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with endogenous cell imaging: an unusual formation of
nitrosohydroxylamine
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A newsensor (L3) based on RhodamineB-en(2) and 2-(Pyridin-2-ylmethoxy)benzaldehyde (1) has been
developed for highly sensitive and selective recognition of NO in purely aqueous medium where the reaction
of NO with the fluorophore leads to an unusual formation of nitrosohydroxylamine with the selective
opening of spirolactam ring over different cations,anions, amino-acids and other biological specieswith
prominent enhancement in absorption and emission intensities. A large enhancement of fluorescence
intensity for NO (11 fold) was observed upon addition of 3 equivalents of NO into the sensor in aqueous
HEPES buffer (20 mM) at pH 7.20, i1 = 0.05 M NaCl with a naked eye detection. The corresponding K; value
was evaluated to be (7.55 £2.04) x 10*M-from fluorescence titration plot. Quantum yields of L3 and [L3+ NO]
compound are found to be 0.07 and 0.77 respectively using Rhodamine-6G as standard. LOD for NO was
determined by 30 method and found to be 83.4nM. L3sensor is low-cytotoxic, cell permeable and suitable
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for in vitro NO sensing. The in vivo compatibility of the sensor was also checked on Zebra fish.

Introduction

Nitric oxide (NO), a gaseous, paramagnetic and highly reactive
radical molecule, plays various physiological and pathological roles
through rapid reaction with other radicals or metalloproteins in the
organisms. NO is an important signaling molecule involves in the
regulation of a wide range of biological processes such as blood-
pressure regulation of the cardiovascular system, antitumor activity
of the immune systems and the neurotransmission, vasodilatation
and hormone secretion in living bodies!>and capturing great
attention of biologists, chemists, and medical researchers.
Furthermore, NO is an effective sacrificial antioxidant in the free
radical induced lipid oxidation and a promising anticancer
agent.®7Although, a large variety of quantification techniques have
been developedfor NO sensing, fluorescence techniques attracts
considerable attention owing to their sensitivity and high

spatiotemporal resolution when combined with microscopy.3?

The chemistry of NO in aqueous solution is extensively different
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from endogenously synthesized NO from the fact that the later has
a very short half-life (ti,<5 sec)®compared to that in pure
aqueous solution of comparable concentration (0.01-10 uM,
t1/2<500 sec).r2Thus, in intact cells, tissues, and whole animals NO is
highly labile and rapidly metabolized (oxidized) to both NO,  and
NOs.

A number of fluorescent NO sensors have been reported to
date!3-36still the research on nitric oxide sensors is in its infant
stage.The most common approach for NO detection includes the
use of o-diamino aromatics under aerobic conditions(Scheme
1A).YThese species react with NO*, or N,0s3, to furnish fluorescent
derivatives.31416-18Tyrn-on  fluorescence

triazole signals

achieved through inhibition of photoinduced electron transfer

are

(PET). Very recently there are reports on NO sensing by rhodamine
based fluorophores where the fluorescence is restored when the
ring is opened in the presence of NO(Scheme 1B).22 Another
approach of aturnonfluorescent sensor for NO through oxidative
deamination of anaromatic primary monoamine has also been
reported (Scheme 1C).3’Another method is developed where N-
nitrosation leading to the formation of diazo ring occurs.(Scheme
1D)7

In the present report, we are going to disclose, for the first time, a
and  2-(Pyridin-2-
ylmethoxy)benzaldehyde conjugated Schiff base (Scheme 2) as a

RhodamineB-en (en = ethylenediamine)

highly sensitive and selective fluorescent chemosensor for NO in

purely aqueous medium with an wunusual formation of
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nitrosohydroxylaminealong with the opening of spirolactam ring
resulting a change in both absorption and fluorescence properties
of the sensor. L3 is a simple Rhodamine based sensor with a large
turn-on fluorescence property (11 fold) along with the very low LOD
(83.4 nM) suitable forin-vivo monitoring of NO. It has been
observed that L3 can trap NO mostly in the cytoplasmic
compartment. The in vivo compatibility of the probe was also
checked on live Zebra fish. The sensor is highly selectivein pure
aquous medium towards NO, in the presence of different anions,
amino-acids and other biological anions with prominent
enhancement in absorption and emission intensities. L3 molecule is
a superior NO sensor based on the unusal formation of
nitrosohydroxylamine and as a model for selective drug delivery to
the cancer cells where NO concentration is believed to be higher.
The nitrosohydroxylaminederivative, Rh-en-ONO, may be useful as
a nitrovasidilator drug and may be a subject of elaborative studies.

M
A
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Schemel: Typical mechanism for NO detection.

Experimental Section

Materials and Instruments

Elemental analyses were carried out using a Perkin—Elmer 240
elemental analyzer. Infrared spectra (400-4000 cm) were
recorded in liquid state on a Nickolet Magna IR 750 series-II
FTIR spectrometer. 1H NMR spectra were recorded in CDCls
and CDs;CN solutions on a Bruker 300 MHz (AVI, 300) NMR
spectrometer. Chemical shifts are expressed in parts per
million (ppm, &) and are referenced to tetramethylsilane (6

0) as an internal standard. Signal description: s = singlet, d
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doublet, t = triplet,m = multiplet, dd = doublet of doublets, g =
quartet. 3C NMR spectra were recorded in CDsCN solutions
with complete proton decoupling.ESI-MS* (m/z) of the ligand
and products of reaction with NO were recorded on a Waters’
HRMS spectrometer (Model: XEVO G2QTof). UV-Vis spectra
were recorded on an Agilent diode-array spectrophotometer
(Model, Agilent 8453). Steady-state fluorescence
measurements were performed with a PTI QM-40
spectrofluorometer. pH of the reaction solutions were
recorded in a Digital pH meter (Model: Systronics 335, India) in
the pH range 2-12 which was prior calibrated using buffers of
pH 4, 7 and 10.
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Scheme 2: Synthetic route of L3

All solvents used for synthesis were of reagent-grade (Merck)
unless otherwise mentioned. For spectroscopic (UV-Vis and
fluorescence) studies double-distilled water was used.
Rhodamine-B and salts such as the perchlorates of Na*, Fe?*,
Co2*, Ni2*, ZnZ*, PbZ*, CdZ*, Hg?*, Cu?* and AI(NOs)3.9H,0,
CrCls.6H,0, Fe(NO3)3.9H,0 and sodium salts of anions like SCN-
, NOs~, N3, CI, Br, F, HCOs, ClO4, H,0,, OAc, S,03%2, CN-
etcwere purchased from Sigma—Aldrich and Merck and used as
received. All other compounds were purchased from
commercial sources and used as received.

Preparation 2-(Pyridin-2-ylmethoxy) benzaldehyde (1)

Salicylaldehyde (10 mmol, 1.23 g) and K,CO3 (18 mmol, 2.52 g) were
added to dry MeCN (60 mL), and the mixture was heated at reflux
for 40 min. 2-picolyl chloride (11.5 mmol, 1.89 g) and a catalytic
amount of KI (0.15 g) was then added to the above reaction
mixture, which was heated at reflux for a further 12 h. Then the
mixture was cooled and filtered. The filtrate was evaporated to one
third of its initial volume and diluted with water (40 mL). Then the
pH of the solution was adjusted to 4 by the addition of 1 mLHCI and
extracted with dichloromethane (DCM; 2 x 40 mL). The pH of the

This journal is © The Royal Society of Chemistry 20xx
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aqueous solution was then adjusted to 8 by the addition of 4M
Na,COs solution and extracted with DCM (3 x 40mL). Then the
combined organic phase after drying over anhydrous Na,SO, was
evaporated to dryness under reduced pressure to give a pale yellow
solid residue. The crude solid product was recrystallized from
MeOH/DCM (8:2, v/v) to give the desired product as an off-white
crystalline solid (66% yield), M.P: 69.4 °C. IH NMR (CDCls): 6 = 10.62
(s, 1H), 8.61 (dd, 1H), 7.86 (dd, 1H), 7.77(td, 1H), 7.53(m, 2H), 7.26
(dd, 1H), 7.05 (m, 2H), 5.33 (s, 2H) ppm (Fig. S1a).13C NMR (CDCls): &
= 189.53, 160.59, 156.32, 149.35, 137.04, 135.98, 128.85, 126.21,
125.16, 122.96, 121.26, 110.53, 71.10 ppm (Fig. S2a). MS (ES*): m/z
=214.07 [(1)+H]* (Fig. S3a) IR: 1690(CHO), 1253 (aliphatic C-0) cm™
(Fig. S4a). C13H11NO, (213.23): calculated. C, 73.23; H, 5.20; N, 6.57;
found C, 73.24; H, 5.19; N, 6.58.

Preparation of Rhodamine B-ethylenediamine (2)

RhodamineB—ethylenediammine conjugate was prepared according
to a literature method.3®

Preparation of the sensor L3

(1)(1.1 mmol, 0.234 g) was dissolved in MeOH (10 mL). Then this
solution was added drop wise over 30 min to a methanolic solution
(30 mL) of (2) (1 mmol, 0.484 g) under hot (50-60 °C) conditions.
The resulting reaction mixture was stirred for 6 h at room
temperature. An off-white precipitate was formed, which was
collected by filtration. The residue was washed thoroughly with
cold methanol and L3 was obtained in pure form. Yield: 84%. 'H
NMR (CDCls): 6 = 8.70 (s, 1 H), 8.59(d, 1 H), 7.88 (m, 1H), 7.85 (d,
1H), 7.72(d, 1H), 7.49(d, 1H), 7.42(m, 2H), 7.29(d, 1H), 7.22(d, 1H),
7.08 (d, 1H), 6.93(d, 1H), 6.87(d, 1H), 6.48(s, 1H), 6.45(s, 1H), 6.38(s,
2H), 6.24 (dd, 2H), 5.23(s, 2H) 3.48 (t, 2H), 3.40 (t, 2H), 3.31(q, 8H),
1.41 (t, 12 H) ppm (Fig. S1b).3C NMR (CDsCN):167.63, 157.53,
156.89, 153.83, 153.31, 149.25, 148.93, 136.93, 132.53, 131.84,
131.14, 128.79, 127.27, 125.03, 123.44, 122.88, 121.50, 121.05,
117.34, 112.10, 108.25, 105.58, 97.40, 71.03, 64.62, 58.89, 43.99,
40.97, 11.80 ppm (Fig. S2b). MS (ES*): m/z = 680.39 [L3 + H]* (Fig.
$3b). IR: 1684 cm! (C=0), 1634 cm (C=N) (Fig. S4b).CasHasNsO3
(679.85): calculated. C, 75.97; H, 6.67; N, 10.30; found C, 75.94; H,
6.68; N, 10.31.

Computational Details

L3 was fully optimized using Gaussian 09W software package.3 The
B3LYP functional has been adopted with 6-31G as basis set for all
the atoms (C, H, N and O). The global minima of all these species
were confirmed by the positive vibrational frequencies. Time
dependent density functional theory (TDDFT)441  with B3LYP
density functional associated with the conductor-like polarizable
continuum model (CPCM)*%44 were applied to study the low-lying
excited states of the ligand and the product in H,O using the
optimized geometry of the ground (So) state. The vertical excitation
energies of the lowest 20 singlet states are also computed here.

This journal is © The Royal Society of Chemistry 20xx

Cell culture.

HepG2 cell line (NCL, Pune, India) were used in the present study.
HepG2 cells were maintained in conditioned media DMEM (Gibco
BRL) supplemented with 10% FBS (Gibco, BRL) and antibiotics
(penicillin-100 pg/mL; streptomycin-50 pg/mL) at 372C (5% CO,
incubator).

Cell Cytotoxicity Assay

Cell viability assay of ligand L3 was performed by using MTT as
explained elsewhere.%s

Griess Assay

HepG2 cells were seeded at a density of 1x103 cells/well in a 96-
well plate, and were incubated for 12 h. 1uM/mL sodium
nitroprusside (SNP), 10 puM/mL L-arginine (L-Arg) and 0.5 pg/mL
LPS+ 5ng/mL IFN-y were treated to the cells compared with control
and selective iNOS inhibitor, S-Methylisothiourea Sulfate (SMT) (10
ug/mL). After 24 h, the level of NO production was evaluated using
the Griess Reagent system according to the manufacturer's
instructions. Briefly, 50 pL of each cell culture medium were added
to a 96-well plate in triplicate. 50 pL of sulfanilamide solution were
dispensed to each sample well, and the plate was incubated at 25
°C in the dark. After 10 min, 50 pL of N-1-napthylethylenediamine
dihydrochloride (NED) solution was added to the mixture and the
plate was incubated at 25 °C for another 10 min in the dark. The
production of NO for each sample well was measured at 523 nm
(EMax Precision MicroPlate Reader, Molecular Devices, USA).

iNOS Expression Study

We verified the iINOS mediated increase in NO production in the
SNPand(L-Arg+ LPS+IFN- y) treated HepG2 cells. We examined the
expression of iINOS at mRNA and protein in total cell extracts after
treating the HepG2 cells with SNP or(L-Arg and LPS+IFN- y) for 24h
and compared to control and SMT. 1x103 cells were seeded on 60
mm culture dish and incubated for 12h, after incubation cells were
treated with 1puM/mL SNP or (10 pM L-Arg and 0.5 pg/mL LPS+
5ng/mL IFN-y) and iNOS inhibitor SMT (10 pg/mL) for 24h. The cells
were harvested, and total RNA was prepared by the TRIzol method
(invitrogen). The iNOS mRNA level in different settings was
measured by semi-Quantitative RT-PCR by using iNOSForword
primer 5°-TCC CGA AGT TCT CAA GGC AC-3’ reverse primer 5°-TGG
CTT TAC AAA GCA GGT CAC-3". GAPDH was used as an internal
control and its level was measured by forward primer 5°- TTC GAC
AGT CAG CCG CATC-3" and Revere primer 5- GGC GCC CAA TAC
GAC CAA AT-3". Cytosolic extract preparation and Western blot
analysis of iNOS were performed with rabbit anti-human iNOS
antibodies (Santa Cruz Biotechnology, CA). 50 ugprotein from total
cell extracts were estimated by using Bradford reagent (Sigma-
Aldrich), which were loaded onto 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels and examined by Western

J. Name., 2013, 00, 1-3 | 3
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blot analysis. Incubation with a specific anti-iNOS rabbit polyclonal
antibody (diluted 1:1,000) and anti-B-actin mouse monoclonal
antibody (diluted 1:1000) was performed for overnight at 4°C. The
blots were then incubated with a secondary antibody, horseradish
peroxidase-linked anti-rabbit (diluted 1:2,500) or anti-mouse
(diluted 1:10,000) immunoglobulin, for 2 h at room temperature.
The blots were detected by using DAB method. Densitometry was
performed using Image-J Software (NIH, USA). The B-Actin was used
as internal control.

Cell imagingstudy by fluorescence microscope

1x10%*HepG2 cells were cultured and incubated in 35x10 mm culture
dish over the coverslip for 24h at 37°C in the media (DMEM, 10%
FBS). Then HepG2 cells were treated with 1uM/mL SNP or (10
uM/mL L-Arg, 0.5 pg/mL LPS+ 5ng/mL IFN-y), also along with
10pg/mL SMT and control cells kept untreated for 24 h at 37°C
followed by treated with 10 uM of L3 for 30 min at 37°C. This all
procedure was performed into the Media (DMEM, 10% FBS) itself
and to visualize live cells on coverslip it was washed with PBS before
mounting on microscope to visualize the cells.Bright field and
fluorescence images of HepG2 cells were taken by fluorescence
microscope (Leica DM3000, Germany) with an objective lens of 40X
magnification. Owing to L3 has cell permeability and rapid
fluorescence response to NO, L3 was further tested for real time
monitoring of NO. During this process or during treatments cells
were not fixed with paraformaldehyde or formaldehyde or any
fixing reagents etc.

Zebra fish imaging studies

As living cells and organ needs NO for the physiological processing,
signaling, homoeostasis and organ development, living tissueshave
been found to continuously release NO. Despite of this, Zebrafish
(Daniorerio) are progressively cast-off in research and has
established as a valuable animal model for drug discovery and to
screen bioactive compounds.?¢ Several studies had used zebrafish
as animal model to check the exogenous effect of NO in tonus
develops, inflammatory events and control of breathing.4748 To take
an advantage of this method we used zebrafish as model to trap
SNP induced NO. Adult and healthy wild type zebra fish (4-5-week-
old zebrafish)of both sexes were obtained from a local fish supplier
(average weight 0.6870.05 g and average length 3.9570.07 cm) and
kept in aquaria. The fish were fed twice a day with commercial food
(Optimum, Thailand) and water was changed daily to discard
metabolic wastes.Zebrafishes were maintained at controlled
environment(25°C, 12h:12h light: dark) were incubate without and
with 0.5 pM SNP for 60 min, washed with vehicle, incubated with
20 uM of L3 for 45 min and further allowed for washing in L3 free
vehicle. The images were captured in objective lens of 40X
magnification.

4| J. Name., 2012, 00, 1-3
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Results and discussion

As depicted in Scheme 2, receptor L3 was synthesized from the
reaction of rhodamine-B with ethylenediamine followed by Schiff
base condensation with O-pyridyl-salicyladehyde (1) which was well
characterized by 'H NMR (Fig.S1), 13C NMR (Fig. S2), HRMS (Fig.S3)
and IR (Fig.S4).The receptor L3was found to be highly sensitive and
selective fluorogenic sensor for NO in aqueous media.The sensor is
not freely soluble in agueous medium. For both UV-Vis and
fluorescence titrations, a 10 mL 1.0 x 10-* M stock solutions of L3
was prepared by dissolving it in few drops of MeCN and then
volume was adjusted with HEPES buffer at pH 7.20, p = 0.05 M
NaCl. 2.5 mL buffer solution was pipetted out into a cuvette to
which 50 pL of the sensor was added to get 20 uM L3and NO were
added incrementally (0 — 60 uM) in a regular interval.

UV-Vis absorption studies

In order to determine the equilibrium constant for the reaction
between L3and NO a UV-Vis titration with the fixed concentration
of L3(20 uM) and variable concentration of NO (0 - 80.0 uM) at 25
°C in aqueous HEPES buffer (20 mM) at pH 7.20, u = 0.05 M NacCl
was carried out. It was revealed that there is a gradual development
of a new absorption band at around 561nm (Fig. 1a) with the
addition of NO. A plot of Absorbance.vs. [NO] yield a non-linear
curve of decreasing slope (Fig. 1b) which was analyzed by Eqn. 1.

a +b*c*x"

= 1

A (M

Where a andb are the absorbances in the absence and presence of
excess of NO, c is the apparent formations constant of the product
and n is the stoichiometry of the reaction. The evaluated
parameters are: K= (1.65 £ 0.6) x10* M- and n=1.0 (Fig. 1b).

0.20

0.12

0.08

K ={1.65 £ 0.6) x 10°

(b)

Abwsrbance

0.04

Absorbance(a.u.)

. LY S LA T T

(R T]

0.00 o e A
300 600 700

Wavelength(nm)

Fig. 1.(a) Changes in UV-Vis absorption spectra of L3(20uM) in
aqueous HEPES buffer (20 mM) at pH 7.20, i = 0.05 M NaCl with
variable concentrations of NO (0 — 80uM). (b) nonlinear curve
fitting.

This journal is © The Royal Society of Chemistry 20xx
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Fluorescence studies

Again, on gradual addition of NO (0-60.0 uM) to the non-
fluorescent solution of L3 (20.0 uM), a 11-fold enhancement in
fluorescence intensity at 587 nm was observed on excitation at 510
nm (Fig. 2a), which also suggests an opening of the spirolactam ring
of L3 on reaction to the NO ion.2!A plot FI vs. [NO] gives a non linear
curve, which gives ¢ = K= (7.55 + 2.04) x 10* M-Y(Fig. 2b).The 1:1 L3:
NO binding was further supported by mass spectrometric analysis
(m/z):530.55 [(Rh-en-ONO)](3) (Fig.S3c in the Supporting
Information).

Selectivity Studies

The addition of 5 equivalents of Mn2*, Fe3*, Co?*, Ni2*, Cu?*, Cr3+,
Zn%*, PbZ*, Cd?*, AI?*, Hg?*, Na*, K* and MgZ*have no influence on the
fluorescence detection of NO(Fig. S5a). NO detection was not
perturbed in the presence of different anions like SCN-, NOs~, N3~,
Cl-, Br-, F~, HCO3', ClOy47, H,0,, OAc-, S;03%, CN-etc 5 equivalents of
which were added into the solution of L3 (20 uM) (Fig. S5b).

~ 3.0:10°F

)

24x10°

1.8x10°
K755 20410 M |

Fluorescence Intensity(a.u

.
1.2x10 30x10* 60x10° 90x 10
NOL M
6.0x10"
0.0 4
750

Wavelength(nm)

Fig. 2.(a) Changes in fluorescence spectra of L3(20 uM) in aqueous
HEPES buffer (20 mM) at pH 7.20, p = 0.05 M NaCl with variable
concentrations of NO (0 — 60 uM) (Aex = 510 NM).(b) non-linear
fitting.

Various types of amino acids such as phenyl alanine, valine,
methionine, glutamine, isoleucine, lycine, leucine, proline,
asparagine, tryptophan, hydroxyproline, aspartic acid, glutamic acid
etc. do not interfere with the detection of NO by the sensor (Fig.
$6).The detection of NO also remains unaffected in the presence of
H,0,, 0™, ONOO-, TEMPO radical, OCI;, ascorbic acid, dehydro
ascorbic acid, OH- and HNO (Fig.3). We have also checked the
selectivity of NO towards sensor L3 over the other analogous sensor
like L4, It was interesting to note that L* remains silent towards NO
signifying L® as a selective sensor towards NO (Scheme 3). The
quantum yield of L3-NO complex was determined to be @ = 0.77
(rhodamine 6G was used as a standard), whereas the free ligand is
non or very weakly fluorescent (@ = 0.07). The limit of detection
(LOD) of NO was determined by 3c method and found to be as low
as 83.4 nM (Fig. S7a). All these findings indicate that L3is a good
example of an ideal chemosensor for NO.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Bar chart illustrating fluorescence responses of L3at 587 nm
(Aex = 510 nm) towards different biomolecules and anions
inaqueous HEPES buffer (20 mM) at pH 7.20, u = 0.05 M NaCl.L3 =
20 pM.(1) H,0, (2) O,~* (3)ONOO" (4) TEMPO radical, (5) OCI (6)
Ascorbic Acid (7) Dehydroascorbic Acid (8) OH:(9) HNO (10)
NONOate (100uM).

NO
c———> Turn On Flurescence
H,0

Scheme 3: Analogous Schiff base compound(L*) with negligible
fluorescence response.
pH Studies

To check the suitability for convenient biological application of this
sensor towards NO sensing under physiological conditions the pH-
stability of the sensor was investigated which showed no obvious
fluorescence of L3 between pH 4 and 12, suggesting the existence of
spirolactam form of L3 over this wide range of pH (Fig.4). However,
in the presence of selective guest like NO it fluoresces effectively at
pH 2 5.0 which clearly indicates the compatibility of the sensor for
biological applications under physiological conditions.

J. Name., 2013, 00, 1-3 | 5
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Fig.4.pH dependent fluorescence response of L3andin the presence
of NO.

Actually this ligand behaves as a chemodosimeter to sense NO in
solution. Upon addition of excess NO to the HEPES buffer solution
of L3, there is a hydrolysis of the azomethyne bond with
simultaneous NO induced ring opening (Fig.5).

To establish the formation of the compound, Rh-en-ONO (3), by the
opening of the spirolactam ring (Fig.5), we have separated the
products using column chromatography after purging NO into the
solution of ligand (L3) in CH3CN. The column was prepared with
neutral alumina (AlL,O3) by passing CH3CN in the presene of few
drops of ammonia. A slurry of the reaction mixture (after purging
NO into the solution of ligand (L3)) in CH3sCN was prepared. Then
CH3CN: CH,Cl,=9:1(v/v) was passed through the column to separate
the products.We have characterised the isolated products by 'H
and3C NMR, Mass analysis and IR studies (Fig S1a, Fig Sic, Fig.S2a,
Fig.S2c, Fig.S3c-e, Fig.S4a and Fig.S4c).

From 'H NMR study we can see that theraction of L3with NO in
CHsCNsolution produces aldehyde (1) (Fig S1a)with a new peak at
10.62 ppm due to the breaking of azomethyne bond.*? Also in 13C
NMR, a new peak at 189.53 ppm arises due to formation of
aldehyde product (1)(Fig. S2a). Due to the formation of Rh-en-
ONOproduct (3) the tertiary carbon ofL3at 64.62 ppm is completely
vanishedsignifyingNO assisted opening of the spirolactamring(Fig.
S2c). Also from the mass analysis it is confirmed that the aldehyde
(1) and Rh-en-ONO (3) are formed(Fig.S3c-e).

The formation of the compound, Rh-en-ONO (3), by opening of the
spirolactam ring (Fig.5) was established through IR studies. The IR
studies revealed that the characteristic stretching frequency of the
amidic ‘C=0’ of the rhodamine moiety appearedat 1681 cm.
Another stretching frequency observed at 2965 cm-! corresponds to
the N-H band. Peaks at 1560 and 1350cm(N-O stretching
frequency)*®were observed due to bound ONO (Fig. S4c). For
aldehyde product (1) the stretching frequency at 1690 cm™ is
obtained for—-CHO group. (Fig. S4a). This is further confirmed by IR
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spectra obtained by DFT studies on such compound (Fig. S8and
Table S1).

e s o
”?‘"E’

-~

Fig.5. Proposed reaction mechanisms of ring opening with NO.

Geometry optimization and electronic structure

In order to get some idea of the bonding mode of the ligand with
NO we have carried out DFT optimization on NO—L3 compound.
The optimized geometries of L3and its ONO bound form are shown
in Fig.6. The composition of the compound NO—L3 has been
adopted based on HRMS studies and found as [(Rh-en-ONO)] (3).
L3and [(Rh-en-ONO)] species (3) have C1 point group. The
important optimized geometrical parameters of the compound are
listed in Table S2.

Fig.6. Optimized structure of L3 and RH-en-ONOcompound (3).

In case of RH-en-ONO compound (3), the calculated C61-062 bond
distance is 1.21A and N-O bond distances are found to fall in the
range 1.17-1.29 A. In the case of L3 in the ground state, the electron
densities of the HOMO and HOMO-3 orbitals reside mainly on the
chroman and xanthene moiety respectively. The energy gap
between the HOMO and LUMO is 7.99eV (Fig.7).

This journal is © The Royal Society of Chemistry 20xx
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Fig.7. Frontier molecular orbitals of L3 and RH-en-
ONOcompound(3).

In the case of the HOMO-1 orbital in RH-en-ONO compound (3) the
electronic contribution comes mainly from the xanthine moiety and
in case of HOMO-6 it comes from the benzamine moiety. The
HOMO-LUMO energy gap is 6.76 eV (Fig. 7). The UV-Vis absorption
spectra of the ligand used in the present work were calculated at
room temperature in H,0 by the TDDFT method. The ligand shows
two well resolved peaks at 315 and 416 nm and all have ILCT
character. These bands are assigned to the Sy=>S;; and So=>Ss
electronic transitions, respectively (Fig. 8). The absorption energies
and associated oscillator strengths are given in Table 1 and Table
S3. The UV-Vis spectrum of the RH-en-ONO compound (3) shows
three absorption bands at 476, 518 and 561 nm in H,O at room
temperature, which correspond nicely to the TDDFT calculated
absorption bands located at 458.7, 500.2 and 573.9 nm. These
three absorption bands can be assigned to the So=>S10, So>S¢ and
So=>Ss transitions, respectively (Fig.9) originating from ILCT
transitions (Table S4).

-0.02eV LUMO+8 ==~~~ sl ”
<------ 0+6 -0.14eV
j:: -0.18eV :
-p.e‘fev ..
-'-l-‘ g
Ao =333.26
#=0.7284 )
oo = 410,39 5251
f=0.1270

oS5

-8.48eV HOMd *
rmesmes HOMO-3 -9.44eV

Fig. 8. Frontier molecular orbitals involved in the UV-Vis absorption
of L3 in H,0.
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Fig.9. Frontier molecular orbitals involved in the UV-Vis absorption
of RH-en-ONO (3) in H,0.

Table 1: The comparable calculated optical transitions with
Experimental UV/Vis values for the ligand (L3), RH-en-ONO
compound (3).

Compounds Theoreti | Experi Electronic | f

cal (hm) | mental | Transition

(nm)

Ligand (L3) 333.26 | 315 So>S1 0.7284
Ligand (L3) 410.39 416 So>Ss 0.1270
RH-en- 573.9 561 So=>Ss 0.196
ONOcompound (3)
RH-en-ONO 500.2 518 So>Se 0.2947
compound (3)
RH-en-ONO 458.7 476 So=2>S10 0.1087
compound (3)

Cell Imaging Studies.

The cytotoxicity effects of L3 were determined by cell viability assay
on HepG2 cells. Up to 60 uM of L3 have less than 30% cytotoxicity
after 24 hours of L3 treatment (Fig.10). Spectrophotometric and
fluorometric analyses revel that L3 has high selectivity and
sensitivity for NO. In order to elucidate the biochemical importance
of the L3 we used HepG2 cell line. We have observed the increase in
NO level after treatment of SNP or (L-Arg + LPS+IFN-y) (S) compared
to control and were mitigated followed by treatment with SMT
(Fig.11A). To confirm the iINOS mediated production of NO, we have
checked the iNOS expression after treatment of SNP or (L-Arg and
LPS+IFN-y) (S) and also with SMT compared to control at mRNA and
protein level (Fig.11B-C). We have observed that increased in iNOS
expression after treatment either with SNP or (L-Arg and LPS+IFN-y)

J. Name., 2013, 00, 1-3 | 7
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compared to control and were abrogated after simultaneous
treatment with SMT (Fig.11A-B).

24h

B0
650
404
: ]
0-

OpM 10 M 20 WM 40 M 60 uM BO M 100 M
L.I

% Cell Viability

Fig.10. % Cell viability detection by using MTT assay of L3 on
HepG2 cells treated for 24h.

For in vitro confirmation that L3 forms the complex with
intracellularly produced NO, we have treated the HepG2 cells with
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1uM/mL SNP and (10 pM/mL L-Arg and 0.5 pg/mL LPS+ 5ng/mL IFN-
y) to induce NO production for 24 hour followed by incubation with
10 puM/mLL® for 30 min. Clear intracellular cytoplasmic red
fluorescence signal was observed.

Fig. 11 gives the direct NO level measurement by Griess assay after
NO inducer treatment along with iNOS inhibitor SMT compared to
control after 24 Hour.To establish the selective and specific NO
reaction of L3 HepG2 cells were co-treated with nitric oxide
Synthase (NOS) inhibitor S-methylisothiourea (SMT) along with NO
inducer, weak or no red signal were observed compared to that of
control cellssuggesting that L3 sensor selectively and specifically
react with intracellularly produced NO (Fig. 12). Likely to track the
in vivo NO snsing capability, we incubate 4-5 week old zebrafish
with 20 uM of L3 for 45 min (zebrafish was alive) and shows high
specific red fluorescence compared to control (Fig. 13). Overall
itsuggestesthat the novel L3sensor is non-cytotoxic, cell permeable
and suitable for both in vitro and in vivo NO sensing capability.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 11. (A) Graphical representation (Mean + SD) of direct NO level measurement by Griess assay after NO inducer treatment along with
iNOS inhibitor SMT compared to control after 24 Hour. (B) iNOS level after treatment with NO inducer along with iNOS inhibitor SMT
compared to control at 24 Hour by using RT-PCR and western blot analysis. GAPDH and B-actin was used as internal control. (C)
Quantitative analysis and graphical representation (Mean + SD) of iNOS level after treatment with NO inducer along with iNOS inhibitor
SMT compared to control at 24 Hour by using RT-PCR and western blot analysis.
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4SNP L+L-Arg

C+LPS+ IFN—‘

LC+SNP+SMT g +L-Arg+SMT C+LPS+ IFN-y+SMT

Fig. 12.The fluorescence images of HepG2 cells captured (40X)) after treatment with NO inducer 1uM/mL SNP, (10 uM/mL L-Arg + 0.5
ug/mL LPS+ 5ng/mL IFN-y) and along with iNOS inhibitor 10 uM/mL SMT compared to control for 24 hour, the media were replaced with

DAPI

RF

Merge

DAPI

RF

fresh conditioned media and treated with 10 uM/mL L3for 30 min at 37°C. The image shows the strong cytoplasmic red florescence when
L3 complexes with intracellular NO compared control. There was weak or no red fluorescence was observed for NO inducer treated along
with SMT. Cytoplasmic complex formation was confirmed by nuclear stain DAPI.
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Fig.13. The phase contrast and fluorescence images of zebrafish shows in vivo selective and specific NO chelating capability, 4-5 week old

zebrafish incubated with 20 uM of L3 for 45 min and shows high specific red fluorescence compared to control (40X objective).

Conclusion

In summary, a novel Rhodamine B based dual channel sensor (L3)
has been synthesized and structurally characterized. In aqueous
HEPES buffer (20 mM) at pH 7.20, u = 0.05 M NacCl it selectively
recognizes NO with 11 fold fluorescence enhancement with the
formation constant of (7.55 + 2.04) x 10* M1 through an unusual
formation of nitrosohydroxylaminewhich leads to the opening of
spirolactam ring. An analogous Schiff base compound(L*) does not
show any response towards NO, clearly indicating the selective
response of L3 towards NO (Scheme 3, Figs. S9, S10). Again, the
addition of 5 equivalents different metal ions, anions, amino acids
and various biological species do not interfere with the detection of
NO. Quantum vyields of L3 and [L3+ NO] compound are found to be
0.07, 0.77 respectively using Rhodamine-6G as standard. LOD for
NO were determined by 30 methods and found to be 83.4nM. L3
and [L3+ NOJ] compound were optimized by DFT studies.The UV-Vis
absorption spectra of the ligand and [L3 + NO] showed excellent
match with the result calculated by the TDDFT method at room
temperature in H;O. IR frequency of L3 and [L®+ NO] compound
were found to be similar with the IR spectra obtained by DFT
studies on such compound. L3 sensor is non-cytotoxic, cell
permeable and suitable for both in vitro and in vivo NO sensing
capability.

This journal is © The Royal Society of Chemistry 20xx
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Rhodamine-based turn-on nitric oxide sensor in aqueous medium with
endogenous cell imaging: an unusual formation of nitrosohydroxylamine

Rabiul Alam®, Abu Saleh Musha Islam®, Mihir Sasmal®, Atul Katarkar® and Mahammad Ali**

A sensor (L?) has been developed for highly sensitive and selective recognition for NO in purely aqueous
medium with an unusual formation of nitrosohydroxylamine leading to selective opening of spirolactam
ring with prominent enhancement in emission intensities and in vivo NO sensing in Zebra fish was also
checked.
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