
Vol.:(0123456789)1 3

Photochemical & Photobiological Sciences (2023) 22:1655–1671 
https://doi.org/10.1007/s43630-023-00401-9

ORIGINAL PAPERS

5‑Deazaalloxazine as photosensitizer of singlet oxygen and potential 
redox‑sensitive agent

Małgorzata Insińska‑Rak1 · Anna Golczak1 · Mateusz Gierszewski2 · Zubair Anwar1 · Volodymyr Cherkas3 · 
Dorota Kwiatek3 · Ewa Sikorska4 · Igor Khmelinskii5 · Gotard Burdziński2 · Radek Cibulka6 · Lucyna Mrówczyńska7 · 
Jacek Lukasz Kolanowski3 · Marek Sikorski1 

Received: 7 October 2022 / Accepted: 28 February 2023 / Published online: 19 March 2023 
© The Author(s) 2023

Abstract
Flavins are a unique class of compounds that combine the features of singlet oxygen generators and redox-dependent fluo-
rophores. From a broad family of flavin derivatives, deazaalloxazines are significantly underdeveloped from the point of 
view of photophysical properties. Herein, we report photophysics of 5-deazaalloxazine (1a) in water, acetonitrile, and some 
other solvents. In particular, triplet excited states of 1a in water and in acetonitrile were investigated using ultraviolet–visible 
(UV–Vis) transient absorption spectroscopy. The measured triplet lifetimes for 1a were all on the microsecond time scale 
(≈ 60 μs) in deoxygenated solutions. The quantum yield of  S1 →  T1 intersystem crossing for 1a in water was 0.43 based on 
 T1 energy transfer from 1a to indicaxanthin (5) acting as acceptor and on comparative actinometric measurements using 
benzophenone (6). 1a was an efficient photosensitizer for singlet oxygen in aerated solutions, with quantum yields of singlet 
oxygen in methanol of about 0.76, compared to acetonitrile ~ 0.74, dichloromethane ~ 0.64 and 1,2-dichloroethane ~ 0.54. 
Significantly lower singlet oxygen quantum yields were obtained in water and deuterated water (ФΔ ~ 0.42 and 0.44, respec-
tively). Human red blood cells (RBC) were used as a cell model to study the antioxidant capacity in vitro and cytotoxic 
activity of 1a. Fluorescence-lifetime imaging microscopy (FLIM) data were analyzed by fluorescence lifetime parameters 
and distribution for different parts of the emission spectrum. Comparison of multidimensional fluorescent properties of RBC 
under physiological-like and oxidative-stress conditions in the presence and absence of 1a suggests its dual activity as probe 
and singlet-oxygen generator and opens up a pathway for using FLIM to analyze complex intracellular behavior of flavin-like 
compounds. These new data on structure–property relationship contribute to the body of information required for a rational 
design of flavin-based tools for future biological and biochemical applications.
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1 Introduction

From a broad family of flavin derivatives, flavins (isoalloxa-
zines), 5-deazaflavins (deazaisoalloxazines) and structurally 
related alloxazines have become attractive candidates for 
photochemical and biological studies. Flavins combine the 
features of photooxygenation via type I and/or type II mech-
anism being also a pH and redox-dependent fluorophores 
[1–4] and an increasing body of structure–property relation-
ship information, which makes flavins well poised for fine 
tuning of their properties at will. We are undertaking this 
study to understand the relationship between the structure 
and singlet-oxygen generation and fluorescence properties 
to build up a necessary background information for rational 
design of tools based on flavins for biological and biochemi-
cal applications in the future. On the other hand, despite the 
fact that 5-deazaalloxazines have already been prepared and 
studied, their photophysical properties are still significantly 
underdeveloped.

Isoalloxazines and alloxazines and their deaza derivatives 
differ by only the methine group versus nitrogen in position 
5 (see Fig. 1, for the structural difference between 5-dea-
zaalloxazine 1a and alloxazine 2a). Note that this structural 
feature brings many positive properties in isoalloxazine 
series and applications in photoredox catalysis. For example, 
deazaisoalloxazines have higher triplet excited state ener-
gies compared to isoalloxazines, which is their advantage 

in reactions occurring via energy transfer [5]. Deazaisoal-
loxazines have also more negative reduction potential in 
comparison to isoalloxazines, and therefore they are more 
suitable for reductive photocatalysis [6]. Moreover, deazai-
soalloxazines have higher photostability. One can expect a 
similar trend comparing alloxazines to deazaalloxazines.

Along with characterizing the singlet excited states, a 
description of triplet excited states is also important for 
understanding the molecular photophysical properties. 
Generally, triplet excited states are involved in the genera-
tion of reactive oxygen species, including singlet oxygen, 
and therefore in photooxidation reactions [7–14]. Transient 
UV–Vis absorption spectra have been recorded upon pulsed 
laser excitation of various alloxazine derivatives in organic 
and aqueous solutions [15–20]. Triplet excited states have 
their lifetimes in the microsecond time range, as the  T1—S0 
transition is spin-prohibited. Theoretical calculations have 
predicted that the lowest-energy triplet → triplet (T-T) elec-
tronic transitions to be of π, π* character in these compounds 
[9, 21, 22].

The triplet excited states of various alloxazine deriva-
tives, including those of lumichrome (2b) and its deriva-
tives, have been explored in aqueous solutions [20, 23]. 
In particular, two different species have been detected for 
lumichrome and 1-methyllumichrome in deoxygenated 
aqueous solutions at pH ≈ 6 [20, 24]. One of these had a 
relatively broad absorption band at about 550 nm and 20 µs 

Fig. 1  Structures of 5-deazaal-
loxazine (1a), alloxazine (2a), 
lumichrome (2b), 10-ethyl-
5-deazaisoalloxazine (3a), 
5-deazariboflavin (3b), lumifla-
vin (4a), riboflavin (4b), indi-
caxanthin (5), benzophenone 
(6), and perinaphthenone (7)
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decay time constant, while the other had a weaker absorp-
tion band at about 450 nm and 400 µs decay time. The 
short-lived species has been identified as the triplet state of 
the neutral form of lumichrome and 1-methyllumichrome, 
whereas the long-lived species was the radical anion form 
of the parent molecule [25, 26]. Note also that the triplet 
excited state of the lumichrome in oxygen-free solutions 
was quenched by its ground-state molecules in the concen-
tration range from 1 ×  10–5 M to 6 ×  10–5 M and higher. The 
intersystem crossing yields in lumichrome and 1-methyl-
lumichrome were quite high, 0.69 and 0.50, respectively 
[20]. The presence of the methyl group substituent had 
little effect on the triplet lifetime 17 µs for lumichrome vs. 
18 µs for 1-methyllumichrome in deoxygenated aqueous 
solutions at pH ≈ 6 [20].

Some flavin derivatives, such as iso- and alloxazines, 
function as efficient photosensitizers of singlet oxygen [8, 
27, 28]. In general, alloxazines were better photosensitizers 
of singlet oxygen than isoalloxazines. For example, lumi-
chrome (2b, an alloxazine) produced singlet oxygen with 
the quantum yield ФΔ = 0.85, while lumiflavin (4a, an isoal-
loxazine) had ФΔ = 0.48 (both values reported in methanol, 
with similar trends obtained in other solvents) [27]. Note 
that 5-deazariboflavin (3b) was also an efficient photosensi-
tizer of singlet oxygen, although its ФΔ was lower than that 
of riboflavin (4b) under the same conditions. Namely, ФΔ 
values for 3b and 4b were 0.33 and 0.51, respectively, in 
methanol [9, 16]. However, there is still a lack of informa-
tion on the singlet oxygen production by deazaalloxazines 
like 1a and its derivatives.

In the present work, the properties of 1a in its triplet 
excited state were explored. Transient UV–Vis absorption 
spectra were recorded in water (pH ~ 6) and acetonitrile. The 
quantum yield of intersystem crossing (ФISC) was also deter-
mined for 1a in aqueous solutions. Finally, singlet oxygen 
production sensitized by 1a was explored in organic sol-
vents, water, and deuterated water.

In order to demonstrate potential applications of 1a in 
biological systems, its cytotoxicity (biocompatibility) was 
evaluated in vitro using human red blood cells (RBC). 
Hemolysis is the most commonly employed toxicity assess-
ment method [29] and human RBC are used as model cells 
in biocompatibility studies of chemical compounds with 
potential biomedical applications [30]. In vivo, RBC are 
continuously exposed to reactive oxygen species (ROS) in 
the circulatory system, due to their role as oxygen transport-
ers and to their frequent exposure to different xenobiotics 
[31]. Therefore, RBC are also an excellent model for the 
evaluation of the effects of ROS generated from tert-butyl 
hydroperoxide (TB) in the presence of compounds with 
potential antioxidant capacity.

2  Experimental

2.1  Materials

1a was synthesized in our group; see ref. [32] for the details 
of its synthesis and characteristics. Indicaxanthin (5) was 
used to determine the quantum yield of intersystem crossing 
for 1a in aqueous solutions; the photophysics of 5 has been 
recently reported [33]. Benzophenone (6), perinaphthenone 
(7) and spectroscopic or HPLC-grade solvents (acetonitrile, 
methanol, dichloromethane, 1,2-dichloroethane and deuter-
ated water) were all purchased from Sigma Aldrich.

The compounds studied were checked for purity and ana-
lyzed using TLC, 1H NMR, 13C NMR, HRMS, HPLC, spec-
tral emission excitation matrix, absorption and fluorescence 
excitation spectra and elemental analysis.

5-Deazaalloxazine, pyr imido[4,5-b]quinoline-
2,4(1H,3H)-dione, (1a) (m.p. > 350 °C with decomp, lit. 
m.p. > 320 °C [34]); 1H NMR (DMSO-d6): δ ppm: 7.55 (m, 
1H, H-7); 7.85 (m, 2H, H-8 and H-9); 8.16 (m, 1H, H-6); 
9.03 (s, 1H, H-C5); 11.62 (bs, 2H, N(1)-H and N(3)-H). 
(Atom numbering is shown in Fig. 1). 1H NMR (TFA-d): 
δ ppm: 8.24 (t, 1H, H-7); 8.22 (d, 1H, H-9); 8.39 (m, 2H, 
H-8 and H-6); 9.78 (s, 1H, H-C5); 13C NMR (DMSO-d6): 
111.6, 125.2, 125.7, 127.3, 130.4, 133.7, 139.6, 150.0, 
150.7, 151.2, 162.8; Anal. Calculated for  C11H7N3O2:C, 
61.97; H, 3.31; N, 19.72. Found: C, 61.68; H, 3.20; N, 19.69; 
HRMS (ESI +) calculated for  C11H7N3O2Na ([M +  Na]+): 
236.04305, found 236.04310; calculated for  C11H8N3O2 
([M +  H]+): 214.06110, found 214.06104.

1H NMR spectrum for 1a was recorded in DMSO-d6 and 
in TFA-d. The 1H NMR spectra were recorded on a Var-
ian Gemini 300 (300 MHz) Spectrometer. 13C NMR spectra 
were recorded on a JNM-ECZL400S spectrometer (JEOL 
Ltd., 100.58 MHz for 13C). High-resolution mass spectra 
were obtained on LTQ Orbitrap Velos (Thermo Scientific), 
equipped with a linear ion trap and orbitrap analyzer and on 
Agilent 7200B GC Q-TOF (Agilent Technologies) equipped 
with a quadrupole and time-of-flight (TOF) analyzer. The 
internal standard was TMS. 1H NMR spectra of compounds 
studied were analyzed by comparison to those of similar 
compounds [34, 35] and by comparison to spectra calculated 
using the ACD/HNMR predictor.

Purity of the 1a was further confirmed using HPLC analy-
sis (see Fig. 12S) and by emission excitation matrix col-
lected with the A-TEEMs™ (absorbance-transmission and 
fluorescence excitation-emission matrix), excitation spectra, 
and synchronous spectra. The EEM data (Fig. 2) indicate 
that the samples are pure at the spectroscopic and/or fluo-
rescence grade level, according to the detection level of the 
system used. The purity of the system was also confirmed 
by the comparison of absorption and fluorescence excitation 
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spectra (Fig. 1SB). The purity was further confirmed by the 
synchronous scan spectrum, which showed only one maxi-
mum overlapping with the edge of the emission spectrum 
(Fig. 1SB). The data in Fig. 8S also supports the purity, as 
it shows no differences in the lifetimes recorded at different 
wavelengths of emission.

2.2  Absorption and emission measurements

UV–Vis absorption spectra were recorded on a Shimadzu 
UV-2550 spectrophotometer. Emission Excitation Matrix 
was collected with the A-TEEMs™ (absorbance-transmis-
sion and fluorescence excitation-emission matrix) method 
using a Horiba Scientific Aqualog spectrophotometer. 
Aqualog integrates its data acquisition functions directly 
with the Origin software. All EEMs data were corrected 
for the influence of inner filter effects (IFE) and Rayleigh 
masking. The measurements in water were performed under 
unbuffered conditions. However, detailed studies on 1a as 
a function of pH have been presented in a separate paper, 
see [36]. The biological part has been conducted using PBS 
buffer. For general concern we also measured emission spec-
trum of 1a in water with PBS, using for excitation 405 laser, 
the same as for FLIM experiments. The results, in particular 
fluorescence spectrum, were consistent with the experiments 
in unbuffered water.

2.3  Laser flash photolysis

Transient absorption spectra of 1a in water (pH ~ 6) and 
acetonitrile were recorded using a nanosecond transient 
absorption spectrometer, described previously in detail [37], 

with 0.5 mJ excitation pulses (λexc = 355 nm) to the sample. 
Transient decays were recorded at individual wavelengths in 
10 nm steps from 300 to 700 nm. The 1a solutions in water 
and acetonitrile were deoxygenated by bubbling argon for 
15 min prior to measurements. The experiments were car-
ried out in square (1 cm × 1 cm) fused-silica cells. The same 
transient absorption spectrometer and procedures were used 
to record transient absorption spectra of 1a and 5 mixtures, 
for the intersystem crossing yield measurements.

2.4  Singlet oxygen generation measurements

Characteristic steady-state emission spectra of singlet oxy-
gen were recorded on a Jobin Yvon-Spex Fluorolog 3–221 
spectrofluorometer with an H10330B-75 NIR-PMT module, 
sensitive in the 950–1700 nm NIR range. A xenon lamp 
with a monochromator was used as an excitation source for 
the steady-state emission spectra. Phosphorescence decays 
of 1O2 decays were with a pulsed SpectraLED diode 
(λexc = 371 nm) at λem = 1270 nm on the same spectrofluo-
rometer. The control experiments, showed that deoxygena-
tion by argon bubbling produced no observable spectra or 
kinetics.

2.5  Determination of quantum yields of singlet 
oxygen production (ФΔ)

Quantum yields of singlet oxygen (ФΔ) generated in the 
presence of 1a in organic solvents (acetonitrile, dichlo-
romethane, and methanol), water and deuterated water were 
calculated using the results of steady-state measurements. 
Perinaphthenone (7) in the same solvents was used as a 
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Fig. 2  Fully corrected Emission Excitation Matrix received with the 
A-TEEMs™ (absorbance-transmission and fluorescence excitation-
emission matrix) method for 1a in acetonitrile (left panel) and in 

water (right panel). The panels on top and on the right side of each 
EEM represent emission and fluorescence excitation spectra for 
selected wavelength of excitation and emission, respectively
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reference, as it has ФΔ = ΦST = 0.95 ± 0.05, independent of 
the solvent used [38].

Initially, two sets of solutions were prepared as a series 
of dilutions with optical density maxima in the 0.02 to 
0.10 range. These solutions were excited at their respective 
absorption maxima, containing (i) 1a and (ii) 7 in the same 
solvent. Then, the characteristic emission spectra of singlet 
oxygen were recorded for 1a and 7, with the total area under 
the emission spectrum calculated separately for each of the 
substances. Finally, ФΔ was calculated according to Eq. (1):

Here, Ф1a is the quantum yield of singlet oxygen pro-
duction by 1a; Ф7 is the same for the reference sample (7); 
 Grad1a and  Grad7 are the slopes of the plots of integrated 
singlet oxygen intensity versus optical density of 1a and 7, 
respectively.

3  Hemocompatibility studies of 1a

3.1  Reagents

All reagents were purchased from Avantor Performance 
Materials Poland SA (Gliwice, Poland). Standard oxidant 
tert-butyl hydroperoxide (TB) was purchased from Sigma-
Aldrich Chemie.

3.2  Human red blood cells

Fresh human red blood cells (RBC) suspensions as concen-
trates (hematocrit = 65%) were purchased from the blood 
bank in Poznań, according to the bilateral agreement no. 
ZP/907/1002/18 between the Blood Bank and Adam Mick-
iewicz University in Poznań. The RBC suspension was 
washed three times (3000 rpm, 10 min, + 4 °C) in 7.4 pH 
buffered phosphate saline (PBS – 137 mM NaCl, 2.7 mM 
KCl, 10 mM  Na2HPO4, 1.76 mM  KH2PO4) supplemented 
with 10  mM glucose. After washing, RBC were sus-
pended in PBS buffer supplemented with 10 mM glucose 
at 1.65 ×  109 cells/mL (hematocrit = 15%), stored at + 4 °C 
and used within 5 h.

3.3  In vitro hemolytic activity assay

The hemolytic potency of 1a was determined by a stand-
ard hemolytic assay [39]. Briefly, RBC (1.65 ×  108 cells/ml, 
hematocrit = 1.5%) were incubated in PBS buffer (7.4 pH) 
supplemented with 10 mM glucose and containing 1a at a 
concentration equal to 1.0 mg/mL for 1 h and for 24 h at 
37 °C in a thermoshaker (BioSan Thermo-Shaker TS-100 C, 

(1)Φ1� = Φ7

Grad1�

Grad7

Biosan, Riga, Latvia). For the positive and negative controls, 
the RBC were incubated in deionized ice-cold water or in 
PBS buffer, respectively. Each sample was tested in tripli-
cate and the experiments were repeated with RBC obtained 
from different blood donors. After incubation, the suspen-
sions RBC were washed (3000 rpm, 10 min, 4 °C) (Sigma 
3–30 K Sartorious AG, Gottingen, Germany) and the degree 
of hemolysis was estimated by measuring the absorbance 
values (Ab) of the sample supernatant at λ = 540 nm in an 
EPOLL2000 ECO spectrophotometer (PZ EMCO, Warsaw, 
Poland). The results were expressed as the percentage (%) 
of hemolysis, which was determined using the following 
equation:

where the positive control is Ab of supernatant obtained 
after incubation of RBC in ice-cold  H2O.

The results are presented as the mean values 
(n = 3) ± standard deviation (SD).

3.4  Fluorescence‑lifetime imaging microscopy 
(FLIM) analysis of RBC

The RBC (1.65 ×  108 cells/mL, hematocrit = 1.5%) were 
incubated in PBS buffer (7.4 pH) supplemented with 10 mM 
glucose and containing 1a at the final concentration of 
1.0 mg/mL for 1 h and for 24 h at 37 °C in a thermoshaker 
(BioSan Thermo-Shaker TS-100 C, Biosan, Riga, Latvia). 
To generate oxidative stress conditions within the RBC, 
cells were incubated with 250 µM tert-butyl hydroperoxide 
(TB), as the standard inducer of free radicals, for 1.5 h at 
37 °C with gentle shaking. Each sample tube was tested in 
triplicate and the experiments were repeated four times with 
RBC obtained from different blood donors. After incuba-
tion, all RBC suspensions were washed (3000 rpm, 10 min, 
4 °C), (Sigma 3–30 K Sartorious AG, Gottingen, Germany). 
The RBC suspensions (30 µL) were placed on microscope 
slides and covered with cover slips. A large number of intact 
RBC were studied in several separate experimental samples 
using a Abberior combined MINFLUX/STED superresolu-
tion laser scanning confocal microscopy system (Abberior 
Instruments, Germany) equipped with pulsed lasers, 6 high-
sensitivity avalanche photodiode (APD) detectors in spectral 
configuration and dual channel time correlated single pho-
ton counting (TCSPC) system (PicoQuant, Germany). The 
microscope chassis was Olympus IX83 (Olympus, Japan). 
To avoid unnecessary image aberrations from refrac-
tive index mismatch water immersion objective Olympus 
60 × NA 1.2 UPLSAPO60XW (Olympus, Japan) was used 
with optimized coverslip thickness correction collar. Two 
independent spectral detection channels were used to acquire 

(2)hemolysis (%) =
sampleAb

positive control Ab
× 100
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lifetime information simultaneously. The IRF FWHM was 
about 200 ps (for complete instrument), the modulation fre-
quency was set to 80 MHz. TCSPC parameters were the 
following: 25 ns detection range, 1000 bins. Spectral settings 
for channels were selected based on fluorescent emission 
spectra acquired at the same microscope with all settings 
identical, except emission channel). FLIM was applied to 
study of 1a as a possible redox-sensitive fluorescent probe in 
intact RBC under normal physiological (PBS buffer, 37 °C) 
and oxidative stress conditions (250 µM TB in PBS, 37 °C).

The following abbreviations for the differently treated 
samples will be used from now on:

RBC – control RBC (in PBS buffer),
RBC + TB – RBC incubated with 250 μM TB in PBS 

(1.5 h, 37 °C),
RBC + 1a – RBC incubated with 1.0 mg/mL 1a (24 h, 

37 °C) in PBS buffer,
RBC + 1a + TB – RBC preincubated with 1.0 mg/mL 

1a (24 h, 37 °C) in PBS buffer and then incubated with 
250 µM TB (1.5 h, 37 °C).

The results and fluorescence lifetime distribution histo-
grams were treated in SymPhoTime64 software (PicoQuant, 
Germany). IRF (instrument response function) was sub-
tracted before the data fitting.

4  Results and discussion

In order to fully appreciate the implications of our data, it 
is instructive to place the photophysics of 1a into a wider 
context. Therefore, the spectroscopic and photophysical 
properties of 1a in various organic solvents and water are 
included in Table 1, together with the comparison data of 
alloxazine itself (2a), based on ref. [28], lumichrome (2b), 
based on ref. [27], and 10-ethyl-5-deazaisoalloxazine (3a), 
5-deazariboflavin (3b), lumiflavin (4a), riboflavin (4b), data 
based, respectively, on ref. [40]. As this comparison illus-
trates, that while these isoalloxazines, alloxazines, and their 
deaza analogs share many structural features, they exhibit 
divergent spectral and photophysical properties. The dif-
ference between the alloxazinic and isoalloxazinic types 
of structures of molecules lies in the position of their cen-
tral double bonds. Molecules with the alloxazinic structure 
have s-cis, whereas molecules with isoalloxazinic structure 
have an s-trans double-bond configuration. The structurally 
similar deaza derivatives, where the N-5 of the flavin iso- 
or alloxazine moiety is replaced by a methine group, are 
another common way of flavin modifications. These struc-
tural changes are mostly responsible for spectral and chemi-
cal differences. The longer-wavelength absorption bands (λ1) 
are particularly sensitive to structural variation (see Fig. 1S). 
For example, isoalloxazines 4a and 4b, the deazaflavins 3a 
and 3b, and even alloxazine itself (2a) absorb in the range of 

372–443 nm, allowing for convenient visible-light sources 
for excitation, while the unsubstituted deazaalloxazine 1a 
absorbs only in the UV region. Shorter-wavelength absorp-
tion bands (λ2) follow the same trend, although with a 
smaller range of variation.

Fluorescence parameters also follow some notable 
trends. The emission maxima (λF) values for the isoalloxa-
zines (4a and 4b) lie at the longest wavelengths (533 and 
517 nm, respectively), while the 5-deaza analogues (3a and 
3b) exhibit a hypsochromic shift of 50–60 nm in emission. 
The lowest wavelength fluorescence emission maxima are 
from alloxazines (2a and 1a), both of which emit below 
435 nm. In terms of fluorescence quantum yields and life-
times, derivatives 3b, 4a, 4b and 1a have a range of quantum 
yields (λF) from 0.11 to 0.24, with roughly the same fluo-
rescence lifetimes (~ 4 ns), but shorter compared to lumifla-
vin (4a), whose fluorescence lifetime is almost double that 
value (7.7 ns). In contrast, the fluorescence quantum yield 
of unsubstituted alloxazine (2a) is two orders of magnitude 
lower (0.009), and its fluorescence lifetime is an order of 
magnitude lower (0.35 ns).

Figure 2 shows emission excitation matrix for 1a in 
acetonitrile and in water. Measurements were made on an 
Aqualog from HORIBA with the ability to simultaneously 
acquire absorbance, transmittance, and fluorescence of a 
sample using a technique which combines A-TEEM spec-
troscopy with simultaneous multichannel CCD detection 
to provide extremely fast results. The EEMs collected by 
the instrument were corrected for the inner filter effect. The 
right-hand side of each EEM matrix shows the fluorescence 
excitation spectrum, and the top shows the corresponding 
emission spectrum. The excitation spectrum in each case is 
virtually the same as the corresponding absorption spectrum 
for 1a in acetonitrile or in water at pH ~ 6.

According to theoretical calculations of singlet → sin-
glet electronic transitions in alloxazine derivatives, each of 
the two lowest-energy π,π* transitions is accompanied by a 
closely-located weak n,π* transition, with the π,π* and n,π* 
transitions being isoenergetic in some cases [21, 41–45]. 
On the contrary, the corresponding 5-deaza derivatives (of 
which 1a is the simplest representative) have the lowest-
energy transition of π,π* character, and no accompanying 
n,π* transition, independent of the substitution pattern, see 
Fig. 11S [46, 47]. In fact, this feature is one of the most fun-
damental differences in electronic structure between alloxa-
zines and their 5-deaza counterparts.

To explore the solvent effects, we investigated photophys-
ical properties of 1a in five solvents of different polarity, 
including protic and aprotic types. The results presented in 
Table 1 and presented earlier in [46] indicate the importance 
of intermolecular solute–solvent hydrogen bonding inter-
actions in these compounds. As reported in Ref. [47] the 
Catalán and Kamlet–Taft parameters show a strong influence 
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of solvent acidity (hydrogen-bond donating ability) on the 
emission properties of 1a. The absorption properties of 1a 
in water and acetonitrile did not differ significantly; see 
Fig. 1S. However, the absorption spectrum in acetonitrile 
had more structure—there was a double maximum located 
near 300 nm (296 and 305 nm) in the short-wavelength 
part of the spectrum, and the long-wavelength maximum at 
351 nm was flanked by two shoulders at 340 and 365 nm.

The solvent effect on the position of the emission maxima 
of 1a is stronger than that on the absorption maxima of the 
respective compounds. The fluorescence spectrum of 1a 
revealed slight differences in water vs. acetonitrile. The flu-
orescence maximum was located at 405 nm in acetonitrile, 
with a shoulder near 390 nm, while in water the fluores-
cence maximum was shifted towards the red, with a single 
peak at 423 nm. Thus, the Stokes shift was slightly higher in 
water (~ 4600  cm−1) compared to acetonitrile (~ 3800  cm−1). 
The fluorescence maxima in other solvents fell within the 
range delimited by those obtained in acetonitrile and water 
(Table 1). The fluorescence quantum yield had the highest 
values in methanol and water, while the lowest value was 
observed in 1,2-dichloroethane. The fluorescence lifetimes 
were all within the nanosecond timescale, from 2.5 ns in 
1,2-dichloroethane to 9.2 ns in water. The fluorescence quan-
tum yields indicate that excited state deactivation for 1a pro-
ceeds mainly by non-radiative processes, such as internal 
conversion to the ground state and intersystem crossing to 
the triplet states, as well as chemical reactions. The increase 
of fluorescence of the 1a in protic solvents can be explained 
by stabilization of the  S1 excited state by hydrogen bonding. 
This could simultaneously reduce the  S1 to  T1 radiationless 
intersystem crossing (ISC) rates. In water at pH 7.4 some 
of the contribution from the anion of isoalloxazine type of 

structure of 1a can also be noticed [36], leading to stronger 
emission at longer wavelengths and larger Stokes shift in 
water comparing to 1a in acetonitrile.

Assuming that ФΔ is expected to be smaller than or equal 
to the quantum yield of intersystem crossing ΦISC in the 
system under study, most of the deactivation is generally 
expected to go by intersystem conversion to populate the tri-
plet state, as the singlet oxygen quantum yields indicate. In 
that context, it is interesting to consider ФF + ФΔ, which for 
1a in acetonitrile is equal to 0.92 and in methanol is equal 
to 1, indicating that intersystem crossing to the triplet state 
and fluorescence are dominant processes in the relaxation 
of the singlet excited state. Lower values of ФF + ФΔ were 
obtained in dichloromethane and 1,2-dichloroethane, but 
this is largely due to the lower values of ФF (0.03 in dichlo-
romethane and 0.01 in 1,2-dichloroethane), as the values of 
ФΔ remained relatively high (0.64 in dichloromethane and 
0.54 in 1,2-dichloroethane). This points to a larger role of 
non-radiative internal conversion from the singlet excited 
state in dichloromethane and 1,2-dichloroethane. The mag-
nitude of ФΔ is much lower (0.43) in water, but the ФF value 
of 0.21 indicates an important role for non-radiative channel 
 S1 →  S0.

4.1  Transient absorption spectra of 1a in water 
(pH ~ 6) and acetonitrile

Compound 1a upon laser excitation at 355 nm produced 
transient species in water (pH ~ 6) and in acetonitrile, decay-
ing on the microsecond timescale, as shown in Fig. 3. The 
experimental transient absorption spectra of 1a showed 
negative absorbance changes appearing around 360 nm as 
a result of the ground-state depletion, independent of the 
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Fig. 3  Experimental transient absorption spectra of 1a (A) in water (pH ~ 6) and (B) in acetonitrile, λexc = 355 nm, 0.5 mJ /pulse, argon-flushed 
solutions
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solvent. At the same time, positive absorbance changes 
appeared around 320 and 450 nm. According to previous 
results drawn from the acid–base equilibria of 1a at differ-
ent pH, the neutral form of 1a was present exclusively at 
pH ~ 6, without any other ionic or tautomeric forms, both in 
the ground and in the singlet excited state [36].

Global analysis of the transient absorption data for 1a 
in the 300—700 nm spectral range showed the presence of 
characteristic time-components with decay times of 4.2 µs 
and 68 µs in water at pH ~ 6, and 12 µs and 59 µs in ace-
tonitrile. The decay-associated spectra are shown in Fig. 2S; 
Fig. 3S additionally shows the transient absorption kinetics 
of 1a at λ = 460 nm in the same solvent systems. The tran-
sient decay was well described by a bi-exponential function 
in both solvents, with time constants of 4.2 µs and 53.4 µs 
in water at pH ~ 6, and 12.5 µs and 60.8 µs in acetonitrile. 
It is proposed that the longer lifetime belongs to the triplet 
excited 1a in all of the solvents used, whereas the shorter 
lifetime is attributed to triplet–triplet annihilation. An exper-
iment with different laser energies was used to explore this 
hypothesis. An increase in the laser pulse energy resulted 
in the relative amplitude enhancement of the shorter-lived 
component, with no effect on the longer-lived component. 
Thus, Fig. 3 shows the results obtained for a lower laser 
pulse energy of 0.5 mJ, in order to reduce T-T annihilation 
while still maintaining a sufficiently high signal-to-noise 
ratio.

Steady-state absorption spectra were recorded for fresh 
and photolyzed solutions to verify the stability of 1a in water 
(pH ~ 6) and acetonitrile solutions upon laser excitation 
(spectra not shown). No changes were noted in the UV–Vis 
absorption spectra before and after laser flash photolysis 
experiments, indicating that 1a was quite stable under the 
experimental conditions, with no novel persistent photoprod-
ucts formed.

4.2  Quantum yield of intersystem crossing ( 8
ISC

 ) 
for 1a in aqueous solutions

The quantum yield of intersystem crossing ( ΦISC ) for 1a in 
aqueous solutions can be determined in two types of experi-
ments: (1) transfer of the energy of the  T1 state to a reference 
dye acting as acceptor and (2) comparative actinometric 
measurements [50].

The spectral properties of 1a and indicaxanthin (5) in 
water, and the excitation wavelength used (355 nm), were 
perfectly suited to the donor-1a-acceptor-5 paradigm (see 
Fig. 4S). As a result of irradiation at 355 nm, an exclu-
sive excitation of 1a was achieved. Figure 4 shows tran-
sient absorption spectra of a mixture of 1a and 5 in water 
(pH ~ 6). 5 is known to produce no triplet excited state 

through ISC  (S1 →  T1) upon direct laser excitation at 
355 nm [33]. However, when energy transfer was possi-
ble between 1a and 5, the value of the molar absorption 
coefficient of 1a in its triplet excited state was determined 
( �

T ,5DAll = 12.900  M−1  cm−1 at λ = 460 nm), using the extinc-
tion coefficient of 5 �

T ,IND = 28.000  M−1  cm−1 at λ = 530 nm 
in water as a reference [33]. Note that the �

T
 value of 1a is 

quite close that of the alloxazine derivatives [8].
Next, the quantum yield value of the intersystem crossing 

quantum yield ( ΦISC ) of 1a was determined in water, using a 
solution of benzophenone (6) in acetonitrile as a reference, 
based on Eq. (3):

Here, ΦISC is the quantum yield of intersystem crossing of 
1a in water, ΦR

ISC
 is the same for 6 in acetonitrile, used as a 

reference with ΦR
ISC

 = 1, [50] �R
T
 is the molar absorption coef-

ficient of 6 in acetonitrile (reference; �R
T
 = 6500  M−1  cm−1 

at λ = 520 nm) [50], �
T
 is the same for 1a in water ( �

T

= 12.900  M−1  cm−1), ΔA is the absorbance change of 1a at 
λ = 460 nm (ΔA = 0.0101), ΔAR is the same for the reference 
6 in acetonitrile at λ = 520 nm (ΔAR = 0.0120).

According to Eq. (3), the quantum yield of intersystem 
crossing of 1a in water (pH ~ 6) was obtained: ΦISC = 0.43. 
This value agreed quite well with the quantum yield of sin-
glet oxygen production for 1a in both water and deuterated 
water (see the discussion below).

(3)ΦISC = ΦR
ISC

×
�
R

T

�
T

×
ΔA

ΔAR

400 500 600

-0.01

0.00

0.01

A

/ nm

Delays [ s]
0.3
2
4
8
27

Fig. 4  Transient absorption spectra of the 1a and 5 mixture in water 
(pH ~ 6); λexc = 355 nm, 0.5 mJ / pulse, argon-flushed solution at dif-
ferent time delays indicated in Figure. At initial delay 0.3  μs 1a in 
the triplet excited state is observed at 450 nm by  T1 →  Tn absorption 
band. At final time at 27 μs, a positive band of 5 in the triplet excited 
state is observed at 530 nm, as well as the 5 ground state bleaching at 
about 470 nm. This supports the mechanism of energy transfer from 
1a to 5 
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4.3  Deactivation of the singlet excited state of 1a 
in water

Earlier spectral and photophysical properties of 1a and its 
1,3-dimethyl derivative have been explored as a function 
of pH using different steady-state and time-resolved spec-
troscopic methods [32, 36], having found that 1a existed 
in its neutral form at pH ~ 6. This neutral form had its fluo-
rescence quantum yield ФF = 0.21 and fluorescence lifetime 
τF = 9.2 ns in aqueous solutions. Taking into account cur-
rently obtained value of ФISC = 0.43 and using the following 
definitions:

the following values were calculated: radiative rate con-
stant kr = 2.2 ×  107  s−1; sum of non-radiative rate constants 
∑knr = 8.6 ×  107     s−1; internal conversion rate constant 
kIC = 3.8 ×  107  s−1 and intersystem crossing rate constant 
kISC = 4.6 ×  107  s−1.

It was therefore concluded that non-radiative processes 
were dominant in the deactivation of the singlet excited 
states for 1a, as typically happens in organic solvents. When 
comparing non-radiative processes, the contribution of inter-
system crossing  (S1 →  T1) was slightly higher than that of 
internal conversion  (S1 →  S0).

4.4  Singlet oxygen measurements

Isoalloxazine, deazaisoalloxazine, and alloxazine deriva-
tives are interesting photosensitizers of singlet oxygen. 
However, there was a lack of information on singlet oxy-
gen production by 5-deazaalloxazine 1a and its derivatives. 
Therefore, photosensitization of singlet oxygen by 1a was 
explored in organic solvents, including acetonitrile, metha-
nol, dichloromethane, as well as in water and deuterated 
water. Note that due to the low 1O2 intensity of 1270 nm 
emission, it was decided to conduct measurements in deu-
terated water instead regular water, due to the much longer 
lifetime of singlet oxygen in the latter (69 µs in  D2O vs 4.6 µs 
in  H2O). In these experiments, singlet oxygen emission was 
detected at 1270 nm, which is highly specific to the transi-
tion from the singlet excited state to the triplet ground state.

kr = ΦF∕�F;

∑

knr =
(

1 − ΦF

)

∕�F;

kIC =
[

1 −
(

ΦF + ΦISC

)]

∕�F;

kISC = ΦISC∕�F;

O2

(

1Δg

)

→ O2

(

3
∑

−
g

)

+ h�

Measurements were performed in air-equilibrated solu-
tions of 1a, maintaining a constant oxygen concentration for 
a given solvent. It is well known that singlet oxygen may be 
produced by oxygen quenching of photosensitizer singlet 
or triplet excited states. When comparing the fluorescence 
lifetimes of 1a in the nanosecond range with its triplet life-
times in the microsecond range, it was concluded that 1a 
should only generate singlet oxygen in solutions through 
its triplet state, as the probability of quenching of singlet 
state of 1a should be very low due to its short fluorescence 
lifetime τF. Table 1 lists the values of the quantum yields of 
photosensitized production of singlet oxygen ФΔ by 1a in 
selected organic solvents, as well as in water and deuterated 
water, with perinaphthenone (7) used as a reference. The 
values show that 1a is a relatively efficient photosensitizer 
of singlet oxygen. Comparing data obtained in organic sol-
vents, a higher value of ФΔ was obtained for 1a in methanol 
(ФΔ ~ 0.76) compared to 1a in acetonitrile (ФΔ ~ 0.74) and in 
dichloromethane (ФΔ ~ 0.64). A significantly lower value of 
ФΔ was observed in water and deuterated water (ФΔ ~ 0.42 
and 0.44 respectively). Interestingly, these latter values 
were very close to ФISC = 0.43 of 1a in water. Therefore, it 
is concluded that the proportion of triplet states quenched 
by oxygen was 0.96 in water. As a result, the quantum yield 
of the singlet oxygen for 1a depended on the quantum yield 
of the formation of  T1. The reason for such a lower value of 
ФΔ (and ISC) in a case of 1a is not clear. Some possibili-
ties to explain the effect of water include proton transfer in 
the excited singlet state [47], or the energetic order of the 
1(n,π*) and 1(π,π*) states [41], or modification of the ISC 
mechanism based on conical intersection [45].

Note that the concentration of oxygen might be the lim-
iting factor in water, where it equals 0.26 ×  10–3 M, while 
in acetonitrile and methanol it is approximately ten times 
higher [48]. Thus, apparently all excited triplets were trans-
formed into singlet oxygen; see Table 1. The mechanism 
of energy transfer from the 1a triplet state to oxygen was 
also confirmed, as the value of k[O2

]

T
/kdyf quite close to one-

ninth [51], where, k[O2
]

T
 rate constant of quenching of triplet 

state by oxygen, kdyf rate constants for reaction limited by 
diffusion.

For comparison, the value ФΔ = 0.36 for 2a in acetonitrile 
[8] was lower than that for 1a (ФΔ ~ 0.70, this work). Inter-
estingly, lower ФΔ values were also observed in deuterated 
water compared to organic solvents for monomethyl alloxa-
zine derivatives. Indeed, the ФΔ values for 9-methylalloxa-
zine were 0.74 in acetonitrile, 0.88 in 1,2-dichloroethane, 
and 0.39 in deuterated water [22].

Table 1 lists also the lifetimes of singlet oxygen generated 
by 1a in selected organic solvents, as well as in water and 
deuterated water. The decays recorded with λexc = 371 nm 
and λem = 1270 nm were all described by a mono-exponen-
tial function. The measured lifetimes were typical for singlet 
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oxygen in the solvents used (4.6 µs in  H2O, 69 µs in  D2O, 
11 µs in methanol, and 88 µs in dichloromethane) and are in 
agreement with the literature reports [51].

Additional measurements were taken to verify the sta-
bility of 1a during the time-resolved measurements. Fig-
ures 5S and 6S show spectra and singlet oxygen decays 
generated by 1a and 7 in acetonitrile, with λexc = 371 nm 
and λem = 1270 nm. Note that the absorbance values at the 
excitation wavelength remained unchanged during the exper-
imental series for the 1a and 7 solutions. Singlet oxygen 
emission decays were recorded during 300 s, with the singlet 
oxygen lifetimes remaining independent of the pre-irradia-
tion time and always equal to 81 µs. Furthermore, singlet 
oxygen decays were measured at different absorbance values 
at λexc = 371 nm, ranging from 0.1 to 1.2, with six different 
samples of 1a in each solvent. Once again, the measured 
singlet oxygen lifetimes were independent of the 1a concen-
tration, with standard characteristic decay times obtained in 
each of the solvents used. It was concluded that the Spec-
traLED diode did not produce any noticeable photodegrada-
tion, and that no novel photoproducts were generated. It was 
also concluded that 1a was a good photosensitizer of singlet 
oxygen in a broad range of concentrations, independently of 
the solvent used, and singlet oxygen was never quenched by 
ground-state 1a. Therefore, 1a would be a convenient 1O2 
photosensitizer for studies that require singlet oxygen.

4.5  Hemolytic activity of 1a

In vitro evaluation of hemolytic activity is required before a 
compound may be deemed biocompatible [29]. The hemo-
lytic activity of 1a was analyzed at a concentration equal to 
1.0 mg/mL in standard short-term incubation (1 h at 37 °C) 
and long-term incubation (24 h at 37 °C). After short-term 
(1 h) incubation, the degree of hemolysis of control RBC 
(incubated in PBS buffer) was equal to 2.5 ± 1.0%, vs. 
2.8 ± 1.3% obtained for RBC incubated with 1a (1.0 mg/
mL). After long-term incubation (24 h), the degree of hemol-
ysis was equal to 3.8 ± 1.6% for control RBC and 4.1 ± 1.7% 
for RBC incubated with 1a (1.0 mg/mL), respectively. It 
should be noted that hemolysis values below 5% are assumed 
to indicate no hemolytic activity (no cell membrane-per-
turbing activity) of compound studied. Therefore, it can be 
concluded that 1a at the concentration used (1.0 mg/mL) had 
no detrimental effects on the molecular structure of the lipid 
bilayer of the RBC membrane and is a suitable candidate for 
further evaluation in the cell system.

Fig. 5  Images of red blood cells (RBC) as obtained by FLIM 
(λexc = 405 nm emission recorded at two channels; channel 1: 420—
550 nm and channel 2: 550—780 nm). RBC incubation condition: A 
control, in PBS buffer (24 h, 37 °C), B 1.0 mg/mL 1a in PBS (24 h, 

37° C), C 1.0 mg/mL 1a (24 h, 37 °C) followed by incubation with 
250 μM TB (1.5 h, at 37 °C), D in PBS buffer (24 h, 37 °C) followed 
by incubation with 250  μM  TB (1.5  h, at 37  °C). Representative 
results are presented. Scale bar 10 μm
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4.6  Fluorescence lifetime distribution in RBC 
under physiological and oxidative stress 
conditions

In search of potential biological applications, 1a was stud-
ied in human RBC under physiological-like and oxidative 
stress conditions. Specifically, FLIM (Fluorescence Lifetime 
Imaging Microscopy) experiments were performed on RBC 
after excitation at 405 nm and emission was recorded in two 
channels (channel 1: 420—550 nm and channel 2: 550—
780 nm), enabling finer monitoring of changes in fluorescent 

properties in cells by separating the emissions from poten-
tially different species. As shown in Fig. 5, RBC treated with 
1a at physiological-like conditions (5B – RBC + 1a) are dif-
ferent from untreated cells (5A—RBC). Exposing RBC to 
oxidative stress by incubation with tert-butyl hydroperoxide 
further changes the status of RBC, as shown in FLIM images 
(5C – RBC + 1a + TB and 5D – RBC + TB).

It should be noted that the differences are more pro-
nounced in channel 1, which can theoretically record the 
emission of both endogenous species (such as nicotinamide 
and flavin derivatives) and 1a itself. The wider emission 
band in channel 1 of the spectrum collected in cells treated 

Fig. 6  Fluorescent emission spectra in cells. Excitation was at 
405  nm, emission spectra were acquired without gating in the 
range from 420 to 800  nm with step of 20  nm on the same instru-
ment with the same settings as FLIM acquisitions, except emission 
windows. RBC incubation condition (as in Fig.  5): green—control, 

in PBS buffer (24 h, 37 °C), red—1.0 mg/mL 1a in PBS (24 h, 37° 
C), violet—1.0 mg/mL 1a (24 h, 37 °C) followed by incubation with 
250 μM TB (1.5 h, at 37 °C), blue—in PBS buffer (24 h, 37 °C) fol-
lowed by incubation with 250 μM TB (1.5 h, at 37 °C). Representa-
tive results are presented

Table 2  Average lifetime distribution values of RBC, RBC treated with 1a, RBC treated with 1a and TB, RBC treated with TB for two spectral 
detection channels (3 fields of view per condition, > 100 cells per each field of view) of RBC

A1 and A2 are the amplitudes of the dual exponential fit that represent the number of photon counts (in thousands of counts). τ1 and τ2 are cor-
responding decay times (in ns), SEM is standard error of mean. Top half of the table (rows 1–4) corresponds to the data acquired by emission 
channel 1 (420–550 nm), lower half (rows 5–8 – channel 2 (550–780 nm)

Parameter A1 A2 τ1 τ2

Mean, kCnts SEM, kCnts Mean, kCnts SEM, kCnts Mean, ns SEM, ns Mean, ns SEM, ns

RBC 4355 45 65 4 0.478 0.001 2.64 0.05
RBC + 1a 2353 188 317 6 0.495 0.003 5.72 0.07
RBC + TB 9091 170 159 7 0.517 0.002 4.10 0.00
RBC + 1a + TB 11,355 252 340 12 0.527 0.002 4.18 0.08
RBC 8459 133 332 8 0.431 0.002 1.84 0.06
RBC + 1a 5212 370 188 2 0.437 0.001 3.98 0.08
RBC + TB 16,222 318 313 16 0.531 0.001 3.03 0.03
RBC + 1a + TB 24,304 644 552 16 0.545 0.004 3.16 0.04
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with 1a (RBC + 1a) vs untreated RBC further suggests a 
potential contribution of 1a to the fluorescence in channel 1 
(Fig. 6 red vs green). Channel 2, in turn, covers principally 
autofluorescence of the cells. These same data also indicate 
that oxidatively stressed cells, exposed to tert-butyl hydrop-
eroxide (TB), exhibit the same emission spectrum indepen-
dently of whether they were treated with 1a or not, suggest-
ing that in the case of TB samples, 1a does not substantially 
contribute to fluorescence emission (Fig. 6 blue and violet).

The differences discussed above were further confirmed 
by a more detailed analysis of the deconvoluted lifetime dis-
tribution (Fig. 7S) and the average values of the fluorescence 
lifetime parameters (Table 2), all calculated using original 
FLIM experiments (three images per condition composed of 
100 consecutively recorded frames, each image containing 
more than 100 single cells) by a double-exponential fit after 
subtraction of the instrument response function.

Lower amplitudes (Table 2) for RBC + 1a vs untreated 
RBC at physiological-like conditions point at decreasing 
fluorescence emission intensity in the presence of 1a. It 
is also accompanied by a lengthening and increase in the 
amplitude of the longer lifetime component τ2 in chan-
nel 1 (rows 1–4 in Table 2: τ2 RBC+1a = 5.72 ns (12%) vs 
RBC τ2 RBC = 2.64 ns (1.5%)) with a shorter component 
remaining similar (approx. 0.49 ns). Interestingly, oxidative 
stress (pre-incubation of cells with TB) leads to a similar 
value of longer lifetime component τ2 for both RBC + TB 
and RBC + 1a + TB, placing it in between RBC + 1a 
and RBC, in a decreasing order: τ2 RBC+1a =  5.72  ns  
>   τ 2   RB C+1 a+TB   =  4 .18   ns   >  τ 2 RBC+TB  =  4 .10   
ns > τ2 RB C = 2.64 ns. On the other hand, there was  only 
a  sma ll  difference in the value of t he  sho rt components 
between the RBC treated with or without 1a.  In cha n nel 
2 (rows 5–8 in Table 2) the l ong er  lifetim e c omp o nen ts  were 
similarly gen era lly   sho rte r than the an alogous parameters in 

channel 1 but the order was similar and fo llowed th e tren d τ 
2  RB C+1a =  3.98 ns >  τ2   RBC +1a +TB   = 3.16  ns  > τ2 RBC+ TB = 3. 
03 ns > τ2  RBC = 1 .84  ns . I nterestingly, for  channel  2,  a s horter 
compone nt  see med to be  ind epe ndent on the oxidativ e s tat e of the 
cells, following  the orde r τ1  RB C+1 a  = 0.43 n s = τ1 RBC+1a +TB = 0 
.43 ns < τ1  RBC+TB = 0.53 ns = τ1 RBC = 0.54 ns.

Importantly, treatment of cells with TB clearly leads to 
an increase in the fluorescence intensity, with a larger effect 
being observed for the cells incubated with 1a (amplitudes 
in Table 2). In addition, by comparing the FLIM data of 
the first and last 10 frames of 100 frames series collected 
for each field of view, it was shown, that the intensity of 
the fluorescence increases in time of the exposure of the 
cells to the excitation laser, but this increase is substantially 
more pronounced for the cells treated with 1a (Table 3). This 
observation suggests a light-dependent influence of the 1a 
on the oxidative environment of the cells, in line with its 
capacity of singlet-oxygen generation. At the same time, 
fluorescent lifetimes calculated separately for first vs last 10 
frames show only modest change proving a better robustness 
of this parameter in monitoring oxidative state of the cells.

5  Conclusions

On the basis of obtained results, we can state that photolysis 
of 1a leads to generation of the triplet excited states in high 
yields both in organic solvents and in water. The 1a triplet 
lifetime, independently of the solvent, was always on the 
tens of microsecond time range. Thus, the photophysical 
behavior of this compound was quite similar to that of 2a 
and its derivatives.

The characteristic singlet oxygen emission generated by 
1a in selected organic solvents and in deuterated water in 
the NIR spectral range (λem ~ 1270 nm) was recorded using 

Table 3  Decay times 
comparison for first ten vs last 
ten frames collected for 
representative fields of view for 
each condition

A1 and A2 are the amplitudes of the dual exponential fit that represent the number of photon counts (in 
thousands of counts). τ1 and τ2 are corresponding decay times (in ns), Top half of the table (rows 1–4) 
corresponds to the data acquired by emission channel 1 (420–550 nm), lower half (rows 5–8) – channel 
2 (550–780 nm). Frames 1–10 show combined fit values for the first 10 frames of the acquisition, when 
91–100 – values for last 10 acquired frames

Parameter A1 A2 τ1 τ2

Frames 1–10 91–100 1–10 91–100 1–10 91–100 1–10 91–100

RBC 266 615 9 4.7 0.49 0.47 2.23 3.20
RBC + 1a 120 2057 28 315 0.49 0.50 5.30 5.64
RBC + TB 857 912 20 12 0.53 0.51 4.12 4.20
RBC + 1a + TB 1131 1063 40 27 0.55 0.51 4.20 4.45
RBC 318 1277 34 30 0.46 0.43 2.02 1.88
RBC + 1a 204 4653 17 181 0.46 0.44 3.70 3.92
RBC + TB 1533 1578 34 26 0.57 0.51 3.33 2.90
RBC + 1a + TB 2468 2076 62 45 0.59 0.51 3.48 3.01
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steady-state and time-resolved techniques, showing 1a to 
be an efficient singlet oxygen photosensitizer. Due to the 
short fluorescence lifetimes of 1a, its singlet excited state 
practically did not contribute to singlet oxygen generation.

The ФΔ values in deuterated water were lower than those 
in organic solvents. The intersystem crossing quantum yield 
ФISC = 0.43 was obtained for 1a in water, based on experi-
ments involving triplet energy transfer and comparative acti-
nometric measurements. The proposed method of determin-
ing ФISC based on the usage of indicaxanthin (5) appeared 
to be quite useful and could be used to extract ФISC values 
for a range of alloxazine derivatives in aqueous solutions. 
Very similar values of singlet oxygen yield generated by 1a 
(ФΔ = 0.42 and 0.44) were obtained in water and deuterated 
water, respectively. As far as oxygen quenching of triplet 
states is concerned, the rate constants for the process are on 
the order of magnitude 1.2 ×  109  M−1  s−1 or higher, there-
fore, for the triplet state lifetimes exceeding 10 µs most of 
the triplet states are quenched by oxygen in air saturated 
solutions, with the respective fraction exceeding 95%.

The detection of characteristic spectra with a maximum at 
1270 nm and their emission kinetics directly confirm the exist-
ence of singlet oxygen in the case of excitation of 1a in water. 
The formed triplet was almost entirely quenched, PΔ

T
 = 0.96, 

by the molecular oxygen dissolved in water at normal pressure. 
The intersystem crossing quantum yield of 1a in water was 
measured as ΦISC = 0.43, and the quantum yield of the photo-
sensitized production of singlet oxygen was ФΔ = 0.44, which 
values are nearly identical. Additionally, in laser flash photol-
ysis experiment, no transient signals from radicals could be 
detected, while the fluorescence quantum yield was ФF = 0.21.

Regarding the potential biological applications of 1a and 
similar compounds, the FLIM data were interpreted using the 
lifetime distribution analysis and comparing the properties of 
human RBC under oxidative stress conditions in the presence 
and absence of 1a. Based on the preliminary study using RBC, 
it was concluded that 1a is a biocompatible, non-hemolytic 
compound at concentration equal to 1.0 mg/mL in both short-
term (1 h) and long-term (24 h) incubation. Differences in fluo-
rescence lifetime parameters obtained from FLIM experiments 
for pre-incubated RBC with 1a can be used for monitoring the 
oxidative state of the cells. In addition, analysis of FLIM data 
from different channels (different emission wavelengths) can 
provide complementary information to shed light on decipher-
ing the relationship between the cell-derived and probe-driven 
impact on the cellular environment.
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