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Novel fluorescent quinoxaline and quinoline hydroperoxides were shown to perform dual role as both
fluorophores for cell imaging and photoinduced DNA cleaving agents. Photophysical studies of newly
synthesized quinoxaline and quinoline hydroperoxides showed that they all exhibited moderate to good
fluorescence. Photolysis of quinoxaline and quinoline hydroperoxides in acetonitrile using UV light above
350 nm resulted in the formation of corresponding ester compounds via c-hydrogen abstraction by
excited carbonyl chromophore. Single strand DNA cleavage was achieved on irradiation of newly synthe-
sized hydroperoxides by UV light (P350 nm). Both hydroxyl radicals and singlet oxygen were identified
as reactive oxygen species (ROS) responsible for the DNA cleavage. Further, we showed quinoline hydro-
peroxide binds to ct-DNA via intercalative mode. In vitro biological studies revealed that quinoline hydro-
peroxide has good biocompatibility, cellular uptake property and cell imaging ability. Finally, we showed
that quinoline hydroperoxide can permeate into cells efficiently and may cause cytotoxicity upon irradi-
ation by UV light.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction photoenhanced toxicity of naphthalene moiety remains to be a
Synthetic nucleases are of great importance for the use as struc-
tural probes and therapeutic agents [1,2]. Recently, synthetic nuc-
leases activated by UV light (P300 nm) are gaining increased
interest as DNA photocleavage agents, since they can be controlled
both in spatial and temporal senses [3]. Importantly, the develop-
ments of intercalating synthetic photonucleases which can recog-
nize specific DNA sequences and result in an efficient DNA
photocleavage at specific sites have become highly demanding [4,5].

Organic hydroperoxides are well known for the generation of
hydroxyl radicals under photolytic condition and hence explored
as efficient DNA cleaving agents. Development of organic hydro-
peroxides which can efficiently generate OH radicals on irradiation
using UV-light above 350 nm have been well documented in the
literature [6–11]. The naphthalimide hydroperoxides (Fig. 1)
exhibited promising DNA cleavage capabilities under photolytic
condition via efficient generation of hydroxyl radicals [9–11]. Fur-
ther, the oxazolonapthalimide, fluorine containing napthalimide,
and thiocyclic fused naphthalimide hydroperoxide derivatives are
also reported for their efficient DNA cleaving abilities under UV
light [12–15]. Even the naphthalene moiety provided organic
hydroperoxides with good molar absorption above 350 nm, the
main drawback. Hence, we explored our search to other bicyclic
systems which are analogous to naphthalene moiety.

Quinoxalines and quinoline derivatives have always been of
great interest in medicinal chemistry because of their broad
spectrum of biological activities such as antihistaminic [16],
anti-trypanosomal [17], anti-herpes [18] and antiplasmodial [19].
They have also been used as Ca uptake or release inhibitor [20]
and vascular smooth muscle cell proliferation inhibitor [21]. More-
over, quinoxaline moiety is a part of number of antibiotics such as
echinomycin, levomycin and actinomycin which are known to in-
hibit the growth of gram-positive bacteria [22] and also active
against various transplantable tumours [23,24]. In addition to their
broad spectrum of biological activities these heterocycles have
good absorption above 350 nm. More importantly these heterocy-
cles adopt planar conformation which helps in intercalative bind-
ing with DNA. Hence, we designed a new family of organic
hydroperoxides replacing naphthalene moiety by quinoxaline
and quinoline system which can induce DNA cleavage on irradia-
tion using UV light above 350 nm.

In this paper, we have discussed in detail the synthesis,
characterization, photophysical and photochemical behavior of
quinoxaline and quinoline hydroperoxides. Importantly, we have
examined the single strand DNA cleaving ability of newly synthe-
sized hydroperoxides by UV light (P350 nm). Further, we studied
the intercalative mode of binding of quinoline hydroperoxide with
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Fig. 1. Organic hydroperoxides based on naphthalene system.
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ct-DNA. Finally, we investigated the toxicity of the quinoline
hydroperoxide before and after irradiation against cancer cells.

2. Materials and method

2.1. General

All reactions were conducted using oven-dried glassware under
an atmosphere of Argon (Ar). Commercial grade reagents were
used without further purification. Solvents were dried and distilled
following usual protocols. Flash chromatography was carried out
using Rankem Silica gel (230–400 mesh) purchased from Rankem,
India. TLC was performed on aluminium-backed plates coated with
Silica gel 60 with F254 indicator (Merck). The 1H NMR spectra were
measured with Bruker-200 (200 MHz), Bruker-400 (400 MHz) and
13C NMR spectra were measured with Bruker-200 (50 MHz),
Bruker-400 (100 MHz) using CDCl3 and d6-DMSO. 1H NMR chemi-
cal shifts are expressed in parts per million (d) downfield to CDCl3

(d = 7.26) and d6-DMSO (d = 2.54). 13C NMR chemical shifts are ex-
pressed in parts per million (d) relative to the central CDCl3 reso-
nance (d = 77.0) and central d6-DMSO resonance ((d = 40.45).
Coupling constants in 1H NMR are expressed in Hz. Mass spectra
were analyzed by Waters LCT mass spectrometer. Elemental anal-
ysis was carried out with ParkinElmer 2400-II. UV/vis absorption
spectra were recorded on a Shimadzu UV-2450 UV/vis spectropho-
tometer. Melting points were measured in Toshniwal (India) melt-
ing point apparatus. pBR 322 DNA was used. Photolysis was carried
out using 125 W medium pressure mercury lamp supplied by SAIC
(India). DNA binding experiments were conducted in sodium phos-
phate buffer (10 mM, pH 7.0 containing 50 mM NaCl) using etha-
nolic solution of quinoline hydroperoxide 10b. The solution of
quinoline hydroperoxide was prepared in absolute ethanol due to
their relative insolubility in pure aqueous medium and their dilute
solutions in buffer were used for experiments. Double distilled
water was used for solution preparation. Calf thymus DNA (ca.
350 mM NP) in this buffer medium gave a ratio of ca. 1.9: 1 of
UV absorbance at 260 and 280 nm indicating that the DNA is
apparently free from protein. The concentration of DNA was esti-
mated from its absorption intensity at 260 nm with a known molar
extinction coefficient value (e) of 6600 dm3 mol�1 cm�1 [25]. The
concentrations were determined spectrophotometrically by using
the molar extinction coefficient (e) at 476 nm = 5680 M�1 cm�1

for ethidium bromide in distilled water [26].

2.2. General procedure for the synthesis of quinoxaline hydroperoxides
5a–b

2.2.1. Synthesis of compounds 3a–b
2.2.1.1. Preparation of 3-Phenyl-1H-quinoxalin-2-one (3a). o-Phenelene
diamine 1 (1 g, 9.25 mmol) and ethyl 2-oxo-2-phenylacetate 2a (2.47 g
13.8 mmol) in methanol was refluxed for 30 min at 78 �C. White solids
were started forming during the course of the reaction under refluxing
condition. After completion of the reaction the solid precipitate was fil-
tered to get compound 3a in good yield (1.28 g, 80%). Similar procedure
was followed for the synthesis of compounds 3b.

2.2.2. Synthesis of compounds 4a–b
2.2.2.1. Preparation of 1-(2,2-Dimethoxy-ethyl)-3-phenyl-1H-quinox-
alin-2-one (4a). To a solution of compound 3a (0.36 g, 1.62 mmol)
in dry DMF, Cs2CO3 (1 g, 3.07 mmol) was added. Then, neat 2-bro-
mo-1,1-dimethoxyethane (0.23 mL, 1.94 mmol) was added to the
reaction mixture and heated to 80 �C and stirred the reaction mix-
ture for 4 h. After completion of the reaction, the reaction mixture
was diluted with EtOAc and washed with water for 2–3 times.
Evaporation of the organic phase gave an oily residue, which was
purified by column chromatography using as eluent a mixture of
40% EtOAc/hexane to obtain compound 4a (0.281 g, 70%) as white
solid in moderate yield. Similar procedure was followed for the
synthesis of compound 4b.

2.2.3. Synthesis of quinoxaline hydroperoxides 5a–b
2.2.3.1. Preparation of 1-(2-hydroperoxy-2-methoxy-ethyl)-3-phenyl-
1H-quinoxalin-2-one (5a). To a solution of compound 4a (310 mg,
1 mmol) in dry DCM, ethereal H2O2 (50%) solution was added
under ice cooled condition. The catalytic amount of triflic acid (2
drops, 20 mol%) in dry DCM was added to the reaction mixture
under same condition. The reaction was stirred at 35 �C for
5–6 h. After completion of the reaction, the reaction mixture was
diluted with DCM and washed with water. Evaporation of the
organic phase gave an oily residue, which was purified by column
chromatography using as eluent a mixture of 35% EtOAc/hexane to
obtain compound 5a (0.20 g, 65%) as white solid in moderate yield.
Similar procedure was followed for the synthesis of compound 5b.

2.3. General procedure for synthesis of quinoline hydroperoxides
10a–b

2.3.1. Synthesis of compound 8a–b
2.3.1.1. Preparation of 1H-quinolin-2-one (8a). Compound 7a (1.3 g,
6.19 mmol) and anhydrous AlCl3 (2.47 g, 18.6 mmol) was mixed
together and heated at 100 �C unless it melted properly. Then,
the reaction mixture was cooled to room temperature. Ice water
was added to the solution and the resulting precipitates were col-
lected, washed with water and 5% HCl to give the desired product
8a (0.7 g, 80%) in good yield. Compound 8b was also prepared by
using similar procedure.

2.3.2. Synthesis of compound 9a–b
2.3.2.1. Preparation of 1-(2,2-dimethoxy-ethyl)-1H-quinolin-2-one
(9a). To a solution of compound 8a (0.3 g, 2.07 mmol) in dry
DMF, Cs2CO3 (0.963 g, 2.5 mmol) was added. Then, neat
2-bromo-1,1-dimethoxyethane (0.28 mL, 2.48 mmol) was added
to the reaction mixture and heated to 50 �C and stirred the reaction
mixture for 4 h. After completion of the reaction, the reaction mix-
ture was diluted with EtOAc and washed with water. Evaporation
of the organic phase gave an oily residue, which was purified by
column chromatography using as eluent a mixture of 30% EtOAc/
hexane to afford compound 9a (0.35 g, 72%) in good yield. Com-
pound 9b was also prepared by using similar procedure.

2.3.3. Synthesis of quinoline hydroperoxides 10a–b
2.3.3.1. 1-(2-Hydroperoxy-2-methoxy-ethyl)-1H-quinolin-2-one
(10a). To a solution of compound 9a (300 mg, 1.29 mmol) in
dry DCM, ethereal H2O2 (50%) solution was added under ice
cooled condition. Then catalytic amount of triflic acid (2 drops,
20 mol%) in dry DCM was added to the reaction mixture under
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ice cooled condition. The reaction was stirred at 35 �C for 4–
5 h. After completion of the reaction, the reaction mixture
was diluted with DCM and washed with water. Evaporation
of the organic phase gave an oily residue, which was purified
by column chromatography using as eluent a mixture of 25%
EtOAc/hexane to afford compound 10a in moderate yield
(0.16 g, 56%). Compound 10b was also prepared by using sim-
ilar procedure.
2.4. Preparative photolysis of quinoxaline and quinoline
hydroperoxides 5b and 10b

Photolysis of quinoxaline and quinoline hydroperoxides 5b and
10b (200 mg, 0.7 mM) in 80 mL argon saturated acetonitrile solu-
tion were carried out using 125 W medium pressure Hg lamp as
light source (P350 nm) and 0.1 M CuSO4 solution as UV cut-off
filter. The reactions were monitored by TLC at regular interval of
time. After completion of photolysis, solvent was removed under
reduced pressure and photoproducts were isolated by flash column
chromatography using 20%EtOAc/hexane as an eluent. The ester
compounds 11 and 12 were isolated as major photoproducts along
with minor amounts of 3b and 8b.
2.5. DNA cleavage experiments

2.5.1. Procedure for DNA cleaving ability of quinoline hydroperoxide
10b at different concentrations

The reaction mixtures (20 lL) containing supercoiled circular
pBR322 DNA stock solution (form I, 62.5 lg/mL) in sodium phos-
phate buffer (10 mM, pH 7.0), quinoline hydroperoxide 10b at dif-
ferent concentrations (10–50 lM) in 10% acetonitrile solution
individually in a eppendrof were irradiated with UV light
(P350 nm) under aerobic conditions at room temperature for
10 min. The sample buffer containing bromophenol and glycerol
was added to the reaction mixture and loaded on 1% agarose gel.
After addition of the tank buffer (1X TAE), the electrophoresis
apparatus was attached to a power supply. The gel was visualized
by GEL LOGIC 200 Imaging System.
2.5.2. General procedure for photoinduced DNA cleavage by
quinoxaline and quinoline 5a–b and 10a–b

The DNA cleavage experiments were carried out containing
pBR322 DNA stock solution in sodium phosphate buffer (10 mM,
pH 7.0), hydroperoxides 5a–b and 10a–b (30 lM) in 10% acetoni-
trile solution individually in a eppendrof upon irradiation of UV
light (P350 nm) for 10 min. The sample buffer containing bromo-
phenol and glycerol was added to the reaction mixture and loaded
on 1% agarose gel. After addition of the tank buffer (1X TAE), the
electrophoresis apparatus was attached to a power supply. The
gel was visualized by GEL LOGIC 200 Imaging System.
2.5.3. Photoinduced DNA cleavage of quinoline hydroperoxide 10b in
different concentration of NaN3

The photoinduced DNA cleavage experiments were carried out
in presence of increasing amount of NaN3 in the sodium phosphate
buffer solution containing quinoline hydroperoxide 10b (30 lM) in
10% acetonitrile solution, upon irradiation of UV light (P350 nm,)
under aerobic condition at room temperature for 10 min. The sam-
ple buffer containing bromophenol and glycerol was added to the
reaction mixture and loaded on 1% agarose gel. After addition of
the tank buffer (1X TAE), the electrophoresis apparatus was at-
tached to a power supply. The gel was visualized by GEL LOGIC
200 Imaging System.
2.5.4. Photoinduced DNA cleavage of quinoline hydroperoxide 10b by
adding different additives

The photoinduced DNA cleavage experiments were done by
adding different additives like D2O (4 lL), DMSO (4 lL), KI
(50 mM) in sodium phosphate buffer solution containing quinoline
hydroperoxide 10b (30 lM) in 10% acetonitrile solution, upon irra-
diation of UV light (P350 nm) under aerobic condition at room
temperature for 10 min. The sample buffer containing bromophe-
nol and glycerol was added to the reaction mixture and loaded
on 1% agarose gel. After addition of the tank buffer (1X TAE), the
electrophoresis apparatus was attached to a power supply. The
gel was visualized by GEL LOGIC 200 Imaging System.

2.6. DNA-binding studies of quinoline hydroperoxide 10b

2.6.1. Electronic absorption titration of quinoline hydroperoxide 10b
Absorption titration experiments were performed in 3 cm

quartz cuvette by taking absorption in between 300 and –400 nm.
3 mL of 50 lM quinoline hydroperoxide 10b in ethanolic solution
was titrated with increasing concentration of ct-DNA (0–100 lM)
in phosphate buffer (10 mM, pH 7.0) containing 50 mM NaCl

2.6.2. Fluorimetric titration of quinoline hydroperoxide 10b
Fluorimetric titrations were performed in a 3 cm quartz cuvette

using an excitation wavelength of 350 nm having emission max-
ima at 400 nm. The titration experiments were performed with
fixed concentrations of quinoline hydroperoxide 10b (50 lM) in
ethanolic solution, with gradually increasing the concentration of
ct-DNA (0–100 lM) in phosphate buffer (10 mM, pH 7.0) contain-
ing 50 mM NaCl. A quantitative estimation of quenching experi-
ments in term of the binding constant calculation is obtained
from Stern–Volmer equation

logðF0 � FÞ=F ¼ log Kb þ n log½DNA� ð1Þ

where Kb and n are the binding constant and the number of
binding sites respectively, [DNA] is the concentration of ct-DNA
in base pairs, F0 and F are the fluorescence intensities of quinoline
hydroperoxide 10b in absence and presence of DNA respectively.
From the linear plot of log (F0 � F)/F vs log DNA, the binding con-
stant (Kb) value was calculated.

2.6.3. Ethidium bromide (EB) displacement assay of quinoline
hydroperoxide 10b

Fluorimetric titrations were performed in a 3 cm quartz cuvette
using an excitation wavelength of 480 nm. 3 mL of 20 lM ct-DNA
was saturated with 2 lM of ethidium bromide (EB) solution in
10 mM phosphate buffer pH 7.0 containing 50 mM NaCl. The EB-
ct-DNA solution was then titrated by successive addition of hydro-
peroxide 10b to reach a final concentration of �35 lM. Emission
spectra were recorded from 500 nm to 750 nm. The spectra were
analyzed according to the classical Stern–Volmer equation

F0=F ¼ 1þ Ksv½Q � ð2Þ

where F0 and F are the fluorescence intensities of ethidium bromide
in absence and presence of hydroperoxide 10b respectively, Ksv is
the linear Stern–Volmer quenching constant, [Q] is the concentra-
tion of the hydroperoxide 10b.

2.7. Docking studies of quinoline hydroperoxide 10b

The B-DNA crystal structure used for the docking studies was
obtained from the Protein Data Bank (PDB ID: 453D) [27]. The
DNA file was prepared for docking by removing water molecules
and adding polar hydrogen atoms with Gasteiger charges. The 3D
structure of the ligands was generated in Sybyl 6.92 (Tripos Inc.,
St. Louis, USA) and its energy-minimized conformation was
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obtained with the help of the MMFF94 force field using MMFF94
charges. The rotatable bonds in the ligand were assigned with
AutoDockTools and docking was carried out with AutoDock 4.0
Lamarckian Genetic Algorithm (GA) [28]. DNA was enclosed in a
grid having 0.375–0.431 Å spacing. Other miscellaneous parame-
ters were assigned the default values given by AutoDock. The out-
put from AutoDock was rendered in PyMol [29].
2.8. Confocal microscopy of hydroperoxide 10b

HeLa cells grown overnight in a 24-well plate, were treated
with various concentrations of quinoline hydroperoxide 10b
(4, 10, 20 lM) for 1 h. Media was then aspirated and was
thoroughly washed with phosphate buffered saline (PBS) and
was analyzed with confocal microscope (FV1000, Olympus) for
detection of cellular uptake of the hydroperoxide 10b.
2.9. Cell cytotoxicity assay of hydroperoxide 10b

The photocytotoxicity of quinoline hydroperoxide 10b was
studied using MTT assay which is based on the ability of mito-
chondrial dehydrogenases of viable cells to cleave the tetrazolium
rings of MTT forming dark purple membrane impermeable crys-
tals of formazan that can be quantified at 540 nm after solubiliza-
tion in DMSO. Cytotoxicity of quinoline hydroperoxide 10b was
determined with and without irradiation of UV light on human
cervical HeLa cancer cells. Cells in their exponential growth phase
were trypsinized and seeded in 96-well flat-bottom culture plates
at a density of 104 cells per well in 100 lL complete Dulbecco’s
Modified Eagle’s Medium (DMEM). The cells were allowed to ad-
here and grow for 24 h at 37 �C in an incubator in presence of 5%
CO2 and then the medium was replaced with 100 lL fresh incom-
plete DMEM medium containing different concentrations of
hydroperoxide 10b (0–100 lM). Cells were then incubated for
12 h, after which the culture medium was replaced with fresh
phosphate buffered saline (PBS). Chemically treated cells were
irradiated with UV light for 30 min and further incubated for
about 48 h at 37 �C. Medium was aspirated and 100 lL of 1 mg/
mL MTT reagent in PBS was added to each well and incubated
for 4 h; during this period active mitochondria of viable cells re-
duce MTT to purple formazan. Unreduced MTT were discarded
and the formazan precipitate was dissolved in DMSO (100 lL).
Optical Density (OD) was measured spectrophotometrically using
a microplate reader (Biorad, USA) at 570 nm. The cytotoxic effect
of each treatment was expressed as percentage of cell viability
relative to the untreated control cells. The IC50 values were calcu-
lated using Prism nonlinear regression analysis using GraphPad
Prism 5 software.
N

N O

R

OMe

OOH

NH2

NH2 N

H
N O

R

RCOCO2Et (2a-b)

MeOH / reflux

50 % ethereal H2O2

DCM / triflic acid

1 3a-b

5a-b

R = C
    = C

Scheme 1. Synthesis of quinoxa
3. Result and discussion

3.1. Synthesis of quinoxaline and quinoline hydroperoxides

We have synthesized quinoxaline hydroperoxides 5a–b as illus-
trated in Scheme 1. a-Ketoesters 2a–b were synthesized following
the literature procedure [30]. Condensation reaction of o-phenyl-
enediamine (1) with a-ketoesters in methanol under refluxing con-
dition resulted in quinoxalines 3a–b in excellent yields [31]. Then
4a–b were synthesized by alkylation of 3a–b with 2-bromo-1,
1-dimethoxy ethane [BrCH2CH(OMe)2] in presence of 1.5 equivalent
cesium carbonate (Cs2CO3) in DMF at 80 �C under inert condition.
Quinoxaline hydroperoxides 5a–b were prepared by treating 4a–b
with 50% ethereal H2O2 in DCM in presence of 20 mol% triflic acid
at room temperature under inert condition [32].

Quinoline hydroperoxides 10a–b were also synthesized as
shown in Scheme 2. First condensation reactions were carried
out between arylamines 6a–b and cinnamyl chloride to obtain
the unsaturated amides 7a–b in excellent yields [33]. Intramolecu-
lar Fridel-Crafts reaction of amides 7a–b in presence of 3 equiva-
lents anhydrous AlCl3 afforded quinolines 8a–b respectively [34].
Then quinolines 9a–b were synthesized from 8a–b by alkylation
with BrCH2CH(OMe)2. Quinoline hydroperoxides 10a–b were syn-
thesized by treating 9a–b with 50% ethereal H2O2 in DCM in pres-
ence of 20 mol% triflic acid at room temperature under inert
condition as shown in Scheme 2. Quinoxaline and quinoline hydro-
peroxides 5a–b and 10a–b were characterized by NMR, mass spec-
troscopy and elemental analysis. The hydroperoxide compounds
5a–b and 10a–b were stable at 0� C in the dark up to 3 months.
3.2. Photophysical properties of quinoxaline and quinoline
hydroperoxides

The UV/vis absorption and emission spectra of degassed
1 � 10�5 M solution of quinoxaline and quinoline hydroperoxides
5a–b and 10a–b was recorded in absolute ethanol. The absorption
spectra of quinoxaline hydroperoxides 5a–b showed absorption
maxima at 360 nm (log e = 3.3 mol�1 L cm�1) (Fig. 2a), whereas
the emission maxima were found to be red shifted to about 441–
450 nm (Table 1). On the other hand, quinoline hydroperoxides
10a and 10b showed an absorption maxima at 330 (log
e = 3.21 mol�1 L cm�1) and 370 (log e = 3.4 mol�1 L cm�1) nm
(Fig. 2b), whereas the emission maxima were found to be at
390 nm and 417 nm respectively (Table 1).

The Stokes’ shift was calculated from the difference in the
absorption and the emission maxima and the magnitude of the
Stokes’ shift of quinoxaline hydroperoxides 5a–b varied between
81–90 nm, whereas for 10a–b, it varied from 47–60 nm. Further,
hydroperoxides 5a–b and 10a–b showed low to moderate fluores-
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Fig. 2. (a) UV/vis absorption spectra of quinoxaline hydroperoxides 5a–b in ethanol (1 � 10�5 M). (b) UV/vis absorption spectra of quinoline hydroperoxides 10a–b in ethanol
(1 � 10�5 M). (c) Fluorescence spectra of quinoxaline hydroperoxides 5a–b in ethanol (1 � 10�5 M). (d) Fluorescence spectra of quinoline hydroperoxides 10a–b in ethanol
(1 � 10�5 M).
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cence quantum yield (0.005 < U < 0.020). The absorption and emis-
sion maxima (kmax), molar absorptivities (e) and fluorescence
quantum yields (UF) of above hydroperoxides are summarized in
Table 1. Fluorescence quantum yields were calculated using
anthracene as standard (UF = 0.27 in ethanol) [35].

3.3. Photochemical study of quinoxaline and quinoline hydroperoxides

To understand the photochemical behavior of newly synthe-
sized quinoxaline and quinoline hydroperoxides, we carried out
the photolysis of quinoxaline and quinoline hydroperoxides 5b
and 10b (0.3 mM) individually, in an argon saturated acetonitrile
solution using 125 W medium pressure Hg lamp as UV light source
(P350 nm) and 0.1 M CuSO4 solution as UV cut-off filter. The
photolysis was continued for 30 min and the course of the
photolysis was monitored by TLC. After completion of the reaction,
the photoproducts were isolated using flash column chromatogra-
phy and characterized by NMR and mass spectroscopy. We found
that quinoxaline and quinoline hydroperoxides 5b and 10b
produced the corresponding ester compounds 11 and 12
respectively as major photoproducts [5]. Minor amount of
quinoxaline 3b and quinoline 8b were also generated during the



Table 1
Synthetic yields, UV/vis and fluorescence data of quinoxaline and quinoline hydroperoxides 5a–b and 10a–b.

Entry Hydroperoxides Synthetic yield (%)a UV/vis Fluorescence

kmax (nm)b logec kmax (nm)d Stokes’ shift (nm)e (uF)f

1 5a 75 360 3.32 441 81 0.005
2 5b 70 360 3.38 450 90 0.007
3 10a 82 330 3.21 390 60 0.008
4 10b 60 370 3.41 417 47 0.020

a Based on isolated yield.
b Maximum absorption wavelength.
c Molar absorption coefficient (in mol�1 L cm�1) at the maximum absorption wavelength.
d Maximum emission wavelength.
e Difference between maximum absorption wavelength and maximum emission wavelength.
f Fluorescence quantum yield (error limit within ±5%).
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course of photolysis of hydroperoxides 5b and 10b respectively
(Scheme 3).
3.3.1. Mechanism for the photolysis of hydroperoxides
Photolysis of 5b in acetonitrile (k P 350 nm) proceeded rapidly

to give ester compound 11 as major product. The formation of the
ester product 11 can be explained based on the well known photo-
chemical c-hydrogen abstraction by carbonyl chromophore of
quinoxaline hydroperoxide 5b. The latter produced hydro-
peroxyalkyl radical 13, which underwent facile b-cleavage of the
labile O–O bond to produce the ester product 11. The formation
of minor product 3b can be explained by the b-carbonyl cleavage
of compound 5b. The latter gave radical 5b0, which underwent
hydrogen abstraction from the solvent (Scheme 4).Similar mecha-
nism can also be postulated for quinoline hydroperoxides.
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Scheme 4. Possible mechanism for the phot
3.4. Photoinduced DNA cleaving ability of quinoxaline and quinoline
hydroperoxides

To assess the DNA cleaving ability of quinoxaline and quinoline
hydroperoxides, initially we carried out irradiation of supercoiled
circular pBR322 plasmid DNA at room temperature under aerobic
condition for a period of 10 min at different concentrations of quin-
oline hydroperoxide 10b (10–50 lM) in 10% acetonitrile and
sodium phosphate buffer (pH 7.0, 10 mM) using UV light
(P350 nm). The results from gel electrophoresis on 1.0% agarose
gel with ethidium bromide staining indicated that 10b caused
the single strand cleavage of DNA (form I) to give the relaxed cir-
cular DNA (form II). We also noticed that DNA cleaving ability of
10b was also dependent on its concentration (Fig. 3).

Based on the above concentration study, the photoinduced DNA
cleaving ability of quinoxaline and quinoline hydroperoxides 5a–b
and 10a–b were investigated using 30 lM concentration by irradi-
ating using UV light (P350 nm) for 10 min. The gel electrophoresis
results were presented in a bar diagram which showed that all the
hydroperoxides exhibited almost moderate to good DNA cleaving
efficiency (Fig. 4).

To identify the reactive oxygen species responsible for photoin-
duced DNA cleavage by hydroperoxides, quinoline hydroperoxide
10b was studied under different conditions.

First, to understand the role of singlet oxygen in DNA cleavage
process, control experiments were carried out using NaN3, a known
singlet oxygen quencher [36,37]. The experiments were carried out
by adding increasing amounts of NaN3 in the phosphate buffer
solution containing quinoline hydroperoxide 10b at a concentra-
tion of 30 lM along with supercoiled circular pBR322 DNA. The
generated form II DNA was found to be decreased from 82% to
62% with increasing amount of NaN3 from 5 to 100 mM (Fig. 5).
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Fig. 3. Single strand cleavage of supercoiled circular pBR322 DNA (form I) to
relaxed circular DNA (form II) was carried out by quinoline hydroperoxide 10b at
different concentrations (10–50 lM) upon irradiation of UV light (P350 nm) for
10 min. lane 1, DNA alone; lane 2, DNA + 10b (10 lM); lane 3, DNA + 10b (20 lM);
lane 4, DNA + 10b (30 lM); lane 5, DNA + 10b (40 lM); lane 6, DNA + 10b (50 lM).
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Fig. 4. Bar diagram displaying the single strand cleavage of supercoiled circular
pBR322 DNA (form I) to relaxed circular DNA (form II) by quinoxaline and quinoline
hydroperoxides 5a–b and 10a–b (30 lM) upon irradiation of UV light (P350 nm) in
sodium phosphate buffer (pH 7.0, 10 mM) under aerobic condition at room
temperature for 10 min. The resultant products were subjected to electrophoresis
on 1% agarose gel followed by ethidium bromide staining under UV light.
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Fig. 5. Single strand cleavage of supercoiled circular pBR322 DNA (form I) to
relaxed circular DNA (form II) was carried out by quinoline hydroperoxide 10b
(30 lM) in presence of increasing amount of NaN3 (5–200 mM) in sodium
phosphate buffer (pH 7.0, 10 mM) upon irradiation of UV light (P350 nm) under
aerobic condition at room temperature for 10 min. The resultant products were
subjected to electrophoresis on 1% agarose gel followed by ethidium bromide
staining under UV light. lane 1, DNA alone; lane 2, DNA + 10b + NaN3 (5 mM); lane
3, DNA + 10b + NaN3 (20 mM); lane 4, DNA + 10b + NaN3 (50 mM); lane 5,
DNA + 10b + NaN3 (100 mM), lane 6, DNA + 10b + NaN3 (200 mM).
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Fig. 6. Bar diagram displaying the single strand cleavage of supercoiled circular
pBR322 DNA (form I) to relaxed circular DNA (form II) by quinoline hydroperoxide
10b (30 lM) in presence of various additives in sodium phosphate buffer (pH 7.0,
10 mM) upon irradiation of UV light (P350 nm) under aerobic condition at room
temperature for 10 min. The resultant products were subjected to electrophoresis
on 1% agarose gel followed by ethidium bromide staining under UV light. The
additive concentrations/quantities are: D2O (4 lL); DMSO (4 lL); KI (50 mM).
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Fig. 7. Change in UV/vis absorption spectra of quinoline hydroperoxide 10b
(50 lM) in absence (bottom) and presence of ct-DNA in sodium phosphate buffer
(10 mM, pH 7.0) containing 50 mM NaCl. Arrow shows that the absorbance changes
upon increasing ct-DNA concentration. DNA concentrations were varied from
bottom to top (0–100 lM) with increments of 5 lM of ct-DNA.
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Further increase in the amount of NaN3 from 100 to 200 mM has
no effect on the percentage of form II DNA. Thus the contribution
resulting from singlet oxygen to DNA cleavage is � 38%.

Further, to confirm the role of singlet oxygen in DNA cleavage
process, the photoinduced DNA cleavage experiments of quinoline
hydroperoxide 10b (30 lM) were carried out in O2 saturated solu-
tion as well as in presence of D2O.

In O2 saturated solution we observed slight increase in DNA
cleaving ability of 10b in comparison to aerobic condition. The
DNA cleavage efficiency of 10b was further increased in presence
of D2O which can be attributed due to the longer lifetime of 1O2

in D2O medium (Fig. 6). [38]. The above results suggested that sin-
glet oxygen is playing an important role in the DNA cleavage
process.

Secondly, to prove the involvement of hydroxyl radical in the
DNA cleavage mechanism, the DNA cleavage experiments were
carried out in presence of hydroxyl radical scavengers, viz. DMSO
(4 lL) and KI (50 mM) individually, along with the 30 lM concen-
tration of quinoline hydroperoxide 10b on irradiation using UV
light P 350 nm. From Fig. 6, it was clear that form II DNA was
not generated significantly in presence of DMSO and KI which sug-
gested that DNA cleavage was inhibited significantly [39,40]. The
inhibition of the DNA cleavage activity in presence of DMSO and
KI concluded that hydroxyl radical as a reactive oxygen species
(ROS) was responsible for the photocleavage of DNA. Finally, to
demonstrate the hydroxyl radical is generated by quinoline hydro-
peroxide or molecular oxygen we carried out DNA cleavage exper-
iment of 10b under argon saturated solution. The DNA cleavage
ability of 10b was found to be almost similar to aerobic condition
which suggested that hydroperoxides are source for hydroxyl rad-
ical (Fig. 6).

From the above control experiments it was concluded that both
singlet oxygen as well as hydroxyl radicals perform important role
in DNA cleavage process.
3.5. DNA-binding studies of quinoline hydroperoxide 10b

The DNA cleavage experiment showed that among quinoxaline
and quinoline hydroperoxides, quinoline hydroperoxide 10b
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Fig. 8. (a) Fluorescence emission spectra of quinoline hydroperoxide 10b (50 lM) in phosphate buffer (10 mM, pH 7.0) containing 50 mM NaCl with increasing concentration
of ct-DNA. Arrow shows that the fluorescence changes upon increasing ct-DNA concentration. The DNA concentrations were varied from bottom to top (0–100 lM) with
increments of 5 lM concentration of ct-DNA. Excitation wavelength (kex) = 350 nm; Emission wavelength (kem) = 400 nm; (b) Plot of log(F0 � F)/F0 vs log[DNA].
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showed efficient DNA cleaving ability. Hence, we carried out DNA
binding experiments, cell imaging and cytotoxicity studies in can-
cerous cells using quinoline hydroperoxide 10b.

3.5.1. Electronic absorption spectroscopy
The electronic absorption spectroscopy is normally used to

understand the binding properties of organic ligand with ct-DNA.
The absorption spectrum of quinoline hydroperoxide 10b was re-
corded in absence and presence of ct-DNA. Fig. 7 showed that upon
increasing concentration of ct-DNA in the solution of 10b, the
absorption bands at 312, 350 and 370 nm showed hyperchromism
shift. The hyperchromic effect in the absorption spectra suggested
the interaction between the ct-DNA and hydroperoxide compound
10b via intercalative mode of binding [41,42].

Fig. 7 Change in UV/vis absorption spectra of quinoline hydro-
peroxide 10b (50 lM) in absence (bottom) and presence of ct-
DNA in sodium phosphate buffer (10 mM, pH 7.0) containing
50 mM NaCl. Arrow shows that the absorbance changes upon
increasing ct-DNA concentration. DNA concentrations were varied
from bottom to top (0–100 lM) with increments of 5 lM of ct-
DNA

3.5.2. Fluorescence spectroscopy
As quinoline hydroperoxide 10b exhibitied good fluorescence,

the binding characteristics between ct-DNA and quinoline hydro-
peroxide 10b were studied using fluorescence spectroscopy. The
fluorescence emission spectra of 10b in absence and presence of
ct-DNA was shown in Fig. 8a. Quinoline hydroperoxide 10b has
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Fig. 9. (a) Fluorescence quenching spectra of EB-ct-DNA with quinoline hydroperoxide 1
absence of ct-DNA and top black line indicates the fluorescence emission spectra of eth
(from top to bottom) with increment of 3.3 lM concentration of 10b; Arrow indic
hydroperoxide 10b; (b) Plot of F0/F vs [concentration of 10b].
emission maximum at 400 nm on excitation at 350 nm (absorption
maximum). Fig. 8a showed a regular increase in the fluorescence
intensity of 10b with increase of DNA concentration without any
shift in the fluorescence emission maximum which indicated the
intercalative mode of binding interaction of ct-DNA with 10b [43].

The binding constant Kb was determined from the plot of log
(F0 � F)/F0 vs log [DNA] and was found to be 6.5 � 104 M�1

(Fig. 8b).

3.5.3. Ethidium bromide displacement study
To substantiate the intercalative mode of binding between

quinoline hydroperoxide 10b and ct-DNA, ethidium bromide dis-
placement study was carried out. Ethidium bromide (EB) is one
of the most sensitive fluorescence probes having a planar structure
that binds DNA by an intercalative mode [44].

The fluorescence of ethidium bromide (EB) increases after DNA
intercalation. Upon intercalation into DNA helix by quinoline
hydroperoxide 10b, it leads to a decrease in the binding sites of
DNA available for EB, which in turn decreases the fluorescence
intensity of the EB–DNA system. Fig. 9a showed the fluorescence
emission spectrum of EB with and without ct-DNA and the effect
of the addition of 10b to EB bound ct-DNA. The fluorescence
intensity of the EB complexed ct-DNA was decreased with increas-
ing concentration of quinoline hydroperoxide 10b. The quenching
of EB bound to ct-DNA by 10b was calculated in terms of
Stern–Volmer quenching constant from the Stern–Volmer
equation [45]. The Ksv value for quinoline hydroperoxide 10b was
found to be 8.92 � 103 M�1 (Fig. 9b) which suggest that quinoline
(b)
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ates the quenching of fluorescence with increasing concentration of quinoline
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Fig. 10. UV/vis absorption spectra of ethidium bromide (2 lM) in absence (bottom)
and presence of quinoline hydroperoxide 10b, [10b] = 0–35 lM (from bottom to
top) with increment of 3.3 lM concentration.

Fig. 11. Docked conformations of quinoline hydroperoxide 10b with ct-DNA. (a) Surface
Stereoview of the docked conformation of quinoline hydroperoxide 10b showing the fo

Fig. 12. Confocal micrograph showing intracellular localization of quinoline hydroperox
37 �C. The scale bar corresponds to 50 lm.
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hydroperoxide 10b has an intercalative mode of binding with
ct-DNA. (see Fig. 10).

To understand the effect of quinoline hydroperoxide 10b on
ethidium bromide in absence of ct-DNA, we carried out UV/vis
absorption study of ethidium bromide with increasing concentra-
tion of quinoline hydroperoxide 10b. With increasing concentra-
tion of 10b, there is slight increase of absorption in 300 nm
region due to addition of hydroperoxide 10b, but in the region of
480 nm there is no change in the absorption, which indicates that
quinoline hydroperoxide has no effect on ethidium bromide in ab-
sence of ct-DNA.
3.6. Docking study of quinoline hydroperoxide 10b

Molecular docking study was performed to support the interac-
tion and preferred binding mode of quinoline hydroperoxide 10b
with DNA.

The docking analysis revealed that quinoline hydroperoxide
10b acts as DNA intercalator. The planar benzoquinoline ring of
10b intercalated between the base pairs of the DNA helix, while
the side chains peroxy group (–OOH) forms weak hydrogen bond
representation showing the binding pockets of the quinoline hydroperoxide 10b. (b)
rmation of weak H-bonds with cytosine carbonyl.

ide 10b in HeLa cells incubated with the hydroperoxide compound 10b for 1 h at



Fig. 13. Cytotoxicity study of quinoline hydroperoxide 10b in HeLa cells. Data
shows the percentage of cell survival of HeLa cells counted after the treatment with
hydroperoxide 10b (0–100 lM) at 37 �C with and without irradiation of UV light for
30 min.
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with the carbonyl group of cytosine as reflected in Fig. 11. Thus the
docking study corroborates the experimental findings, which sug-
gest that the quinoline hydroperoxide 10b is behaving as an inter-
calator of DNA.

3.7. Cell permeability and localization study of quinoline
hydroperoxide 10b

The cell permeability and localization study of quinoline hydro-
peroxide 10b was carried out in HeLa cells using confocal fluores-
cence microscopy. Cells were incubated with different
concentrations of quinoline hydroperoxide 10b (4, 10 and 20 lM)
at 37 �C. The confocal images taken after 1 h of incubation, showed
dose-dependent rapid internalization and accumulation of the
quinoline hydroperoxide 10b inside the cell (Fig. 12). Significant
enhancement in the intracellular fluorescence intensity was ob-
served with increasing concentration of hydroperoxide 10b from
4–20 lM.

3.8. Cell cytotoxicity studies of quinoline hydroperoxide 10b

Cell cytotoxicity studies were carried out to evaluate the
photocytotoxic effect of quinoline hydroperoxide 10b using human
cervical HeLa cancer cells applying conventional MTT
[(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
a yellow tetrazole)] assay (Fig. 13) [46]. Cells were incubated with
various concentrations of the quinoline hydroperoxide 10b (0–
100 lM) and cytotoxicity was analyzed in the dark. Further, cells
treated with 10b at different concentrations were irradiated with
UV light (P350 nm) for 30 min and cytotoxicity was analyzed in
presence of UV light. Cells irradiated with UV light showed moderate
decrease in percentage of cell survival giving respective IC50 values
9.80 (± 0.65) lM for quinoline hydroperoxide 10b and the corre-
sponding IC50 value analyzed in the dark was 33.32 (±0.97) lM for
10b. The MTT assay data showed that the quinoline hydroperoxide
10b was found to be more cytotoxic upon irradiation of UV light than
that of cells which were kept in dark.
4. Conclusion

We have reported the simple, convenient and high yielding syn-
thesis of quinoxaline and quinoline hydroperoxides. The gel elec-
trophoresis data showed concentration dependent DNA cleaving
ability of hydroperoxides in presence of UV light (P350 nm). Both
singlet oxygen and hydroxyl radicals as reactive oxygen species
(ROS) were responsible for the photocleavage of DNA. The quino-
line hydroperoxide interacts with DNA via intercalative mode of
binding. The confocal fluorescence microscopy of HeLa cells using
the quinoline hydroperoxide reveals localization of the hydroper-
oxide inside the cell. Further, the quinoline hydroperoxide dis-
played photocytotoxic effect in HeLa cells giving IC50 values in
the micromolar range and a dose-dependent photocytotoxicity is
observed.
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