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Modification of classic fluorophore to possess the emission transitions between aggregation-induced emission (AIE) and
intrinsic emission offers reliable approach to the design of ratiometric fluorescent sensors. In this study, a proton acceptor
benzimidazole was integrated with BODIPY to form three compounds, BBI-1/2/3, which demonstrated the AIE (~595 nm, I,,,)
in neutral aqueous medium and intrinsic BODIPY emission (~510 nm, /;,,) in acidic medium. All the three showed the ratiometric
pH sensing behavior in a dual excitation/dual emission mode, yet BBI-3 displayed still the dual emission ratiometric pH sensing
ability. The pH-dependent emission ratio /;,//,,, of the three were fully reversible, and no interference was observed from normal
abundant chemical species in live cells. Their different pK, (BBI-1, pK, 4.4; BBI-2, pK, 2.7; BBI-3, pK, 3.6) suggested that the
substituents on benzimidazole moiety were essential to govern their functioning pH range. The ratiometric imaging of BBI-1 in
AS549 cells provided an effective intracellular pH (pH;) calibration formula corresponding to emission ratio of /;,//,,,. Ratiometric
pH; imaging in A549 cells upon small particle exposure confirmed the particle-induced cellular acidification with this formula.
Both particle size and the chemical nature of the particle contribute to the observed acidification effect. The synchronization of
lysosome disruption to cellular acidification in A549 cells upon crystalline silica exposure was directly observed for the first time
with BBI-1, showing the potential application of BBI-1 in the study of silicosis and other related diseases. This study de-
monstrated that endowing fluorophore with AIE/intrinsic emission transition could be a promising strategy for ratiometric sensor
design.
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1 Introduction

Intracellular pH (pH;) is one of the key microenvironment
factors that involved in many biological processes. Cell
dysfunctions such as cell apoptosis, lysosomal membrane
permeabilization (LMP), mitochondrial membrane depolar-
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ization were also closely associated with pH; fluctuation.
Cellular acidification has been proposed as the main origin
for silicosis induced by crystalline silica [1,2]. Therefore,
sensing in situ pH; oscillation is of great significance for
clarifying these physiological and pathological processes.
With the excellent spatiotemporal resolution, fluorescent
imaging especially the ratiometric imaging has become one
of the most important tools to provide the accurate in-
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formation of pH;. A few of ratiometric pH; sensors have been
reported so far showing the different design strategies or
sensing mechanism, such as nanoparticle/fluorophore hy-
bridization [3,4], dual fluorescent protein integration [5], and
dual fluorophore dyad [6]. However, cells are highly com-
partmentalized to provide diversified microenvironments of
different physicochemical properties, such as pH; [7], and
temperature [8,9], to realize their respective physiological
functions. The different pH; in diversified intracellular mi-
crostructures demands ratiometric fluorescent pH; sensors
with different subcellular compartment targetability, sensing
range, and sensitivity. Therefore novel approach to ratio-
metric pH; sensors is always appealing to construct ratio-
metric pH; sensor to meet the diversified requirement. Since
aggregation-induced emission (AIE) shows no sensor con-
centration-related ACQ (aggregation caused quenching) in-
terference in fluorescence sensing [10—13], the typical AIE
fluorophore tetraphenylethene (TPE) has been conjugated
with a cyanine fluorophore to form TPE-Cy dyad for ratio-
metric pH; sensing [ 14—16]. Modifying classic fluorophore to
show both AIE and intrinsic emission for dual emission ra-
tiometric sensing might be another promising approach to
ratiometric pH; sensors.

In this study, BODIPY fluorophore was modified with a
pH sensitive group benzimidazole on its B-position to form
three 2-(benzoimidazol-2-)yl-1,3,5,7-tetramethyl-BODIPY
derivatives, BBI-1/2/3 (Scheme 1). The pH-induced transi-
tion between their BODIPY intrinsic emission and AIE were
observed for all the three compounds favouring ratiometric
pH sensing. The regulation of pH sensing range was
achieved by modifying benzimidazole with different sub-
stituents. Moreover, the silica exposure-induced cellular
acidification of A549 cells was monitored successfully via
BBI-1 staining, and the synchronization of the silica-induced
lysosome disruption to cellular acidification was observed
directly for the first time.

2 Experimental

2.1 Materials and general methods

All reagents for synthesis were commercially available and
utilized directly without further purification. LysoTracker
Deep Red was from Thermo Fisher Scientific (USA). The
spectroscopically pure solvents were from Tedia and the
deionized water from a Millipore system (>18.2 MQ, USA)
were utilized for spectroscopic study. The stock solutions of
all the tested compounds were prepared by dissolving NaCl,
KCl, MgCl,, CaCl,, ZnCl,, CuCl,, FeCl;, FeCl,, NH,CI, Ca
(ClO),, NaHS, L-cysteine (Cys), glutathione (GSH), homo-
cysteine (Hcy), and H,0, (30% solution) in the deionized
water. The reactive oxygen species (ROS) were prepared
according to the reported procedures [17,18]. The 'H NMR
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and "C NMR spectra were recorded on Bruker Avance
DRX-400 (Germany) with TMS as the internal reference.
High resolution mass spectrometric data were determined
using an Agilent 6540Q-TOF HPLC-MS spectrometer
(USA). Fluorescence spectra were determined using a Hor-
iba FluoroMax-4 spectrofluorometer (Japan). Absorption
spectra were recorded using a Perkin Elmer Lambda35
spectrophotometer (USA). Dynamic light scattering (DLS)
tests and transmission electron microscope (TEM) images
were accomplished using Brookhaven BI-200SM particle
size analyzer (USA) and JEOL JEM-2100 (Japan), respec-
tively. The surface area of small particles (silica and titanium
oxide) was determined by Micromeritics ASAP2020 M+C.
Solution pH was adjusted to the desired values by 1 M HNO;
or 1 M NaOH and measured with a Model PHS-3C meter
just before the determination of UV-vis and fluorescence
spectra. Fluorescence quantum yield of BBIs were de-
termined using an integrating sphere, and absorbance of
samples at their respective excitation wavelengths were
controlled to be lower than 0.05.

2.2 Synthesis of BBI-1/2/3

Synthesis of compound 2. Compound 2 (Scheme 2) was
synthesized from compound 1, which was prepared by a
reported procedure [19,20]. Therefore, anhydrous N,N-di-
methylformamide (DMF) and POCl; were mixed with stir-
ring under N, atmosphere in a bottom flask in a cooling bath.
After being stirred at room temperature for 30 min, the
mixture was added with compound 1 (1 mmol, 382 mg)
dissolved in CH,Cl,. Then the mixture was stirred at 50 °C
and monitored with thin layer chromatography (TLC) till
compound 1 disappeared. Then the mixture was poured into
150 mL saturated NaHCO; solution at 0 °C and stirred for
another 30 min. After separation, the aqueous phase was
extracted twice with CH,Cl,. The combined organic phases
were washed three times with water and dried over anhy-
drous Na,SO,. After evaporation in vacuo to remove solvent,
the residue was purified by silica gel chromatography (pet-
roleum ether: CH,Cl,=50:1, v/v) to afford the product
(387 mg) as orange solid. Yield, 94%. 'H NMR (400 MHz,
CDCly) ¢ 10.03 (s, 1H), 8.25 (d, 2H), 7.45 (d, 2H), 6.19 (s,
1H), 4.01 (s, 3H), 2.85 (s, 3H), 2.65 (s, 3H), 1.67 (s, 3H),
1.43 (s, 3H) ppm. "C NMR (100 MHz, CDCL;) § 166.20,
162.24, 156.95, 146.91, 142.19, 142.11, 138.90, 133.66,

COOMe pBBl-1, R=H
BBI-2, R=Me
BBI-3, R=OMe

Scheme 1 Chemical structures of BBI 1/2/3.
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R=H, BEIl-1,30%
Me, BBI-2, 24%
OMe, BEI-3, 40%

Scheme 2 Synthesis of compounds BBIs. Reagents and conditions: (a) DMF, POCl;, CICH,CH,CIl, 50 °C, 2 h; (b) p-TSA, DMF, reflux, overnight.

131.42, 130.66, 129.31, 128.19, 126.49, 124.32, 52.47,
15.13, 14.97, 13.01, 11.75 ppm. HR-MS (ESI, positive
mode, m/z): found 411.1697, caled. 411.1692 for [M+H]".

General procedure for the synthesis of BBI-1/2/3. Com-
pound 2 (0.5mmol, 205mg), o-phenylenediamine
(0.8 mmol) and p-toluenesulfonic acid monohydrate
(0.1 mmol, 19.0 mg) were mixed in § mL DMF and refluxed
at 150 °C overnight and monitored with TLC. After the
consumption of compound 2, the reaction mixture was
poured into ice water followed by filtration. The solid was
washed by water and dried in vacuo. The final product was
obtained via purifying the crude product with silica gel
chromatography.

BBI-1: Petroleum ether/EtOAc (3:1, v/v). The product was
obtained as dark orange solid (76 mg). Yield, 30%. '"H NMR
(400 MHz, DMSO-dy) J: 8.18 (d, 2H), 7.67 (d, 2H), 7.57 (bs,
2H), 7.19 (s, 2H), 6.35 (s, 1H), 3.92 (s, 3H), 2.67 (s, 3H),
2.54 (s, 3H), 1.50 (s, 3H), 1.37 (s, 3H) ppm. "C NMR
(100 MHz, DMSO-d;) J: 166.19, 158.87, 153.71, 146.42,
145.18, 141.89, 139.86, 139.18, 131.96, 131.75, 131.01,
130.63, 129.74, 129.15, 125.38, 123.50, 123.01, 122.32,
52.93, 14.97, 14.87, 13.93, 13.13 ppm. HR-MS (ESI, posi-
tive mode, m/z): found 499.2119, calcd. 499.2117 for [M
+H]".

BBI-2: Petroleum ether/EtOAc (3:1, v/v). The product was
obtained as dark orange solid (68 mg). Yield, 24 %. 'H NMR
(400 MHz, DMSO-d;) ¢ 8.18 (d, J/=8.2 Hz, 1H), 7.64 (d, J=
8.2 Hz, 1H), 7.33 (s, 1H), 6.33 (s, 1H), 3.91 (s, 3H), 2.63 (s,
3H), 2.30 (s, 3H), 1.47 (s, 3H), 1.37 (s, 3H) ppm. "C NMR
(100 MHz, DMSO-d,) 6 165.95, 158.39, 153.47, 144.99,
144.76, 141.49, 139.49, 138.86, 131.55, 130.67, 130.35,
129.44, 128.81, 123.11, 123.00, 52.62, 20.09, 14.62, 14.46,
13.58, 12.78 ppm. HR-MS (ESI, positive mode, m/z): found
527.2429, caled. 527.2430 for [M+H]".

BBI-3: Compound 1,2-diamino-4,5-methoxybenzene, was
synthesized with the reported procedure [21,22]. The chro-
matography eluent was CH,Cl,/EtOAc (25:1, v/v), and the
product was obtained as dark purple solid (103 mg). Yield,
40%. "H NMR (400 MHz, DMSO-d;) 6: 8.17 (d, 2H), 7.65
(d, 2H), 7.09(bs, 2H), 6.32 (s, 1H), 3.91 (s, 3H), 3.78 (s, 6H),
2.64 (s, 3H), 2.53 (s, 3H), 1.48 (s, 3H), 1.36 (s, 3H) ppm. °C
NMR (100 MHz, DMSO-dy) o: 166.19, 158.31, 154.00,

146.90, 144.79, 144.78, 141.72, 139.25, 131.76, 130.98,
130.63, 129.78, 129.16, 128.50, 126.86, 123.56, 123.27,
56.34, 52.93, 14.93, 14.77, 13.98, 13.10 ppm. HR-MS (ESI,
positive mode, m/z): found 559.2330, calcd. 559.2338 for [M
+H]".

2.3 Cell culture and confocal imaging

Adenocarcinomic human alveolar basal epithelial cells
(A549 cells) were cultured in RPMI1640 medium containing
10% fetal bovine serum (FBS; Gibco) at 37 °C in a humi-
dified atmosphere with 5% CO,. For confocal fluorescent
imaging, A549 cells were seeded at 40% confluence in a
glass bottom dish (¢ 2 mm; NEST) with 1 mL culture media.

The imaging was carried out with a confocal laser scanning
fluorescence microscope (Zeiss LSM710, Germany) with a
63x oil objective lens. For pH; calibration, A549 cells were
stained by BBI-1 (10 pM) in phosphate buffer saline (PBS)
(20 mM, pH 7.4, 1% DMSO) for 10 min and rinsed with PBS
(1x) for 3 times. Then the cells were treated with 1 mL high
K" buffers (125 mM KCI, 20 mM NaCl, 20 mM PBS) of
different pH (3.8-6.5) in the presence of 5.0 uM nigericin.
After imaging respectively with a dual excitation/dual
emission mode (green channel for the intrinsic emission of
BBI-1, [, 4. 488 nm, bandpath: 495-540 nm; red channel

mnt*

for AIE of BBI-1, /,,,: A, 543 nm, bandpath 550-700 nm),
the ratiometric (/;,/1,o,) images and the related /,,/I,,, ratio
values were obtained using Zen 2008 software equipped on
the microscope.

To clarify the intracellular distribution pattern of BBI-1, its
co-localization experiments with MitoTracker Deep Red
FM, LysoTracker Deep Red and Hoechst 33342 were carried
out, respectively. For each experiment, A549 cells were
firstly stained with the organelle dye with the standard pro-
cedure offered by the commercial supplier followed by
staining with BBI-1 (10 pM). The imaging bandpath for
MitoTracker Deep Red FM is 650-720 nm (4., 633 nm), for
LysoTracker Deep Red, 640-700 nm (4., 633 nm), for
Hoechst 33342, 410480 nm (4, 405nm), for BBI-1,
495-630 nm (A, 488 nm).

For imaging of A549 cells upon small particle exposure,
the crystalline silica Min-U-Sil 5, Min-U-Sil 10, amorphous
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nanosilica, and nano-titanium dioxide were commercial
available. The particles were washed three times with dis-
tilled water and then dried overnight at 95 °C to remove
endotoxin [23]. Then the particles were suspended in dis-
tilled water (1 mg/mL) followed by sonication for 30 min,
and the obtained suspensions were stored in fridge at 4 °C.
The suspensions were sonicated for 30 min before each use.
The sonicated suspension was then added into RPMI1640
medium without serum (Gibco) or PBS to the desired con-
centration (50 ug/mL). The BBI-1 stained cells were then
cultured with the obtained media for 12 h or the desired time.
After being rinsed 3 times with PBS, the cells were imaged in
the same dual excitation/dual emission mode.

For confocal imaging of A549 cells co-stained by Lyso-
Tracker Deep Red and BBI-1, the cells were stained with
75nM LysoTracker Deep Red for 2h and then BBI-1
(10 uM, 20 mM PBS, pH 7.4, 1% DMSO) for 10 min at
37 °C. After being washed with PBS buffer for 3 times, the
cells were treated with 50 ug/mL MUS 5 suspended in PBS
and then imaged. The LysoTracker channel images were
obtained with a bandpath from 640—-700 nm upon excitation
of 633 nm, and the ratiomeric imaging for pH; was realized
with same dual exciation/dual emission mode showed above.
The cells incubated with PBS were also imaged as a control.

2.4 Cytotoxicity assay

The cytotoxic behaviors of all the BBI molecules were
evaluated using the MTT assay against A549 cells. Cells
(2000 cells/well) were seeded on a 96-well plate in 100 pL of
RPMI1640 (Gibco) medium and incubated for 24 h. The
cells were treated with BBI probes at varying concentrations
(from 1 to 20 uM in PBS buffer solutions) and incubated for
12 hat 37 °C. The cells were then treated with 20 uL of MTT
(5§ mg/mL in PBS) for 5 h. The medium was removed, the
cells were lysed with 100 pL. of DMSO, and the absorbance
of the purple formazan was recorded at 550 nm using a Bio-
Tek Synergy HT microplate reader. All tests were carried out
in triplicate.

3 Results and discussion

3.1 Idea for BBIs’ pH sensing and BBIs preparation

BODIPYs featuring excellent spectroscopic properties such
as high photochemical stabilities and quantum yield, were
frequently utilized to construct fluorescent sensors and la-
belling agents [24]. Besides photoinduced electron transfer
(PeT) and intramolecular charge transfer (ICT) [25], the
newly reported AIE of BODIPYs provided the additional
approach to BODIPY-based sensor [26—28], and the different
response of AIE and intrinsic emission of BODIPYs to
specific target, such as proton, could be a promising alter-
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native for ratiometric sensing. In this study, BOIDPY was
coupled with a reversible pH sensing group 2-benzimidazole
[29] via a rotatable C,—C,, bond, which is the normal
characteristic structure for AIE fluorophore, to explore the
possibility of different pH response of BODIPY emission
and AIE.

BBI-1 was prepared easily via condensation of 2-formyl-
BODIPY with o-phenylenediamine (Scheme 2). The sub-
stituents on benzimidazole moiety, were introduced to alter
the proton binding ability of benzimidazole N atom, and
BBI-2/3 were synthesized in the similar procedure. All the
compounds were fully characterized by 'H and “C NMR,
and high resolution mass spectrometry (Figures S1-S9,
Supporting Information online).

3.2 Fluorescent pH response of BBI-1/2/3

Different from the “on-off” pH sensors with BODIPY/ben-
zimidazole skeleton showing only the single intrinsic emis-
sion band of BODIPY at ~510 nm [30,31], BBI-1 displayed
two emission bands in neutral PBS buffer (pH 7.2) upon
excitation at 488 nm: one sharp band centered at 510 nm and
one broad band (540—750 nm) with a maximum at ~595 nm
(Figure 1(a)). The former was assigned as the intrinsic
emission band of BODIPY, and the latter the AIE band. The
assignment of AIE band was supported by the nanoparticles
found in BBI-1 solution (vide infra). Decreasing pH of BBI-
1 solution from 7.2 to 6.5 led to the AIE descent and the
intrinsic emission enhancement (Figure 1(a)). The drastically
enhanced intrinsic emission band at even lower pH overlaid
the decreased AIE band, and the ratiometric pH sensing
behaviour of BBI-1 was concealed. The ratiometric pH
sensing behaviour was retained when BODIPY intrinsic
emission and AIE were excited respectively at 488 and
543 nm, and the rise of intrinsic emission (/;,, Figure 1(b))
and the fall of AIE (/,,, Figure 1(c)) were observed si-
multaneously upon pH falling from 7.4 to 3.0. Therefore the
L./l ratio was distinctly enhanced showing the pH ratio-
metric sensing capability via a dual excitation/dual emission
mode. The pK, of BBI-1 were determined as 4.4 by fitting
the ratio I,,/I,,, with nonlinear sigmoid equation (Figure 1
(d)). In the meantime, the fluorescence of BBI-1 solution
under UV lamp turned from dim red to bright green upon
acidification from pH 6.0 to 1.0 (Figure S10).

Similarly, BBI-2 and BBI-3 showed the dual emission
band in neutral PBS. Both compounds displayed the ratio-
metric pH sensing behaviour via determining the intrinsic
emission and AIE respectively upon the respective excitation
at 488 and 543 nm (dual excitation/dual emission, Figure
S11). The pK, values for BBI-2 and BBI-3 were determined
as 2.7 and 3.6 via fitting the pH-dependent profile of /;,/1,g,.
The 5,6-dimethyl groups of BBI-2 and 5,6-dimethoxyl
groups of BBI-3 should be responsible for their different pK,.
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Figure 1 (a) Fluorescence spectra of 10 uM BBI-1 in PBS buffers (20 mM, 1% DMSO) of pH 7.2, 6.9, and 6.5. A.: 488 nm. (b) Intrinsic emission (£, Ac,:
488 nm) and (c) AIE (/,g, Aex: 543 nm) spectra of 10 uM BBI-1 in PBS buffers (20 mM, 1% DMSO) determined at pH 3.0-7.4. (d) Fluorescence intensity

ratio L/l

/L., of BBI-1, BBI-2 and BBI-3 determined at different pH, the fitting lines and the calculated pK,. (e) Fluorescence spectra of 10 uM BBI-3 in PBS

buffer (20 mM, 1% DMSO) determined at pH 7.4-2.1 upon excitation at 488 nm (color online).

This gave the hints to regulate the pH sensing range by
modifying benzimidazole with different substituents. For
BBI-3, the emission spectra determination showed the dis-
tinct ratiometric pH sensing ability from pH 7.4 to 2.1 even
upon single excitation at 488 nm. This provided BBI-3 still
the dual emission mode for ratiometric pH sensing (Figure 1

(©).

3.3 pH-regulated aggregation of BBIs in neutral aqu-
eous medium

BBI-1 showed the typical sharp absorption band (centred at
496 nm) of BODIPY at pH 3.0 (Figure 2(a)). This implied
that B-benzoimdazol-2-yl group might not conjugate with
BODIPY. Increasing pH from 3.0 to 4.8 led to the drop of this
sharp band and the emergence of broad band centered at
550 nm. This new band increased with pH increases, and an
isobestic point at 512 nm was observed. The drastic en-

hancement of this new band above pH 4.8 made this band
overlap the decreased BODIPY absorption at 496 nm to form
a broad band centred at 527 nm (Figure 2(b)). The pH-in-
duced colorimetric change from pink to yellow was also
observed (Figure S10). UV-visible pH titration of BBI-2 and
BBI-3 showed the similar pH-dependent absorption change
(Table S1, Figure S12, Supporting Information online).
Although the neutral aqueous solutions (1% DMSO) of
BBI-1 was homogeneous and transparent even with water
content as high as 99%, the dynamic light scattering (DLS)
determination of BBI-1 solution (10 uM) demonstrated that
there were nanoparticles of ~90 nm in the solution. The
transmission electron micrograph (TEM) imaging confirmed
the uniform nanoparticles formed in the solution of BBI-1
(Figure 3(a, b)). However, DLS and TEM determination
found there were no nanoparticles formed in BBI-1 aqueous
solution of pH 3.0, and the absorption spectra showed only
the typical sharp BODIPY absorption band. All these sug-
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Figure 2 Absorption spectra of BBI-1 (20 uM) in PBS buffers (20 mM, 2% DMSO) determined at pH (a) 3.0-4.8 and (b) pH 4.8-7.4.

gested that BBI-1 in neutral aqueous medium tended to ag-
gregate, and the broad emission band spanning from 540 to
750 nm in Figure 1(a) could be assigned as an AIE band. The
absorption bathochromic shift found upon pH increasing
from 3.0 to 4.8 was proposed to be induced by intermolecular
aggregation. The benzimidazolium deprotonation-induced
BBI-1 aggregation might be correlated to the lower aqueous
solubility of BBI-1 than its protonated form. The aqueous
solution of BBI-2 and BBI-3 demonstrated also the nano-
particles in neutral aqueous solution and the AIE bands
(Figure S13). The AIE behavior of BBI-1 was further con-
firmed by its emission spectra in ethanol/water mixed sol-
vents of different water fraction f, (Figure S14). BBI-1
shows very weak emission at 630 nm at f,<75%. The higher
water fraction ( f,, >75%) leads to the distinct emission en-
hancement, and the maximum of this band was observed at £,
=92.5%. The similar AIE behavior has also been found for
both BBI-2 and BBI-3. The minor decrease from the max-
imum AIE at even higher water content might be caused by
the alteration of sensor conformation and packing mode in
the aggregates [32,33].

The aggregation of the three compounds in neutral aqu-
eous solution was consistent with their structures. Structure
resolution of BBI-2 crystals (Table S2) revealed that the
dihedral angle between BODIPY plane and benzimidazole
was 19.5°, while that between BODIPY and meso-phenyl
group was almost 77.4°. Moreover, there was no 7-m inter-
action in the crystal, and the hydrogen bond N-H:--F with
distance of 2.55 A was found between benzimidazole NH
and F atom from another BODIPY molecule (Figure 3(c)).
The non-coplanarity disclosed by the two dihedral angles
and this intermolecular hydrogen bond resulted in the ab-
sence of intermolecular m-n interaction, which inferred that
the broad emission band spanning from 540 to 750 nm was
not an excimer emission band. On the contrary, the absence
of -1 interaction excluded the ACQ effect of emission and
favoured the AIE in solids or aggregates. In fact, powders of
both BBI-1 and BBI-2 demonstrated the distinct solid
fluorescence at ~645 nm, and the broad emission band
spanning from 540 to 750 nm in emission spectrum of BBI-1

100 (a)

=
=
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& 3
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Diameter {nm})

© i [ N
< ‘: ® - ’-""’-
< \' St S L1
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¢ 2554} |\ tﬁ
T~ @B

Figure 3 (a) Hydrodynamic diameter of aggregates in BBI-1 (10 uM)
solution in water (1% DMSO) determined by dynamic light scattering test.
(b) Transmission electron microscopic image of the same BBI-1 solution.
Scale bar: 100 nm. (c) N-H:-“F hydrogen bond and dihedral angles in BBI-2
disclosed by crystal resolution. Most hydrogen atoms were omitted for
clarity (color online).

and BBI-2 in neutral aqueous solution can be assigned as
AIE band. The red shift of AIE from the intrinsic emission
was ascribed to the hydrogen bond-related energy transfer in
excited state [34].

The non-coplanarity of benzimidazole and BODIPY in-
dicated that benzimidazole moiety was not involved in the
conjugated system of BODIPY, therefore PeT from imida-
zole to BODIPY was proposed to quench the emission of
BBI, and the protonation of imidazole not only blocked this
PeT effect but also triggered the transition from AIE to in-
trinsic emission, which enhance the intrinsic emission si-
multaneously.

3.4 Ratiometric pH sensing behavior of BBIs

The pH-specific sensing behavior of BBI-1 was investigated
via determing the ratio of intrinsic emission to AIE, /;,/I,,, in
the presence of different physiological species such as metal

cations, ROS and biothiols. The decrease of pH from 7.4 to
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3.0 led to the distinct enhancement of /,/I,... However, no
obvious alteration of /,,/1,,, was observed upon adding these
chemical species (Figures 4(a)). This result confirmed the
specific pH sensing ability of BBI-1. Moreover, this ratio-
metric pH sensing behavior was reversible at least in the
initial five cycles of pH oscillation between 7.4 and 3.0
(Figure 4(b)), indicating both the protonation and the ag-
gregation were reversible. BBI-2 and BBI-3 displayed the
similar pH fluorescent sensing behaviours including the
sensing selectivity and reversibility (Figures S15, S16).

3.5 pH, imaging in human epithelial lung cancer cells
(A549) with BBI-1

The sensor cytotoxicity against A549 cells has been de-
termined with MTT assay. After incubating the cells with
10 uM sensor at 37 °C for 12 h, the cell viability is above
82% in the case of BBI-1 (Figure S17), showing the fine
bocompatiability of this sensor. Although the biocompat-
ibility of BBI-2 and BBI-3 is poorer than BBI-1, the cell
viability is still higher than 70% at the same condition.
Among the three BBI sensors, BBI-1 displayed a pK, of 4.4,
and the linear pH-sensitive range from pH 3.5 to 5.5. This
made it suitable for pH determination in acidic subcellular
compartments especially in the process of cellular acid-
ification. The pH; imaging ability of BBI-1 was investigated
with human epithelial lung cancer cells (A549 cells) stained
by BBI-1 (10 pM, 10 min at 25 °C).

A549 cells can be stained within 10 min by 10 uM BBI-1
(20 mM PBS, pH 7.4, containing 1% DMSO) showing the
fine membrane permeability of this sensor. To clarify the
intracellular distribution pattern of BBI-1, A549 cells were
co-stained with BBI-1 and commercially available dyes such
as MitoTracker Deep Red FM, LysoTracker Deep Red and
Hoechst 33342. The results disclose that BBI-1 fluorescence
distributes in cytoplasm with no specific target (Figure S18),
and the nonspecific distribution would contribute to the
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tracking of cytoplasm acidification.

To determine the pH; calibration curves of BBI-1 in A549
cells, the BBI-1 stained cells were incubated with buffers of
different pH containing nigericin, which was utilized to
uniform intracellular and extracellular pH [35]. Then the
cells were imaged with a dual excitation/dual emission
model (green channel for [, A, 488 nm, bandpath
500-540 nm; red channel for I, 4, 543 nm, bandpath
550—700 nm) to offer the green and red channel images re-
spectively. The green channel images disclosed that 7, was
enhanced with pH decreasing from 6.5 to 3.8, whereas /,,, in
red channel images decreased gradually in the mean time
(Figures 5(a) and S19). The ratiomeric images of green to red
channel images (/;,/1,,,) exhibited that the mean I,,/1,,, ratio
in the cells increased linearly with the pH drecease from pH
6.0 to 3.8 (Figure 5(b)). Linear fitting of /,,//,,, profile gave a

agg
calibration formula (I): 7,,/L,.,=83.2-13.6pH (R’=0.992, R,
the correlation coefficient).

=44

3.6 Ratiometric pHi monitoring in A549 cells upon si-
lica exposure

Long-term inhalation of crystalline silica usually occurs in
silica milling, rock drilling and tunneling, which leads to
silicosis. Crystalline silica exposure was also associated with
other diseases and disorders such as tuberculosis, airway
obstruction, lung cancer, and autoimmune diseases [36—49].
In addition, oxidative stress [40,41], inflammasome activa-
tion [42], cytokine release and excessive apoptotic cell death
have been proposed to be involved in the pathologies of these
disorders, which were complicated and demanded further
elucidation. Since the internalized particles were normally
entrapped in lysosomal compartments [43], lysosomal dys-
function was recognized as the main toxic effect of small
particles [1], and the resulted massive LMP led to the acidic
matrix translocation from lysosomal lumen to the cytosol.
This cellular acidification was proposed to trigger the mi-

200
b
&) pH 3.0
150
& 100
50 1
0-
pH 7.4
0 1 2 3 4 5

Number of cycle

Figure 4 (a) Fluorescence intensity ratio /;,//,,, of BBI-1 (10 uM) in PBS buffer (20 mM, 1% DMSO) determined at pH 7.4 (1, blank), pH 3.0 (2), or after
the addition of (3-19): 3, K'; 4, Na"; 5, Ca”"; 6, Mg™"; 7, NH,” (3-7: 1 mM); 8, Zn>"; 9, Fe’"; 10, Fe’"; 11, Cu™ (8-11: 10 uM); 12, H,0,; 13, 0, ; 14, C1O; 15,
'0,; 16, glutathione; 17, cysteine (12—-17: 1 mM); 18, HS™; 19, homocysteine (18, 19: 100 uM). (b) Fluorescence intensity ratio Iyy/l,g, of BBI-1 (10 uM) in
PBS buffer (20 mM, 1% DMSO) determined in the initial five cycles of pH oscillation between 7.4 and 3.0 (color online).
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Figure 5 (a) Ratiometric imaging (/,,/l,,,) of AS549 cells stained by
10 uM BBI-1 (10 min at 25 °C). The stained cells were incubated with high
K" buffers (125 mM KCI, 20 mM NaCl, 20 mM PBS) of different pH (3.8—
6.0) in the presence of 5.0 uM nigericin followed by imaging respectively
with a dual excitation/dual emission mode (green channel for [,:
Jex 488 nm, bandpath 500-540 nm; red channel for I, A.543 nm,
bandwidth 550-700 nm). Scale bar: 20 um. The ratiometric (;,/I,,,) images
were given automatically based on the green and red image pairs by mi-
croscope LSM710. (b) Mean I;,/I,,, ratios in the ratiometric images at
different pH and the linear fitting line of /,,/I,,, ratio from pH 3.8 to 6.0.

agg
Data were calculated as average values for each cell and presented as mean

+standard deviation (NV=7, based on three independent experiments) (color
online).

tochondria depolarization and caspase activation [44,45].
Therefore, monitoring pH; in situ via fluorescence imaging is
of great significance to clarify the LMP-related diseases in-
duced by crystalline silica exposure.

With the pH; calibration formula I and the pH; imaging
ability in pH 3.8-6.5, BBI-1 was adopted to track pH; fluc-
tuation in A549 cells with crystalline silica exposure, which
was utilized as the cell model for silicosis. Commercially
available micronscale crystalline silica Min-U-Sil 5 (MUS 5)
and Min-U-Sil 10 (MUS 10) were suspended in cell culture
media to investigate the pH; fluctuation, while amorphous
nanosilica (ANS) and nanotitanium dioxide (NTO) were also
investigated for comparison. The surface areas and particle
sizes of these particles were summarized in Table S3 (Fig-
ures S20-S22). The BBI-1-stained A549 cells were cultured
in media containing 50 pg/mL MUS 5, MUS 10, ANS or
NTO for 12 h, followed by confocal imaging with the dual

excitation/dual emission mode. With the intracellular Z;,/1,,,

ratios determined in the ratiometric images, the average pH;
for the BBI-1-distributed area in A549 cells cultured in
RPMI1640 medium without serum was determined as 5.85
+0.10. MUS 5 incubation made the detected pH; decrease to
4.44+0.14, while MUS 10 to 5.21£0.10 (Figures 6 and S23),
although both MUS 5 and MUS 10 were crystalline silica.
The different pH; induced by MUS 10 and MUS 5 could be
ascribed to their different particle size (MUS 5, 3.5+1.5 um,
MUS 10, 4.0+2.0 pm) and surface area (MUS 5, ~6.76 m’/g,
MUS 10, ~1.07 m*/g). The more distinct pH; drop induced by
MUS 5 indicated that the smaller micronscale crystalline
silica with larger surface area is more effective to induce
cellular acidification.

Although ANS with smaller size was reported to show
higher cell toxicity [46,47], ANS with the size of
10.0+4.0 nm was found to reduce pH; to 4.95+0.20, which
was higher than that inuced by MUS 5 and lower than that
induced by MUS 10. However, pH; upon nano-TiO,
(843 nm) exposure was determined as 5.84+0.05, which was
almost identical to that of control. This was consistent with
the reported inertness of nano-TiO, even when internalized
into biological system [48,49].

The direct observation of crystalline silica-induced lyso-
somal disruption assoicating with acidification was also
achieved for the first time by imaging the crystalline silica-
incubated A549 cells via constaining with BBI-1 and Ly-
soTracker Deep Red. The three-channel mode (ratiomertic
pH; imaging: green channel for [ 1. 488 nm, bandpath
500-540 nm, red channel for /. 4, 543 nm, bandwidth
550-630 nm; LysoTracker channel: A, 633 nm, bandpath:
640-700 nm) was adopted for the imaging. The ratiometric
pH; images (/;,/1,4,) for the cells incubated with PBS buffer

Control

MUS 5

MUS 10

ANS

Figure 6 (a—¢) Fluorescence ratiometric (/;,/7,,,) images of A549 cells
stained by 10 uM BBI-1 (10 min at 25 °C) followed by incubation with (a)
RPMI1640 medium without serum, or RPMI1640 medium without serum
suspended with 50 pg/mL (b) MUS 5, (c) MUS 10, (d) ANS, and (e¢) NTO
for 12 h. Scale bar: 20 pm. The ratiometric images were mediated from the
related green ([,: 4,488 nm, bandpath 500-540 nm) and red ([, e
543 nm, bandpath 550-700 nm) channel images automatically by confocal
microscope LSM710. (f) The calculated average pH; in A549 cells in (a—e).
Data were calculated as average values for each cell and were presented as
mean =+ standard deviation (N=7, three independent experiments) (color
online).
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Figure 7 Confocal imaging of A549 cells stained by LysoTracker Deep Red (75 nM,2 h at 25 °C) and BBI-1 (10 uM,10 min at 25 °C) upon incubation
(1 h) with PBS (20 mM, pH 7.4; a—e) and PBS suspended with crystalline silica MUS 5 (50 pg/mL, f-h). (a) Ratiometric image (/;,//,,,) obtained from the
green ([, 2,488 nm, bandpath 500-540 nm) and red (/,,: 4543 nm, bandpath 550-630 nm) channel image pair recorded at the beginning of PBS
incubation; (b) LysoTracker channel image (4,633 nm, bandpath 640—-700 nm) of cells in (a); (c) merged image of ratiometric image (a) and LysoTracker
channel image (b); and the merged images of cells obtained after 30 min (d) and 60 min (e) of PBS incubation. (f-g) Merged images of ratiometric pH; image
(Lin/1,q) and LysoTracker image of A549 cells obtained at (f) 0, (g) 30 and (h) 60 min upon incubation with PBS buffer suspended with MUS 5. Scale bar:

20 pm. (i, j) The related temporal profiles of pH; (green) and intracellular LysoTracker fluorescence intensity (red). Data were calculated as average values for

each cell and were presented as mean + standard deviation (N=7 cells) (color online).

disclosed that pH; was ~5.75 (Figure 7(a)). Imposing this
pseudocolor ratiometric pH; image on the related Lyso-
Tracker image (Figure 7(b)) dislcosed that almost all the red
signal for LysoTracker was covered by the green signal in
ratiometric image to show the yellow signal as lysosome.
There was still many green signals distributed randomly
inside the cell besides the yellow spots, indicating the in-
tracellular distribution of BBI-1 was not limited in lysosome
(Figure 7(c)).

Temporal ratiometric pH; tracking in 1h disclosed that
there was no distinct pH; change regardless of the slight
photo-bleaching in red and green channel images (Figure 7
(1)). In the mean time, LysoTracker channel images showed
also the stable red fluorescence confirming the lysosome
stability of A549 cells in the process. Upon MUS 5 in-
cubation, the LysoTracker channel images showed the time-
dependent drop of intracellular red fluorescence in 1 h, im-
plying the emerging of LMP. Meanwhile the ratiometric
images of pH; showed the time-dependent enhancement of
L/l ratio infering pH; was decreased from ~5.70 to ~5.60
upon MUS 5 incubation in 1 h (Figure 7(j)). The dropping
temporal profiles of LysoTracker fluorescence and pH;
confirmed the distinct synchronization of cellular acidifica-
tion to LMP induced by crystalline silica exposure. This
implied the internalized particle-induced cellular acidifica-
tion was triggered by MUS 5-induced LMP. This observation
was also consistent with the previous reports that the leakage
of acidic lysosomal enzymes (e.g., cathepsins and acidic
sphingomyelinases) was one of the origins for the silica-
induced cell death [50].

4 Conclusions

Taken together, three BODIPY derivatives were shown to
present a pH-activated transition between AIE and intrinsic
emission. The ratiometric pH sensing capacity of these
compounds was achieved via a dual excitation/dual emission
mode, with BBI-3 displaying still the ratiometric pH sensing
ability with a dual emission mode. The different pK, values
of the three compounds suggested that modifying benzimi-
dazole moiety with different substituents offers a reliable
strategy to regulate their functional pH range. In addition,
BBI-1 was applied for ratiometric pH; imaging in A549 cells,
and the small particle-induced cellular acidification was
found to be closely associated with particle size and chemical
nature of the particle. Synchronization of lysosome disrup-
tion with cellular acidification in the crystalline silica-in-
duced silicosis was observed directly by co-staining A549
cells with LysoTracker and BBI-1. Therefore, BBI-1 could
potentially act as a theranostic agent for the study of cellular
acidification-related diseases. This article provided also a
useful example for the design of ratiometric sensors by
modifying fluorophore to possess an adjustable AIE/intrinsic
emission transition.
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