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An antimalarial drug, tafenoquine, as a fluorescent
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Tafenoquine (TQ), a fluorescent antimalarial drug, was used as a receptor for the fluorometric detection of
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hypochlorite (OCL™). TQ itself exhibits a strong fluorescence at 476 nm, but OCl™ -selective cyclization of its

pentan-1,4-diamine moiety creates a blue-shifted fluorescence at 361 nm. This ratiometric response
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Introduction

Hypochlorous acid (HOCI) is one of the most biologically
important reactive oxygen species (ROS).* Its deprotonation at
a physiological pH produces hypochlorite anions (OC1™),> which
act as a microbicidal agent in the immune system.®* OCl™ is
produced in vivo by the reaction of hydrogen peroxide (H,0,)
and Cl” on myeloperoxidase (MPO), a heme enzyme expressed
in activated leukocytes.* Controlled OCl™ generation is neces-
sary to inhibit the invading microbes, although OCI™ also reacts
with several biomolecules such as amino acids, proteins, and
nucleosides.” In contrast, uncontrolled OCI™ generation causes
several diseases such as neuron degeneration, arthritis, and
cancer.® Analytical methods that quantitatively detect OCl™ and
allow visual imaging of OCl™ in biological samples by simple
pre-treatment and inexpensive instrumentation are therefore
necessary.

Fluorometric analysis with OCl -selective receptor is one
promising method for this purpose since this facilitates simple
quantification or imaging of OCl™ with a common fluorescence
spectrometer or microscope.” A number of fluorescent receptors
for OCl™ have been proposed;® however, many of them show
single-wavelength emission whose intensity is strongly affected
by several factors (instruments and receptor concentrations). In
contrast, ratiometric receptors, which show a new emission in
addition to the inherent one by the interaction with OCI, is
more attractive because they allow simple quantification just by
monitoring the intensities of two emissions, where the effects of
several factors can be eliminated. There are, however, a few
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facilitates rapid, selective, and sensitive detection of OCl™ in agueous media with physiological pH. This
response is also applicable to a simple test kit analysis and allows fluorometric OCl™ imaging in living cells.

reports of ratiometric OCl™ receptors.” Exploitation of new
receptor is therefore a challenge.

Tafenoquine (TQ) is a commercially-available antimalarial
drug,' one derivative of a representative antimalarial drug,
primaquine (PQ),"* as shown in Scheme 1. TQ shows higher
antimalarial activity than PQ" and has attracted increasing
attention because it is also effective for the treatment of
Leishmaniasis, a disease caused by protozoan parasites." It is
also reported that TQ produces some mitochondrial ROS in vivo
such as superoxide anion (O,”), H,0,, hydroxide (OH "), and
OCl™, which leads to apoptosis-like death of Leishmania." In
addition, TQ inherently shows a strong fluorescence due to its
quinoline platform. The strong fluorescence, high water solu-
bility, high cell permeability, and high ROS tolerance of TQ are
the ideal properties for fluorometric ROS sensing.

Here we report that TQ behaves as a ratiometric fluorescent
receptor for OCl™ detection. The TQ itself exhibits a strong cyan
fluorescence at 476 nm. Selective reaction of TQ with OCI™ leads
to cyclization of its pentan-1,4-diamine moiety (Scheme 1). This
creates a new blue-shifted emission at 361 nm, while decreasing
the original 476 nm emission. This ratiometric response facil-
itates rapid, selective, and sensitive detection of OCl™ in
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Scheme 1 Structures of 8-aminoquinoline-based antimalarial drugs,
and proposed mechanism for OCL™ -induced fluorescence response of
TQ.
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solution and allows OCl™ imaging in living cells. This is the first
report of TQ for application to sensory material.

Results and discussion
Fluorescence properties of TQ

TQ was obtained by neutralization of commercially-available
succinate salt of tafenoquine with Na,CO; as brown solids
with 83% yield. Its purity was confirmed by 'H, "*C NMR and
ESI-MS analysis (Fig. S1-S3, ESIt). The fluorescence response of
TQ was studied in a buffered water/MeCN (3/7 v/v) mixture with
PH 7.4 (HEPES 0.1 M) at 25 °C (Aex = 300 nm). As shown in
Fig. 1a, TQ itself (20 uM) exhibits a strong fluorescence at
476 nm. Upon addition of 100 equiv. of OCI™ to the solution,
a blue-shifted fluorescence appears at 361 nm (AA = 115 nm),
along with a decrease in the original 476 nm emission. To clarify
the specific nature of TQ towards OCl ™, effect of other typically
encountered oxidative species such as F~, AcO™, Cl, Br, I,
NO,~, NO;~, SO;>~, PO,*>~, OH ™, H,0,, SCN ™, hydroxyl radical
("OH), singlet oxygen (*0,), and NO was studied. As summarized
in Fig. 1a, these species, when added to a solution containing
TQ, scarcely change the fluorescence spectrum. This indicates
that OCI™ selectively changes the fluorescence of TQ. It must
also be noted that, as shown in Fig. 1b, the OCl -induced
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Fig. 1 (a) Fluorescence spectra (Aex = 300 nm) of TQ (20 uM) in
a buffered water/MeCN (3/7 v/v) mixture (HEPES 0.1 M, pH 7.4) at 25°C
with 100 equiv. of each respective analytes. (b) Fluorescence intensity
at 361 nm (black) with 100 equiv. of each respective analytes and
(white) with 100 equiv. of each respective analytes together with 100
equiv. of OCL™.
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fluorescence change is unaffected by the addition of these
competing oxidative species. These findings clearly suggest that
TQ selectively detects OCl™ in aqueous media even in the
presence of these competing species.

Fig. 2a shows the results of fluorescence titration of TQ with
OCI™. Stepwise addition of OCl™ creates a blue-shifted 361 nm
emission together with a decrease in the 476 nm emission, with
an isoemission point at 435 nm. This indicates that the reaction
of TQ with OCl™ produces single component exhibiting the
361 nm emission. The fluorescence quantum yield of TQ is @ =
0.39, while addition of 100 equiv. OCl™ decreases to ¢ = 0.16.
Fig. 2b shows the change in the ratio of emission intensities (I3¢1/
L,76) with the OCl™ concentrations. The lower detection limit is
determined to be 2.0 uM based on the signal-to-noise (S/N) ratio
using the equation (DL = 3 x SD/S),"* where SD is the standard
deviation of blank analysis (SD = 2.4 x 10 %, n = 8) and S is the
slope of the intensity versus the OCl™ concentrations (S = 3.7 x
107 uM ™). This detection limit is lower than the physiological
OCI™ concentrations (5-25 pM) in the human body,'® suggesting
that TQ facilitates sensitive OCl~ detection. It must also be noted
that TQ detects OCl™ very rapidly. Fig. S4 (ESIT) shows the time-
dependent change in the fluorescence intensity of TQ after
addition of OCI ™. The intensity change occurs immediately after
OCl™ addition and almost terminates within 1 min, suggesting
that only 1 min assay is enough for OCl™ sensing as is the case for
previously reported receptors.” It is also noted that, as shown in
Fig. S5 (ESIt), increase in the water content of solution decreases
the intensity of OCl -induced 361 nm emission; however, the
intensity obtained with 90% water is ca. 50% as compared to the
intensity obtained with 30% water. This indicates that TQ facil-
itates OCl™ sensing even in high water content solution.

Reaction of TQ with OCI1™

As shown in Scheme 2, the ratiometric emission response of
TQ upon addition of OCI™ is ascribed to the transformation
to TQA, via a formation of six-membered pyridiazine (1,2-
diazine) ring by cyclization of the pentan-1,4-diamine moiety
of TQ. This occurs based on basic and oxidizing properties of
OCl1". The OCI™ remove acidic protons of amine groups of TQ
and give an anionic intermediate (I,). Subsequent oxidative
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Fig.2 (a) Change in fluorescence spectra of TQ (20 uM) upon titration
with OCL™ in a buffered water/MeCN (3/7 v/v) mixture (HEPES 0.1 M,
pH 7.4) at 25 °C. (b) Change in the ratio of fluorescence intensity of TQ
(Is61/1476) versus the OCL™ concentrations.
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Scheme 2 Proposed mechanism for the reaction of TQ with OCl™.

intramolecular coupling of the intermediate via an N-N bond
formation'” by OCI™ gives an azine-type intermediate (I,).
Reaction of its azine nitrogen with OCl™ produces an N-
chlorinated intermediate (I3). Elimination of Cl~ by an a-
effect of lone pair on the adjacent nitrogen of hydrazino
group gives a cyclic diazonium cation intermediate (I,). This
then undergoes elimination of acidic B-hydrogen by OCl™
and produces TQA. The formation of TQA was clearly sup-
ported by 'H and ">C NMR and EI-MS analysis (Fig. S6-S8,
ESIt). These findings indicate that the OCl -induced trans-
formation of TQ to TQA results in ratiometric fluorescence
response (Fig. 2a).

It must be noted that pH of the solution is an important
factor for OCl™ sensing by TQ. As shown in Fig. S9 (ESIf), the
361 nm fluorescence does not appear in acidic media (pH < 7) or
basic media (pH > 10) even upon addition of OCl. In acidic
media, protonation of OCl~ (HOCl 2 H' + OCI~; pK, = 7.6)'®
decreases the basicity of OCl™ and, hence, suppresses the
deprotonation step (TQ — I,). In contrast, basic media stabilize
OCI™, but suppress the oxidation step (I; — I). Therefore,
fluorometric sensing of OCl™ using TQ is enabled in physio-
logical pH media (7-10).

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Mechanism for fluorometric response

TQ itself shows a strong fluorescence at a relatively longer
wavelength (476 nm). This is ascribed to the electron donation
from the secondary amine group at the 8-position to the elec-
tron deficient quinoline moiety. Upon addition of OCl™, the
resulting TQA shows a blue-shifted fluorescence at 361 nm. This
is because the cyclization of the pentan-1,4-diamine moiety of
TQ transforms the secondary amine moiety to the tertiary one,
which has lower electron donation ability. This thus creates
a blue-shifted emission.

To confirm the above mechanism for ratiometric emission
response, ab initio calculations based on the density functional
theory (DFT) were performed within the Gaussian 03 program.
As shown in Table S1 (ESIt), singlet electronic transition of TQ
mainly consists of HOMO — LUMO (S, — S,) transition. Its
calculated transition energy (3.25 eV, 381 nm) is close to the
absorption maximum (A,ax) of TQ observed at 375 nm (Fig. S10,
ESI{). As shown in Fig. 3 (left), -electrons of LUMO for TQ lie
not only on the quinoline ring but also on the adjacent nitrogen
atom at the 8-position. This suggests that strong electron
donation from the secondary amine moiety of TQ to the quin-
oline moiety at the excited state creates longer-wavelength
fluorescence at 476 nm.
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Fig. 3 Energy diagrams and electronic distribution for main molecular
orbitals of (left) TQ and (right) TQA, calculated at the DFT level (B3LYP/
6-31+G) using PCM with water as a solvent. Gray, white, blue, red and
light blue atoms indicate C, H, N, O and F atoms, respectively. Green
and deep red parts on the molecular orbitals refer to the different
phases of molecular wave functions.
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In the case of TQA, its singlet electronic transition is mainly
contributed by HOMO—1 — LUMO (S, — S3) transition (Table
S2, ESIt). Its calculated transition energy (3.84 eV, 322 nm) is
close to Amax of TQA (357 nm; Fig. S10, ESIT). As shown in Fig. 3
(right), m-electrons of LUMO for TQA lie mainly on the quin-
oline moiety, where the electrons are scarcely distributed on
the nitrogen atom at the 8-position. These results indicate
that TQ shows longer-wavelength fluorescence due to the
electron donation from the secondary amine moiety; the
cyclization of its pentan-1,4-diamine moiety by OCI™
suppresses the electron donation and exhibits blue-shifted
fluorescence.

Test kit analysis

Prompted by high sensitivity and selectivity of TQ towards OC1 ™,
simple test strip kit loaded with TQ was prepared for practical
applications.” The test strips were prepared by immersing
a TLC plate (3 x 1 cm) into the TQ solution (200 uM, 5 mL) for
2 min followed by drying in vacuo for 12 h. The TQ-loaded test
strips were added to solutions with different OCl™ concentra-
tions for 2 min. The obtained strips were then photoirradiated
with a 365 nm UV lamp. As shown in Fig. 4, these test strips

i

a b c d

Fig. 4 Fluorescence color change of the TLC plate strips loaded with
TQ. The respective pictures are (a) as-prepared TLC plate, and the
plates obtained after addition to the solution containing (b) 200 pM, (c)
400 uM, and (d) 600 uM OCL™ for 2 min. All of the pictures were taken
under photoirradiation of 365 nm lamp.

Fig. 5 Fluorescence images (Aex = 360 NM, Aem = 460 nm) of Hela
cells incubated with 40 uM of TQ (a—c) without and (d—f) with 10 mM
of OCl™. (a and d) fluorescence image, (b and e) bright field image, and
(cand f) merged images, respectively. The scale bars in all of the figures
are set at 50 um.
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clearly change their fluorescence color with the OCl™ concen-
trations. The test strip kit is therefore an useful qualitative tool
for simple OCI™ analysis.

Cell imaging

To clarify the cell permeability of TQ and its applicability for
practical imaging of OCI™ in living cells, biological experiments
were performed using HeLa cells. The cells were incubated with
TQ (40 pM) in DMSO at 37 °C under humidified air containing
5% CO,, and washed with phosphate buffered saline (PBS). A
PBS containing 10 mM of OCl™ was added to the cells, and the
cells were incubated for 20 min. The cells were then washed
with PBS, and their images were obtained by a fluorescence
microscope. As shown in Fig. 5a, the cells incubated with TQ,
when photoexcited at A.x = 360 nm, show strong fluorescence.
However, as shown in Fig. 5d, the emission intensity is weak-
ened significantly by the addition of OCl™ to the sample. These
results clearly indicate that TQ successfully permeates through
the plasma membrane of the cells and exhibits a fluorescence
response toward OCI™ even in the living cells.

Conclusion

We demonstrated that an antimalarial drug, tafenoquine (TQ),
behaves as a fluorescent receptor for ratiometric OCl™ detec-
tion. TQ shows strong fluorescence at 476 nm, but OCl -
selective cyclization of its pentan-1,4-diamine moiety creates
a blue-shifted emission at 361 nm. This ratiometric response
facilitates rapid, selective, and sensitive detection of OCl™ in
aqueous media with physiological pH. This response is also
applicable to a simple test kit analysis and allows fluorometric
OCl™ imaging in living cells. The basic receptor design
presented here based on the tafenoquine platform with
high fluorescence quantum yield, high water solubility, high
cell permeability, and high ROS tolerance may contribute
to the design of more efficient fluorescent receptor for OCl™.

Experimental
Materials and methods

All chemicals were used as received. "OH was generated by the
Fenton reaction.”® 'O, was generated from the H,0,/M00,>~
system in alkaline media.>® NO was generated using sodium
nitroferricyanide(m) dihydrate.®> '"H and >C NMR charts were
recorded on a JEOL JNM-ECS400 spectrometer with CDCl; using
TMS as a standard. Mass analysis was performed on a JEOL
JMS700 Mass Spectrometer. Absorption spectra were measured
on an UV-visible photodiode-array spectrometer (Shimadzu;
Multispec-1500) equipped with a temperature controller (S-
1700).* Fluorescence spectra were measured on a JASCO FP-
6500 fluorescence spectrophotometer with a 10 mm path
length cell (both excitation and emission slit widths, 5.0 nm) at
298 + 1 K using a temperature controller.* The pH titration was
performed on Horiba pH Meter F-71. Fluorescence quantum
yield (®¢) was determined with Rhodamine B (in EtOH) as
a standard.”

This journal is © The Royal Society of Chemistry 2017
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Synthesis of TQ

Tafenoquine succinate salt (0.3 g, 0.52 mmol) was added to
awater/CH,Cl, (6/6 mL mL~") mixture. Water (6 mL) containing
sodium carbonate (0.1 g, 0.94 mmol) was added to the mixture,
and the mixture was stirred for 2 h at room temperature. The
aqueous phase was extracted with CH,Cl, (10 mL x 3). The
combined organic phases were washed with water and
concentrated by evaporation, affording TQ as brown solid
(200 mg, yield 83%). 'H NMR (300 MHz, CDCl;, TMS) & (ppm):
7.32 (q, 1H, J = 18 Hz), 7.21 (d, 1H, J = 6 Hz), 7.07 (s, 1H), 6.94
(d, 1H, ] = 6 Hz), 6.64 (s, 1H), 6.50 (s, 1H), 5.84 (d, 1H, ] = 6 Hz),
4.00 (s, 3H), 3.79 (s, 3H), 3.66 (s, 1H), 2.78 (d, 2H, ] = 6 Hz), 2.55
(s, 3H), 1.69 (dd, 6H, J = 6 Hz, J = 9 Hz), 1.35 (d, 3H, ] = 6 Hz).
3C NMR (100 MHz, CDCl;, TMS) & (ppm): 159.64, 148.961,
146.339, 142.010, 132.085, 131.760, 131.007, 129.968, 126.917,
125.344, 122.636, 120.681, 118.006, 115.256, 112.052, 94.996,
56.989, 52.870, 48.446, 42.248, 34.439, 30.130, 23.103, 20.833.
MS (m/z): M" caled for C,,H,5F;N;05: 463.2083; found (ESI):
464.17 (M + H)".

Synthesis of TQA

TQ (0.2 g, 0.43 mmol) was dissolved in MeCN (50 mL) by
vigorous stirring. Sodium hypochlorite (64 mg, 0.86 mmol) was
added to the solution, and the solution was stirred at room
temperature. The progress of the reaction was monitored with
a TLC plate. After the reaction, MeCN was removed by evapora-
tion, and the gummy product was purified by column chroma-
tography using AcOEt/n-hexane (1/9 v/v) as an eluent, affording
brown powders of TQA (130 mg, yield 65%). "H NMR (400 MHz,
CDCl;, TMS) 6 (ppm): 7.438 (s, 1H), 7.284 (d, 1H, J = 6.4 Hz),
7.221 (m, 1H), 7.063 (s, 1H), 6.911 (m, 1H), 6.753 (s, 1H), 4.946 (q,
1H, ] = 6.4 Hz), 3.999 (s, 3H), 3.787 (s, 3H), 3.728 (d, 1H, ] = 1.2
Hz), 2.589 (s, 3H), 2.547 (s, 1H), 2.391 (t, 1H, J = 12.8 Hz), 2.302 (t,
1H, ] = 4 Hz), 1.865 (d, 1H, J = 3.6 Hz), 0.992 (t, 3H, ] = 6.8 Hz).
3C NMR (100 MHz, CDCl;, TMS) & (ppm): 159.649, 159.011,
147.760, 146.196, 142.458, 138.797, 135.765, 133.677, 132.142,
130.936, 130.016, 121.329, 118.221, 115.422, 112.090, 111.809,
99.247, 56.598, 52.975, 50.677, 24.752, 23.255, 20.309, 13.959. MS
(m/z): M" caled for C,4Hy,FsN;305: 459.177; found (EIY): 459.

Calculation details

Ab initio calculations were performed with tight convergence
criteria at the DFT level with the Gaussian 03 package, using the
B3LYP/6-31+G basis set for all atoms. The excitation energies
and oscillator strengths of the compounds were calculated by
TDDFT?® at the same level of optimization using the PCM with
water as a solvent.”” Cartesian coordinates are summarized at
the end of this ESL.T

Cell culture and fluorescence microscopy

HeLa cells were grown in Dulbecco’'s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum on cover slip
in 60 mm dishes. The cells were incubated with TQ (40 uM, in
DMSO). After washing three times with phosphate buffered saline
(PBS), 10 mM of OCI™ (in PBS) was added and the cells were

This journal is © The Royal Society of Chemistry 2017
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further incubated for 20 min. The cells then were washed three
times with PBS and the imaging was carried out using BIOREVE
BZ-9000 Fluorescence Microscope apparatus. All the cells were
incubated at 37 °C in humidified air containing 5% CO,.
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