oxygen
partition coeﬃcient for the given particle/solvent system, and the
emission factor, that is, the ratio of the rate constants for singlet
oxygen radiative decay inside and outside the particle.
The two theoretical models presented in this work predict the
phosphorescence kinetics of singlet oxygen in the near-infrared
region (around 1270 nm) following pulsed excitation of the pts
molecules encapsulated inside the spherical particles. The
numerical model solves the singlet oxygen diﬀusion equation
on a one-dimensional radial grid and gives information on the
spatiotemporal distribution of singlet oxygen concentration both
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inside and outside the particles. The corresponding phosphorescence signal can be obtained by linear combination of the total
(integrated) singlet oxygen concentrations in the particle interior
and exterior, taking the emission factor into account.
As it may be time-consuming to set up and run the numerical
code, an analytical model was also presented. This simpliﬁed
model can be used for fast analysis of studied nanoparticle/pts
systems. An analytical formula was proposed to calculate the
diﬀusion time of singlet oxygen from the particle to the solvent,
which can be combined with the analytical solution of rate
equations (for singlet oxygen concentrations) to estimate the
total (integrated) concentration of singlet oxygen inside and
outside the particles. In the ﬁrst approximation, the diﬀusion
time scales with the square of the particle radius. As a
consequence, the size of the nanoparticles plays a key role in
the PDT-related delivery systems to ensure high singlet oxygen
concentration outside the particles.
In general, one needs to be cautious when interpreting the
experimental phosphorescence kinetics data of singlet oxygen
produced by photosensitization in nanoparticles. The two
models presented in this work facilitate the analysis of measured
phosphorescence signals and thus contribute to the development
of the PDT-related nanocarrier/pts formulations.
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(34) Robinson-Duggon, J.; Pérez-Mora, F.; Valverde-Vásquez, L.;
Cortés-Arriagada, D.; De la Fuente, J. R.; Günther, G.; Fuentealba, D.
Supramolecular Reversible On-Off Switch for Singlet Oxygen Using
Cucurbit n uril Inclusion Complexes. J. Phys. Chem. C 2017, 121,
21782−21789.
(35) Wang, X.-Q.; Lei, Q.; Zhu, J.-Y.; Wang, W.-J.; Cheng, Q.; Gao, F.;
Sun, Y.-X.; Zhang, X.-Z. Cucurbit 8 uril Regulated Activatable
Supramolecular Photosensitizer for Targeted Cancer Imaging and
Photodynamic Therapy. ACS Appl. Mater. Interfaces 2016, 8, 22892−
22899.
(36) Westberg, M.; Holmegaard, L.; Pimenta, F. M.; Etzerodt, M.;
Ogilby, P. R. Rational Design of an Efficient, Genetically Encodable,
Protein-Encased Singlet Oxygen Photosensitizer. J. Am. Chem. Soc.
2015, 137, 1632−1642.
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