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Characteristics of Excited Triplet States of Thiolated Guanosine 

Derivatives and Singlet Oxygen Generation 

Shoma Miyata,
a
 Shunsuke Tanabe,

a
 Tasuku Isozaki,

a
 Yao–Zhong Xu

 b
 and Tadashi Suzuki

 
*

a 

Thioguanine is sensitive to UVA light and generates singlet molecular oxygen (
1
O2*) when exposed to UVA. Three 

thioguanosine derivatives, 2’,3’,5’–tri–O–acetyl–6–thioguanosine (ta6TGuo), 2’,3’,5’–tri–O–acetyl–8–thioguanosine 

(ta8TGuo), and 2’,3’,5’–tri–O–acetyl–6,8–dithioguanosine (taDTGuo) were explored photophysically and photochemically. 

The nanosecond transient absorption and time–resolved near–infrared emission measurements were carried out to 

investigate the characteristics of their excited triplet states in acetonitrile solution. The quantum yield of intersystem 

crossing (∅ISC), the intrinsic decay rate constant (k0), the quenching rate constant by 
3
O2 (kq) and the self–quenching rate 

constant (kSQ) of their triplet states were all determined. From precise analysis of the quantum yield of 
1
O2* generation 

(∅∆) against the concentration of dissolved molecular oxygen, the fraction of the triplet states quenched by dissolved 

oxygen which gives rise to 
1
O2* formation (S∆) was successfully obtained with high accuracy. The ∅∆ values at low oxygen 

concentrations reveal these thioguanosines, particularly taDTGuo, can still effectively generate 
1
O2* under low molecular 

oxygen concentration like carcinomatous microenvironments. These findings indicate that taDTGuo would perform well as 

a potential agent for photo–induced cancer therapies.

Introduction 

Nucleic acids (DNA and RNA) are one of the most important 

classes of biological molecules. Chemically they are made of 

nucleotides, and each nucleotide consists of a base (adenine, 

guanine, cytosine, thymine or uracil), sugar (ribose or 

deoxyribose) and phosphate moiety. The bases are the 

chromophore and strongly absorb light in the UV region (λabs < 

300 nm).
1–4

 Excited state dynamics of nucleic acid bases have 

been intensively studied by various spectroscopic techniques 

(such as fluorescence, resonant ionization and photoelectron 

spectroscopies).
5–12

 Current studies by femtosecond time–

resolved spectroscopy have clarified that nucleic acid bases 

and nucleosides/nucleotides in an initially excited singlet state, 

following UV exposure, undergo ultrafast internal conversion 

to the electronic ground state.
2,13–19

 Since such ultrashort 

lifetimes would not allow any further photoreaction to occur, 

it was claimed that this ultrafast relaxation of the excited state 

is the origin of the high photostability of DNA/RNA, and 

protects our genes from the harmful UV radiation from the 

sun.
18

 

Nucleic acids generally do not contain sulfur atoms in them. 

However, sulfur–containing analogues of nucleic acid bases 

(thio–bases) have recently become a focus of attention 

because of their remarkably different photochemical 

characteristics from the native (un–thiolated) bases. For 

instance, 6–thioguanine (6TG) and 4–thiouracil have been used 

as carcinostatic agents, leukemia drugs, antithyroids and DNA 

markers among others.
20–35

 Thio–bases have a strong 

absorption in UVA (320–400 nm) region,
36–46

 in which native 

bases are transparent. Thio–bases localizing in proliferating 

cells have been reported to generate reactive oxygen species 

(ROS) when exposed to UVA light, thus leading to cell 

Fig. 1 Structures of guanine, thioguanines, and their nucleosides. 
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deaths.
24,47

 These findings indicate that thio–bases (and their 

nucleosides) have some potential for photochemotherapy by 

acting as a photoactivatable genotoxic agent and/or a 

photosensitizer.
23,48,49

 

We previously reported that 2–thiothymine and 4–

thiothymidine can effectively generate singlet molecular 

oxygen (
1
O2*,

1
∆g), one type of ROS, by photoexcitation.

37–39
 

Crespo–Hernández and co–workers also described the 

generation of 
1
O2* (

1
∆g) from other thio–pyrimidines and from 

6–thioguanosine (6TGuo).
42–45

 This type of 
1
O2* (

1
∆g) 

generation is in a high yield and results from high quantum 

yield of intersystem crossing (from its excited singlet state to 

the triplet manifolds), followed by the photosensitization 

reaction with 
3
O2. These are some of the unique 

photophysical/photochemical characteristics of thio–bases and 

thio–nucleosides.
50,51

 In recent reports, 6-thioguanine (6TG) 

that accumulates in the DNA interacts with UVA to generate 

ROS and these cause lethal and mutagenic DNA damage.
27

 

Conversely, ROS generation plays a minor role in the 

photocytotoxic of thiobases.
52,53

 In addition, 6TG oxidation 

products by the interaction between DNA6TG and UVA have a 

potential to cause cytotoxic.
40,54

 In order to demonstrate 

mechanisms of breaking cells, it is essential to obtain ultimate 

kinetic parameters of thiolated nucleic acid bases, the values 

of the quantum yield of 
1
O2* (

1
∆g) generation (∅∆), the fraction 

of the triplet states quenched by dissolved oxygen which gives 

rise to 
1
O2

*
 formation (S∆), and the quantum yield of 

intersystem crossing (∅ISC). 

As part of our on–going effort to understand the 

phototherapeutic ability of thio–bases and thio–nucleosides, 

recently we synthesized and explored tri–acetyl–protected 

thioguanosine derivatives: namely 2’,3’,5’–tri–O–acetyl–6–

thioguanosine (ta6TGuo), 2’,3’,5’–tri–O–acetyl–8– 

thioguanosine (ta8TGuo) and 2’,3’,5’–tri–O–acetyl–6,8–

dithioguanosine (taDTGuo) (for chemical structures, see Fig. 

1).
55

 The presence of these acetyl groups on the 

thioguanosines greatly increases their solubilities in 

dehydrated organic solvents. However, these acetyl groups are 

removable due to their proneness to hydrolysis under a very 

mild condition such as by biological agents (e.g. deacylase) or 

chemical environments (e.g. a changed pH). Furthermore, 

these acetylated thioguanosines retain strong absorption 

maxima at UVA region (see Fig.S1 in the ESI) and generate 
1
O2* 

(
1
∆g). The doubly thiolated analogue (taDTGuo) is of particular 

interest since it absorbs UV light most strongly and at the 

longest wavelength among all thio–nucleobases and thio–

nucleosides reported,
36–46

 revealing that taDTGuo would be 

much more sensitive to the light penetrating into the human 

skin. Therefore these acetylated thio–guanosines, especially 

taDTGuo, are well worth further investigating as potential 

agents for light–induced therapies.  

In general, the triplet formation of the thioguanosines is 

considered to be essential to the 
1
O2* (

1
∆g) generation, 

however, direct evidence of the triplet formation and 

photophysical characteristics such as lifetime and quantum 

yield of the triplet states are still lacking. Although the 

quantum yield of 
1
O2* (

1
∆g) generation (∅∆) has just been 

determined under the atmospheric oxygen condition,
55

 further 

detailed information on the ∅∆ values under cellular conditions 

are still required and would be much more therapeutically 

relevant because the oxygen concentration in the living cells is 

known to be much smaller (∼100 µM) than the atmosphere.
51

 

In this article, we clarify the characteristics of excited triplet 

states of these thioguanosines and report their ∅∆ values are 

dependent on concentration of dissolved molecular oxygen. 

These findings should contribute to a better understanding of 

these thioguanosines as effective agents for 

photochemotherapies. 

 

Experimental 

Materials. 

Tri–acetyl–protected guanosine and thioguanosines, taGuo, 

ta6TGuo, ta8TGuo and taDTGuo, were prepared as described 

in the previous article.
55

 Their structures were characterized by 

1H NMR and their purities estimated to be above 97% with a 

minor amount of impurity being H2O.  

 

Apparatus. 

Nanosecond transient absorption measurements were carried 

out with a XeCl excimer laser (Lambda Physik, COMPex 102; 

308 nm, 120 mJ/pulse, 20 ns pulse duration, repetition rate 2 

Hz) as an excitation light source. White continuum light from a 

Xe flash lamp (Ushio UXL–300D; 300 W) was used as a probe 

light to monitor the transient absorption change. The 

monitoring light, passing through a flow cell (Tosoh Quartz 

T514M−ES−10; 10 mm optical pass length), was dispersed by a 

monochromator (Nikon, P–250) and then detected by a 

photomultiplier tube (Hamamatsu Photonics, R928). The 

output signal was visualized by a digital oscilloscope (Sony 

Tektronix, TDS380P; 400 MHz, 2GS/s) and analyzed by a 

personal computer. Signals were averaged over 50 shots. The 

incident laser power was controlled to avoid triplet–triplet 

annihilation or any multiphotonic events. The ground state 

absorbance of thioguanosine solutions was prepared to be 

typically ca. 0.8 at excitation wavelength (308 nm) in transient 

absorption spectrum measurements. The linearity of the signal 

intensity against the incident laser power and the ground state 

concentration was confirmed on each experiment. 

  Time–resolved near–infrared emission measurements were 

carried out with a thermoelectric cooled near–infrared 

photomultiplier tube (Hamamatsu Photonics, H10330–45; 

InP/InGaAsP, spectral response 950 to 1400 nm) combined 

with a longpass filter (Thorlabs, FEL1250; cut–on wavelength 

1250 nm) and a bandpass filter (Edmund, Hard–coated 

bandpass filter; 1275 ± 50 nm). The XeCl excimer laser was 

used as an excitation light source. The sample solution flowed 

in the cell to avoid the contamination of photoproducts.  

  All measurements were carried out in acetonitrile solution at 

room temperature. Each of the thioguanosines was dissolved 

in acetonitrile and the solution was then bubbled over 15 

minutes with Ar or strictly adjusted partial pressure of N2/O2 
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mixture gas under atmosphere pressure to control the 

dissolved oxygen concentration in the solution. 

Results and Discussion 

Transient Absorption Measurement. 

Transient absorption spectra of ta6TGuo in Ar–saturated 

acetonitrile are shown in Fig. 2a. Immediately after the laser, a 

broad spectrum extending over 400–710 nm was observed. 

The absorption decayed to almost zero within 5 µs. 

Furthermore the decay of the absorption intensity became 

faster with the increase in the concentration of dissolved 

oxygen (see Fig. S2 in the ESI). These spectral features 

(presented in Fig. 2a) well agree with the reported spectrum of 

triplet–triplet absorption of 6TGuo.
41

 Since the acetyl groups 

are not conjugated with the thiobase and make no 

interference or contribution, thus the spectrum presented in 

Fig. 2a can be safely assigned to the triplet–triplet absorption 

of ta6TGuo. 

Transient absorption spectra of ta8TGuo in Ar–saturated 

acetonitrile are shown in Fig. 2b. A broad spectrum with 

absorption maximum at around 650 nm was observed. The 

absorption decayed to almost zero within 5 µs, and 

furthermore the decay of the absorption intensity also became 

faster with increased concentrations of the dissolved oxygen 

(see Fig. S3 in the ESI). For the same reasons discussed for 

ta6TGuo (above), the absorption spectrum should be assigned 

to the triplet–triplet absorption of ta8TGuo. For taGuo, no 

transient signals were detected, indicating that the excited 

state of taGuo will decay through the undetectable ultrafast 

internal conversion. 

  Transient absorption spectra of taDTGuo in Ar–saturated 

acetonitrile shown in Fig. 2c. Three absorption maxima at 560, 

640 and 690 nm were observed immediately after the laser. 

Fig. 3a shows a typical time profile of the transient absorption 

at 560 nm of taDTGuo in Ar–saturated acetonitrile. The 

absorption intensity decreased single–exponentially, and this 

transient species was efficiently quenched by dissolved oxygen 

molecules (see Fig. 3a inset). We previously reported that 

thiolated guanosines, including taDTGuo, exhibit a 

phosphorescence from the T1 state in glassy ethanol matrix 

and have a high quantum yield of singlet oxygen generation 

(∅∆) in O2–saturated acetonitrile solution.
55

 Thus, this transient 

species should be assigned to the lowest excited triplet 

taDTGuo. A slowly rising component observed at around 440 

nm in the spectrum of taDTGuo (Fig. 2c) disappeared with 

increased oxygen concentrations. This band is likely to result 

from a photoproduct, generated by a reaction between triplet 

taDTGuo and ground–state of taDTGuo. Such a photoproduct 

was also shown in 6-aza-2-thiothymine,
39

 but these products 

are not observed in the absorption spectra after irradiation, 

Page 3 of 9 Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
7 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 O
pe

n 
U

ni
ve

rs
ity

 o
n 

9/
24

/2
01

8 
9:

55
:5

3 
A

M
. 

View Article Online
DOI: 10.1039/C8PP00240A

http://dx.doi.org/10.1039/c8pp00240a


PAPER Photochemical & Photobiological Sciences 

4 | Photochem. Photobiol. Sci., 2018, 00, 1-8 This journal is © The Royal Society of Chemistry 2018 

Please do not adjust margins 

Please do not adjust margins 

thus they will be transients having long lifetime (� 1	ms), not 

final products. 

To investigate the effects of dissolved oxygen on the excited 

triplet states of these thioguanosines, the time profile of the 

transient absorption was measured with varied oxygen 

concentrations. Fig. 3b shows the plots of the decay rate 

constant (kobs), obtained by the fitting analysis with the single 

exponential equation, against the concentration of oxygen 

dissolved in the solution. These plots show good linear 

relationships. These kinetics of the decay process can be 

described using the following equation, 

 

�	
� � � �	�� 	� O�
� 	�																																																															�1� 

 

where kT and kq denote the decay rate constant of the triplet–

state itself and the quenching rate constant of the triplet 

thioguanosines by molecular oxygen, respectively. The kq value 

was obtained from the plots of the triplet decay rate constant 

against dissolved molecular oxygen concentration as shown in 

Fig. 3b. The linear regression analysis of the plots by using eq. 

1 gives the quenching rate constant, (7.6 ± 0.1)×10
9
 M

–1
 s

–1
 for 

ta6TGuo, (6.3 ± 0.1)×10
9
 M

–1
 s

–1
 for ta8TGuo, and (7.2 ± 

0.1)×10
9
 M

–1
 s

–1
 for taDTGuo. These values are close to the kq 

values reported for other thio–bases and thio–

nucleosides,
37,39,44

 showing the triplet quenching will occur 

almost at the diffusion–controlled rate. Under the high 
3
O2 

concentration condition, the dominant relaxation process from 

the T1 state of thioguanosines will be the quenching by 

molecular oxygen, and the excited triplet state of these 

thioguanosines as well as other thio–bases and thio–

nucleosides can generate 
1
O2* through the photosensitization 

reaction.
55

 

  Fig. 4a shows the time profile of the transient absorption 

monitored at 560 nm for different concentrations of taDTGuo 

in Ar–saturated solution. The decay rate constant of the 

excited triplet state was accelerated as the concentration of 

taDTGuo increased, suggesting the existence of self–quenching 

process by ground state taDTGuo. Fig. 4b shows the plot of the 

decay rate constant of the excited triplet state (kT) against the 

concentration of taDTGuo in Ar–saturated solution. The plot 

gives a good linear relationship between the constant and the 

concentration. The triplet self–quenching kinetics can be 

written as a Stern–Volmer relationship, 

 

� � �� �	���	�taDTGuo"																																																							�2� 

 

where k0 and kSQ denote the intrinsic decay rate constant of 

triplet state and the self–quenching rate constant, 
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respectively. By the linear regression analysis using eq. 2, the 

intrinsic decay and self–quenching rate constants of taDTGuo 

were determined to be (1.1 ± 0.1) ×10
5
 s

–1
 and (1.1 ± 0.1) ×10

9
 

M
–1

 s
–1

, respectively. Excited triplet states of ta6TGuo and 

ta8TGuo also exhibited self–quenching process (as shown in 

Figs. S4–S7 in the ESI), and their rate constants have also been 

determined (see Table 1). The self–quenching rate constant of 

the doubly thiolated guanosine (taDTGuo) was about one third 

of those of the singly thiolated guanosines (i.e. ta6TGuo and 

ta8TGuo), and intrinsic triplet lifetime of taDTGuo was more 

than three–fold in comparison with the other thioguanosines. 

These photophysical characteristic parameters of the 

acetylated thioguanosine derivatives are summarized in Table 

1. 

 

Estimation of Quantum Yield of Singlet Oxygen Generation in Low 

Oxygen Concentration like Carcinomatous Condition. 

Under any high oxygen concentration condition, the dominant 

relaxation process from the T1 state of the thioguanosines will 

be the quenching process by oxygen. However, the 

concentration of oxygen in the living cells is known to be low. 

Especially, the concentration in tumor cells was reported to be 

much lower than that of health cells.
56

 Thus, determining ∅∆	
values of the thioguanosines under the condition of such a low  

oxygen concentration would be therapeutically relevant and 

useful when optimizing the thioguanosines as potential 

photochemotherapeutic agents.  

  The ∅∆ value under the oxygen saturated condition was 

reported in our previous paper to be 0.37 ± 0.01 for ta6TGuo, 

0.28 ± 0.01 for ta8TGuo, and 0.33 ± 0.01 for taDTGuo.
55

 

Individual long–lived phosphorescence traces of 
1
O2* were 

also observed at several dissolved oxygen concentrations, and 

fitted by using a single–exponential function to estimate the 

emission intensity maxima immediately after laser irradiation 

(IS
0
). The IS

0
 value was plotted against the laser fluence (IL) (see 

Figs. S8–S10 in the ESI), showing good linear relationships 

between IS
0
 and IL. The plots were analyzed with the least 

squares’ fitting to obtain a best–fit straight line. By comparing 

the slope of the line at each dissolved oxygen concentration 

with that at oxygen–saturated solution, the oxygen 

concentration dependence of the ∅∆ value was established, as 

shown in Fig. 5a. The ∅∆ values of the thioguanosines, 

especially ta6TGuo, are found to be largely dependent on the 

dissolved oxygen concentration. 

  The oxygen concentration–dependent ∅∆ value can be 

written down as 

 

∅∆ �
%∆ ∙ ∅'�( ∙ �)� O�

� �

�� � ����TGuo" � �)� O�
� �

																																									 �3� 

 

where S∆ and ∅ISC denote the fraction of the triplet states 

quenched by dissolved oxygen which gives rise to 
1
O2* 

formation and triplet quantum yield of the thioguanosines, 

respectively.
37,39,44

 In these measurements, the concentration 

of thioguanosines, [TGuo], was 247 µM for ta6TGuo, 35.6 µM 

for ta8TGuo, and 66.7µM for taDTGuo. The ∅ISC value was 

determined to be as large as 0.65 ± 0.02 for ta6TGuo, 0.46 ± 

0.02 for ta8TGuo, and 0.43 ± 0.02 for taDTGuo in a similar 

fashion in our previous article.
57,58

 Briefly, the molar 

absorption coefficient of triplet–triplet absorption was 

measured by energy transfer method with a reference 

substance whose molar absorption coefficient is known. The 

∅ISC was determined from the triplet–triplet absorption 

intensity of thioguanosine solution relative to optically 

matched benzophenone solution as a reference. The ∅ISC value 

for ta6TGuo (0.65 ± 0.02) was slightly smaller than that of 6-

thioguanosine (0.8 ± 0.2)
41

, which may result from the tri-

acetylation on the ribose and/or the different solvent. The 

plots of ∅∆ against the dissolved oxygen concentration were 

analyzed by using eq. 3. The best-fitting curves are shown as 

solid lines in Fig.5a (The expanded figure to the lower oxygen 

concentration is also shown in Fig. S11). The SΔ values were 

successfully estimated to be 0.57 ± 0.02 for ta6TGuo, 0.59 ± 

0.03 for ta8TGuo, and 0.74 ± 0.04 for taDTGuo. These SΔ values 

were sufficiently high in comparison with the reported values 

for other thio–bases and thio–nucleosides.
37,39,44

 Therefore, 

these thioguanosines were found to generate 
1
O2* effectively 

by a collision between a triplet thioguanosine molecule and a 

ground–state molecular oxygen. In general, a triplet state 

having ππ* character was reported to have a SΔ value of the 

range of 0.7–1.0.
59

 Since the T1 state of these thioguanosines 

was assigned to the ππ* state,
55

 the high SΔ values were 

reasonable.  

  To evaluate the thioguanosines as photochemotherapeutic 

agents, their ∅∆ values under infinite small 
3
O2 concentration 

Table 1. Photophysical Characteristics of Acetylated Thioguanosines 

 
k0 

a
 / s

–1
 

[τ0
 b

 / µs] 
kSQ

 c
 / M

–1
 s

–1
 kq

 d
 / M

–1
 s

–1
 ΦΔ

 e
 ΦISC

f 
S∆
g 

ta6TGuo (1.1±0.1)×10
6
 

[0.95±0.02] 

(3.4±0.1)×10
9
 (7.6±0.1)×10

9
 0.37±0.01 0.65±0.02 0.57±0.02 

ta8TGuo (4.4±0.1)×10
5
 

[2.3±0.1] 

(3.7±0.2)×10
9
 (6.3±0.1)×10

9
 0.28±0.01 0.46±0.02 0.59±0.03 

taDTGuo (1.1±0.1)×10
5
 

[8.8±0.1] 

(1.1±0.1)×10
9
 (7.2±0.1)×10

9
 0.33±0.01 0.43±0.02 0.74±0.04 

a
 Intrinsic rate constant of triplet–state decay. 

b
 Intrinsic lifetime of triplet–state. 

c
 Self–quenching rate constant. 

d
 Bimolecular quenching rate constant 

of the triplet state by molecular oxygen. 
e
 Quantum yield of singlet oxygen generation under 

3
O2–saturated condition determined in the previous 

study.
50

 f Quantum yield of intersystem crossing. 
g
 Fraction of the triplet states quenched by dissolved oxygen which gives rise to 

1
O2

*
 formation. 
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were extrapolated by using the photophysical parameters 

estimated in the present study. The concentration of the 

thioguanosines was standardized to 100 µM in this calculation. 

According to the simulated results (Fig. 5b), the ∅∆ value of 

ta6TGuo is the largest at higher oxygen concentrations (larger 

than 1.3 mM) among the thioguanosines examined. The ∅∆ 

value of these thioguanosines at high oxygen concentration 

depends on the product of ∅ISC and SΔ. On the other hand, at 

quite low oxygen concentration such as general carcinomatous 

conditions (at around 18 µM of 
3
O2),

56
 taDTGuo has the largest 

value of ∅∆ among these thioguanosines. It is noted that the 

intrinsic decay rate constant of triplet state (k0) and the self–

quenching rate constant (kSQ) of taDTGuo was small in 

comparison with those of ta6TGuo and ta8TGuo (see Table 1). 

Thus, the relatively long intrinsic T1 lifetime and small 

influence of self–quenching deactivation of taDTGuo can 

readily achieve the collision event with molecular oxygen, 

which enables taDTGuo to generate 
1
O2* effectively at low 

oxygen concentrations such as carcinomatous conditions. 

  In our previous article,
60

 taDTGuo in phosphate buffer 

solution was reported to establish acid dissociation equilibria 

among neutral form, 1-imide anionic form, and 1,7-di-imide 

anionic form, and to exhibit pH-dependent ∅∆ values. 

According to the equilibrium constants obtained, neutral form 

of taDTGuo exists dominantly under the low pH condition like 

carcinoma cells and has a larger ∅∆ value than anionic species. 

Taking these results together, taDTGuo would generate 
1
O2* 

effectively under low-oxygen and low-pH condition and 

therefore should offer a good potential as a 

photochemotherapeutic agent for cancer therapies.  

Conclusions 

The excited triplet state characteristics of the thioguanosines, 

ta6TGuo, ta8TGuo and taDTGuo, were studied in detail by the 

nanosecond transient absorption and time–resolved near–

infrared emission measurements. The broad transient 

absorption spectra of the thioguanosines in acetonitrile were 

observed over 440–710 nm. These spectra were assigned to 

the triplet–triplet absorption because of their efficient 

quenching by the dissolved oxygen. The excited triplet lifetime 

also depended on the ground state concentration, and the 

self–quenching rate constant and intrinsic triplet lifetime were 

determined by the Stern–Volmer plots. By near–infrared 

emission measurements, the ∅∆ value of the thioguanosines 

was found to depend on the concentration of dissolved 

oxygen. The fitting analysis of the plots of ∅∆ value against 

oxygen concentration gave the large SΔ values, revealing that 

the excited triplet thioguanosine should collide with a 

molecular oxygen efficiently to generate 
1
O2* with high 

probability (larger than 0.5). The ∅∆ values under infinite low 

oxygen concentrations were extrapolated by using the 

photophysical parameters estimated in this study. The 

simulations revealed that taDTGuo should generate 
1
O2* more 

effectively in comparison with ta6TGuo and ta8TGuo at quite 

low concentration of oxygen such as carcinomatous 

conditions. This results from the long intrinsic lifetime and its 

low self–quenching rate constant of the triplet taDTGuo. In 

short, taDTGuo would be most effective for 

photochemotherapies among all examined thioguanosines. 

Conflicts of interest 

There are no conflicts to declare. 

Notes and references 

1 L. B. Clark, G. G. Peschel and I. Tinoco Jr., Vapor Spectra and 
Heats of Vaporization of Some Purine and Pyrimidine Bases, 
J. Phys. Chem., 1965, 69, 3615−3618. 

2 D. Onidas, D. Markovitsi, S. Marguet, A. Sharonov and T. 
Gustavsson, Fluorescence Properties of DNA Nucleosides and 
Nucleotides:  A Refined Steady-State and Femtosecond 

Investigation, J. Phys. Chem. B, 2002, 106, 11367−11374. 
3 C. T. Middleton, K. de La Harpe, C. Su, Y.K. Law, C. E. 

Crespo−Hernández and B. Kohler, DNA Excited-State 

Dynamics: from Single Bases to the Double Helix, Annu. Rev. 

Phys. Chem., 2009, 60, 217−239. 
4 M. Barbatti, A. C. Borin and S. Ullrich, Photoinduced 

Processes in Nucleic Acids, Top. Curr. Chem., 2015, 335, 
1−32. 

5 M. Daniels and W. Hauswirth, Fluorescence of the Purine 

and Pyrimidine Bases of the Nucleic Acids in Neutral 
Aqueous Solution at 300°K, Science, 1971, 171, 675–677. 

6 P. R. Callis, Electronic States and Luminescence of Nucleic 

Acid Systems, Annu. Rev. Phys. Chem., 1983, 34, 329–357. 
7 E. Nir, L. Grace, B. Brauer and M. S. de Vries, REMPI 

Spectroscopy of Jet-Cooled Guanine, J. Am. Chem. Soc., 

1999, 121, 4896–4897. 
8 C. Plützer, E. Nir, M. S. de Vriesc and K. Kleinermanns, IR–UV 

Double-Resonance Spectroscopy of the Nucleobase Adenine, 

Phys. Chem. Chem. Phys., 2001, 24, 5466–5469. 
9 E. Nir, M. Müller, L. I. Grace and M. S. de Vries, REMPI 

Spectroscopy of Cytosine, Chem. Phys. Lett., 2002, 355, 59–

64. 
10 S. Ullrich, T. Schultz, M. Z. Zgierski and A. Stolow, Electronic 

Relaxation Dynamics in DNA and RNA Bases Studied by Time-

Resolved Photoelectron Spectroscopy, Phys. Chem. Chem. 

Phys., 2004, 6, 2796–2801. 
11 C. Canuel, M. Mons, F. Piuzzi, B. Tardivel, I. Dimicoli and M. 

Elhanine, Excited States Dynamics of DNA and RNA Bases: 
Characterization of a Stepwise Deactivation Pathway in the 
Gas Phase, J. Chem. Phys., 2005, 122, 074316. 

12 Y. Lee, M. Schmitt, K. Kleinermanns and B. Kim, Observation 
of Ultraviolet Rotational Band Contours of the DNA Base 
Adenine:  Determination of the Transition Moment, J. Phys. 

Chem. A, 2006, 110, 11819–11823. 
13 T. Gustavsson, A. Sharonov and D. Markovitsi, Thymine, 

Thymidine and Thymidine 5’-Monophosphate Studied by 

Femtosecond Fluorescence Upconversion Spectroscopy, 
Chem. Phys. Lett., 2002, 351, 195−200. 

14 T. Gustavsson, N. Sarkar, E. Lazzarotto, D. Markovitsi and R. 

Improta, Singlet Excited State Dynamics of Uracil and 
Thymine Derivatives: A Femtosecond Fluorescence 
Upconversion Study in Acetonitrile, Chem. Phys. Lett., 2006, 

429, 551−557. 
15 J.−M. L. Pecourt, J. Peon and B. Kohler, DNA Excited-State 

Dynamics:  Ultrafast Internal Conversion and Vibrational 

Cooling in a Series of Nucleosides, J. Am. Chem. Soc., 2001, 
123, 10370−10378. 

16 J. Peon and A. H. Zewail, DNA/RNA Nucleotides and 

Nucleosides: Direct Measurement of Excited-State Lifetimes 

Page 6 of 9Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
7 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 O
pe

n 
U

ni
ve

rs
ity

 o
n 

9/
24

/2
01

8 
9:

55
:5

3 
A

M
. 

View Article Online
DOI: 10.1039/C8PP00240A

http://dx.doi.org/10.1039/c8pp00240a


 Photochemical & Photobiological Sciences PAPER 

This journal is © The Royal Society of Chemistry 2018 Photochem. Photobiol. Sci., 2018, 00, 1-8 | 7  

Please do not adjust margins 

Please do not adjust margins 

by Femtosecond Fluorescence Up-Conversion, Chem. Phys. 

Lett., 2001, 348, 255−262. 
17 Y. He, C. Wu and W. Kong, Decay Pathways of Thymine and 

Methyl-Substituted Uracil and Thymine in the Gas Phase, J. 

Phys. Chem. A, 2003, 107, 5145−5148. 
18 C. E. Crespo−Hernández, B. Cohen and B. Kohler, Ultrafast 

Excited-State Dynamics in Nucleic Acids, Chem. Rev. 2004, 

104, 1977−2019. 
19 T. Gustavsson, A. Banyasz, E. Lazzarotto, D. Markovitsi, G. 

Scalmani, M. J. Frisch, V. Barone and R. Improta, Singlet 

Excited-State Behavior of Uracil and Thymine in Aqueous 
Solution:  A Combined Experimental and Computational 
Study of 11 Uracil Derivatives, J. Am. Chem. Soc., 2006, 128, 

607−619. 
20 G. A. Lepage and M. Jones, Further Studies on the 

Mechanism of Action of 6−Thioguanine, Cancer Res., 1961, 

21, 1590−1594. 
21 G. A. Lapage, Incorporation of 6−Thioguanine into Nucleic 

Acids, Cancer Res., 1960, 20, 403−408. 

22 Y. V. Rubin, Y. P. Blagoi and V. A. Bokovoy, 6−Thioguanine 
Luminescence Probe to Study DNA and 
Low−Molecular−Weight Systems, J. Fluores., 1995, 5, 

263−272. 
23 A. Massey, Y.−Z. Xu and P. Karran, Photoactivation of DNA 

Thiobases as a Potential Novel Therapeutic Option, Curr. 

Biol., 2001, 11, 1142−1146. 
24 P. O'Donovan, C. M. Perrett, X. Zhang, B. Montaner, Y−Z. Xu, 

C. A. Harwood, J. M. McGregor, S. L. Walker, F. Hanaoka and 

P. Karran、Azathioprine and UVA Light Generate Mutagenic 
Oxidative DNA Damage, Science, 2005, 309, 1871−1874. 

25 P. Karran, Thiopurines, DNA Damage, DNA Repair and 

Therapy−Related Cancer, Brit. Med. Bull. 2006, 79, 153–170. 
26 C. M. Perrett, S. L. Walker, P. O’Donovan, J. Warwick, C. A. 

Harwood, P. Karran and J. M. McGregor, Azathioprine 

Treatment Photosensitizes Human Skin to Ultraviolet 
Radiation, Brit. J. Dermatol., 2008, 159, 198−204. 

27 R. Brem, F. Li and P. Karran, Reactive Oxygen Species 

Generated by Thiopurine/UVA Cause Irreparable 
Transcription−Blocking DNA Lesions, Nucleic Acids Res., 
2009, 37, 1951−1961. 

28 X. Ren, Y.−Z. Xu and P. Karran, Photo−Oxida_on of 
6−Thioguanine by UVA: The Forma_on of Addi_on Products 
with Low Molecular Weight Thiol Compounds, Photochem. 

Photobiol. 2010, 86, 1038−1045. 
29 X. Ren, F. Li, G. Jeffs, X. Zhang, Y.−Z. Xu and P. Karran, 

Guanine Sulphinate is a Major Stable Product of 

Photochemical Oxidation of DNA 6−Thioguanine by UVA 
Irradiation, Nucleic Acids Res., 2010, 38, 1832−1840. 

30 X. Zhang, G. Jeffs, X. Ren, P. O'Donovan, B. Montaner, C. M. 

Perrett, P. Karran and Y.−Z. Xu, Novel DNA Lesions 
Generated by the Interaction between Therapeutic 
Thiopurines and UVA Light, DNA Repair, 2007, 6, 344−354. 

31 P. Qu, H. Lu, X. Ding, Y. Tao and Z. Lu, Influences of Urea and 
Guanidine Hydrochloride on the Interaction of 
6−Thioguanine with Bovine Serum Albumin, Spectros. Acta A, 

2009, 74, 1224−1228. 
32 S. Kalra, Y. Zhang, E. V. Knatko, S. Finlayson, M. Yamamoto 

and A. T. Dinkova−Kostova, Oral Azathioprine Leads to 

Higher Incorporation of 6−Thioguanine in DNA of Skin than 
Liver: The Protective Role of the Keap1/Nrf2/ARE Pathway, 
Cancer Prev. Res. (Phila)., 2011, 4, 1665–1674. 

33 I. Daehn, R. Brem, E. Barkauskaite and P. Karran, 
6−Thioguanine Damages Mitochondrial DNA and Causes 
Mitochondrial Dysfunction in Human Cells, FEBS Letters, 

2011, 585, 3941−3946. 
34 X. Zou, H. Zhao, Y. Yu and H. Su, Formation of 

Guanine−6−Sulfonate from 6‑Thioguanine and Singlet 

Oxygen: A Combined Theoretical and Experimental Study, J. 

Am. Chem. Soc., 2013, 135, 4509−4515. 
35 D. Tauraitè, J. Jakubovska, J. Dabužinskaitè, M. Bratchikov 

and R. Meškys, Modified Nucleotides as Substrates of 

Terminal Deoxynucleotidyl Transferase, Molecules, 2017, 22, 
672−687. 

36 L. R. Lewis, R. K. Robins and C. C. Cheng, The Preparation and 

Antitumor Properties of Acylated Derivatives of 6–
Thiopurine Ribosides, J. Med. Chem., 1964, 7, 200–204. 

37 H. Harada, T. Suzuki, T. Ichimura and Y.−Z. Xu, Triplet 

Formation of 4−Thiothymidine and Its Photosensitization to 
Oxygen Studied by Time−Resolved Thermal Lensing 
Technique, J. Phys. Chem. B, 2007, 111, 5518−5524. 

38 Y. Harada, C. Okabe, T. Kobayashi, T. Suzuki, T. Ichimura, N. 
Nishi and Y.−Z. Xu, Ultrafast Intersystem Crossing of 
4−Thiothymidine in Aqueous Solution, J. Phys. Chem. Lett. 

2010, 1, 480−484. 
39 H. Kuramochi, T. Kobayashi, T. Suzuki and T. Ichimura, 

Excited−State Dynamics of 6−Aza−2−Thiothymine and 

2−Thiothymine: Highly Efficient Intersystem Crossing and 
Singlet Oxygen Photosensitization, J. Phys. Chem. B, 2010, 
114, 8782−8789. 

40 Y. Zhang, X. Zhu, J. Smith, M. T. Haygood and R. Gao, Direct 
Observation and Quantitative Characterization of Singlet 
Oxygen in Aqueous Solution upon UVA Excitation of 

6−Thioguanines, J. Phys. Chem. B, 2011, 115, 1889–1894. 
41 C. Reichardt, C. Guo and C. E. Crespo−Hernández, 

Excited−State Dynamics in 6−Thioguanosine from the 

Femtosecond to Microsecond Time Scale, J. Phys. Chem. B, 
2011, 115, 3263−3270. 

42 M. Pollum, S. Jockusch and C. E. Crespo−Hernández, 

2,4−Dithiothymine as a Potent UVA Chemotherapeutic 
Agent, J. Am. Chem. Soc., 2014, 136, 17930−17933. 

43 M. Pollum, S. Jockusch and C. E. Crespo−Hernández, Increase 

in the Photoreactivity of Uracil Derivatives by Doubling 
Thionation, Phys. Chem. Chem. Phys., 2015, 17, 
27851−27861. 

44 M. Pollum, L. A. Ortiz−Rodríguez, S. Jockusch and C. E. 
Crespo−Hernández, The Triplet State of 
6−Thio−2’−Deoxyguanosine: Intrinsic Proper_es and 

Reactivity Toward Molecular Oxygen, Photochem. Photobiol., 
2016, 92, 286−292. 

45 B. Ashwood, S. Jockusch and C. E. Crespo−Hernández, 

Excited−State Dynamics of the Thiopurine Prodrug 
6−Thioguanine: Can N9−Glycosyla_on Affect Its Phototoxic 
Activity?, Molecules, 2017, 22, 379−393. 

46 F. M. Siouri, S. Boldissar, J. A. Berenbeim and M. S. de Vries, 
Excited State Dynamics of 6−Thioguanine, J. Phys. Chem. A, 
2017, 121, 5257−5266. 

47 O. Reelfs, Y.−Z. Xu, A. Massey, P. Karran and A. Storey, 
Thiothymidine Plus Low−Dose UVA Kills Hyperprolifera_ve 
Human Skin Cells Independently of Their Human Papilloma 

Virus Status, Mol. Cancer. Ther., 2007, 6, 2487–2495. 
48 S. W. Pridgeon, R. Heer, G. A. Taylor, D. R. Newell, K. O’Toole, 

M. Robinson, Y.−Z. Xu, P. Karran and A. V. Boddy, 

Thiothymidine Combined with UVA as a Potential Novel 
Therapy for Bladder Cancer, Br. J. Cancer, 2011, 104, 
1869−1876. 

49 O. Reelfs P. Karran and A. R. Young, 4−Thiothymidine 
Sensitization of DNA to UVA Offers Potential for a Novel 
Photochemotherapy, Photochem. Photobiol. Sci. 2012, 11, 

148−154.  
50 S. Arslancan, L. Martínez-Fernández and I. Corral, 

Photophysics and Photochemistry of Canonical Nucleobases’ 

Thioanalogs: From Quantum Mechanical Studies to Time 
Resolved Experiments, Molecules, 2017, 22, 998-1028. 

51 M. Pollum, L. Martínez-Fernández and C. E. Crespo-

Hernández, Photochemistry of Nucleic Acid Bases and Their 

Page 7 of 9 Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
7 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 O
pe

n 
U

ni
ve

rs
ity

 o
n 

9/
24

/2
01

8 
9:

55
:5

3 
A

M
. 

View Article Online
DOI: 10.1039/C8PP00240A

http://dx.doi.org/10.1039/c8pp00240a


PAPER Photochemical & Photobiological Sciences 

8 | Photochem. Photobiol. Sci., 2018, 00, 1-8 This journal is © The Royal Society of Chemistry 2018 

Please do not adjust margins 

Please do not adjust margins 

Thio- and Aza-Analogues in Solution, Top. Curr. Chem., 2015, 

355, 245-328. 
52 O. Reelfs, P. Macpherson, X. Ren, Y.−Z. Xu, P. Karran and A. 

R. Young, Identification of potentially cytotoxic lesions 

induced by UVA photoactivation of DNA 4-thymidine in 
human cells, Nucleic Acid Reseach, 2011, 39, 9620-9632. 

53 M. Pollum, M. Lam, S. Jockusch and C. E. Crespo-Hernández, 

Dithionated Nucleobases as Effective Photodynamic Agents 
against Human Epidermoid Carcinoma Cells, Chem. Med. 

Chem., 2018, 13, 1044-1050. 

54 X. Ren, Y.-Z. Xu and P. karran, Photo-oxdation of 6-
thioguanine by UVA: The formation of Additional Products 
with Low Molecular Weight Thiol Compounds, 

Photochemistry and Photobiology, 2010, 86, 1038-1045. 
55 S. Miyata, T. Yamada, T. Isozaki, H. Sugimura, Y.−Z. Xu and T. 

Suzuki, Absorption Characteristics and Quantum Yields of 

Singlet Oxygen Generation of Thioguanosine Derivatives, 
Photochem. Photobiol., 2018, 94, 677–684. 

56 S. R. Mckeown, Defining Normoxia, Physoxia and Hypoxia in 

Tumours−Implica_ons for Treatment Response, Br. J. Radiol., 
2013, 87, 1035–1046. 

57 T. Kobayashi, Y. Harada, T. Suzuki and T. Ichimura, Excited 

State Characteristics of 6-Azauracil in Acetonitrile: Drastically 
Different Relaxation Mechanism from Uracil, J. Phys. Chem. 

A, 2008, 112, 13308–13315. 

58 T. Kobayashi, H. Kuramochi, Y. Harada, T. Suzuki and T. 
Ichimura, Intersystem Crossing to Excited Triplet State of Aza 
Analogues of Nucleic Acid Bases in Acetonitrile, J. Phys. 

Chem. A, 2009, 113, 12088–12093. 
59 C. Schweitzer and R. Schmidt, Physical Mechanisms of 

Generation and Deactivation of Singlet Oxygen, Chem. Rev. 

2003, 103, 1685−1758. 
60 S. Miyata, M. Hoshino, T. Isozaki, T. Yamada, H. Sugimura, 

Y.–Z. Xu and T. Suzuki, Acid Dissociation Equilibrium and 

Singlet Molecular Oxygen Quantum Yield of Acetylated 6,8–
Dithioguanosine in Aqueous Buffer Solution, J. Phys. Chem. 

B, 2018, 122, 2912–2921. 

 
 

Page 8 of 9Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
7 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 O
pe

n 
U

ni
ve

rs
ity

 o
n 

9/
24

/2
01

8 
9:

55
:5

3 
A

M
. 

View Article Online
DOI: 10.1039/C8PP00240A

http://dx.doi.org/10.1039/c8pp00240a


1 

 

Table of Contents Image 

 

 

 

The long intrinsic lifetime and its low self–quenching rate constant of the triplet 

6,8-dithioguanosine lead to efficient singlet molecular oxygen generation under 

carcinomatous oxygen conditions.  
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