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The size, shape, and number of nucleoli in a cell's nucleus might help to distinguish a malignant from
a benign tumor. Cellular biology and histopathology often require better visualization to understand
nucleoli-related processes, thus organelle-specific fluorescent markers are needed. Here, we report the
design, synthesis, and fully chemo-photophysical characterization of fluorescent boron Schiff bases
(BOSCHIBAs), derived from a-amino acids (i.e., phenylalanine, tyrosine and tryptophan), with nucleoli-

and cytoplasm-specific staining in cells. It is the first time that Boron Schiff bases derived from a-amino
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derivatives not only showed good photostability and acceptable quantum yields (~5%) in solution, but
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1. Introduction

In recent years, the development of cellular probes has been
important and essential to understand the diverse structures
and functions of biological systems. Therefore, the identifica-
tion the different organelles contained in the cell becomes very
important.* Fluorescence bioimaging (FBI) is an imaging
technique by epifluorescence and confocal microscopy using
a fluorescent dye that allows the location and visualization of
individual specific organelles, both in vitro and ex vivo.>”* Bio-
imaging techniques normally use specific fluorescent anti-
bodies or fluorescent molecules to stain structures of interest.
These methods are expensive, tedious, and normally the cells
need to be manipulated before the staining process, so there is
always the possibility of undesired structural changes. A more
ideal stain agent should allow to be applied directly to cells in
a culture to produce images that reflect the physiologic reality.
Fluorescent dyes for FBI derived from transition metal and
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also exhibited low cytotoxicity (>90% cell viability at 0.1 and 1 pg mL™), which make them good
candidates to be used in medical diagnosis.

noble metal complexes have been extensively studied to label
cell organelles of great importance such as plasmatic
membrane, mitochondria, ribosomes, and nucleolus.>® Boron-
dipyrromethene (BODIPY) have been widely investigated as
fluorescent biomarkers however, fluorescent materials from the
main group's elements are still quite scarce.” Some BODIPY
dyes can staining the Golgi's apparatus, lysosome, mitochon-
dria, and nucleolus. Nevertheless, the nucleolus is quite poor
studied, thereby, efforts and emphasis to design and synthesize
a nucleolus specific fluorescent biomarker are needed. The
nucleolus synthesizes, processes, and assembles the ribosomes,
which are related to cell growth and proliferation, among other
cellular processes.®® The study of nucleolus includes important
parameters such as the shape, size, and number of the nucleoli
per cell. Nucleoli's shape can differ from one cell type to another
and that, along with its size, may help to distinguish a malig-
nant from a benign tumor.'*> However, the details of nucleolar
dynamic mechanisms are still under investigation since, some
decades ago, there was only a few commercial nucleolar stains
such as SYTO™ RNA-select™ and Alexa Fluor® 488 (197234) for
the study of nucleolus in live cells.”® Last year, some selective
biomarkers for nucleoli have been reported. Junhua Yu et al.
showed an europium complex as selective nucleoli dye (A) with
interesting properties, such as long luminescence lifetime (0.3
ms) and large Stokes shift.** In another report,* iridium (B) and
osmium-iridium (C) complexes showed nucleoli staining in live
cells (Scheme 1). The heterobimetallic complex C exhibits
particular optical features: the iridium moiety increases the
luminescence due to interaction with RNA, whereas the
osmium derivative exhibits near infrared luminescence.'

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Fluorescent dyes for in vitro nucleoli staining.

However, a notable disadvantage of these complexes is their
high cost. On the other hand, nucleolus organic dyes such as
hemicyanine dyes (D) exhibit fluorescence between 600 to
850 nm with maximum emission in the near-infrared region,
being good candidates as FBI in live cell.*® Recently, Jin et al.
reported cationic pyrrole and indole salts as fluorescent dyes (E)
for cytoplasm and nucleolus staining showing good photo-
stability.”” In addition, two indole-based (F and G)'*' and
a short series of pyridinium (H) compounds have been inves-
tigated as RNA fluorescence turn-on probes.>® We have devel-
oped new fluorescent multifunctional materials derived from
Boron Schiff Bases (BOSCHIBAs).>** However, the fluorescent
BOSCHIBAs are sparse as fluorescent cellular probes. In
previous works, we reported the first fluorescent probes derived
from BOSHIBAs with application in cellular staining (Scheme
2).>*%5 These probes, in contrast to those mentioned above,
presented low cost, easy synthesis, and high quantum yields.
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Scheme 2 Mono and binuclear Boron Schiff bases.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

R =NO,, PFg, OOCCF3, Ph-80;

Also, these materials can be prepared by multi-component
synthesis through green synthesis and sustainable chemistry.
However, these probes are not selective for a specific organelle
as they stain the cells from the plasmatic membrane through
the cytoplasm. Therefore, the development of biogenic binding
systems based in a-amino acids could be the key to selective
staining of the nucleolus in the cell. The a-amino acids are an
interesting group of bioactive molecules as the incorporation of
chirality in the ligating system enhances distribution, interac-
tion with receptor, and cellular uptake of compounds.”**” To the
best of our knowledge, this is the first report of the use of
biogenic BOSCHIBAs as nucleoli/cytoplasmatic markers in live
cells.

2. Experimental section
2.1 General remarks

All precursor materials were procured from Aldrich Chemical
Company. Solvents were used without further purification.
Melting points were confirmed by Electrothermal Mel-Temp
apparatus. UV spectra were obtained with a Shimadzu 2401
PC UV/VIS spectrophotometer and emission measurements
were performed on a Fluorolog-3 fluorescence spectrometer. 'H
NMR (400.00 MHz), *>C (100.00 MHz) and ''B (96.29 MHz)
spectra were recorded using equipment Bruker advance DPX
400. All NMR spectra were performed in dimethyl sulfoxide
deuterated ((CD;),SO) as solvent. The B NMR shifts are cor-
responding to external BF;- OEt,, while "H and "*C NMR shifts
are referenced with respect to (CH3),Si. Chemical shifts are
given parts per million (ppm) downfield from the reference, and
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all coupling constants (J) are reported in Hertz (Hz). High
resolution mass spectra were acquired by LC/MSD TOF on an
Agilent Technologies instrument with APCI as chemical ioni-
zation in positive mode. Mass spectra were recorded on an AB
Sciex API 2000™ LC/MS/MS System.

2.2 Crystal structure analysis

The X-ray crystallography data for 3a (CCDC: 2002773) were
measured at 100(2) K on a Bruker D8 Quest with a Photon 100
CMOS detector equipped with an Oxford Cryosystems 700 series
cooler, a Triumph monochromator, and a Mo Ka fine-focus
sealed tube (A = 0.71073 A). Intensity data were processed by
using the Bruker Apex II program suite. All the calculations for
the structure determination were carried out using the
SHELXTL package (version 6.14). Initial atomic positions were
located by direct methods using XS, and the structures of the
compounds were refined by the least-squares method using
SHELXL. Absorption corrections were applied by using SADABS.
All the non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed in idealized positions and refined
as riding atoms with relative isotropic displacement
parameters.

2.3 Synthesis of Schiff bases ligands 1-3 and BOSCHIBAs
la-4a

(E)-2-((2-Hydroxy-1-naphthyl)methyleneamino)acetic  acid
(Lig1). A homogeneous mixture of 2-hydroxynaphthaldehyde
(0.344 g, 2 mmol) with glycine (0.150 g, 2 mmol) in methanol
was collected in an ultrasound bath for 30 min at 50 °C. The
reaction mixture was slowly cooled at room temperature and the
resulting material was filtrated and concentrated under partial
vacuum. After, a small volume of hexane was added to give
0.433 g (chemical yield: 91.03%) of Ligl as orange solid. Mp:
210-214 °C. MS m/z: caled for [(Cy3H,;NO; + H)': 230.2309;
exp.: 230.1 amu.

(E)-2-(((2-Hydroxynaphthalen-1-yl)methylene)amino)-3-(1H-
indol-3-yl)propanoic acid (Lig2). Preparation of Lig2 was
accomplished like that of Ligl from 2-hydroxynaphthaldehyde
(0.344 g, 2 mmol) and i-tryptophan (0.408 g, 2 mmol). The
product was obtained as light yellow solid with a yield of 89.5%
(0.321 g); mp: 162-164 °C. 'H NMR (400.13 MHz, (CD;),SO, 298
K): 6 = 3.32 (dd, 1H, *] = 14.8 Hz, *] = 7.6 Hz, H14'), 3.45 (dd,
1H, *] = 15.2 Hz, ’] = 4.8 Hz, H14), 4.77 [dd, 1H, *>] = 7.6 Hz, *] =
4.8 Hz, H13], 6.71 (d, 1H, *] = 9.2 Hz, H3), 6.98 (t, 1H, *] =
7.2 Hz, H20), 7.07 (t, 1H, *] = 6.8 Hz, H19), 7.16 (s, 1H, H16),
7.18 (t, 1H, *] = 7.6 Hz, H6), 7.33 (d, 1H, ] = 8.0 Hz, H18), 7.35
(t, 1H, *] = 7.2 Hz, H7), 7.61 (m, 2H, H21-H5), 7.71 (d, 1H, *] =
9.6 Hz, H2), 7.72 (d, 1H, *J = 8.4 Hz, H8), 8.83 [s, 1H, H11], 10.93
(s, 1H, -NH), 14.17 (s, 1H, -OH) ppm. *C NMR (100.61 MHz,
CDCl;, 298 K): 6 = 29.84 (C14), 64.36 (C13), 106.42 (C9), 109.04
(C15), 111.89 (C18), 118.83 (C21), 118.86 (C8), 119.03 (C20),
121.56 (C19), 122.83 (C6), 124.72 (C16), 125.47 (C3), 125.82 (C4),
127.52 (C22), 128.34 (C7), 129.34 (C5), 134.54 (C10), 136.59
(C17), 137.65 (C2), 159.09 (C11), 172.57 (C1), 176.86 (C12) ppm.
COSY correlations (0n/0y): 6 = 3.32/3.45 (H14'/H14), 3.32/4.77
(H14'/H13), 3.45/4.77 (H14/H13), 6.71/7.71 (H3/H2), 6.98/7.61
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(H20/H21), 7.07/7.33 (H19/H18), 7.16/10.93 (H16/NH), 7.18/
7.61 (H6/H5), 7.35/7.72 (H7/H8). HSQC correlations (du/d¢):
6 = 3.32/29.84 (H14'/C14), 3.45/29.84 (H14/C14), 4.77/64.36
(H13/C13), 6.71/125.47 (H3/C3), 7.16/124.72 (H16/C16), 7.18/
122.83 (H6/C6), 7.61/129.34 (H5/C5), 7.71/137.65 (H2/C2),
7.72/118.86 (HS8/C8), 8.83/159.09 (H11/C11). HRMS (APCI/TOF-
Q) m/z: caled for [C,,HgN,O; + HJ]" 359.1396; found
359.139019, error: 0.094347 ppm.
(E)-2-(((2-Hydroxynaphthalen-1-yl)methylene)amino)-3-
phenylpropanoic acid (Lig3). Preparation of Lig3 was accom-
plished like that of Ligl from 2-hydroxynaphthaldehyde
(0.334 g, 2 mmol) and r-phenylalanine (0.330 g, 2 mmol). The
product was obtained as light yellow solid with a yield of 92%
(0.293 g); mp: 150-153 °C; *H NMR (400.13 MHz, CDCl;, 298 K):
6=3.17(dd, 1H,J = 14.0 Hz, ] = 8.4 Hz, H14'), 3.35 (dd, 1H, ] =
14.0 Hz, J = 5.2 Hz, H14), 4.72 [dd, 1H, J = 8.4 Hz, ] = 4.8 Hz,
H13], 6.75 (d, 1H, J = 9.6 Hz, H3), 7.02 (d, 2H, J = 8.4 Hz, H17),
7.16-7.23 (m, 2H, H18-H6), 7.23-7.30 (m, 4H, H16-H17), 7.40
(t, 1H,J = 7.2 Hz, H7), 7.64 (d, 1H, J = 7.6 Hz, H5), 7.75 (d, 1H, J
= 9.6 Hz, H2), 7.86 (d, 1H, J = 8.4 Hz, H8), 8.89 [s, 1H, H11],
14.22 (s, 1H, -OH) ppm. **C NMR (100.61 MHz, CDCl;, 298 K):
6 = 39.41 (C14), 65.76 (C13), 106.64 (C9), 119.01 (C8), 122.95
(C6), 124.99 (C3), 126.00 (C4), 127.19 (C18), 128.37 (C7), 128.83
(C17), 129.37 (C5), 129.93 (C16), 134.38 (C10), 137.03 (C15),
137.42 (C2), 159.76 (C11), 172.17 (C1), 175.63 (C12) ppm. COSY
correlations (0y/0y): 6 = 3.17/3.35 (H14'/H14), 3.17/4.72 (H14'/
H13), 3.35/4.72 (H14/H13), 6.75/7.74 (H3/H2), 7.19/7.64 (H6/
H5), 7.19/7.40 (H6/H7), 7.40/7.86 (H7/HS8). HSQC correlations
(0u/0c): 6 = 3.17/39.41 (H14'/C14), 3.35/39.41 (H14/C14), 4.72/
65.76 (H13/C13), 6.75/124.99 (H3/C3), 7.18/127.19 (H18/C18),
7.19/122.95 (H6/C6), 7.25/128.83 (H17/C17), 7.26/129.93 (H16/
C16), 7.40/128.37 (H7/C7) 7.64/129.37 (H5/C5), 7.74/137.42
(H2/C2), 7.86/119.01 (H8/C8), 8.89/159.76 (H11/C11). HRMS
(APCI/TOF-Q) m/z: caled for [CyoH;,NO; + H]" 320.1288; found
320.128120, error: 1.018127 ppm.
(E)-2-(((2-((Diphenylboryl)oxy)naphthyl)methyleneamino)
acetic acid 1a). Lig1 (0.229 g, 1 mmol) was collocate in a glass
beaker with 20 mL of MeOH. After dispersion, diphenylboronic
acid (0.218 g, 1.2 mmol) was added to the solution and stirring
continued for 1 hour. A clear solution was obtained, and the
excess solvent was evaporated under vacuum, followed by
hexane washes. The product was obtained as light yellow solid
with a yield of 91.6% (0.360 g); mp: 210-212 °C. "H NMR (400.13
MHz, CDCl;, 298 K): 6 = 4.40 (s, 1H, H13), 6.96-7.06 (m, 7H, H3,
Hie, H16', H16", H16", H17, H17'), 7.25 (t, 1H, J = 7.2 Hz, H6),
7.28 (m, 4H, H15, H15', H15", H15"), 7.44 (t, 1H, ] = 7.2 Hz, H7),
7.70 (d, 1H, J = 8.0 Hz, H5), 7.95 (d, 1H, J = 9.2 Hz, H2), 8.01 (d,
1H, J = 8.4 Hz, H8), 9.29 (s, 1H, H11). *C NMR (100.61 MHz,
CDCl;, 298 K): 6 = 54.61 (C13), 110.29 (C9), 119.64 (C8), 121.13
(C3), 123.96 (C6), 126.17 (C17), 126.80 (C16), 127.59 (C4), 128.80
(C7), 129.24 (C5), 132.48 (C10), 133.10 (C15), 139.28 (C2), 163.03
(C11), 163.98 (C1), 168.34 (C12) ppm. "'B NMR (128 MHz,
CDCl3, 298 K): 6 = 4.80 ppm. MS m/z: calcd for [Cy5H,oBNO; +
H]" 394.2490; found 394.2.
(E)-2-(((2-((Diphenylboryl)oxy)naphthalen-1-yl)methylene)
amino)-3-(1H-indol-3-yl)propanoic acid (2a). Preparation of 2a
was accomplished like that of 1a from Lig2 (0.358 g, 1 mmol)

This journal is © The Royal Society of Chemistry 2020
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and diphenylboronic acid (0.218 g, 1.2 mmol). The product was
obtained as light yellow solid with a yield of 95.2% (0.496 g),
mp: 108-112 °C. "H NMR (400.13 MHz, CDCl;, 298 K): 6 = 3.25
(dd, 1H,J = 7.6 Hz, ] = 14.4 Hz, H13), 3.53 (dd, 1H, J = 4.4 Hz, ]
= 14.8 Hz, H13), 4.86 (dd, 1H, J = 4.8 Hz, ] = 7.6 Hz, H13), 6.89
(t, 1H, J = 7.2 Hz, H20) 7.05-7.18 (m, 6H, H3, H6, H19, H29,
H29', H30), 7.21-7.41 (m, 8H, H7, H8, H16, H18, H21, H25,
H25', H26), 7.43 (m, 2H, H28, H28'), 7.54 (m, 2H, H24, H24'),
7.79 (d, 1H,J = 8.0 Hz, H5), 8.04 (d, 1H, J = 8.8 Hz, H2), 8.94 (s,
1H, H11). "*C NMR (100.61 MHz, CDCl;, 298 K): § = 29.71 (C14),
63.01 (C13), 108.45 (C17), 109.67 (C9), 111.36 (C18), 118.50
(C21), 119.19 (C20), 119.24 (C8), 120.95 (C3), 121.71 (C19),
123.77 (C16), 124.65 (C6), 126.12 (C30), 126.47 (C26), 126.89
(C29), 127.08 (C25), 127.51 (C4), 128.55 (C7), 129.08 (C5), 132.38
(C10), 132.92 (C28), 133.67 (C24), 136.04 (C15), 139.04 (C2),
160.29 (C11), 163.40 (C1), 171.12 (C12) ppm. "B NMR (128
MHz, CDCl;, 298 K): 6 = 5.04 ppm. MS m/z: caled for
[C34H,,BN,0; + H]' 523.4110; found 523.2.
(E)-2-(((2-((Diphenylboryl)oxy)naphthalen-1-yl)methylene)
amino)-3-phenylpropanoic acid (3a). Preparation of 3a was
accomplished like that of 1a from Lig3 (0.319 g, 1 mmol) and
diphenylboronic acid (0.218 g, 1.2 mmol). The product was
obtained as yellow solid with a yield of 93.2% (0.450 g); mp:
112-115 °C. "H NMR (400.13 MHz, CDCl3, 298 K): 6 = 2.95 (dd,
1H,J = 8.40 Hz, ] = 13.6 Hz, H14'), 3.13 (dd, 1H, J = 4.80 Hz, ] =
13.6 Hz, H14), 4.55 (dd, 1H, J = 5.20 Hz, ] = 8.4 Hz, H13), 6.83
(m, 2H, H16, H16'), 6.94-7.04 (m, 5H, H3, H22, H25, H25', H26),
7.08-7.16 (m, 5H, H17, H17', H18, H21, H21'), 7.23 (t, 1H, J =
7.20 Hz, H6), 7.27 (m, 2H, H24, H24'), 7.35 (m, 2H, H20, H20'),
7.41(t, 1H,J = 7.2 Hz, H7), 7.67 (m, 2H, H5, H8), 7.93 (d, 1H, ] =
9.20 Hz, H2), 9.06 (s, 1H, H11). *C NMR (100.61 MHz, CDCl;,
298 K): 6 = 48.79 (C14), 63.86 (C13), 109.91 (C9), 119.49 (C8),
121.03 (C3), 124.00 (C6), 126.15 (C26), 126.54 (C22), 126.91
(C25), 127.11 (C21), 127.30 (C18), 127.61 (C4), 128.65 (C17),
128.80 (C7), 129.24 (C5), 129.55 (C16), 132.36 (C10), 132.79
(C24), 133.80 (C20), 1372 (C15), 139.36 (C2), 160.25 (C11),
163.65 (C1), 170.87 (C12) ppm. 'B NMR (128 MHz, CDCl;, 298
K): 6 = 5.08 ppm. MS m/z: caled for [C5,H,6BNO; + H]" 484.3740;
found 484.3.
(E)-4-(((2-((Diphenylboryl)oxy)naphthalen-1-yl)methylene)

amino)phenol (4a). A homogeneous mixture of 2-hydrox-
ynaphthaldehyde (0.5 g, 2.9 mmol) with 4-aminophenol
(0.317 g, 2.9 mmol) and diphenylboronic acid (1.307 g, 5.80
mmol) in acetonitrile were heated under reflux for 48 h. The
reaction mixture was slowly cooled to room temperature, and
the precipitated was filtrated and washed with hexane. The
resulting product was obtained as a yellow solid with yield of
85% (2.47 mmol, 1.05 g); FTIR vyq cm ': 1627 (C=N), 830 (C-
Ha), 1345 (C=C,), 703 (O-B); 'H NMR (300.13 MHz,
((CD5),CO)) 6: 6.68 (d, 2H, °] = 9 Hz, H-14, H-13), 7.13 (m, 7H, H-
3, 4H-m, 2H-p), 7.33 (d, 2H, *] = 15 Hz, H-13, H-17), 7.39 (t, 1H,
3] = 15 Hz, H-7), 7.46 (d, 4H, *] = 6 Hz, 4H-0), 7.58 (t, 1H, *] =
15 Hz, H-8), 7.83 (d, 1H, *] = 6.0 Hz, H-6), 8.05 (d, 1H, *] = 9 Hz,
H-4), 8.33 (d, 1H, *] = 9.0 Hz, H-9), 8.66 (s, 1H, C15-OH), 9.37 (s,
1H, H-11) ppm; *C NMR (75.47 MHz, ((CD;),CO)) é: 111.81 (C-
1), 114.92 (C-14, C-16), 120.34 (C-9), 121.00 (C-13, C-17), 124.04
(C-3), 125.46 (C-7), 125.89 (C-5), 126.04 (C-m), 126.60 (C-p),
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128.75 (C-8), 129.15 (C-6), 132.59 (C-10), 133.32 (C-4), 133.77
(C-0), 138.67 (C-12), 139.27 (C-i), 156.95 (C-11), 158.03 (C-15),
164.01 (C-2) ppm; ""B{'"H} NMR (96.29 MHz, ((CD;),CO)) é:
8.89 ppm; HRMS (APCI/TOF-Q) m/z: caled for [(C3,H,,N,0;3B +
H)']: 428.1700; exp.: 428.1819 amu.

2.4 Photophysical characterization of BOSCHIBAS 1a-4a and
their Schiff bases

UV-Vis absorption spectra were measured on a Shimadzu 2401
PC spectrophotometer. The emission spectra were recorded
with a PerkinElmer LS 50B spectrofluorometer, by exciting
10 nm below the longer wavelength absorption band. Fluores-
cence quantum yields in solution (®z) were determined
according to the procedure reported in the literature*® and
using quinine sulfate in H,SO, 0.1 M (@ = 0.54 at 310 nm) as
the standard. Temperature was regulated at 25.0 & 0.5 °C using
water circulating bath. Three solutions with absorbance at the
excitation wavelength lower than 0.1 were analyzed for each
sample and the @ was averaged. ¥ measurements were
measured by the relative method and the quantum yield of the
unknown, ®,, is calculated according to the following equation:

Ar  Ex  Ir

Dy =Pp X — X — X —X
X R AX ER IX I’lR2

2
o (1)
where @y is the quantum yield of the standard, A is the absor-
bance of the solution, E is the corrected emission intensity, 7 is
the relative intensity of the exciting light and # is the average
refractive index of the solution. Subscripts R and X refer to the
reference and unknown compound, respectively.

2.5 Photostability testing and hydrolytic test

With the purpose to perform stability assay, BOSCHIBAs 1a-4a
were adjusted to give absorption of 0.5 au at the short wave-
length absorption band. The samples were illuminated with 1.2
mW cm ™2 (365 nm) for 60 min with interval of 10 min at room
temperature with air atmosphere. Each absorption spectrum
was measured by using a PerkinElmer Lambda 365 UV/Vis
spectrophotometer in the region of 190-700 nm. Likewise, the
stability in aqueous solutions at 1% v/v of DMSO was evaluated
under the same experimental condition without photo-
irradiation. Both analyses are critical to assess how stable the
dye is during imaging applications discussed later.

2.6 In vitro biocompatibility reassuring assay

B16F10 murine melanoma cells (ATCC, CRL-6475, Manassas,
VA) were used to determine the cytotoxic effects of BOSCHIBAs
1a-3a. Melanoma cells were maintained in GIBCO-DMEM/F12
culture media supplemented with 10% FBS and 1x antibiotic-
antimitotic (all from ThermoFisher Scientific, Waltham, MA),
at 37 °Cin a 5% CO, atmosphere. Cells assays were plated in 96-
wells plates at a cell density of 2000 cells per well in 100 pL of
media and let them undisturbed overnight before the treat-
ments were added. Compounds were added at concentrations
of 0.1, 1, 2.5, 5, and 10 mg mL~". Forty-eight h later 10 pl of
alamarBlue® (Biosource Invitrogen Life Technologies,

RSC Adv, 2020, 10, 31748-31757 | 31751
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Scheme 3 Synthesis of Schiff bases by ultrasound Ligl—3 and BOSCHIBAs la—4a.

Carlsbad, CA) were added to each well to determine cell viability
following manufacturer's instructions.

2.7 In vitro bioimaging properties

To assess the BOSCHIBA's capabilities to label cells in vitro,
B16F10 melanoma cells were plated at densities of 5 x 10* cells
per well in 500 pL of growth medium on coverslips in 12 wells
plates. After overnight incubation, 10 pug mL™' of each
compound were added to each well and 2 h later coverslips were
mounted with Vectashield (Vector Laboratories, Inc. Burlin-
game, CA) and analyzed by confocal laser scanning microscopy
in a Leica TCS SP5 Confocal System at excitation wavelength of
405 nm and emission of 420-550 nm, or excitation of 488 nm
and emission of 500-600 nm. DMSO treated cells were used as
a control to determine endogenous fluorescence.

3. Results and discussion
3.1 Synthesis

The BOSCHIBAs 1la-3a were obtained by condensation of
diphenylboronic acid (generated in situ) with the corresponding
a-amino acid Schiff base ligands Lig1-3 (Scheme 3). In order to
carry out a comparative study of the influence of a-amino acids
to enhance fluorescent staining in cells by confocal fluorescence
microscopy as well as their photophysical and biological prop-
erties, the BOSCHIBA 4a was also prepared by the multi-
component condensation reaction (3-MCR) between the 2-
hydroxy-naphthaldehyde, diphenylboronic acid and the corre-
sponding amine. It is important to mention, into the procedure
of diphenylboronic acid synthesis was avoid the diethyl ether as
solvent and the reaction time has been reduced. As a general

Table 1 Main spectral data of *H, 3C, and B NMR (ppm), and HRMS (m/z) of BOSCHIBAs 1la—4a and the a-amino acid Schiff bases Ligl—3

1H 13C

Comp. H-11 H-13 H-14(H14') C-12 C-11 C-13 C-14 "BN - B MS m/z
Lig1 — — — — — — — — 230.1
Lig2 8.83 4.77 3.45(3.32) 176.86 159.09 64.36 29.84 — 359.1390
Lig3 8.89 4.72 3.35(3.17) 175.63 159.76 65.76 39.41 — 320.1281
1a 9.29 4.40 — 168.34 163.03 54.61 — 4.80 394.2

2a 8.94 4.86 3.53(3.25) 171.12 160.29 63.01 29.71 5.04 523.2

3a 9.06 4.55 3.13(2.95) 170.87 160.25 63.86 48.79 5.08 484.3

4a 9.37 — — — — — — 8.89 428.1819
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remark, the Schiff base condensation reactions demonstrated
to be a low cost, simple, faster, and reproducible synthetic route
with high economy and low E values (see ESIT).

3.2 Spectroscopic and spectrometric characterization

A reliable evidence of the N — B coordination bond was "'B
NMR spectra, with one broad signal in the range from 4.80 to
8.89 ppm for all compounds, indicative of a tetracoordinated
boron atom.?® On the other hand, the mass spectrometry anal-
ysis in positive ion mode for BOSCHIBAs 1a-4a confirms the
molecular structural integrity (1a: 394.2, 2a: 523.2, 3a: 484.3,
and 4a: 428.181 amu), and showed in all cases that the base
peak corresponds to first fragmentation of molecular ion,
resulting from the loss of a phenyl ring (see ESIf). Selected
spectroscopic and spectrometric data of 1a-4a and the a-amino
acid Schiff bases 1-3 are given in the Table 1.

3.3 X-ray structure analysis

BOSCHIBA 3a was crystallized by slow evaporation in methanol
giving diffraction-quality crystals like green blocks for solving
by X-ray diffraction. The molecular structure obtained in an easy
two-step synthesis is represented by using the thermal ellipsoid
plot (Fig. 1) while data collection and refinement parameters are
summarized in the Table 2. BOSCHIBA 3a belongs to the
monoclinic space group P2,/n (Table 2) and the crystal structure
reveals that contain a four-coordinate boron atom and a fused
heterocyclic six-membered ring with N — B coordination bond
lengths of 1.495 (2), which is similar to those previously re-
ported.* Bond angles in the range from 1.495(2) to 1.631(2)
indicate that boron adopts the normal tetrahedral molecular
geometry typical for the B(m). In addition, the boron atom
shows a strong dative bond with the nitrogen atom corrobo-
rated by a tetrahedral character equal to 94.35.>' Likewise, the
bond length of B-O is 1.495(1) A which is comparable to the
organoboron compounds previously reported®*** while imine

Fig. 1 Crystal structure of BOSCHIBA 3a. Anisotropic displacement
parameters are depicted at the 30% probability level. Hydrogen atoms
were omitted for clarity. Distances: B(1)-N(1) 1.631, B(1)-O(1) 1.495,
B(1)-C(17) 1.614, B(1)-C(23) 1.618, C(11)-N(1) 1.299 A. Bond angles:
C(1D-B(1)-N(1) 11864, O(1)-B(1)-N(1) 104.22, O(1)-B(1)-C(17)
110.89, N(1)-B(1)-C(23) 105.98, C(2)-C(11)-N(1) 122.85, C(11)-N(1)-
C(12) 119.38¢.
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Table 2 Crystallography data collection for BOSCHIBA 3a

Empirical formula C34H,7BN,0;
Formula weight 522.38
Wavelength 0.71073
Crystal size 0.20 x 0.18 x 0.10
Crystal system Monoclinic
Space group P24/n

a, [A] 16.587(9)

b, [A] 10.184(5)

¢, [A] 17.383(9)

o, [°] 90.00°

8, [°] 108.815° (18)
v, [°] 90.00°

v, [A%] 2779.29

zZ 4

Pcaley M cm ™ 1.248

u, mm~* 0.790

26 range for data collection 2.352-28.741°
No. of reflns collected 91 199

No. of indep reflns 7190

[Rinc] 0.1172
Goodness of fit 1.540

R1, wR2 (I > 20(I))
R1, wR2 (all data)
Apmin (e A—S)
Apmax (€ A7%)

0.0587; 0.1194
0.1033; 0.1374
—1.869

1.967

bond length for 3a is 1.290(1), a value closer to that single bonds
attributed to the formation of new N — B coordination bond.
Crystal structure showed the formation of a six-member dimer
joined by two hydrogen bonds between the uncoordinated
carboxylic acid groups of two symmetry-related molecules, with
a distance D-H---A of 1.82(3) A (Fig. 2), dimer formation
between carboxylic acids has been widely observed before.** The
boron atom is out of the plane (O1-C1-C10-C11-N1) with
a distance 0.571 A and the heterocycle show half chair confor-
mation (Fig. 3), this behavior might affect the photophysical
properties such as boron compounds previously reported.*

Fig. 2 Intermolecular hydrogen interactions in BOSCHIBA 3a.

RSC Adv, 2020, 10, 31748-31757 | 31753
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Fig. 3 Boron out of the plane in half chair conformation.

Table 3 Photophysical parameters of BOSCHIBAs 1a—4a and their o.-
amino acid Schiff base Ligl-3 in MeOH

I3 Aemi Av
Comp.  Agps[nm]  x10*M 'em™']  [nm] [em'] @ [%]
Ligl 401 (421) 0.39 442 1129 1.34
Lig2 401 (419)  0.46 465 2361 1.36
Lig3 402 (422) 0.90 457 1815 1.36
1a 329 (410)  0.84 480 4292 4.50
2a 329 (403) 0.47 475 3761 4.19
3a 330 (407)  0.68 471 3339 1.63
4a 327 (404) 0.60 525 5705 3.16

3.4 Photophysical properties

To evaluate the bioimaging properties of BOSCHIBAs 1a-4a and
their corresponding a-amino acid Schiff bases 1-3, the photo-
physical properties were studied in methanol (Table 3). Fig. 4
shows the UV/Vis absorption spectra of BOSCHIBAs 1a-3a, and
(inset) their a-amino acid Schiff base 1-3. In general, all the
BOSCHIBAs exhibit a main absorption broad band in the visible
region with a maximum wavelength ranging between 403 to
410 nm attributed to the - electronic transitions through the
molecule. Additionally, an UV band in the 326-330 range which

Absorbance

= /. " —
F 300 400 450 504
f 1 . Wavelength (nm)

Absorbance

= e N — T
el o |
. |
" 4a

400 450 500

Wavelength (nm)

550

Fig. 4 Absorption spectra of BOSCHIBAS la—4a (short dash dot) and
(inset) amino acid Schiff base Ligl-3 (solid lines) in methanol.
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Fig.5 Emission spectra of BOSCHIBAs 1a—4a and (inset) a-amino acid
Schiff bases Ligl-3 in MeOH.

could be associated to electronic transitions from underlying
molecular orbital to LUMO is also observed. For the a-amino
acid Schiff base 1-3, this same absorption band shows an
excitonic feature with a vibrionic replica which is 20 nm shifted
with respect to the (0,0) electronic transition.* This behavior is
not observed in 1a-4a, where a broad band appears, suggesting
a better molecular order when the BOSCHIBAs are formed.

The fluorescence spectra of the BOSCHIBAs 1a—4a and the o-
amino acid Schiff base 1-3 are shown in the Fig. 5. Compounds
1a-3a with aromatic a-amino acid segments show a broad blue
emission bands in the 473-476 nm range without an apparent
change in the fluorescence emission maximum with respect to
the free a-amino acid Schiff bases 1-3 (inset). The systematic
analysis of the photophysical parameters indicates that the
incorporation of aromatic a-amino acid segments for the
BOSCHIBAs 1a-3a increase the fluorescence quantum yield (@)
but restrict the fluorescence emission band in the blue visible
region (see Table 1). On the contrary, 4a shows a broad band
centered at 525 nm with a red shift of 52 nm with respect to
BOSCHIBAs 1a-3a. This optical behavior can partly be explain
considering that complexation with the boron atom affect the
geometry in the excited state of the naphthylimine system when it
is substituted with an electron donating group. A relevant aspect
in the BOSCHIBAS series is that the emission can be tuned from
the blue (1a-3a) to the green (4a) regions by changing from
aromatic a-amino acid segments to electro donor groups. As
a general remark, the @r is high for all BOSCHIBASs in compar-
ison with the respective a-amino acid ligands, except 3a, that
exhibits a moderate increase less than 0.3%.

3.5 In vitro biocompatibility reassuring assay

Before applying compounds 1a-3a as staining dyes to produce
imaging in live cells, we evaluated their cytotoxicity by using
reassuring assay in a 0.1-10 pg mL ™' concentration range
(Fig. 6). After the 24 h incubation with 0.1 and 1 pg mL™" of
BOSCHIBAs, the cellular viability is reduced approximately
a 9%. A non-significant reduction of cell viability occurred when
the concentration is increased to 2.5 pg mL™ " but when the

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Cytotoxicity effect of BOSCHIBAs la—3a. B16F10 melanoma
cells were treated with 10 mg mL™ (soft blue bars), 5 mg mL™* (purple
bars), 2.5 mg mL~? (green bars), 1 mg mL™* (red bars) or 0.1 mg mL~*
(sharp blue bars) for 24 hours.

concentration is increased to 5 mg mL ™", cell viabilities remains
higher that 80%. Likewise, to the highest concentration of
BOSCHIBAs, the cellular viabilities are conserved above 70%.
These high viabilities could be partially attributed to structure
design which includes three essential a-amino acids that our
body cannot synthesize and therefore do not represent a threat
to the cell.

Likewise, at the highest concentration of BOSCHIBAs, the
cellular viabilities were conserved above 70%. These high
viabilities could be partially attributed to structure design

Transmitted
Light

Ex: 488nm
Em: 500-600 nm

Ex: 405nm
Em: 420-550nm

PE by

Fig. 7 Confocal fluorescence images of B16F10 melanoma cells
stained with BOSCHIBAs 1a—3a (10 ug mL™Y). (A-C) Untreated cells;
(D—F) compound 1a; (G-1) compound 2a; (J—-L) compound 3a (scale
bar shown represents 20 mm).
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Fig. 8 Confocal fluorescence images of B16F10 melanoma cells
stained with 10 ug mL™* of BOSCHIBAs 1a (A), 2a, (B), and 3a (C).

which includes three essential a-amino acids and therefore do
not represent a threat to the cell.

3.6 Bioimaging by confocal microscopy

We sought to evaluate whether the new chiral BOSCHBAs
derived from tryptophan and phenylalanine would produce
different fluorescent stains on cells in vitro to those showed in
our previous report.**** More specifically, if there is an effect of
the amino acids addition on the staining in B16F10 melanoma
cell.

For this purpose, B16F10 cells were treated with 10 ug mL ™"
of the different boron compounds for 2 h and then analyzed by
confocal laser microscopy. Fig. 7 shows images of cells treated
with DMSO, boron compound derived from glycine (1a), tryp-
tophan (2a), and phenylalanine (3a) in DMSO solution. Whereas
cells treated only with DMSO were very weakly stained (Fig. 7B
and C), those treated with compound 1a showed a selective
cytoplasm staining (Fig. 7E). However, compounds 2a and 3a
showed nucleoli and cytoplasmic fluorescent staining (Fig. 7H
and K, respectively) when the treated cells are observed with
single photon excitation at 405 nm. Interestingly, only
compounds 2a and 3a showed cytoplasm and nucleoli staining
in cells (Fig. 8B and C, respectively). These findings suggest the
tryptophan and phenylalanine increased lipophilicity of both
compounds facilitates their diffusion through the plasmatic
and nuclear membranes. In contrast, compound 1a, only
showed cytoplasmic staining (Fig. 8A).

-
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Fig. 9 Photostability of la—4a (1 mg/50 mL) in methanol at the
absorption maximum wavelength with the irradiation time.
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3.7 Photostability

For the assays of cell fluorescent staining, it is necessary to
demonstrate the chemical-optical response of BOSCHIBAs do
not change when are exposed to light irradiation. The photo-
stability curve for BOSCHIBAs la-4a are given in the ESI
(Fig. S32-S351). Fig. 9 shows the degradation plots of
BOSCHIBAs at different exposure time under UV light irradia-
tion. All of the BOSCHIBAs were irradiation at 365 nm under
ambient temperature with air atmosphere by time intervals
from 10 to 40 min, and the stability of the BOSCHIBAs were
monitored by UV spectroscopy. BOSCHIBAs 1a and 2a with
benzene and phenyl rings display less that 20 percent degra-
dation after being irradiated for 40 min at the same wavelength
while that 3a with the indol ring shows a degradation of 25%.
This behavior revealed that there are not remarkable changes in
the main absorption bands for 1a-3a which demonstrated that
varying the aromatic side chains in the a-amino acid analogues
increase the photostability. With the purpose to evaluate the
effect of aromatic o-amino acids on the photostability of
BOSCHIBAs 1a-3a, a BOSCHIBA label as 4a with a phenyl group
was also synthesized (see Scheme 1). Light stability test, per-
formed under the same experimental conditions, revealed that
4a shows a high resistance to degradation (~5% at 40 min) in
comparison with BOSCHIBA 3a (~25% at 40 min). Therefore,
according with the experimental data measured, the inclusion
of benzene and phenyl rings increase the resistance to degra-
dation compared with the indol ring which is less stable and
more reactive that benzene. Likewise, stability in aqueous
solutions at 1% v/v of DMSO for BOSCHIBAs was performed
under the same experimental without photoirradiation. All the
BOSCHIBAs show good structural stability against to water
solution because after 60 min of UV irradiation the optical
response does not change (See electronic ESI Fig. S36-S397).

4. Conclusions

In summary, we have reported three new chiral BOSCHIBASs
derivatives from glycine, tryptophan, and phenylalanine with
good photophysical properties and low cytotoxicity that allow
us to use them as fluorescent biomarkers in cells for confocal
microscopy. Bioimaging analysis using BOSCHIBAs 2a and 3a
revealed that both molecules are able to produce exceptional
nucleoli and cytoplasm staining, while 1a shows only cyto-
plasmic staining. Nucleoli reveal by BOSCHIBAs 2a and 3a
allows to quantify their number per cell as well as to identify
potential aberrant morphologies that could be correlated to
certain pathologies or cellular stress.*® Use of BOSCHIBAS
would be advantageous as compared to the -current
methods using specific fluorescent antibodies that are more
expensive and more time consuming that our technique. Due
to the noticeable nucleoli and cytoplasm staining as well as
the enhanced biocompatibility properties, these BOSCHIBAs
are a very good new alternative for fluorescent in vitro cell
labeling taking in account that we used green synthesis
methods.
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