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Small-molecule-based fluorescent probes, particularly fluorescent analogs of a-amino acids (FAAs), have
become valuable tools for labeling proteins of interest and visualizing biological processes in living cells.
In this study, we report the design, synthesis, and characterization of a novel cyan-emitting fluorescent
a-amino acid, 4-dibenzothiophen-4-yl-L-phenylalanine (DBT-FAA). DBT-FAA was synthesized in good
yield via a facile 3-step procedure involving modified Suzuki—Miyaura cross-coupling and characterized
by spectroscopic methods. The compound exhibits strong fluorescence in a broad range of aqueous
and polar solvents, with a major emission peak at ~424-445 nm and secondary shoulders at longer
wavelengths (~448-583 nm), along with a high quantum yield (¢ = 0.74 in DMSO at Aex = 380 nm and
Aem = 400-800 nm). DBT-FAA also demonstrates excellent photostability, showing strong resistance to
photobleaching under aqueous conditions, which is essential for prolonged live-cell imaging. Confocal
fluorescence microscopy confirmed that DBT-FAA is efficiently taken up by human Hela cells, likely
through an endocytic pathway, without observable cytotoxicity under the conditions studied. Once
inside the cells, DBT-FAA initially accumulates in lysosomes and subsequently translocates to

mitochondria with extended incubation time, suggesting dynamic intracellular redistribution. The robust
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Accepted 10th February 2026 optical properties, photostability, and cellular compatibility of DBT-FAA highlight its potential as

a versatile fluorescent amino acid probe for real-time visualization of intracellular processes, offering

DOI: 10.1035/d5ra09861k promising applications in studying protein dynamics, molecular interactions, and cellular metabolism

rsc.li/rsc-advances relevant to biochemistry, drug discovery, and protein engineering.

enzyme haloalkane dehydrogenase),"** and an EcDHFR-based
system using folate analogues such as trimethoprim (TMP)-

1. Introduction

(cc)

Fluorescence microscopy and the discovery of green fluorescent
protein (GFP)' have played an indispensable role in advancing
biomedical sciences over the past few decades.>” The use of GFP
as a fluorescent labeling probe, when fused to either the C-
terminus or N-terminus of a protein of interest has enabled
researchers to visualize target proteins at the subcellular level
and to study their dynamics and function in living cells and
whole organisms. In addition to GFP, several other strategies for
tagging or labelling proteins have been developed. These
include fusion protein expression and covalent attachment
through self-labeling enzyme tags such as SNAP-tag (0°-
alkylguanine-DNA alkyltransferase, a 20 kDa mutant of a DNA
repair enzyme that specifically reacts with benzylguanine
moieties),*® CLIP-tag (a variant that reacts with 0°benzylcy-
tosine substrates)," and HALO-tag (derived from the bacterial
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tags.""” However, the relatively large size of GFP and these
tagging enzymes often limit their applications.”*® The bulky
nature of these fusion tags can disrupt the intrinsic shape,
native structure, folding dynamics, and protein-protein inter-
actions that are essential for maintaining protein function-
ality.” As a result, there is a growing need in the research
community for fluorescent imaging approaches that minimize
such perturbations. This challenge can potentially be addressed
through the development of small molecule-based fluorescent
probes, which offer compact, versatile and less invasive alter-
natives for studying proteins in situ.

Small molecule-based fluorescent probes, particularly fluores-
cent analogs of a-amino acids are excellent candidates for labeling
proteins of interest.”** In these systems, a fluorescent moiety is
incorporated into natural or unnatural amino acids to enhance
their photophysical properties. In the search for suitable candi-
dates, significant efforts have been made to synthesize and
incorporate  o-fluorescent amino acids such as i(7-
hydroxycoumarin-4-yl) ethylglycine, dansyl and prodan amino acid
analogs,”** tryptophan analogs or mimics,”*** phenylalanine-
based terphenyl unnatural amino acids,” B-(1-azulenyl)-L-
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alanine,” and derivatives incorporating fluorescent groups on the
side chains of diaminopropionic acid (Dap) and lysine, including
pyrene-, coumarin-, nitrobenzoxadiazole-, and fluorescein-based
variants.® The incorporation of fluorescent amino acids (FAAs)
offers several advantages, including their small size and minimal
perturbation to the native protein structure and function.>?*3°
Nevertheless, most of the current FAAs absorb and emit at shorter
wavelengths, which limits their utility for in vitro and in vivo
imaging, as being recently reviewed.'**>** Short-wavelength exci-
tation could potentially damage cells and alter protein confor-
mation and functionality, especially during prolonged live-cell
imaging experiments. Therefore, FAAs that absorb at longer
wavelengths and exhibit high quantum yields are particularly
desirable for site-specific incorporation into proteins, as they
enable less invasive and more efficient fluorescence imaging.

Over the past decade, our laboratory has been developing
fluorescent tools to monitor life-processes related to the
chemical and molecular biology of living cells.***® Building
upon these research advances, we and others have sought to
design and implement real-time protein tracking and imaging
systems—conceptually akin to a “biological GPS”—using
unnatural fluorescent amino acids.***"***! In our envisioned
biological GPS system, the fluorescent amino acid acts as
a critical signaling unit, transmitting photonic information
within live-cells to the microscope in a manner analogous to
satellite-based navigation. Expanding the synthetic accessibility
of novel fluorescent amino acids is therefore key to broadening
the fluorescent amino acid toolbox and enhancing bioimaging
capabilities. In this regard, following our previous synthesizing
of the blue-emitting fluorescent amino acid Phen-AA,* we have
successfully synthesized a cyan-emitting fluorescent amino
acid,  4-dibenzothiophen-4-yl-.-phenylalanine  (DBT-FAA).
Herein we report on its synthesis, characterization, photo-
physical properties and cellular imaging applications.

2. Experimental
2.1 Chemicals

The chemicals N-(tert-butoxycarbonyl)-4-iodo-L-phenylalanine
(Ambeed), 4-dibenzothiophenyl boronic acid (Oakwood Chem-
icals), N,N-dimethylformamide (Sigma-Aldrich), bi-
s(triphenylphosphine) palladium(u) dichloride (Sigma-Aldrich),
rhodamine B (Sigma-Aldrich), and methyl iodide (Alfa-Aesar)
were purchased from the indicated sources and used without
further purification. The other reagents and solvents used in
syntheses were ACS grade and were purchased commercially.

2.2 Instrumentation and characterization

The 'H NMR and "*C NMR data were acquired on a Bruker
AVANCE III HD 400 MHz high-performance digital NMR spec-
trometer. Chemical shifts were reported in delta () unit parts
per million (ppm) downfield tetramethylsilane (TMS) and
analyzed on MestReNova software. The NMR data signals were
acquired in DMSO-d, solvent with 0.03% of TMS as internal
reference, where the splitting patterns represents, s = singlet,
d = doublet, m = multiplet and coupling constants (J) are
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reported in Hertz (Hz). The molecular mass data were acquired
on Waters ACQUITY UPLC-QTOF (Ultra-Pure Liquid
chromatograph-Quadrupole Time of Flight) mass spectrometer
using mobile phase of acetonitrile : water in an isocratic solvent
of 1:1 over 10 minutes. UV-vis spectra were acquired on a Per-
kinElmer Lambda 25 spectrometer over a range of 200-800 nm
wavelength. Fluorescence spectra were measured on a Perki-
nElmer LS55 luminescence spectrometer at 293 K. The excita-
tion wavelength and filters settings used in all measurements
are indicated in the figures. The optical rotation measurements
were measured using a Rudolph Research Analytical Autopol III
Automatic Polarimeter at 589 nm wavelength, at temperature
28.5 °C and at optical path length 100 mm.

2.3 Synthesis procedure

The fluorescence a-amino acid (4-dibenzothiophen-4-yl-L-
phenylalanine) (DBT-FAA) was synthesized following a modified
procedure involving Suzuki-Miyaura cross-coupling reactions
(Scheme 1),>7**** where 4-iodo-L-phenylalanine was firstly
methyl protected, and then 4-dibenzothiophene boronic acid
containing sulfur heteroatom was coupled with N-(tert-butox-
ycarbonyl)-4-iodo-i-phenylalanine methyl ester by Suzuki-
Miyaura cross coupling reaction. The product (DBT-FAA,
compound 5) was formed following the deprotection of
methyl ester and Boc-with base and acid, respectively. Detailed
synthesis and characterization are provided in SI. Compound 5
(C;H;7NO,S): "H NMR (400 MHz, DMSO-d;) (Fig. S1): 6 8.44-
8.35 (m, 2H), 8.04-7.98 (m, 1H), 7.69 (d, ] = 7.9 Hz, 2H), 7.63 (t, ]
= 7.6 Hz, 1H), 7.55-7.543 (m, 3H), 7.48 (d, J = 7.9 Hz, 2H), 3.50
(m, 1H), 3.26 (dd,J = 14.3, 3.7 Hz, 1H), 2.97 (dd, J = 14.2, 7.9 Hz,
1H). *C NMR (101 MHz, DMSO) (Fig. S2): 6 169.66, 138.93,
138.45, 137.67, 136.61, 136.35, 135.71, 130.52, 128.25, 127.71,
127.37, 126.14, 125.31, 123.30, 122.71, 121.46, 55.89, 39.99,
37.24. HRMS (ESI): m/z calculated for [C,;H;,NO,S + H]":
348.0980, found: m/z: 348.0461 (and a dimer at m/z 695.1710)
(Fig. S3).

2.4 Cell imaging methodology

HeLa cells (ATCC, CCL-2) were regularly cultured and main-
tained with the complete growth medium composing of DMEM
with supplement of 10% FBS in a humid 37 °C incubator under
5% CO, level. The cell confluency was kept between 30% and
70% in a 25 cm” culture flask. To prepare for confocal experi-
ments, HeLa cells were cultured in the flask until the confluency
reached about ~70%. After the flask was rinsed with PBS twice,
2 ml 0.25% trypsin-EDTA solution was added followed by
incubation in the incubator. Upon cell dissociation from the
flask's wall, 2 ml complete growth medium was added to
neutralize the enzyme and stop the digestion. The mixture was
then transferred into a 15 ml tube and centrifuged for 3 min at
1000g. The medium was discarded to remove the residual
enzyme and other waste products. 5 ml of fresh complete
medium was added to the tube to resuspend the cell pellet. The
same amount of cell containing medium from the tube was
transferred into each of the 35-mm glass bottom dishes (Mat-
tek, P35G-1.5-14-C), respectively, and 2 ml of the fresh complete
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Scheme 1 Synthesis scheme of 4-dibenzothiophen-4-yl-L-phenylalanine (5, DBT-FAA).

culture medium was added, and the dishes were incubated in
regular incubation condition for about 24 hours to restore
normal cell condition. DBT-FAA solution (in DMSO) was added
to the dishes to achieve final concentrations of 10 uM, 20 uM
and 50 pM, respectively. Cells were incubated for 1 hour and
washed with fresh medium before confocal experiment. For co-
localization, after incubation of DBT-FAA at various time length,
experiment dish was also added with MitoTracker Green
(Thermo Fisher, M7514) at final concentration of 1 uM and
LysoTracker RedDND-99 (Thermo Fisher, M7528) at final
concentration of 1 uM and incubated for 30 min. Dish was
washed with fresh medium before confocal imaging using
a Zeiss LSM 710 confocal microscope.

2.5 Cell viability assay

The cytotoxicity of DBT-FAA toward human skin primary fibro-
blast cells (WS1, ATCC CRL-1502) was evaluated by an MTT (3-

10090 | RSC Adv, 2026, 16, 10088-10099

[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide)
assay using a MTT Cell Viability Assay Kit (Biotium, Fremont,
CA, USA; cat. no. 30006). WS1 cells were cultured in Eagle's
minimum essential medium supplemented with 10% fetal
bovine serum (FBS) under standard conditions (37 °C, 5% CO5,).
Cells were subcultured using 0.25% trypsin-EDTA and
neutralized with complete growth medium. They were seeded
into 25 cm® flasks without centrifugation, and the culture
medium was replaced every 2-3 days until approximately 70%
confluency was reached. Cells were then seeded into 96-well
plates and incubated at 37 °C for 24 h.

The cells were treated with DBT-FAA at concentrations of 0,
10, 20, and 50 uM in 100 pL of culture medium containing 0.5%
DMSO. After treatment, 10 puL of MTT solution was added to
each well, mixed gently, and incubated at 37 °C for an addi-
tional 4 h. The medium was subsequently supplemented with
200 pL of DMSO, and the plate was shaken to ensure complete

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dissolution of the formazan crystals. Absorbance was measured
at 570 nm with background correction at 630 nm. For back-
ground subtraction, cell-free wells containing the same DBT-
FAA concentrations were processed in parallel, and their
signals were subtracted from the corresponding cell-containing
wells. Cell viability was normalized to the 0 uM control (100%).
Data are reported as mean + SD (n = 3).

3. Results and discussion
3.1 Synthesis and characterization

The fluorescence amino acid 4-dibenzothiophen-4-yl-L-phenyl-
alanine (DBT-FAA) was synthesized via a 3-step procedure
(Scheme 1) following a modified procedure of Suzuki-Miyaura
cross-coupling protocol (see SI for details). The synthetic
methodology was further optimized by employing DMF as the
solvent for the second step, which enhanced the solubility of the
base Cs,CO; and prevented the formation of side product, as
confirmed by TLC monitoring. This modification resulted in an
overall increase in the yield of the final product. The crude
product was purified over a silica column rather than HPLC,
further simplifying the synthetic process. The structure of DBT-
FAA was confirmed by "H NMR (Fig. S1), "*C NMR (Fig. S2), and
high-resolution mass spectrometry (HRMS, Fig. S3) (see SI).

In the cyan-emitting novel fluorescent a-amino acid DBT-
FAA, a thiophene ring is introduced to the side chain of a phe-
nanthracenyl amino acid derivative.**** The incorporation of
a heteroatom, such as sulfur, can impart unique photophysical
and physiochemical properties to the molecule. Sulfur
possesses unshared electrons that can be conjugated with
carbon-carbon double bonds, as well as vacant d-orbitals in its
outer shell, allowing it to function both as an electron donor
and acceptor. This enables its interaction with nearby charges,
induces dipoles within the system, and enhances dispersion
forces, polarizability, resonance energy transfer, exciplex
formation, and charge transfer complexation.** Compared with
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Fig. 1 UV-vis spectrum of 4-dibenzothiophen-4-yl-L-phenylalanine
in DMSO (40 puM). Inset is the zoom-in of 350-400 nm region showing
a long tail extended to beyond ~400 nm.
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benzene, thiophene exhibits greater hyperpolarizability and
a lower aromatic delocalization energy (benzene: 36 kcal mol ™ %;
thiophene: 29 kcal mol™").*® These electronic differences may
rise to novel intermolecular interactions, including receptor-
ligand binding, enzyme-substrate recognition, antigen-anti-
body interactions, and improved stability in mutant proteins.*

3.2 UV-vis spectroscopic analysis

The UV-vis spectrum of 4-dibenzothiophen-4-yl-.-phenylalanine
(DBT-FAA) was recorded in DMSO. Analysis of its photophysical
properties revealed distinct absorption features in the UV-vis
spectrum (Fig. 1). The compound exhibited absorption peaks
at approximately 261 nm (¢ = 4.57 x 10* M~ ' ecm ") corre-
sponding to the conjugated phenylalanine moiety, as well as
additional bands at ~301 nm (€ = 1.41 x 10* M™' em™ %),
~334 nm (¢ = 1.0 x 10* M em™), 352 nm (¢ = 7.96 x
10> M ' em ) and ~382 nm (¢ = 1.69 x 10> M ' em™Y),
assignable to the conjugated dibenzothiophene moiety. The
spectrum also displayed a long absorption tail beginning
around 350 and extending beyond 400 nm. This extended
absorption tail beyond 400 nm indicates the compound's
potential for excitation at longer wavelength, making it advan-
tageous for cell-imaging applications. This property was later
validated through confocal microscopy studies using HeLa
cells. Therefore, DBT-FAA represents a promising candidate for
site-specific incorporation into proteins for live-cell imaging.

3.3 Fluorescence spectroscopy and quantum yield

The fluorescence properties of 4-dibenzothiophen-4-yl-i-
phenylalanine (DBT-FAA) were subsequently investigated. Upon
excitation at 380 nm, 4-dibenzothiophen-4-yl-.-phenylalanine
(in DMSO) exhibited a prominent emission peak at approxi-
mately 425 nm, accompanied by weaker shoulder peaks at
~452 nm, ~485 nm, and ~540 nm, with an emission tail
extending up to 670 nm (Fig. 2). These emission features fall
within the visible region, indicating the potential of DBT-AA for
cellular imaging. When the DBT-FAA solution was illuminated
at 365 nm under a UV lamp, the solution in quartz cuvette di-
splayed a bright cyan fluorescence (Fig. 2, inset), confirming
DBT-FAA is a cyan-emitting fluorescent amino acid.

The quantum yield of 4-dibenzothiophen-4-yl-i-phenylala-
nine (DBT-FAA) was determined using Williams' comparative
method (SI). Rhodamine B in ethanol, with a known quantum
yield (s = 0.68), was used as the reference standard (SI).
Fluorescence emission spectra of Rhodamine B were recorded
using an excitation wavelength of 420 nm and emission range of
450-800 nm, while DBT-FAA solutions (in DMSO) were excited
at 380 nm and emission spectra were collected from 400 to
800 nm. For both samples, baseline-corrected integrated fluo-
rescence intensity was plotted against absorbance for various
concentrations, and the gradients (slopes) of the linear fits were
obtained. The quantum yield of DBT-FAA (®gr) was calculated
using the equations provided in the SI and was determined to
be 0.74.

RSC Adv, 2026, 16, 10088-10099 | 10091
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Fig. 2 Fluorescence spectrum of 4-dibenzothiophen-4-yl-L-phenyl-
alanine (80 puM) in DMSO (excitation wavelength — 380 nm and
emission collected from 400 nm to 700 nm). Inset is an image of 4-
dibenzothiophen-4-yl-L-phenylalanine in DMSO solution in a quartz
cuvette under UV illumination at 365 nm, showing the cyan light
emission.

3.4 Photostability analysis

The photostability of 4-dibenzothiophen-4-yl-L-phenylalanine
(DBT-FAA) was evaluated in a physiologically relevant buffer by
recording a series of 100 fluorescence spectra over a period of 5
hours. The measurements were carried out using a 100 pM
solution of the compound in a 1 : 1 mixture of DMSO and saline
phosphate buffer (SPB, pH 7.0, 0.05 M), with excitation at
wavelength 380 nm and emission monitored in the 400-650 nm
range. DBT-FAA exhibited two major emission peaks at 403 and
424 nm, along with shoulder bands at approximately 448, 475,
513, and 582 nm. Interestingly, only a minimal decrease in
fluorescence intensity was observed over the 5-hour duration -
approximately 4.74% at 403 nm and ~3.64% at 424 nm -
indicating strong resistance to photobleaching and excellent
photostability under these conditions. This level of photo-
stability is comparable to that of rhodamine B, which showed
a 6.08% decrease in fluorescence intensity at its emission
maximum (580 nm) after 100 scans over the same 5-hour
duration under similar conditions (Fig. S4, SI).

3.5 Solvatochromic effects

4-Dibenzothiophen-4-yl-i-phenylalanine (DBT-FAA) exhibited
slightly different fluorescence emission features in DMSO and
DMSO-SPB buffer (see Fig. 2 and 3), indicating that solvent
polarity influences its emission behavior. To further investigate
this solvatochromic effect, fluorescence measurements were
performed in a range of solvents with varying polarities,
including acetone, methanol, ethanol, isopropanol, DMF,
DMSO, water, Tris-HCI pH 8.8, 0.01 mM NaOH pH 9.0, and
0.02 mM NaOH pH 9.3.

As shown in Fig. 4 and Table S1 (in SI), DBT-FAA displayed
the strongest emission in Tris-HCI buffer (pH 8.8), with a major
emission peak at ~445 nm and shoulder bands at ~520 nm and

10092 | RSC Adv, 2026, 16, 10088-10099
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Fig. 3 Repeated scans of 100 fluorescence emission spectra (exci-
tation wavelength (ie) = 380 nm, emission wavelength = 400—
650 nm, excitation slit 15 nm, emission slit 2.5 nm and scan speed =
250 nm min™Y) of 4-dibenzothiophen-4-yl-L-phenylalanine (DBT-
FAA) (100 uM) over a 5 h period in DMSO-SPB buffer (1: 1, pH 7.0, 0.05
M).

~582 nm. In DMSO, the compound showed a major emission
peak at ~425 nm with shoulders at ~452 nm, ~485 nm, and
~540 nm. In isopropanol, a main peak at ~433 nm was
observed along with shoulders at ~484 nm and ~555 nm, while
in methanol, the major peak appeared at ~433 nm with
shoulders at ~466 nm and ~550 nm. DBT-FAA in acetone
showed a similar pattern, with a principal peak at ~433 nm and
shoulders at ~484 nm and ~532 nm. In DMF, a main emission
at ~434 nm was accompanied by shoulders at ~484 nm and
~548 nm. In 0.01 mM NaOH (pH 9.0) and 0.02 mM NaOH (pH
9.3), the emission maximum appeared at ~431 nm with
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Fig. 4 Fluorescence emission spectra of 4-dibenzothiophen-4-yl-L-
phenylalanine (DBT-FAA) (20 puM) (excitation wavelength, Aex =
380 nm, emission wavelength = 400-675 nm, excitation slit 15 nm,
emission slit 2.5 nm and scan speed = 250 nm min~Y) in different
solvents.
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shoulders at ~454 nm and ~484 nm, and weaker bands at
~550 nm and ~582 nm. In water, a major emission peak at
~433 nm was observed with shoulders at ~460 nm and
~496 nm, and a weak band around ~580 nm.

Solvatochromism is a complex phenomenon governed by the
interplay of multiple factors, including solvent dielectric
constant, hydrogen-bonding interactions, solvent polarization
effects, solvent-induced conformational changes, and solute
aggregation.”” These interactions can alter the relative energies
of the electronic ground and excited states, leading to shifts in
the emission spectrum. Given that DBT-FAA contains multiple
functional groups, it is likely that several of these factors
contribute to its observed solvatochromic behavior.

Notably, the fluorescence emission of DBT-FAA was most
pronounced (higher intensity and longer emission wavelength)
in Tris-HCI buffer (pH 8.8), a physiologically relevant medium,
suggesting that DBT-FAA possesses desirable fluorescence
characteristics for biological and cellular imaging applications.

3.6 Optical rotation measurement

The optical rotation («) of 4-dibenzothiophen-4-yl-i-phenylala-
nine (DBT-FAA) (10 mM in DMSO), was measured, and the
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specific rotation ([«]) was calculated using the following
equation:

a x 100

T_
;™ = cxl

where, « = observed optical rotation (°), ¢ = concentration in g/
100 ml, and / = path length in decimeters.
Substituting the experimental values:

—0.084 x 100

T _ _oem A s o
" = 0324005 1~ 2490

Thus, the specific rotation of 4-dibenzothiophen-4-yl-i-
phenylalanine was determined to be [¢]235 = —24.6° (measured
at 25.1 °C and 589 nm). This value closely matches those re-
ported for the blue-emitting fluorescent amino acid 4-phenan-
thracen-9-yl-i-phenylalanine® and for ri-phenylalanine,
confirming that DBT-FAA possesses the 1-configuration.

3.7 Cytotoxicity and cellular imaging studies

To further evaluate the fluorescence capability and potential
cytotoxicity of 4-dibenzothiophen-4-yl-.-phenylalanine (DBT-
FAA), experiments were conducted in living human HeLa

Fig. 5 Confocal images of Hela cells treated or untreated with DBT-FAA. (A—C) Control Hela cells without FAA treatment. (D—F) Hela cells
treated with DBT-FAA at a final concentration of 20 uM. (A and D) were bright field images; (B and E) were fluorescent images after excitation at
405 nm and emission collected between 410 and 587 nm; (C and F) were merged with bright-field and fluorescence signals. The fluorescence
signals (red pseudo-color) in (E) indicate that DBT-FAA readily permeates live cells and exhibits strong intracellular fluorescence. Scale bar: 20

um.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cells. Cells were treated with DBT-FAA at final concentrations of
10 puM, 20 pM, and 50 uM, respectively. After a 1-hour incuba-
tion period, the culture medium was replaced with fresh
medium to remove any residual background fluorescence prior
to confocal imaging.

Confocal imaging of DBT-FAA was performed using a Zeiss
LSM 710 laser confocal microscope with excitation at 405 nm,
a wavelength that corresponds to the absorption tail of DBT-
FAA, as reported previously.*® Cells incubated with 10 uM or
20 uM DBT-FAA exhibited strong cytosolic fluorescence signals
(shown in red pseudo-color; Fig. 5 and S6), with no noticeable
changes in cell morphology or viability compared with
untreated controls. As the DBT-FAA concentration increased,
cells continued to display normal morphology, indicating
minimal cytotoxicity even at 50 uM (Fig. S7).

The in vitro cytotoxicity of DBT-FAA was further evaluated
using a standard MTT assay with WS1 cells (human skin
primary fibroblasts). As shown in Fig. S5 (SI), WS1 cells were
incubated with DBT-FAA at concentrations ranging from 0 to 50
uM for 24 h. No detectable cytotoxicity was observed at any of
the concentrations tested; instead, a slight enhancement in cell
viability was noted. Collectively, these results demonstrate that
DBT-FAA can efficiently label living cells while maintaining
excellent biocompatibility.

To investigate the subcellular localization of DBT-FAA in
HeLa cells, organelle-specific fluorescent probes were
employed. As shown in Fig. 6, mitochondria and lysosomes
were stained with green and blue fluorescent markers,
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respectively. The distinct separation of green and red (pseudo-
colors) fluorescence in Fig. 6E indicates that although DBT-
FAA was distributed in the cytosol, it did not predominantly
accumulate within the mitochondria following a 30-minute
incubation period. In contrast, the merged image in Fig. 6F
displayed extensive overlap between the red and blue (pseudo-
colors) fluorescence signals, producing a pronounced purple
hue. This co-localization pattern strongly suggests that DBT-
FAA is preferentially localized within lysosomes. The observed
intracellular distribution implies that DBT-FAA is likely inter-
nalized through an endocytic pathway, similar to that of leucine
or phenylalanine,® subsequently accumulating in lysosomal
compartments.

To investigate the kinetics of DBT-FAA interaction with HeLa
cells, cells were incubated with 4-dibenzothiophen-4-yl-i-
phenylalanine (DBT-FAA) at a final concentration of 20 pM for
90 min, 3 h, 6 h, 12 h, and 24 h, respectively. Mitochondrial and
lysosomal trackers were added 30 min prior to imaging. As
shown in Fig. S8E-H, in additional to purple fluorescence
signals indicating co-localization of DBT-FAA with the lyso-
somal tracker, distinguishable orangish-yellow signals were
observed at later time points (panels F and G), consistent with
co-localization of DBT-FAA with the mitochondrial tracker and
suggesting mitochondria localization.

With extended incubation times (3-24 h), the degree of co-
localization between DBT-FAA (red pseudo-color) and the
mitochondrial tracker (green pseudo-color) gradually increased,
producing orangish-yellow signals in the merged images

.
F @
x

Fig. 6 Confocal images of Hela cells treated with DBT-FAA (red pseudo-color) for 30 min, followed by incubation with mitochondria tracker
(green pseudo-color) and lysosome tracker (blue pseudo-color). (A) Bright-field image of cells; (B) fluorescence images of mitochondria after
(excitation at 488 nm, emission 493-620 nm); (C) fluorescence image of lysosomes (excitation at 543 nm, emission 566-690 nm); (D) fluo-
rescentimage of DBT-FAA (excitation at 405 nm, emission 410-587 nm). (E and F) Co-localization of DBT-FAA with mitochondrial and lysosomal
signals, respectively; (G) merged fluorescence image showing DBT-FAA, mitochondria, and lysosomes; (H) merged image of DBT-FAA, mito-
chondria, and lysosomes overlaid with bright-field view. Scale bar: 20 um.
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(Fig. 7F and G, 8F and G; S9F, G, S10F and G). These observa-
tions indicate a time-dependent redistribution of DBT-FAA from
the cytosol and lysosomes toward the mitochondria.

Fig. S11 presents a quantitative analysis of colocalization in
the confocal images, showing the relative distributions of DBT-
FAA in lysosomes and mitochondria over time (30 min to 24 h).
At 30 min, DBT-FAA was dominantly localized in lysosomes with
minimal mitochondria association. By 90 min, lysosomal DBT-
FAA decreased markedly, accompanied by a corresponding
increase in mitochondrial DBT-FAA. Mitochondrial colocaliza-
tion continued to increase, surpassing lysosomal levels at 6 h
and reaching a plateau after 12 h. In contrast, lysosomal DBT-
FAA increased slowly from 90 min to 12 h and decreased
slightly after 24 h, likely reflecting continued cellular uptake of
DBT-FAA from the culture medium.

Collectively, these results suggest that DBT-FAA is bioavailable
within mitochondria and may participate in mitochondrial
protein-associated processes, although direct evidence for incor-
poration into mitochondrial proteins will require further
investigation.

A closer inspection of the images in Fig. 7, 8, and S8-S10
suggests the presence of close contacts between the two
organelles during the DBT-FAA translocation process.
Increasing evidence supports the existence of dynamic lyso-
some-mitochondria contact sites that facilitate localized
signaling and metabolite exchange, including calcium and
small-molecule transfer.*® Notably, direct contacts between
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mitochondria and lysosomes - distinct from those associated
with mitophagy*>*® or mitochondrial-derived vesicles (MDVs) -
have been observed in healthy cells.* Such close contacts may
enable efficient exchange of metabolites or essential nutrient
molecules between the two organelles.*®*

Cells acquire nutrients from their environment and utilize
them in various metabolic pathways, especially when resources
are scarce. Several large neutral or aromatic amino acids, such
as leucine and phenylalanine, have been shown to enter cells via
endocytosis mediated by the L-type amino acid transporter 1
(LAT1) and become transiently stored in lysosomes, from which
they can subsequently be mobilized for protein synthesis.*>**
Seven amino acids—leucine, valine, isoleucine, tyrosine,
phenylalanine, methionine, and tryptophan are exported from
lysosomes in an mTORC1-dependent manner.** DBT-FAA (4-
dibenzothiophen-4-yl-.-phenylalanine), a phenylalanine deriv-
ative bearing an extended aromatic side chain, shares structural
features with these amino acids and therefore may follow
a similar cellular uptake and trafficking route. Consistent with
this possibility, our imaging data show intracellular accumu-
lation of DBT-FAA in lysosomal compartments. While no direct
evidence is provided here for the specific involvement of LAT1
or endocytosis, the observed lysosomal localization aligns with
previously reported behavior of large neutral amino acids.

Moreover, the time-dependent redistribution of DBT-FAA from
lysosomes to mitochondria suggests that the compound is not
permanently sequestered and remains bioavailable to other

Fig.7 Confocal images of Hel a cells treated with DBT-FAA (red pseudo-color) for 3 h, followed by incubation with mitoTracker (green pseudo-
color) and lysoTracker (blue pseudo-color) for 30 min prior to imaging. (A) Bright-field image of cells; (B) fluorescent images of DBT-FAA
(excitation at 405 nm, emission 410-587 nm); (C) fluorescent image of lysosomes (excitation at 543 nm, emission 566—-690 nm); (D) fluores-
cence image of mitochondria (excitation at 488 nm. Emission 493-620 nm). (E and F) Co-localization of DBT-FAA with lysosomal and mito-
chondrial fluorescent signals, respectively; (G) merged fluorescent image showing DBT-FAA, mitochondria, and lysosomes; (H) merged
fluorescent image of DBT-FAA, mitochondria, and lysosomes overlaid with the bright-field view. Scale bar: 20 pm.
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Fig. 8 Confocal images of Hela cells treated with DBT-FAA (red pseudo-color) for 24 h, followed by incubation with mitoTracker (green
pseudo-color) and lysoTracker (blue pseudo-color) for 30 min prior to imaging. (A) Bright-field image of cells; (B) fluorescent images of DBT-FAA
(excitation at 405 nm, emission 410-587 nm); (C) fluorescent image of lysosomes (excitation at 543 nm, emission 566-690 nm); (D) fluores-
cence image of mitochondria (excitation at 488 nm, emission 493-620 nm). (E and F) Co-localization of DBT-FAA with mitochondrial and
lysosomal fluorescent signals, respectively; (G) merged fluorescent image showing DBT-FAA, mitochondria, and lysosomes; (H) merged fluo-
rescent image of DBT-FAA, mitochondria, and lysosomes overlaid with the bright-field view. Scale bar: 20 um.

organelles. Together, these observations support the hypothesis
that DBT-FAA may participate in amino acid - like intracellular
trafficking pathways and could potentially be accessible for utili-
zation in other cellular compartments, although direct mecha-
nistic validation will be required in future studies.

3.8 Comparison with previously reported visible-emitting
FAAs

The photophysical properties and biological applications of the
fluorescent amino acid DBT-FAA were compared with those of
previously reported representative visible-emitting fluorescent
amino acids, as summarized in Table S2 (SI). Only a limited
number of visible-emitting fluorescent amino acids have been
reported, and many of them are unsuitable for bioimaging due to
low quantum yields or other limitations. This comparison high-
lights several notable advantages of DBT-FAA, including a high
quantum yield, high photostability, excitable by a 405 nm laser
and emission wavelengths within the true visible region, as well as
excellent biocompatibility, making it a promising candidate for
incorporation into peptides or proteins for bioimaging
applications.

4. Conclusions

In summary, a novel cyan-emitting fluorescent ¢-amino acid, 4-
dibenzothiophen-4-yl-.-phenylalanine (DBT-FAA) was designed
and successfully synthesized in good yield via a modified

10096 | RSC Adv, 2026, 16, 10088-10099

Suzuki-Miyaura cross-coupling reaction. DBT-FAA exhibited
strong fluorescence in a broad range of aqueous and polar
solvents, with a major emission peak at ~425 nm and secondary
shoulders at longer wavelengths, along with a high quantum
yield (@ = 0.74). It also demonstrated excellent photostability,
showing strong resistance to photobleaching under aqueous
conditions. DBT-FAA was readily taken up by human HeLa cells
and produced bright fluorescence under 405 nm laser excita-
tion, as observed by confocal microscopy. Co-localization
experiments revealed that DBT-FAA enters cells readily with
an initial accumulation in lysosomes and subsequently trans-
located to mitochondria with prolonged incubation. The
successful cellular uptake and cyan-emitting fluorescence of
this novel amino acid highlight its promise as a bioimaging
probe, offering new opportunities for studying protein folding,
dynamics, and intermolecular interactions—ultimately
advancing protein engineering, drug discovery, and therapeutic
design.
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