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Graphical Abstract

Antiproliferative Activity

Synthesis of Nile Blue Analogues

Saccharomyces cerevisiae
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(CH5)>CHs, (CH5)oNH5.HCI

Photophysical Studies NIR Fluorescent Stain

Abstract: The search for benzo[a]phenoxazines, Nile Blue derivatives, with high antifungal activity
and cell labelling capacity based on our previously published works in this type of compounds, led
us to the design of compounds with specific substituents in the polycyclic system. Thus, in the
present work, four new benzo[a]phenoxazinium chlorides, possessing at the 5-position amino or (3-
aminopropyl) amino groups and at the 9-position propylamino or dipropylamino groups, were
synthesized. Another analogue, with (3-aminopropyl) amino group at 5-position, ethyl amino group

at 9-position and a methyl group at 10-position of the polycyclic system was also synthesized for
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comparison in the studies performed. Fundamental photophysics (absorption and fluorescent
emission) was carried out in absolute ethanol, water, and other aqueous solutions of different pH
values, relevant for the potential biological applications of these compounds. The antiproliferative
activity of the synthesized benzo[a]phenoxazinium chlorides was determined using Saccharomyces
cerevisiae PYCC 4072 and the microdilution method described for antifungal susceptibility tests in
yeast. All compounds revealed antifungal activity, being the most active the one possessing an
amino group at 5-position and an aminopropyl group at 9-position. The potential as fluorescent
probes were evaluated by fluorescence microscopy, using S. cerevisae as a model system of
eukaryotic cells, and it was found that the benzo[a]phenoxazinium chlorides stained the cells with
preferential accumulation that seems to appear at the vacuolar membrane and/or the perinuclear

membrane of the endoplasmatic reticulum.

Keywords: Nile Blue; benzo[a]|phenoxazines; NIR probes; antifungal drugs; fluorescent probes.

1. Introduction

Small fluorescent molecules have emerged as essential tools for contemporary analytical
methodologies applied in the biosciences field !>. In this context, a suitable fluorescent probe must
present high affinity for specific labeling of biological targets, high molar extinction coefficient and
quantum yield values, good stability against photobleaching as well as be designed to absorb and
emit at longer wavelengths (650 - 1000 nm), where background interference caused by the
biological material is minimal *. The cationic polycyclic benzo[a]phenoxazinium chlorides, often
refered as Nile Blue derivatives, have been recognized as good examples, as they strongly emit
fluorescence in the near-infrared (NIR) region, have both high photostability and molar absorption,
modest stoke shifts and a compact structure able to be functionalized, giving the versatility to create

molecules that can function as non-covalent or covalent binding probes &7-16-238.26.9-15
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Besides  their great fluorophore characteristics, oxazine heterocycles, such as
benzo[a]phenoxazinium chlorides, have had a greater impact in life sciences, as they have been
shown to possess pharmaceutical properties ®°, which has driven their study as antimicrobial 2>’

28

and antitumor agents Phenoxazine derivatives have been reported for their use as

photosensitizers in photodynamic therapy -*°, promising drugs for malaria *°, antiviral 3!, antifungal
3234 and antibacterial >°.

The search for benzo[a]phenoxazine derivatives with particular substituents in the polycyclic
system possessing simultaneously great antifungal activity and cell staining capacity that aggregate
all the knowledge acquired in previously published works in this type of compounds, led us to the
design and synthesis of four new benzo[a]phenoxazinium chlorides, possessing at the 5-position the
amino or (3-aminopropyl) amino groups and at the 9-position the propylamino or dipropylamino
groups. Fundamental photophysical studies were performed for the four new compounds together
with another analogue, with (3-aminopropyl) amino group at 5-position, ethylamino group at 9-
position and a methyl group at 10-position. The five compounds were evaluated for their antifungal
activity as well as staining potential using the yeast Saccharomyces cerevisiae as a model system of
eukaryotic cells, and it was found that they displayed antiproliferative activity, with MIC values
dependent on their substituents. Fluorescence microscopy studies showed that

benzo[a]phenoxazinium chlorides stained the cells with preferential accumulation on the vacuolar

membrane and/or on the perinuclear membrane of the endoplasmic reticulum.

2. Experimental section

2.1. Synthesis general

Melting points were measured on a Stuart SMP3 melting point apparatus. TLC analysis was carried
out on 0.20 mm thick precoated silica plates (Macherey-Nagel), and spots were visualized under
UV light on a CN-6 camera. Chromatography on silica gel was carried out on Acros Organics 60

(0.035-0.070 mm). IR spectra were determined on a BOMEM MB 104 spectrophotometer. Samples
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were prepared in 1% KBr pellets. UV-Vis-NIR absorption spectra (200-800 nm) were obtained
using Shimadzu UV/3101PC spectrophotometer and fluorescence spectra with Fluoromax-4
spectrofluorometer. NMR spectra were obtained on a Bruker Avance III 400 at an operating
frequency of 400 MHz for 'H and 100.6 MHz for 1*C. All chemical shifts are given in ppm using du
MesSi = 0 ppm as reference and J values are given in Hz. Assignments were made by comparison
of chemical shifts, peak multiplicities and J values, and were supported by spin decoupling-double
resonance and bidimensional heteronuclear correlation techniques. Mass spectrometry analysis were
performed at the “C.A.C.T.I. - Unidad de Espectrometria de Masas”, at University of Vigo, Spain.

All commercial reagents and solvents were used as received.

2.2. General procedure for the synthesis of benzo[a]phenoxazinium chlorides 3a-d

To a solution of the corresponding nitrosophenol hydrochloride (1a,b) in methanol (3 mL),
concentrated hydrochloric acid was added followed by naphthalen-1-amine 2a or N'-(naphthalen-1-
yl)propane-1,3-diamine hydrobromide 2b and the resulting solution was refluxed. The progress of
the reaction was monitored by TLC (mixtures of dichloromethane/methanol). After evaporation of
the solvent and column chromatography purification on silica gel (mixtures of increasing polarity of
dichloromethane/methanol as the eluent), the corresponding benzo[a]phenoxazinium chloride (3a-

d) was obtained.

2.2.1 N-(5-Amino-9H-benzo[a]phenoxazin-9-ylidene)propan-1-aminium chloride 3a. The
reaction between 2-nitroso-5-(propylamino)phenol hydrochloride 1a (0.408 g, 1.88x10™ mol, 2
eq.), concentrated hydrochloric acid (0.724 mL) and 2a (0.135 g, 9.4x10™* mol, 1 eq.) (reflux time:
24h) gave compound 3a as a blue solid (0.157 g, 49%). mp > 300°C. Rf = 0.41
(dichloromethane/methanol 9:1). FTIR (KBr 1%): vmax 3415, 3204, 3039, 2968, 1663, 1631, 1590,
1553, 1529, 1484, 1468, 1434, 1352, 1286, 1186, 1144, 1119, 1091, 1060, 1013, 977, 853, 792 cm’

. TH NMR 6u (CD;0D, 400 MHz) 1.07 (t, J = 7.2 Hz, 3H, NHCH2CH.CH3), 1.78 (sext, J = 7.2 Hz,
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2H, NHCH,CH,CH;), 3.51 (t, J = 7.6 Hz, 2H, NHCH,CH,CHs), 6.98 (s, < 2H, H-6 and H-8), 7.26
(d, J=9.2 Hz, 1H, H-10), 7.89-7.92 (m, 2H, H-3 and H-11), 8.02 (dt, /= 8.0 and 0.8 Hz, 1H, H-2),
8.39 (d, J = 8.0 Hz, 1H, H-4), 8.96 (dd, J = 8.0 and 0.8 Hz, 1H, H-1) ppm. '*C NMR é¢ (CDsOD,
100.6 MHz) 11.53 (NHCH.CH,CH3), 23.53 (NHCH,CH>CHs), 46.16 (NHCH,CH,CHs), 98.74 (C-
6 and C-8), 113.13 (C-10), 124.61 (Ar-C), 125.08 (C-4), 126.10 (C-1), 130.49 (Ar-C), 131.61 (C-3),
132.74 (C-11), 133.29 (Ar-C), 134.26 (C-2), 144.51 (Ar-C), 152.46 (2xAr-C), 153.08 (C-9), 164.59

(C-5) ppm. HRMS: m/z (ESI): Found [M+1]": 304.1441; C19H;sN3O requires [M+1]": 304.1444.

2.2.2. N-(5-((3-Aminopropyl)amino)-9H-benzo|a]phenoxazin-9-ylidene)propan-1-aminium
chloride hydrobromide 3b. 2-Nitroso-5-(propylamino)phenol hydrochloride 1a (0.816 g, 3.76x10"
3> mol, 10 eq.), concentrated hydrochloric acid (1.447 mL) and 2b (0.106 g, 3.8x10™ mol, 1 eq.)
were refluxed for 7h. Compound 2b was once again added (0.053 g, 1.9x10™* mol, 0.5 eq.) and the
mixture was refluxed for more 18h. The product was obtained as a blue solid 3b (0.053 g, 19%). mp
>300°C. Rf'=0.57 (dichloromethane/methanol 7:3). FTIR (KBr 1%): vmax 3429, 2966, 2923, 2854,
1660, 1630, 1588, 1549, 1531, 1465, 1349, 1321, 1285, 1184, 1128, 1013, 774 cm™'. 'H NMR dn
(CDsOD, 400 MHz) 1.06 (t, J = 7.4 Hz, 3H, NHCH,CH:CH3), 1.77 (sext, J = 7.2 Hz, 2H,
NHCH.CH:CH3), 2.22-2.30 (m, 2H, NHCH.CH>CH.NH>HBr), 3.19 (t, J = 7.4 Hz, 2H,
NHCH>CH,CH:NH>HBr), 3.51 (t, J = 7.4 Hz, 2H, NHCH>CH,CH3), 3.94 (t, J = 7.0 Hz, 2H,
NHCH>CH,CH;NH>HBr), 7.18 (s, <2H, H-6 and H-8), 7.27 (d, J = 9.2 Hz, 1H, H-10), 7.87 (m,
2H, H-3 and H-11), 7.95 (t, /= 7.6 Hz, 1H, H-2), 8.50 (d, /= 8.0 Hz, 1H, H-4), 8.90 (d, J= 7.6 Hz,
1H, H-1) ppm. 3C NMR éc (CD;OD, 100.6 MHz) 11.59 (NHCH,CH,CH;), 23.55
(NHCH:CH:CH3), 26.56 (NHCH:CH:CH;NH2>HBr), 38.35 (NHCH:CH:CH:NH2HBr), 42.97
(NHCH>CHCH:NH2>HBr), 46.49 (NHCH.CH:CH3), 94.14 (C-8), 95.18 (C-6), 113.76 (C-10),
124.49 (C-4), 124.68 (Ar-C), 125.58 (C-1), 130.83 (Ar-C), 131.37 (C-3), 132.16 (Ar-C), 132.64 (C-
11), 133.41 (C-2), 135.62 (Ar-C), 152.57 (Ar-C), 152.60 (Ar-C), 158.35 (C-9), 160.20 (C-5) ppm.

HRMS: m/z (ESI): Found [M+1]": 361.2018; C22H25N4O requires [M+1]": 361.2023.
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2.2.3 N-(5-Amino-9H-benzo|a]phenoxazin-9-ylidene)-N-propylpropan-1-aminium chloride 3c.
The reaction between 5-(dipropylamino)-2-nitrosophenol hydrochloride 1b (0.363 g, 1.4x10 mol,
2 eq.), concentrated hydrochloric acid (0.539 mL) and 2a (0.100 g, 7x10* mol, 1 eq.) (reflux time:
12h) gave compound 3¢ as a blue solid (0.124 g, 46%). mp = 288.0-289.7 °C. Rf = 0.48
(dichloromethane/methanol 9:1). FTIR (KBr 1%): vmax 3437, 3031, 2961, 2900, 2869, 1666, 1641,
1585, 1548, 1484, 1425, 1382, 1366, 1333, 1294, 1238, 1191, 1171, 1144, 1114, 1062, 1040, 1008,
923, 858, 818, 779 cm. 'H NMR du (CD;OD, 400 MHz) 1.07 (t, J = 7.6 Hz, 6H,
N(CH2CH2CH3)2), 1.80 (sext, J = 7.6 Hz, 4H, N(CH.CH>CHz3),), 3.62 (t, J = 8.0 Hz, 4H,
N(CH:CH2CH3)2), 6.89 (s, 1H, H-6), 6.90 (d, J = 2.4 Hz, 1H, H-8), 7.27 (dd, J = 9.4 and 2.4 Hz,
1H, H-10), 7.85 (t, J = 8.4 Hz, 1H, H-3), 7.88 (d, /=9.6 Hz, 1H, H-11), 7.97 (t, /= 8.0 Hz, 1H, H-
2), 8.34 (d, J = 8.0 Hz, 1H, H-4), 8.94 (dd, J = 8.0 and 0.8 Hz, 1H, H-1) ppm. *C NMR dc
(CDsOD, 100.6 MHz) 1141 (N(CH2CH:2CH3)), 21.76  (N(CH2CH:CHs)2), 54.53
(N(CH>CH2CH3)2), 97.23 (C-8), 97.69 (C-6), 116.64 (C-10), 124.19 (Ar-C), 124.73 (C-4), 125.68
(C-1), 130.88 (C-3), 131.41 (Ar-C), 133.39 (Ar-C), 133.59 (C-2), 134.11 (C-11), 135.29 (Ar-C),
149.62 (Ar-C), 153.18 (Ar-C), 156.17 (C-9), 163.04 (C-5) ppm. HRMS: m/z (ESI): Found [M+1]":

346.1919; C22H24N30 requires [M+1]": 346.1914.

224 N-(5-((3-Aminopropyl)amino)-9H-benzo[a]phenoxazin-9-ylidene)-/N-propylpropan-1-
aminium chloride hydrobromide 3d. 5-(Dipropylamino)-2-nitrosophenol hydrochloride 1b (0.726
g, 2.8x10 mol, 10 eq.), concentrated hydrochloric acid (1.078 mL) and 2b (0.079 g, 2.8%10™ mol,
1 eq.) were refluxed for 12h. Compound 2b was once again added (0.026 g, 9.3x10~ mol, 0.33 eq.),
and the mixture was refluxed for more 18h. The product 3d was obtained as a blue solid (0.035 g,
18%). mp = 243.2-245.0 °C. Rf'= 0.87 (dichloromethane/methanol 7:3). FTIR (KBr 1%): vmax 3412,
3201, 2958, 2928, 2865, 1639, 1588, 1548, 1533, 1498, 1436, 1384, 1334, 1290, 1240, 1168, 1126,
1009, 923, 865, 824, 778 cm’. 'H NMR du (CD3OD, 400 MHz) 1.10 (t, J = 7.6 Hz, 6H,

N(CH,CH.CH3),), 1.81 (sext, J = 7.6 Hz, 4H, N(CHCH>CHs)), 2.20-2.32 (m, 2H,
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NHCH>CH:>CH>NH2'HBr), 3.24 (t, J = 7.6 Hz, 2H, NHCH>CH>CH>NH>HBYr), 3.61 (t, J = 7.2 Hz,
4H, N(CH>CH:CHs)»), 3.84 (t, J = 7.2 Hz, 2H, NHCH>CH,CH>NH>HBr), 6.72 (d, J = 2.4 Hz, 1H,
H-8), 6.86 (s, 1H, H-6), 7.23 (dd, /= 9.6 and 2.8 Hz, 1H, H-10), 7.61-7.66 (m, 2H, H-3 and H-11),
7.78 (t, J = 8.0 Hz, 1H, H-2), 8.27 (d, J = 8.4 Hz, 1H, H-4), 8.54 (d, J = 8.0 Hz, 1H, H-1) ppm. *C
NMR dc (CD;OD, 100.6 MHz) 11.54 (N(CH2CH2CH3)2), 21.95 (N(CH2CH:CHs)2), 27.68
(NHCH2CH:>CH;NH2>HBr), 38.49 (NHCH2CH2CH:NH2HBr), 42.63 (NHCH>CH2CH>NH2'HBr),
54.76 (N(CH-CH:>CHs)2), 94.51 (C-6), 97.20 (C-8), 117.55 (C-10), 124.16 (C-4), 124.19 (Ar-C),
125.17 (C-1), 130.61 (C-3), 131.94 (Ar-C), 131.98 (Ar-C), 132.87 (C-2), 133.97 (Ar-C), 134.06 (C-
11), 149.34 (Ar-C), 152.57 (Ar-C), 156.26 (C-9), 158.60 (C-5) ppm. HRMS: m/z (ESI): Found

[M+1]": 403.2490; C25H31N4O requires [M+1]": 403.2492.

2.3. Photophysical studies

Photophysical properties of benzo[a]phenoxazinium chlorides 3a-e were determined in ethanol,
ethanol acidified with TFA, water and aqueous solutions at different pH values (3, 5 and 7.4), with
concentration between 107 and 10 M. These last solutions were prepared using boric acid, citric
acid and sodium phosphate buffers, or phosphate-saline buffer PBS (pH 7.4).

Fluorescence was measured at an angle of 90° to excitation incident radiation in quartz cells. The
excitation wavelength was 590 nm for all compounds. The area below the fluorescence spectrum
curve was determined, allowing the relative fluorescence quantum yield (@) of the test compound

to be calculated using Oxazine 1 as standard (@r = 0.11 in ethanol *%).

2.4. Antifungal activity assays

Minimum Inhibitory Concentration (MIC) of growth for compounds 3a-e was determined using a
broth microdilution method for the antifungal susceptibility testing of yeasts (M27-A3, CLSI —
Clinical and Laboratory Standards Institute). The yeast Saccharomyces cerevisiae PYCC 4072 was

used as a model organism. Cells were incubated at 30 °C in RPMI 1640 medium, buffered to pH 7.0
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with 0.165 M morpholenepropanesulfonic acid (MOPS) buffer. Initial cell concentration was
2.25x10° cells/mL. Stock solutions of the compounds were prepared in DMSO and a final dilution
was carried out in an RPMI 1640 medium (DMSO concentrations of 0.5% per well). MIC values
were determined using a microplate photometer, after 48 h of incubation, as the lowest
concentration of drug that resulted in a growth inhibition over 80%, as compared to the growth
observed in the control wells containing 0.5% DMSO. Each drug concentration was tested in

triplicate and in two independent experiments.

2.5. Evaluation as fluorescent probes

Saccharomyces cerevisiae W303-1A was grown on YEPD (1% yeast extract, 2% peptone, 2%
glucose) agar plates. A sample of this culture was used to prepare a cell suspension that was
incubated overnight at 30°C and 120 rpm, in liquid YEPD, until it reached an optical density of
approximately 0.8 at 640 nm. Aliquots of this culture were collected and incubated with the
respective benzo[a]phenoxazinium chloride (12.5 pM) in PBS at 30 °C for two hours. Cells were
centrifuged at 3000 rpm for 5 minutes, rinsed two times in PBS and resuspended in 30 uL of PBS.
The samples were analyzed on an Olympus BX6F2 fluorescence microscope, with appropriate filter
cubes: U-FDICT (differential interference contrast), U-FYW (Far-Red), with a 60x oil immersion
objective. All treatment conditions were performed in three independent experiments and the

images presented are representative of the results obtained.

3. Results and discussion

3.1. Synthesis of benzo[a]phenoxazinium chlorides 3a-d

The synthesis of benzo[a]phenoxazinium chlorides 3a-d started with the preparation of precursors
la,b and 2b. 2-Nitroso-5-(propylamino)phenol hydrochloride 1a and 5-(dipropylamino)-2-
nitrosophenol hydrochloride 1b were prepared by reaction of 3-(propylamino)phenol and 3-

(dipropylamino)phenol with sodium nitrite in acid solution under ice cold conditions **%’. N!-
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(Naphthalen-1-yl)propane-1,3-diamine hydrobromide 2b was obtained by the alkylation of
naphthalen-1-amine 2a with 3-bromopropan-1-amine hydrobromide in ethanol under reflux
conditions %°.

The reaction of nitrosophenol precursors 1a,b with naphthalen-1-amine 2a or its derivative 2b in an
acidic medium afforded the corresponding benzo[a]phenoxazinium chlorides 3a-d (Scheme 1).
Thus, reaction between nitrosophenol 1a with precursors 2a or 2b in ethanol, in the presence of
concentrated hydrochloric acid, and after silica gel column chromatography purification gave N-(5-
amino-9H-benzo[a|phenoxazin-9-ylidene)propan-1-aminium  chloride = 3a  or  N-(5-((3-
aminopropyl)amino)-9H-benzo[a]phenoxazin-9-ylidene)propan-1-aminium chloride hydrobromide
3b, which are N-monoalkylated at 9-amino position, possessing an amino group or propane-1,3-
diamine hydrobromide at 5-position of the polycyclic systems, respectively. Starting from
nitrosophenol 1b and using the same precursors 2a or 2b, in similar conditions, N-(5-amino-9H-
benzo[a]phenoxazin-9-ylidene)-N-propylpropan-1-aminium chloride 3¢ or N-(5-((3-
aminopropyl)amino)-9H-benzo[a]phenoxazin-9-ylidene)-N-propylpropan-1-aminium chloride
hydrobromide 3d, with identical substitution to 3a and 3b, respectively, at 5-position, but N-
dialkylated at 9-amino position were obtained.

Also, by reaction of 5-(ethylamino)-4-methyl-2-nitrosophenol 1¢ and precursor 2b, N-(5-((3-
aminopropyl)amino)-10-methyl-9H-benzo[a]phenoxazin-9-ylidene)ethanaminium chloride
hydrobromide 3e was synthesized, which possesses at 5-position the propane-1,3-diamine
hydrobromide like 3b and 3d, but the 9-position N-monosubstituted with ethyl group and at 10-
position the methyl group. Spectroscopic data confirmed the structure of compound 3e and is in
according with those previously published 2. It should be noted that this compound was
synthesized for use in photophysical, antifungal and staining studies in comparison with new
derivatives obtained in the present work.

Compounds 3a-d were obtained as blue solids and were fully characterized by high resolution mass

spectrometry, IR and NMR ('H and *C) spectroscopy.
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Scheme 1 - Synthesis of benzo[a]phenoxazinium chlorldes 3a-e.

FTIR spectra of compounds 3a-d showed the bands corresponding to amine groups (3437-3201 cm”
1) and C-N bond of the central oxazine ring (1641-1630 cm™). The '"H NMR spectra of the four new
compounds showed the characteristic aromatic signals of benzo[a]phenoxazinium protons, H-1 to
H-4, H-6, H-8 and H-11 (6 6.72-8.96 ppm). The terminal methyl groups at 9-amino position
appeared as triplets or multiplets (6 1.04-1.12 ppm), adjacent methylene protons as sextets or
multiplets (6 1.70-1.81 ppm) and methylene protons adjacent to the nitrogen atoms as triplets (o
3.45-3.62 ppm). Spectra of compounds 3b and 3d show the presence of the aminopropyl groups,
with the central methylenic groups, NHCH>CH>CH>NH>'HBr, as multiplets (6 2.20-2.32 ppm), the
adjacent  methylenic =~ groups, @ NHCHCH.CH>NH,HBr (6 3.20-3.24 ppm) and
NHCH->CH>CH,NH2>'HBr (6 3.84-3.87 ppm), as triplets. The '3*C NMR spectra showed the aromatic

carbons of benzo[a]phenoxazinium core (0 94.14-164.62 ppm). Signals of propyl groups at 9-amino

10
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positions of di-alkylated compounds 3e¢,d appeared at 0 11.41-11.54 ppm (N(CH2CH2CHj3)2), o
21.76-21.95 ppm (N(CH2CH>CH3s)>) and 6 54.53-54.76 ppm (N(CH>CH2CH3)). There is a slight
difference for mono-alkylated compounds 3a,b, which showed the carbons of methyl groups at o
11.52-11.59 ppm, adjacent methylene groups at ¢ 23.53-23.55 ppm, and methylenes adjacent to the
nitrogen at 0 46.16-46.49 ppm. Methylene carbons of propylamino group at 5-amino position
appeared at 0  26.56-27.68 (NHCH,CH:>CH>NH>HBr), o  38.35-38.49  ppm

(NHCH2CH,CH:NHy'HBr) and & 42.63-42.97 ppm (NHCH,CH,CH,NH,'HBr).

3.2. Photophysical studies of benzo[a]phenoxazinium chlorides 3a-e

Photophysical studies of benzo[a]phenoxazinium chlorides 3a-e were carried out in dry ethanol,
water and aqueous solutions of different pH values, chosen according to potential biological
applications of the compounds. The maximum absorption (Aaps) and emission (Aemi) Wavelengths for
each compound in each solvent were obtained, as well as the molar extinction coefficient (in
logarithmic scale, log ¢), the relative fluorescence quantum yield (@r) and the Stokes shifts (AL).
The relative fluorescence quantum yields were determined using Oxazine 1 as a standard (@r = 0.11

in ethanol) at 590 nm excitation. The results obtained are summarized in Table 1.

11



258 Table 1 — Photophysical data for benzo[a]phenoxazinium chlorides 3a-e.

Compound 3a 3b 3¢ 3d 3e
Ethanol  Aws(nm)|loge 609(4.75 621]4.10 629]4.83 637|4.09 627|4.10
489 14.40 49214.38 51214.03 530|3.40
Aemi (nm) | @r 6471049 6491030 661]0.16 669]0.19 643]0.54

A\ (nm) 38 28 32 32 16
Acidified Aaps(nm) |loge 609 [4.82 622451 629|4.83 639]4.60 627]4.15

ethanol

Aemi (nm) | dr 646047 6551035 662|020 669]0.18 6440.58

A\ (nm) 37 33 33 30 17
Water Aabs (nm) | loge 608 [4.48 619]4.19 637]4.68 647]4.18 624]3.70
Aemi (nm) | @dF 653 [0.10 659]0.09 679]0.02 680]0.02 651]0.21

A\ (nm) 45 40 42 33 27
pH 3 Aabs(nm) |loge  611]4.55 620(4.36 637471 648]4.52 625]4.02
Aemi (nm) | dr 654 |0.11 658|0.14 674|0.03 673]0.05 651]0.37

A\ (nm) 43 38 37 25 26
pH S5 Aabs (nm) |loge  610]4.53 622433 638(4.75 650]4.56 625]4.06
Aemi (nm) | @ 654[0.13 660|0.11 675[0.03 682|0.03 651]0.33

A\ (nm) 44 38 37 32 26
pH7.4  Jws(nm)|loge 610[4.55 621|4.24 639|480 648|4.53 6273.90
Aemi (nm) | @ 656[0.12  658|0.12 675|0.02 683]0.03 651]0.24

A\ (nm) 46 37 36 35 24

259
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Benzo[a]phenoxazinium chlorides can be found in their cationic (acid) or neutral (basic) form. In
ethanol, it is possible to observe for compounds 3a, 3b, 3d and 3e their basic form, a band in the
range of 489-530 nm, even though for most cases their acid form is predominant (Figures S1 and S2
in Supplementary Material). In order to obtain only the acid form of the compounds, trifluoroacetic
acid (TFA) was added to ethanolic solutions (acidified ethanol), resulting in the disappearance of
the basic form and an increase in log ¢ values, as it was previously observed by the authors for other
benzo[a]phenoxazinium chlorides 2°.

From the absorption data, in acidified ethanol, a bathochromic shift of 20 nm (3¢/3a) and 17 nm
(3d/3b) is shown for compounds 3¢ and 3d in comparison with 3a and 3b. This indicates that the
presence of two alkyl chains in 9-amino position of the heterocyclic system is correlated to an
increase of maximum absorption wavelengths, which is in agreement with previous observations for
compounds of this type '2. Furthermore, compounds 3b and 3d, containing an aminopropyl group at
5-amino position, also show a bathochromic shift by comparison with compounds 3a and 3¢ (13
nm, 3b/3a; 10 nm, 3d/3¢), which possess a hydrogen atom at the same position. Therefore, this
reinforces the fact that Aaps is affected not only by the substitution at 9-amino position, but also at 5-
amino position of the benzophenoxazinium core. In Figure 1 the absorption spectra for the five

compounds, 3a-e, in acidified ethanol are presented.
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Figure 1 — Normalized of absorption and emission spectra of benzo[a]phenoxazinium chlorides 3a-

e in acidified ethanol.

For biological applications, photophysical studies in aqueous solutions are particularly relevant.
Therefore, absorption studies in water (pH~5.5) and aqueous solutions of different biologically
relevant pH values (pH=3, 5 and 7.4) were carried out. In water, a decrease in log & values for the
five compounds was observed. A bathochromic shift occurred for 9-position di-alkylated
compounds 3¢,d in comparison with the mono-alkylated ones 3a,b, thus following the same trend
as in ethanol solutions. A broader band is observed in water due to the presence of H aggregates
(Figure 2). These aggregates practically do not have fluorescence, resulting in a decrease of

emission in water compared with ethanol.
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Figure 2 — Normalized spectra of absorption and emission of benzo[a]phenoxazinium chlorides 3a-

e in water.

In aqueous solutions at different pH values, it is shown that no relevant differences occur for Aaps
values, which are in the range 610-650 nm, compared to water results (Amax 608-647 nm). The log ¢
values (3.90-4.80) are lower than those for acidic ethanol solutions (log £4.15-4.83). In Figure 3 the
absorption spectra of compounds 3a-e in aqueous solutions of pH 7.4 are shown. Spectra of all
compounds at pH 3 and 5 are also presented in Figures S3 and S5, respectively, in Supplementary
Material. Regarding compound 3e with an aminopropyl group at 5-amino position, mono-alkylated
at 9-amino position and bearing the methyl group at 10-position of the polycyclic system, the Aaps
values in ethanol, water and aqueous solutions with variable pH are always superior to those of the
9-amino mono-alkylated compound with the same substitution at 5-position (compound 3d), which
is probably due to the presence of the methyl substitution 3e. The log ¢ value is inferior in

comparison with 3b (Table 1, Figures 1-3, S1-S6).
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Figure 3 — Normalized spectra of absorption and emission of benzo[a]phenoxazinium chlorides 3a-

e in aqueous solution of pH=7.4.

From the emission data, no relevant differences are observed between ethanol and acidified ethanol
data. The Aem; values, as Aaps values, are shown to be higher for di-alkylated compounds 3c¢,d (661-
669 nm) comparing to mono-alkylated compounds 3a, 3¢ and 3e (643-655 nm) (Figure 1).
Furthermore, compounds 3¢ and 3d present lower @r values (0.16-0.20). Stokes’ shifts are shown
to be lower for compound 3e (16-17 nm) in comparison whit the moderate values displayed for the
other four compounds (28-38 nm).

In water, @r values are significantly lower for all the compounds (0.02-0.21), and as in ethanol
studies, lower values are related to di-alkylated compounds. The Aemi values show a small
bathochromic shift for all the compounds in comparison with ethanol results, especially for di-
alkylated compounds (Aemi 679-680 nm) (Figure 2).

The Aemi values are similar in the aqueous solutions at different pHs (Figures 3, S4 and S6 in

Supplementary Material). A clear difference between mono-alkylated and di-alkylated compounds
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can be seen (Figures 3, S4 and S6 in Supplementary Material). The @r values are also lower than
those in ethanol solutions, as expected due to the higher solubility of the compounds in an organic

solvent.

3.3. Antifungal activity of benzo[a]phenoxazinium chlorides 3a-e

Considering the previously reported antifungal activity of several benzo[a]phenoxazines 22723
the five compounds synthesized were used in antiproliferative studies against the yeast S. cerevisiae
PYCC 4072 by determination of MIC (Minimum Inhibitory Concentration) values using a broth
microdilution method for antifungal activity testing. MIC represents the minimum concentration of
the used compound in which 80% or higher of cell growth is inhibited. All the samples were diluted
in DMSO, with the final concentration of this solvent in the growth medium being 0.5%. Control
assay showed that this concentration of DMSO does not change the cell growth. RPMI-1640 media
was used and the final concentration of each compound was between 3.125 and 100 uM. MIC and

theoretically predicted log P values, an measure of compounds’ hydrophobicity estimated by

calculating the partition between membranes and aqueous media, are shown in Table 2.

Table 2 - MIC values of benzo[a]phenoxazinium chlorides 3a-e against the yeast S. cerevisiae

PYCC 4072.
Compound 3a 3b 3c 3d 3e
MIC (uM) 6.25 25 25 25 100
log P 1.64 1.09 1.70 1.15 0.96

The design of the synthesized compounds took into account the results of previous work showing
that a propyl group as a substituent at 9-amino position improved antifungal activity compared to
the combination of an ethyl group in this position and a methyl group at 10-position (3e) 3. This

can be corroborated by these results since compound 3e presents the higher MIC value of all tested
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compounds (100 uM). Furthermore, previous work also suggested that di-alkylation at the 9-amino
position improved antifungal activity comparing to mono-alkylation 32. However, in the present
work compound 3a (only one alkyl chain at 9-amino position) shows a lower MIC value (6.25 uM)
than analogues (25 uM), suggesting that biological activity may relate to the combination of all
substituents and no correlation between MIC value and the number of alkyl chains at 9-amino
position can be established. No correlation between MIC values and log P values is established

either.

3.4. Evaluation as fluorescent stains for cells

In order to evaluate the application of the synthesized fluorochromophores for live-cell imaging
experiments, the intracellular distribution of benzo[a]phenoxazinium chlorides 3a-e was assessed
by differential interference contrast (DIC) and fluorescence microscopy.

S. cerevisiae W303-1A cells were incubated for two hours with each compound at a concentration
of 12.5 uM. This incubation resulted in their accumulation in the cells, as it was detected near
infrared fluorescence emission, upon excitation with the far red filter setup for all the compounds
(Figure 4). Furthermore, it is possible to observe the accumulation of compounds 3b-¢ in the DIC
images (Figure 4), as these compounds showed the ability to color the cells in blue. However, a
direct correlation has not been observed between the ability to color the cells and the fluorescence
emission of the compounds, this is evident in the case of 3¢. Although this compound was the one
that stained the cells with highest intensity, it did not translate into a higher fluorescence intensity in
comparison with the remaining compounds, which is in accordance with the photophysical data
since compound 3¢ is the one with the highest molar extinction coefficient, but with the lowest
fluorescence quantum yield, in aqueous solutions. In previous studies it has been observed that
benzo[a]phenoxazinium chlorides fluorescence in the cells accumulates preferential on the vacuolar
membrane and/or on the perinuclear membrane of the endoplasmic reticulum ?’. Looking more

closely for the far-red images of compounds 3a-e, it is possible to identify similar phenotypes as the
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ones previously reported ?’. The staining experiments with compound 3a, reveal a preferential
accumulation of the compound in the region of vacuolar membrane (green arrow) (Figure 4). In the
case of compounds 3b-e the accumulation seems to occur at the perinuclear membrane of
endoplasmic reticulum (yellow arrows), but also on other non-identified mainly spherical structures

(Figure 4).
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376  Figure 4 — Intracellular distribution of 3a-e. Differential interference contrast (DIC) and Far Red
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fluorescence microscopy images of W303-1A cells after incubation with 3a-e (12.5 uM). Samples
were stained in PBS at 30 °C for two hours and visualized by epifluorescence microscopy with a
60x oil immersion objective. Green arrows indicate compound accumulation on vacuolar membrane
and Yellow arrows indicate compound accumulation on the perinuclear membrane of endoplasmic

reticulum.

4. Conclusion

Four new benzo[a]phenoxazinium chlorides, Nile Blue analogues, having as substituents only
amino or (3-aminopropyl) amino groups at the 5-position and a propylamino or dipropylamino
groups at the 9-position were synthesized. Another analogue, with (3-aminopropyl) amino, ethyl
amino and methyl groups at 5-, 9- and 10-positions of the polycyclic system was also synthesized
for comparison in the studies performed. These compounds displayed absorption and emission
maxima in the range 608-650 nm and 643-683 nm, respectively, with fluorescence quantum yields
up to 0.58, in absolute dry ethanol, acidified ethanol, water and other aqueous solutions at pH
values of 3, 5 and 7.4. It was found that all benzo[a]phenoxazinium chlorides revealed inhibitory
activity against the yeast Saccharomyces cerevisiae PYCC 4072 used as a eukaryotic model
organism. The best activity was obtained with compounds having amino and propylamino groups at
5- and 9-positions, respectively, with a MIC value of 6.25 pM. Fluorescence microscopy studies
showed that all benzo[a]phenoxazinium chlorides stained the cells, with accumulation that seems to
appear preferential at the level of vacuolar membrane and/or on the perinuclear membrane of the
endoplasmic reticulum, as previously reported for similar compounds.

Overall, the results suggest that benzo[a]phenoxazinium chlorides with particular substituents in the
polycyclic system can be very promising as potential antifungals and fluorescent probes for cell

staining, motivating future research work where these capacities can be valued.
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