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Abstract

Three novel boron-dipyrromethene (BODIPY) dyes iogpborneol moieties have
been designed, synthesized and characterized. ifgte-srystal structure of the
compound3 was also elucidated for the first time. Their mpdtysical properties and
confocal fluorescence images were investigated H®y dptical spectroscopy and
Confocal fluorescence microscopy. The results méichat the ompounds3 take on
high fluorescence quantum yield and cell membrarenpability, which can be utilized

as fluorescent visualizers for cell and lysosomeriscence imaging.

Keywords. BODIPY:; cell imaging; borneol; photophysical projpes; membrane

permeability



1. Introduction

Fluorescence imaging has emerged as a very fawigpawerful tool to enable the
visualization, characterization, and quantificatmibiological processes that occur at
cellular levels without disturbing living subjects complex biosystem$™. This
imaging technique has been widely applied in tugiagnosis, biomolecule detection,
tracking therapeutic effects, the distribution afiglin vivo due to its noninvasion, high
spatiotemporal resolution, and real-time visuatkiag of biological structures and

processes in the living systefi§.

Over the past few decades, various of fluorophavith different excitation and
emission wavelengths have been designed and dedelmgluding coumarin, 1,8-
naphthalimide, boron dipyrromethene difluoride (B®M), rhodamine, fluoroscein,
cyanine, etd>®*? Among them, the BODIPY derivatives have attraatedsiderable
interest as one of the most promising candidate8uUorescent bio-imaging due to their
excellent photophysical properties, such as renmek#uorescence quantum yields,
good biocompatibility, easy modification, sharp oilascence emission, high
photostability, large molar extinction coefficient@nd relative insensitivity to
environmental condition§%*®. In particular, the parent structure of the BODIRY
easily modified, and functional groups can be idiiced to the BODIPY core, while
retaining their inherent properties. As a restiig BODIPY dyes are widely used for
fluorescent bioimaging in medicine and biochemi8fy®. However, the big challenge
is the poor cell membrane permeability of BODIPYeslywhich limits their application
in cell biological imaging*®*®. So, it is still highly necessary and urgent tsige

fluorescent BODIPY derivatives with good cell peahaity.



It is well known that borneol is a kind of natuchliral compounds. It has many good
pharmacological activities and functions, such awalgesic, anti-inflammatory,
antibacteriall®®. It can be used as chiral source to synthesize foaational organic
compounds. Recently, borneol compounds have beed s improve the cell
permeability of drugs which have attracted wideagrattention?. Borneol can also
carry a variety of drugs through the blood-braimriea and make drugs work better for
target organ&?. To the best of our knowledge, the research hadeen published on
the synthesis of fluorescent BODIPY derivativestaonng borneol moiety and their
application in fluorescent imaging yet. In this pgpve have successfully synthesized
fluorescent BODIPY derivatives containing borneobyp, and report the synthesis,

basic photophysical properties and applicatiorhesé molecules.
2. Resultsand discussion
2.1. Synthesis

The compound4-4 were synthesized according to the routes outlineficheme 1.
4-formylbenzoic acid was reacted with excess S@Cihe presence of catalytic amount
of DMF under reflux to yield 4-formylbenzoyl chlde. Bornyl 4-formylbenzoate was
synthesized by treating 4-formylbenzoyl chlorideham-)-Bomeol in the presence of
pyridine in THF at room temperaturé.and 2 were obtained by the reaction of two
equivalents of 2, 4-dimethy-pyrrole and 1 equivaleh 4-methoxybenzaldehyde or
bornyl 4-formylbenzoate in the presence of a céitamount of TFA and subsequently
addition of an excess of TEA and 8BEL. 3 and4 were acquired by the condensation
of 2 with bornyl 4-formylbenzoate using the Knoevenagmhdensation methdéf .

All compounds were characterized by elemental @eslyH-NMR and HRMS with



satisfactory results. The detailed experimentat@dore and characterization data are

provided in the ESI.
2.2. X-ray structure of the compound 3

The structure of3 has been determined by X-ray analysis. Fig. 1 shohe
perspective view of the molecular conformation 8f and there are two
crystallographically independent BODIPY molecules the asymmetric unit. The
selected bond lengths and angles are listed ineT&Rl The bond lengths for B-N and
B-F and the bond angles of N-B-N and F-B-F indicatetrahedral BF2N2 geometry
and are in good agreement with previously repodia>>?®. The C20-C21 and C58-
C59 bond lengths are both 1.319(5) A, indicatindoable bond character in a trans
conformation formed by the condensation reactiotwéen 4,4-difluoro-1, 3, 5, 7-
tetramethyl-8-(4-methoxyphenyl)-4-bora-3a,4a-diazadacene and  bornyl  4-
formylbenzoate. The bond lengths of C28-02 and O66are 1.330(4) A and 1.317(5)
A, respectively, which is much shorter with respaxtthe bond distances of C29-
02(1.439(5) A) and C67-05 (1.455(5) A), showing tthhere are n-electron
delocalization within the ester moiety. The mese&2phenyl ring and the meso-C40-
C45 phenyl ring on the BODIPY core are virtuallypendicular to the corresponding
indacene plane with the dihedral angle of 86.3830%nd 88.28 (0.13) °, respectively,
resulting from the steric hindrance between themiethyl groups at the 1,7-positions
on the indacene moiety and the hydrogen atomsea84position of the meso-phenyl
moiety. In addition, the average lengths of the@= and C43-C52 bond are almost
the same length as a single C-C bond, further siigge almost non-electron
delocalization between the meso-aryl group andBO&®IPY core (indacene plane).

two indacene planes are highly planar with average mean-square (rms) deviation of



0.0101 and 0.0248 A, respectively. The two dihedrajles of 27.54 (0.17) and 26.92
(0.18) ° between the indacene planes and the styodps in the two independent
BODIPY molecules show partial conjugation withire tentire chromophore. There are
no n-nt stacking interactions between the asymmetricabodés in compoun8, which

clearly indicates that the introduction of bornegioups can effectively restrain

intermoleculam-n stacking.

2.3. Optical propertiesin solution

The photophysical properties of the compoufhdswere investigated by absorption
as well as steady-state and time-resolved fluorescespectroscopy in toluene. The
photophysical data are summarized in Table 1. Tbemalized absorption and
fluorescence spectra of the compoutdbare depicted in Fig. 2. The compouridand
2 share the common BODIPY framework, and the onfiedénce is the substituents of
the meso position. Therefore, they exhibit simdasorption and emission spectra. As
shown in Fig. 2, the absorption maxima of the conmus 1 and 2 are centred at
approximately 518 nm and 514 nm with molar absorpttoefficients in the range

23000-72000 M'cm™, respectively, which can be ascribed to the str&g S,

transitions. For the compourddand4, with one or two phenyl styryl groups extending
the n-conjugation, their absorption maxima were foundddshift to 568 nm and 640
nm, respectively. At higher energies, the compouBdand 4 also show strong
absorption at 333 nm and 362 nm, which are aréduatéd to $Sn (n> 2) transitions
27 In addition, the weaker and broader shouldergagipg at around 528 nm and 589
nm for 3 and 4 were observed at low wavelength, which are atteéuo the 0-1

vibrational transition of the BODIPY moiet§??°. As shown in Fig. 2, the emission



bands of the compounds4 are good mirror images of theip-SS; transition bands

with a small Stokes shift between 240 and 458 csimilar to classical meso-aryl
BODIPYs and centred at 518 nm, 514 nm, 577 nm & rm, respectively. The
fluorescence quantum vyields of compourid3 determined in non-polar toluene were
were higher than that of compou#dThus compound$-3 were beneficial to biological
fluorescence imaging research. The fluorescencetaomayields ofl and2 are 0.39 and
0.37, respectively, and they are almost equal.alé woteworthy that the fluorescence
quantum yield of3 is 0.41, which are higher than thatfSuch an improvement is
different from the ordinary mono- or di-styryl-suibgted BODIPY analogues and
mainly attributed to the rigid steric effects ofrbeol moieties which limited the
nonradioactive relaxation, thus the fluorescenantum yield is increased. Howevdr,
exhibits much weaker fluorescence compared @i#md 3. 4-methoxylphenyl group is
typical electron-donating group, whereas ester greas a strong electron-withdrawing
group. In the excited state, strong intramolecaokarge transfer would happen between
meso-4-methoxylphenyl group and two ester grougschvled to low quantum yields
391 |n addition, fluorescence lifetimes ®3 were also measured withvalues in the
range of 2.6 to 4.86 ns. These photophysical pti@seaccount for a very rigid system
exhibiting a very little loss of energy via non iaile pathway®' 2. This last point is
confirmed by low non radiative kinetic constantangared with the radiative ones
(Table 1). The rate constant of radiative) @nd nonradiative (K deactivation can be
calculated from the measured ; and the single-exponential fluorescence lifetrme
according to equations in the literatdfd. Non-radiative (k) rate constants are far
more dependent on the Bodipy structdte According to Table 1, the very rigid system

in compound? makes the compound reducing loss of energy viaradiative pathway



compared to compourid the same with conpoun8sand4.

2.4. Cell-imaging of the compounds 1-4

HelLa cells are human cervical carcinoma cells witbng proliferative capacity and
easy to culture for cell imaging resedici®. Therefore, HeLa cell line is chosen as the
model to investigate the intracellular localizatiohBODIPY derivatives by confocal
fluorescence imaging. HelLa cells were incubatedch \/dODIPY compounds bearing
borneol and performed with confocal fluorescencagimg (Fig.3-4). Compountl as a
control incubated with HelLa cells showed that therescence of BODIPY was in
cytoplasm (Fig. 3). After incubated with 2uM compound3 for 1 h, the fluorescence
almost filled the entire cell and distributed thgbout the cytoplasm and nucleus,
indicating excellent membrane penetrability of cowompd 3. In contrast, the
intracellular fluorescence appeared very weak afimrbated with 2.uM compound4
under the same condition, which could be attributethe low fluorescence quantum
yield of compound4. Notably, cells stained with compouriti showed remarkable
fluorescence in discrete subcellular locations fdrther determine the distribution site
of compound2, co-staining experiments with LysoTracker Greed &loechst 33342
has been carried out. As seen from the overlay esatihe fluorescence ascribable to
compound? co-localized well with LysoTracker Green (Fig. Zhe result was further
confirmed by stack image for Z-depth scanning ofinound2-loaded cells, suggesting
that Compound2 has high lysosome-targeting capability. The ddfer cellular
localization of compound® and 3 in HelLa cells may be due to the different

substitutional positions of borneol group.



3. Conclusion

In summary, we have designed and synthesized thege BODIPY derivatives
(Compounds2-4) containing borneol moieties which show excelldltorescence
properties. Confocal fluorescence microscopy expemis have indicated the
compound® and3 possess good cell membrane permeability. In pdatic2 has high
lysosome-targeting capability, which is highly piemg for practical applications such

as tumor diagnosis.
4. Experimental section

4.1. General

All chemicals and solvents were of commercial dyasind used without further
purification unless otherwise indicated. Dry £Hp was distilled from Call under
nitrogen. The reactions to synthesize the compodratsd2 were carried out under an
N, atmosphere. Analytical thin-layer chromatograptgswperformed on Kieselgel 60
F254 (Merck). The photo-physical properties was ures by LAMBDA 950 UV/Vis
Spectrophotometer, PerkinElmer LS 55 Fluorescepeetsometer and a FluoroLog-
UltraFast (HORIBA Instrument Inc, Edison) spectroemne’H NMR spectra were
recorded on a Bruker DRX-600 AVANCE IIl spectrontret€hemical shifts for'H
NMR spectra were expressed in parts per milliormjppelative to CDd (6 = 7.26
ppm) as the internal standard. The High Resoluli@ss Spectra (HRMS) data were
obtained on a LTQ Orbitrap XL spectrometer in EQIde. All the solvents employed

for the spectroscopic measurements were of specpasgrade (Aldrich).

Cdl culture. Human cervical carcinoma HelLa cell lines were leté from KeyGEN
Biotech (Nanjing, China). Both cell lines were cuéid in Dulbecco’'s modified Eagle's

medium (DMEM) containing 10% fetal bovine serum §B100ug- mL™ streptomycin
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and 100 U-mtC* penicillin at 37 °C in a humidified incubator cairting 5% CQ and
95% air. The medium was replenished every otherahaythe cells were subcultured
after reaching confluence. Cell numbers were detexthwith a Petroff-Hausser cell

counter (USA).

HelLa cells were seeded into 35-mm confocal dis@éssé Bottom Dish) at a density
of 1 x 1d per dish and incubated for 24 h at 37 °C. The ovadias then replaced with
fresh serum-free culture medium containing @M compound and incubated at 37 °C
for 1 h. Before imaging, the cells were washed WABS and further incubated with 1.0
uM LysoTracker® Green and 1M Hoechst 33342 for 15 min. The fluorescence of
cells was visualized with a confocal laser scanrosicopy at stationary parameters
including the laser intensity, exposure time angective lens. Compountl and2 was
excited with a 488 nm laser and emission was deitkfrom 550 to 600 nm. Compound
3 was excited with a 532 nm laser and emission vadleated from 550 to 600 nm.
Compound 4 was excited with a 532 nm laser andsomsvas collected from 600 to

650 nm.

X-ray structure determination. X-ray single-crystal diffraction data were colletten
a Bruker smart 1l diffractometer with Mo-ekradiation § = 0.71073 A). Data collection
and procees was completed by using the Bruker SamartSaint (Bruker). Empirical
absorption corrections were performed with SADAD&e structures were solved by
direct methods and refined by the full-matrix methmased on ¥by means of the
SHELXLTL software package. Non-H atoms were refiradsotropically using all
reflections with 1 > 3 (). All H atoms were generated geometrically aefined using
a "riding” model with Uiso = 1.2Ueq (C and N). TBEDC deposition No. 1859519 for

3 containing the supplementary crystallographic datahis paper. These data can be
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obtained free of charge via www.ccdc.cam.ac.uk&oetrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 UnioradRadCambridge CB21EZ, UK;
fax: (+44)1223-336—-033; E-mail: deposit@ccdc.carlgc

Soectroscopic measurements. UV-visible absorption spectra were carried out on a
Shimadzu UV-3100 spectrophotometer. Fluorescencectisp were measured
PerkinElmer LS 55 Fluorescence spectrometer. Therdscence life time of the
samples were determined with a FluoroLog-UltraFd3ORIBA Instrument Inc,
Edison) spectrometer equipped with a 450 W CW xdaoip and an Open-Electrode
TECooled CCD Detector (Syncerity). Nanosecond ififet and TRES studies were
conducted using a TCSPC MCA model equipped withicasecond photodetector
(<200 ps) (PPD850) and picosecond laser (durasob8D ps, Deltadiode, 100 MHz
laser). TRES data were measured by incrementingntireochromator on the emission
channel of the time-resolved fluorometer in fixedawslength intervals at each
wavelength. Slices of data were taken in the intgngavelength plane to obtain
spectra at different times during the decay. Mieoosd lifetime decays were collected

by a MCS mode on TCSPC HUBDeltaHUB) with a LED source (SpectraLED) as a

sample excitation source. DeltaDiode-405 and -63Brewused for lifetime
measurements. Absorption and emission measuremarts carried out in 1x1 cm
quartz cuvettes. For all measurements, the temperatas kept constant at 298 K.
Dilute solutions with absorbance of less than (a@%he excitation wavelength were
used for the measurement of fluorescence quanteidsyiRhodamine B was used as
the standard®: = 0.5 in ethanol}*”. The quantum yield®, was calculated using

equation (1):

P sample=DPstaX (Isampiél std) X (Astd /Asampld X (NsampldNstd) (1)

12



Where the sample and std subscripts denote thelsamg standard, respectiveldy.
is the integrated emission intensi#ystands for the absorbance, ani the refractive

index.

When the fluorescence decays were monoexponethtéatate constants of radiative
(kr) and nonradiative (Rdeactivation were calculated from the measuredréiscence

quantum yield @) and fluorescence lifetime)(according to equations (2) and (3):
k= @/t (2)

Knr = (1'(DF)/T (3)

4.2. Synthesis of Compounds 1-4

4.2.1. Compound 1. Compoundl was synthesized according to procedures described

previously?®®!,

4.2.2 The synthesis of Bornyl 4-formylbenzoate. Terephthalaldehydic acid 1.58 g (10
mmol), thionyl chloride 10 mL and N,N-dimethylformamide in a catalytic amount were
added to a 100 ml eggplant-shaped flask equippdl wicondenser and calcium
chloride tube. The reaction mixture was refluxed X0 hours. After cooling to room
temperature, and the solvents were removed in vamub the crude product was used

immediately without further purification.

A solution of (-)-Bomeol 1.62 g (10 mmol) and pyni in a catalytic amount in 15
mL dry CHCI, was cooled to 0 °C in an ice bath while stirringder a nitrogen
atmosphere. To this solution 4-formylbenzoyl chderin CHCI, (10 mL) was added
dropwise under ice-bath during 1 hour, and theti@aavas left to stir for further 12
hours at room temperature. After the reaction waspteted, water was added and the
mixture was extracted three times with £L. The combined organic phases were
washed with saturated NaH@®olution, and dried over NaO,. After filtration and the
solvent was removed in vaccuo to obtain a palewedil. The product was purified by
column chromatography[SiO CH,Cl,-hexane (1:1)] to yield the white solid product
1.71g ( Yield: 60%YH NMR (600 MHz, CDGJ) & 10.11(s, 1 H), 8.21(dJun = 8.4 Hz,
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2 H), 7.96(dJun = 7.8 Hz, 2 H), 5.16- 5.13(m, 1 H), 2.53- 2.47(nH), 2.14- 2.09(m,

1 H), 1.86- 1.80(m, 1 H), 1.76@)y = 4.8 Hz, 1 H), 1.47- 1.41(m, 1 H), 1.35- 1.30(m,
1 H), 1.13(dd3J = 3.0, 13.8 Hz, 1 H), 0.98(s, 3 H), 0.93(s, 6 H).

4.2.3. Compound 2. A 250 mL three necked flask was used for the reactBornyl 4-
formylbenzoate (2 mmol, 0.5727 mg) was dissolvedrin dichloromethane. After the
solvent was bubbled by,Nor 20 min, 2,4-dimethyl-1H-pyrrole (4 mmol, 412 juwas
added. Then trifluoroacetic acid (50 puL) was addexp by drop with a syringe while
covered from light. After the reaction continued oh, DDQ (2 mmol, 0.454 g) was
added and the solvent was stirred for 1 h. Aftat,tBgN and BR*OE®L were followed
and stirred for 2 h. The solvent was washed by matel Organic phase dried over
NaSOy, evaporated and residue was purified by silica ggumn chromatography
using DCM: PE (3 : 7) as the eluent, yielded theirdedl compoun@ as orange powder
(139.4 mg, 13.8%3H NMR (600 MHz, CDGJ):  8.18 (d,2Ju = 8.4 Hz, 2H), 7.41 (d,
3J4n = 8.4 Hz, 2 H), 6.00 (s, 2 H), 5.17-5.14 (m, 1 B{K6 (s, 6 H), 2.54-2.49 (m, 1 H),
2.18-2.13 (m, 1 H), 1.87-1.81 (m, 1 H), 1.78% = 16.2 Hz, 1 H), 1.56-1.55 (m, 1
H), 1.38 (s, 6 H), 1.36-1.33 (m, 1 H), 1.19-1.16 (nH), 0.99 (s, 3 H), 0.95 (&) =
9.6 Hz, 6 H)Amax (€)(in Toluene) = 514 nm (72420 mol*-cm™). m/z (HRMS): calcd
[M™] for CaoHasBF2N,0,: 504.2760, found: 504.2820.

4.2.4. Compounds 3 and 4. Compoundl (0.2 mmol, 70.8 mg) and borneol aldehyde
(0.4 mmol, 114.4 mg) were added to a 50 mL rounttbbwed flask containing 25 mL
toluene and to this solution was added piperididenl) and PTSA (35 mg). The
mixture was heated under reflux by using a DeankStap and reaction was monitored
by TLC DCM : PE (1 : 1). When the starting matedampoundl had been consumed,
the mixture was cooled to room temperature andesblwas evaporated. Water (100
mL) added to the residue and the product was drttaato the CHCl, (3x100 mL).
Organic phase dried over p&0,, evaporated and residue was purified by silica gel
column chromatography using DCM: PE (1 : 1) as ¢heent, yielded the desired
compound3 as black powder (10 mg, 8%) and compouhd23 mg, 12.9 %).
Compound3 *H NMR (600 MHz, CDCJ): & 8.04 (d,*Jun = 8.4 Hz, 2 H), 7.77 (FJun

= 16.8 Hz, 1 H), 7.64 (fJun = 7.8 Hz, 2 H), 7.23-7.20 (m, 3 H), 7.03 {dyn = 9.0
Hz, 2 H), 6.62 (s, 1 H), 6.04 (s, 1 H), 5.14-5.11, (L H), 3.89 (s, 3 H), 2.61 (s, 3 H),
2.51-2.46 (m, 1 H), 2.17-2.12 (m, 1 H), 1.85-1.i49 L H), 1.75 (t3J4y = 9.0 Hz, 1 H),

14



1.49 (s, 3 H), 1.47 (s, 3 H), 1.35-1.30 (m, 2 HY611.13 (m, 1 H), 0.98 (s, 3 H), 0.93
(s, 6 H).Amax (€)(in Toluene) = 568 nm72330 L-mol™*-cmt). m/z (HRMS): calcd [M]
for CsgHaBFoN,Os: 622.3178, found: 622.3176. CompouadH NMR (600 MHz,
CDCl): & 8.09 (d,Jun = 8.4 Hz, 4 H), 7.84 (dJun = 16.2 Hz, 2 H), 7.70 (d)uu = 7.8
Hz, 4 H), 7.29 (s, 2 H), 7.23 (8un = 8.4 Hz, 2 H), 7.05 ($Juy = 8.4 Hz, 2 H), 6.68
(s, 2 H), 5.15-5.13 (m, 2 H), 3.90 (s, 3 H), 2.5272(m, 2 H), 2.19-2.14 (m, 2 H), 1.86-
1.80 (m, 2 H), 1.76 (EJyn = 9.0 Hz, 2 H), 1.52 (s, 6 H), 1.37-1.26 (m, 4 H)}17-1.14
(m, 2 H), 0.99 (s, 6 H), 0.94 (s, 12 H)yax (¢)(in Toluene) = 640 nm7@930 L-mol
Lem™). m/z (HRMS): calcd [M] for CsgHgiBFoN2Os: 890.4642, found: 890.4690.

Acknowledgements

Financially supported by National Key R&D ProgramGtina (2016YFD0600804),
National Natural Scientific Foundation of China (N21301092, 21606133), Natural
Scientific Foundation of Jiangsu Province, P. Rin@hNo. BK20151513), the Fok
Ying Tung Education Foundation (Grant No. 141030)d the open Fund of Jiangsu

Key Laboratory for Biomass Energy and Material(J&2B81702).

Appendix A. Supplementary data

Supplementary data related to this article carohiad at http:// XXXXXXXXXXXXX.

15



References

[1] Zheng Q, Xu G, Prasad P N. Conformationallytmeted dipyrromethene boron
difluoride (BODIPY) dyes: highly fluorescent, multlored probes for cellular
imaging.Chem-Eur J 2010; 14: 5812-5819.

[2] Zzhang M, Zheng S T, Liu X J, et al. A series mfvel NIR fluorescent dyes:
Synthesis, theoretical calculations and fluoreseantaging applications in living
cells. Dyes Pigments 2016; 125: 220-228.

[3] Cho D G, Sessler J L. Modern ReacttoBased Indicator Systems. Chem Soc Rev
2009; 38: 1647-1662.
[4] Qian X, Xiao Y, Xu Y, et al. “Alive” Dyes as kbrescent Sensors: Fluorophore,

Mechanism, Receptor and Images in Living Cells.i€l@mmun 2010; 46: 6418-
6436.

[5] Liu B, Luo Z, Si S, et al. A photostable triphgamine-based flavonoid dye:
Solvatochromism, aggregation-induced emission erdraent, fabrication of
organic nanodots, and cell imaging applicationseORigments 2017; 142: 32-38.

[6] Chan J, Dodani S C, Chang C J. Reaction-bagedl-snolecule fluorescent probes
for chemoselective bioimaging. Nat Chem 2012; 8-984.

[7] Hong G, Lee J C, Robinson J T, et al. Multiftional in vivo vascular imaging
using near-infrared Il fluorescence. Nat Med 2Q112;1841-1846.

[8] Alford R, Ogawa M, Hassan M, et al. Fluoresatitetime imaging of activatable
target specific molecular probes. Contrast Medid Maging 2010; 5: 1-8.

[9] Ashton T D, Jolliffe K A, Pfeffer F M. Luminegnt probes for the bioimaging of
small anionic species in vitro and in vivo. Chent Kav 2015; 44: 4547-4595.

[10] Lee M H, Kim J S, Sessler J L. Small molechésed ratiometric fluorescence
probes for cations, anions, and biomolecules. CBemRev 2015; 44: 4185-4191.

[11] Zhao Y, Ren Y, Li H, et al. A new far-red ndpbrhodamine dye: Synthesis,
fluorescent probe and bioimaging applications. DRggnents 2016; 132: 255-261.

[12] Gao Z, Zhang X, Chen Y. One-pot synthesis afear-infrared fluorophore for
living cells imaging. Dyes Pigments 2017; 140: 36-6

16



[13] Zhu S, Dorh N, Zhang J, et al. Highly watetudde neutral near-infrared emissive
BODIPY polymeric dyes. J Mater Chem 2012; 22: 22890.

[14] Wang B, Li P, Yu F, et al. A near-infrared egsible and ratiometric fluorescent
probe based on Se-BODIPY for the redox cycle mediby hypobromous acid and
hydrogen sulfide in living cells. Chem Commun 2043; 5790-5792.

[15] Lu H, Mack J, Yang Y, et al. Structural moddtion strategies for the rational
design of red/NIR region BODIPYs. Chem Soc Rev 2@B4 4778-4823.

[16] Kowada T, Maeda H, Kikuchi K. Cheminform Alestt: BODIPY-Based Probes
for the Fluorescence Imaging of Biomolecules inihgv Cells. Chem. Soc. Rev.
2015; 44: 4953-4972.

[17] Wang S S, Liu H, Mack J, et al. A BODIPY-bastdn-on’ fluorescent probe for
hypoxic cell imaging. Chem Commun 2015; 51: 1338392.

[18] Lu H, Xiong L, Liu H, et al. A highly selectevand sensitive fluorescent turn-on
sensor for Hg and its application in live cell imaging. Org BiohiChem 2009; 7:
2554-2558.

[19] Wang K P, Xiao Y J, Wang Y Y, et al. Self-asg#ed hydrophobin for producing
water-soluble and membrane permeable fluorescent $gi Rep 2016; 6: 23061-
23071.

[20] Dai J, Chen J, Bei Y, et al. Influence of beohon primary mice oral fibroblasts: a
penetration enhancer may be used in oral submudmasis. J Oral Pathol Med
2010; 38: 276-281.

[21] Zzhang Q L, Fu B M, Zhang Z J. Borneol, a noagent that improves central
nervous system drug delivery by enhancing bloodilvarrier permeability. Drug
Delivery 2017; 24: 1037-1044.

[22] Yu B, Ruan M, Dong X, et al. The mechanismtlué opening of the blood-brain
barrier by borneol: A pharmacodynamics and pharikiaetics combination study.
J Ethnopharmacol 2013; 150: 1096-1108.

[23] Mani V, Krishnakumar V G, Gupta S, et al. Sysis and characterization of
styryl-BODIPY derivatives for monitoring in vitroall aggregation. Sens Actuators
B 2017; 244: 673-683.

17



[24] Wang C, Xia X, Luo J, et al. A novel near-mfed styryl-BODIPY fluorescent
probe for discrimination of GSH and its applicationliving cells. Dyes Pigments
2018; 152: 85-92.

[25] Yin Z, Tam A Y, Wong K M, et al. FunctionalideBODIPY with various sensory
units--a versatile colorimetric and luminescentigrdor pH and ions. Dalton Trans
2012; 41: 11340-11350.

[26] Shen Z, ROhr H, Rurack K, et al. Boron-diindetitrene (BDI) dyes and their
tetrahydrobicyclo precursors--en route to a news<laf highly emissive
fluorophores for the red spectral range. Chem-E201D; 10: 4853-4871.

[27] Bura T., Retailleau P., Ulrich G., et al. HighSubstituted Bodipy Dyes with
Spectroscopic Features Sensitive to the Environhédtg Chem 2011; 76, 1109—
1117.

[28] Uppal T, Hu X, Fronczek F R, et al. Synthestgmputational Modeling, and
Properties of Benzo-Appended BODIPYs. Chem-EurlP2@8: 3893-3905.

[29] Galangau O, Dumasverdes C, MéalletrenaulttRyl.eRational design of visible
and NIR distyryl-BODIPY dyes from a novel fluorieat platform. Org Biomol
Chem 2010; 8: 4546-4553.

[30] Xu J, Zhu L, Wang Q, et al. meso-C6F5, subtid BODIPYs with distinctive
spectroscopic properties and their application bawsimaging in living cells.
Tetrahedron 2014; 70: 5800-5805.

[31] Guerin C, Gerard L J, Octobre G, et al. Biazolyl BODIPYs: a simple dye with
strong red-light emission. RSC Adv. 2015; 5: 7634345.

[32] Umezawa K, Nakamura Y, Makino H, et al. Brigktolor-Tunable Fluorescent
Dyes in the Visible-Near-Infrared Region. J Am Ch8ot 2008; 130: 1550-1551.

[33] Qin W, Baruah M, Stefan A, et al. Photophykieeoperties of BODIPY-Derived
Hydroxyaryl Fluorescent pH Probes in Solution. CRétysChem 2005; 6: 2343-
2351.

[34] Benniston A. C. and Copley G. Lighting the watyead with boron dipyrromethene
(Bodipy) dyes. Phys Chem Chem Phys 2009; 11: 4124-4

18



[35] Li D., Xu Y., Zhou N., Liu J., Wang R., Chefig, Tang Y., Zhu W., Xu Y., Qian
X. A novel “donor-two-acceptor” type fluorophorgased probe for fast detection
and intracellular imaging of nitroreductase Dyegnient. 2017; 136: 627-632.

[36] Li Z., Li X., Gao X., Zhang Y., Shi W., Ma H\itroreductase Detection and
Hypoxic Tumor Cell Imaging by a Designed Sensitarel Selective Fluorescent
Probe, 7-[(5- Nitrofuran-2-yl)methoxy]-3H-phenoxaZ-one Anal. Chem., 2013,
85, 3926-3932.

[37] Albert M. Brouwer. Standards for photoluminesce quantum yield measurements
in solution. Pure. Appl. Chem. 2011; 83: 2213-2228.

[38] Qiao L, Nie H, Wu Y, et al. An ultrafast resmive BODIPY-based fluorescent
probe for the detection of endogenous hypochlanitive cells. J Mater Chem B
2016; 5: 525-530.

Figure Captions

Scheme 1. Structures and synthesis of Compoufds

Fig. 1. Perspective views 08, showing 30% probability displacement ellipsoids
(hydrogen atoms and ethyl ether molecule are defeteclarity).

Fig. 2. Normalized UV/Vis (a) and fluorescence (b) spectt8BODIPYs 1 (blue), 2
(green)3 (black) and4 (red) in toluene at 2%°.

Fig. 3. Confocal fluorescence images and bright-field insagkHeLa cells incubated
with 2.0uM compounds at 37 °C for 1 h.

Fig. 4. Confocal fluorescence images, bright-field imagewl dahree-dimensional
fluorescence images of compoudbaded Hela cells stained with LysoTracker green

and Hoechst 33342 for 1 h at 37 °C.
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Table 1. Photophysical properties of the compoudééin toluene. [a] the compounds
1 and2 were excited at 488 nm, the compouBamd4 were excited at 520 nm, 570 nm

respectively.
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Fig. 3.

Fluorescence Bright field Merge

Compound 1
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Fig. 4.
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Bright field Merge Three-dimensional assay
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Tablel

Aem [a]

Aabs Au o TE Kr Knr
[nm] [nm] [cm™] [ns] [10°s™] [10%s7
504 514 386 0.39 4.86 0.84 1.21
506 518 458 0.37 2.30 1.61 274
568 627 275 0.41 3.82 1.15 1.47
640 710 240 0.061 2.60 0.16 3.72
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Highlights:

1. Three novel boron-dipyrromethene (BODIPY') dyes bearing borneol moieties have
been synthesized and take on excellent cell membrane permeability.

2. The compounds 2-3 show high fluorescence quantum yield, and can be utilized as

fluorescent visualizers for cell and lysosome fluorescence imaging.



