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ABSTRACT: A new donor (D)—acceptor (A) type naphthalene-based oxazepine- Oxazepine-Naphthalene v Uitra-stable

containing fluorophore, OXN-1, is reported, which shows unusually high stability in
various environments. Its photophysical properties and structural stabilities under harsh
conditions are thoroughly examined. The high stability of OXN-1 is explained by quantum
chemical calculations. Its exceptional bioimaging capabilities for cells with low cytotoxicity
are verified. In addition, its deep tissue imaging ability with two-photon microscopy  ponor

(TPM) is evaluated.

O xazepines are unsaturated heterocycles of seven atoms
containing oxygen and nitrogen.1 Some oxazepines show
interesting biological and pharmaceutical characteristics, such as
antitumor,2 anti—inﬂammation,3 and antimicrobiotic activities.*
Medically important drugs, such as Amoxapine,® Loxapine,” and
Nitroxazepine,” have oxazepine backbone with hybridization of
two benzene rings (Figure la).

Recently, our research group has focused on the development
of naphthalene-based platforms for new fluorophores and
pharmacophores by introducing several functional groups,
such as amine, aldehyde, and hydroxy moiety on the
naphthalene core.”” More recently, we successfully synthesized
a D—A type oxazepine-containing naphthalene-based fluoro-
phore, OXN-1, and have found that OXN-1 exhibits an
unusually high stability in various severe environments, such
as acidic or basic pH levels (pH 4—9), biological fluids, intensive
light exposure, and hydrolysis (Figure 1b). For various biological
applications, the high stability of fluorophores under harsh
conditions and their low cytotoxicity are essential. In this sense,
OXN-1 is found to be an excellent fluorophore and be of
potential use for bioimaging as shown below.

Generally, most medically applicable oxazepine derivatives
have aniline type heterocycles, which are moderately stable for
the hydrolysis of C=N or OC—N bond in aqueous media."’ In
this study, the synthesized OXN-1 has an imine bond in the
[1,4] oxazepine backbone with monohybridization of naph-
thalene, and this is the first example of naphthalene-oxazepine
platforms (Figure 1b). The imine bond in the oxazepine works
as an electron acceptor (A) and the dimethylamine group works

W ACS Publications  © XxxX American Chemical Society

D-A type fluorophore v' Lysozyme targeting
v Low cytotoxicity

P v T

H

C=N

Fe%e%3%0. |
P ¥ A~

[1,4] Oxazepine

(@) Amoxapine: X=NH (\X Nitroxazepine

Loxapine: X=NMe

\ o/ TNMe
4

(b)

OXN-1 Acceptor OXN-2
/
S~
MezN 0) MeoN o—
Donor [1,4] Oxazepine
- NHBoc
Me,N OH 1o~ NHBoc  MeN o
6 2 7
NaH, DMF l TFA, DCM
Mel

Me,N o~ MgSO,

9

Figure 1. (a) Molecular structures of representative oxazepines (blue)
containing pharmacophore; Amoxapine, Loxapine, and Nitroxazepine.
(b) Molecular structure of OXN series; OXN-1 and OXN-2. (c)
Synthesis of OXN-1 and OXN-2.
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as an electron donor (D) that shows intramolecular charge
transfer (ICT) characteristics on the naphthalene bridge, !
which is a typical structural feature of fluorescent molecules.
OXN-1 was prepared from the 6-(dimethylamino)-3-
hydroxy-2-naphthaldehyde (6),® through two-step reactions,
i.e, (i) O-alkylation with 2-((tert-butoxycarbonyl)amino)ethyl
4-methylbenzenesulfonate and (ii) N-Boc deprotection with
trifluoroacetic acid (TFA) (Figure 1c). OXN-1 was isolated in
the N-Boc deprotection step of aminoethoxy moiety on the
naphthaldehyde backbone of 7 presumably through subsequent
fast intramolecular ring-formation (Scheme S1). The imine
formation was verified by NMR analysis (‘H, *C) as well as
high-resolution mass spectrometry, and it is found to be
thermodynamically favorable (99% yield). It is well-known that
some moieties like imine, amide, and nitrile on the acceptor site
(2-position) of naphthalene backbone are responsible for blue
fluorescence in the range from 400 to 500 nm.”"'* Interestingly,
however, we observed bright yellowish fluorescence from
isolated OXN-1 in aqueous media under 365 nm irradiation,
so we systematically investigated the photophysical property of
OXN-1 in various environments. To understand the effects of
oxazepine (cyclic-imine) moiety, we prepared a noncyclic imine,
OXN-2 (Figure 1b), as a control compound, and compared its
photophysical properties with those of OXN-1 (Figure 2).
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Figure 2. (ab) UV/vis absorption (left) and fluorescence spectra
(right) of OXN series in various solvents. All measurements were
performed at 25 °C in the given solvent. The spectra were recorded
after excitation at the maximum UV/vis absorption wavelength (Table

S1).

First, we studied the UV/vis absorption and fluorescence
spectra of OXN series in various solvents, as presented in Figure
2 and Table S1 (see also Figures S1 and S2). The absorption and
emission peaks of OXN series in organic solvents are observed in
the UV and visible wavelengths (4., = 320—400 nm, A, =
400—500 nm), but they are red-shifted significantly to the longer
wavelengths (A, = 400—500 nm, A,,; = 500—700 nm) in
aqueous media (Figure 2a,b, Table S1). Interestingly, such a
large bathochromic shift of OXN-1 was also observed in
acetonitrile (ACN) and dichloromethane (DCM), which are
polar aprotic solvents, while OXN-2 shows a large bathochromic
shift only in a polar protic solvent (i.e., isopropyl alcohol; iPA).
In addition, a large Stokes shift is observed in OXN-1 (A4 = 108
nm) and OXN-2 (A4 = 118 nm) in deionized water (DI H,0).

The large Stokes shift results from the ICT in OXN series and
the solvent polarity, and it is a typical feature of D—A type
fluorophores.'" The fluorescence intensities of OXN series are
relatively strong in dimethyl sulfoxide (DMSO) exhibiting the
quantum yields of OXN-1 (QY = 0.70) and OXN-2 (QY =
0.61), whereas it shows a minimal effect in DI H,O (Figures S2
and S3). This is also a typical property of D—A type fluorophores
due to the hydrogen-bond induced decrement of ICT and
nonradiative decays in the excited state.'' Time-resolved
fluorescence (TRF) experiments were used to determine the
fluorescence lifetimes of OXN-1 (7 = 4.4 ns) and OXN-2 (7 =
4.0 ns), which is in the typical lifetime of organic fluorophores
(Figure S4).

After studying the basic photophysical properties, we
examined the chemical stability of OXN series in various
environments using liquid chromatography—mass spectrometry
(LC—MS) and fluorescence spectroscopy (Figure 3). As the
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Figure 3. (a) Hydrolytic stability test results of OXN-1 (left) and OXN-
2 (right) using LC—MS. (b) Fluorescence spectra of OXN-1 (5 uM,
pink solid line) and OXN-2 (5 M, blue solid line) measured after 60
min incubation (dot lines) at 25 °C in pH 7 buffer. (c) Plot of
fluorescence intensities of OXN series (S #M) as a function of pH level.
The fluorescence intensities are measured at the maximum fluorescence
wavelength (at 560 nm for OXN-1 and at 553 nm for OXN-2) before
and after 60 min incubation at 25 °C. (d) Plot of fluorescence
intensities of OXN-1 (S #uM) in various biofluids (mouse urine, mouse
gastric juice, and human serum) as a function of incubation time at 25
°C. (e) Plot of normalized fluorescence intensities of OXN-1 (5 uM)
and OXN-2 (5 uM) as a function of irradiation time under continuous
365 nm LED light irradiation (approximately 6 W at a focal plane) in DI
H,O.

imine bond has low stability under hydrolytic conditions, the
imine containing fluorophore is not commonly used for the
bioimaging. In the first test, we exposed the OXN series to
various pH levels from acidic (pH 1) to basic (pH 11) including
physiological pH 7.2. Surprisingly, no hydrolysis product of
OXN-1 was observed in LC—MS analysis (OXN-1 peak at 8.27
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min) for the sufficiently long incubation time (10—60 min, 1—24
h) at each pH at 25 °C (Figures 3a and SS). In contrast, OXN-2
containing a noncyclic imine showed a new peak at 9.9 min at
most pH levels after 10 min incubation. This new peak resulted
from an imine hydrolyzed product; naphthaldehyde (Figure
S6), which was further confirmed by ESI Q-TOF mass spectrum
(m/z =229.10), and the hydrolysis was found to be completed
within a 60 min incubation period.

Next, we examined the fluorescence spectra of OXN series
after incubation at various pH levels. At pH 7.0, the fluorescence
intensity of OXN-1 was observed to be higher than that of OXN-
2 before incubation (3.7 times, Figure 3b). After 60 min
incubation at pH 7, OXN-1 showed no significant change in the
fluorescence spectrum in terms of its peak position and intensity
as expected (Figures 3b,c and S7). In contrast, OXN-2 showed a
large increase in fluorescence intensity (2.2 times increase) and a
slight blue shift of its peak position (553 to 559 nm) due to the
generation of hydrolysis products, 6-(dimethylamino)-3-(me-
thoxy)-2-naphth-aldehyde (6-DMMNA) (Figure S6, com-
pound 9 in Scheme S1), and the similar results were observed
at all pH levels we tested (Figure 3c). For further verification, we
compared the UV/vis absorption and fluorescence spectra for
both OXN-2 and 6-DMMNA (Figure S6). The high stability of
OXN-1 was also confirmed in the biofluids at different pH levels;
mouse urine (pH 5.0), mouse gastric juice (pH 3.0, fed), and
human serum (pH 7.4) (Figures 3d and S8). This biofluid assay
result represents that OXN-1 can be employed to study complex
biological samples under extreme environmental conditions.

We also evaluated the photostability of OXN-1 in aqueous
media (Figure 3e). OXN-1 was observed under strong UV
irradiation (365 nm, 6 W), for up to 60 min incubation time, and
anegligible fluorescence intensity change was observed. OXN-2,
however, showed a gradual increment of fluorescence intensity,
as its imine was hydrolyzed and produced 6-DMMNA (Figure
$9).

The optimized molecular structures, HOMO—LUMO energy
levels, and absorption spectra were obtained by quantum
chemical calculations (Figures S10 and 4a,b). In addition, the
Mulliken atomic charges of OXN series and their protonated
forms were calculated (Figure 4a,b). In the acidic hydrolysis of
imine, protonation of the imine nitrogen occurs as a first step,
and then a water molecule is added to the imine carbon as a
second step (Figure S11). The Mulliken atomic charges provide
important mechanistic clues for the stability of OXN-1 in the
hydrolysis. Based on the atomic charges of the imine nitrogen
(—0.253 au for OXN-1 and —0.179 au for OXN-2), the imine
nitrogen in OXN-1 is expected to be slightly more protonated
than that in OXN-2 (Figure 4a). However, in the second step,
the nucleophilic addition of a water molecule to the imine
carbon is much less likely in OXN-1 than OXN-2 due to a large
negative charge on the imine carbon (—0.474 au for OXN-1 vs
—0.011 au for OXN-2) (Figure 4b). In addition, the large
negative atomic charge on the imine carbon in OXN-1 is
repulsive for direct nucleophilic addition of a water molecule in
the hydrolysis (Figure 4a). For these reasons, OXN-1 is found to
be highly stable in the hydrolysis.

In order to explore the potential of OXN-1 for bioimaging
applications further, we applied OXN-1 to cells and collected the
fluorescence imaging using confocal laser scanning microscopy
(CLSM). Prior to the imaging study, a high cell viability; >95%
with 0—100 M concentration of OXN-1 in HeLa cell
(immortalized human cervical cancer cell) was measured by
MTT assay (Figure Sa). Also, the high stability of OXN-1 at high
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Figure S. (a) Cell viability of OXN-1. HeLa cells were incubated with
OXN-1 (0—100 M) for 24 h. The means and standard deviations were
calculated from triplicate measurements. (b) CLSM images of HeLa
cells coincubated with OXN-1 (20 #M) with lysozyme imaging agent
(LysoTracker Deep-Red; Lyso-Red, S ptg/mL) for 30 min incubation at
37 °C. Excitation wavelength and emission channel; OXN-1 (450 nm,
450—617 nm), Lyso-Red (645 nm, 645—700 nm). (c) TPM images of
different mouse organ tissues incubated with OXN-1 at a middle depth
layer (~8S ym) of sectioned tissues (left) and images of large intestine
at the indicated depths (right). Scale bar: 100 um (left), 200 ym (right).
See the experimental details in the Supporting Information.
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concentration of biothiol, glutathione (GSH, 10 mM), was
confirmed (Figure S12). To investigate the cell organelle
specificity of OXN-1, we conducted a costaining experiment
with commercialized reagents, MitoTracker Deep-Red (target
to mitochondria) and LysoTracker Deep-Red (target to
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lysosome), respectively (Figures Sb and S13). The merged
image indicated that the OXN-1 is mainly localized in the
lysosome that has slightly acidic pH, presumably due to the
amine moieties in the structure.

Next, we demonstrated the two-photon tissue imaging ability
of OXN-1. With the sizable two-photon action cross-section
(TPACS, GM; Goeppert- Mayer unit) value of OXN-1 (14 GM
at 840 nm, 15 GM at 860 nm) (Figure S14), we observed bright
TPM tissue images from several mouse organs (liver, lung,
kidney, brain, large intestine, stomach) (Figures Sc, S1S, and
S16). The depth-dependent TPM imaging result represented
the high tissue permeability and deep tissue imaging ability of
OXN-1.

Under the given imaging condition for CLSM and TPM,
autofluorescence interference from the intrinsic biomolecules
such as riboflavin, NADH, etc., was negligible (Figures S13 and
S15).

In conclusion, we synthesized a new D—A type oxazepine-
containing naphthalene-based fluorophore, OXN-1, and dis-
covered that it exhibits unusually high stability with superior
photophysical properties. OXN-1 holds promise as a new class
of dyes in the development of fluorescent probes because it
maintains strong fluorescence in biofluids as well as under UV
irradiation and has a high biocompatibility with lysosome-
selective staining properties. In addition, we expect that OXN-1
can be used as a stable dye in biomedical field since it shows
superior two-photon deep-tissue imaging ability from the
various organ tissues.
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