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A B S T R A C T

Sterically hindered fluorescent probes (A-C) have been developed by introducing 2-aminophenylboronic acid
pinacol ester to a traditional, A, a near-infrared rhodamine dye, B, and a near-infrared hemicyanine dye, C,
forming closed spirolactam ring structures. Probe A was non-fluorescent under basic pH conditions whereas
probes B and C were moderately fluorescent with fluorescence quantum yields of 9% and 5% in pH 7.4 PBS
buffer containing 1% ethanol, respectively. With all probes increasing acidity leads to significant increases in
fluorescence at 580 nm, 644 and 744 nm for probes A, B and C with fluorescence quantum yields of 26%, 21%
and 10% in pH 4.5 PBS buffer containing 1% ethanol, respectively. Probes A, B and C were calculated to have
pKa values of 5.81, 5.45 and 6.97. The difference in fluorescence under basic conditions is ascribed to easier
opening of the closed spirolactam ring configurations due to significant steric hindrance between the 2-ami-
nophenylboronic acid pinacol ester residue and an adjacent H atom in the xanthene derivative moiety in probe B
or C. The probes show fast, reversible, selective and sensitive fluorescence responses to pH changes, and are
capable of sensing lysosomal pH variations in living cells.

1. Introduction

Various cellular processes including cell proliferation, cell growth,
apoptosis, signal transduction, and cellular metabolism are very de-
pendent on intracellular pH levels [1-8]. Any pH variance from normal
levels are often associated with cellular dysfunctions and serious dis-
eases such as cancer and Alzheimer’s [1,3,6,9,10]. The pH values inside
cancer cells are different from those in normal cells [11]. For example,
the extracellular pH (pHex) of tumor tissues is often acidic and at pH
values between 6.2 and 6.9. Lysosomes function to break down biolo-
gical molecules under acidic pH values from 4.0 to 6.0 [12,13]. Ab-
normal lysosomal pH can lead to lysosomal storage disorders. There-
fore, accurate determinations of intracellular pH values are important
in order to understanding various physical, biological and pathological
progressions. Many fluorescent probes have been developed for detec-
tion of intracellular pH and they normally demonstrate high sensitivity,
selectivity, real-time spatial imaging, minimal damaging effects, and
simplicity of operation [12–18]. Traditional rhodamine dyes and their
near-infrared derivatives have been used to develop fluorescent probes
based on spirolactam molecular switches for pH detection in living cells

because of their outstanding photophysical properties including high
molar extinction coefficients, high fluorescence quantum yield, ex-
cellent photostability, and a large signal-to-background ratio [7,14-
17,19–25]. Different amine-functionalized alkane bearing different
functional groups and oligo(ethylene glycol) derivatives have been in-
troduced to rhodamine and its derivatives to form closed spirolactam
ring structures.[8,14,15,17,26,27] However, these fluorescent probes
are highly fluorescent under acidic conditions and are non-fluorescent
under neutral and basic pH conditions. Introducing steric hindrance by
attaching bulky residues such as amine-functionalized adamantly mo-
lecules and different aniline derivatives such as o-phenylenediamine,
2,6-dichloroamiline, 2,6-diethoxyaniline, 2-propylamine and 2,6-di-
propylaniline to traditional rhodamine and derivatives to facilitate
acid-activated opening of the closed spirolactam rings at higher pKa
values has been studied.[23,25,28,29] However, most fluorescent
probes with closed spirolactam molecular switches are still non-fluor-
escent under basic pH conditions [7,21–26]. Therefore, it is important
to overcome the non-fluorescent limitation of these fluorescent probes
with closed spirolactam switches under basic pH conditions in order to
take advantage of the outstanding photophysical properties of
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rhodamine and its derivatives.
In this article, we detail the design and syntheses of three fluor-

escent probes (A–C), Scheme 1, bearing closed spirolactam ring con-
figurations with high pKa values for lysosomal pH detection in living
cells by introducing a significantly sterically bulky 2-aminophe-
nylboronic acid pinacol ester to traditional rhodamine B and its near-

infrared derivative, and near-infrared hemicyanine dyes, respectively,
in order to improve the spectroscopic properties of the dyes. We chose
2-aminophenylboronic acid pinacol ester instead of its derivatives such
as 3-aminophenylboronic acid pinacol ester and 4-aminophenylboronic
acid pinacol ester to significantly enhance steric hindrance between the
closed spirolactam ring and xanthene cores to considerably increase pKa
values related to opening of the spirolactam ring structures. Probes B
and C based on near-infrared rhodamine and hemicyanine dyes, with
pKa values of 5.45 and 6.97, display significant fluorescence peaks at
644 nm and 744 nm under basic pH level of 8.8, respectively. The
higher pKa value in probe C compared to that for probe Bmay be due to
increased steric hindrance as noted above. Probe A similar to fluor-
escent probes based on traditional rhodamine dyes is non-fluorescent
with a pKa value of 5.81 under basic pH conditions. Probes B and C
display activated fluorescent responses to both acidic and basic in-
tracellular pH ranges and are capable of monitoring acidic pH varia-
tions in lysosomes.

2. Experimental section

2.1. Materials

Unless specifically indicated, all reagents and solvents were ob-
tained from commercial suppliers and used without further purifica-
tion.

2.1.1. Synthesis of fluorescent probe A
Rhodamine B (0.498 g, 1.04mmol) was dissolved in 10mL of dry

dichloromethane, Bop reagent (0.707 g, 1.6mmol) and 0.5 mL of tri-
methylamine were added to the solution. After the reaction was stirred
for 30min, 2-aminophenylboronic acid pinacol ester (0.300 g,

Scheme 1. Chemical structures of fluorescent probes in responses to pH
changes.

Scheme 2. Synthetic approach to prepare fluorescent probes A, B, and C.
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1.36mmol) was added to the reaction mixture, the reaction mixture
was stirred overnight at room temperature under a nitrogen atmo-
sphere. The solvent was removed from the reaction mixture and the
crude product purified by column chromatography using a four solvent
system hexane/methylene chloride/ethyl acetate/MeOH 5/3/1/0.18
resulting in the product as a light pink solid with 58% yield.

1HNMR (400MHz, CDCl3) δ: 7.99 (1H, d, J= 6.88), 7.71 (1H, dd,
J= 5.92), 7.50 (3H, m), 7.09 (2H, m), 6.92 (1H, m), 6.59 (1H, d,
J= 8.2), 6.57 (1H, d, J= 8.88), 6.42 (2H, d, J= 2.44), 6.14 (2H, dd,
J= 2.52), 3.31 (8H, q, J= 7.08, 7.17), 1.44 (12H , s), 1.15 (13H, m);
13C NMR (75MHz, CDCl3) δ: 167.54, 154.89, 152.15, 149.12, 131.57,
128.39, 127.98, 127.57, 126.71, 125.85, 123.59, 123.35, 116.58,
108.22, 104.42, 98.05, 80.96, 69.89, 44.46, 29.88, 26.44, 25.11, 12.78.

2.1.2. Synthesis of fluorescent probe B
Near-infrared rhodamine dye (4) was prepared by the condensation

of 6-(dimethylamino)-3,4-dihydronaphthalen-1(2H)-one (3) with 2-(4-
(diethylamino)-2-hydroxybenzoyl)benzoic acid in sulfuric acid at high
temperature according to the literature [30]. Near-infrared rhodamine
dye (4) (100.0mg, 0.21mmol) was then dissolved in 5mL of dry di-
chloromethane, trimethylamine 0.5mL and Bop (140mg, 0.32mmol)
added and the mixture stirred for 15min. 2-Aminophenylboronic acid
pinacol ester (95.0 mg, 0.21mmol) was dissolved in 2mL of di-
chloromethane and added to the reaction mixture and stirred at room
temperature overnight under N2. The solvent was removed and crude
was washed with water, extracted with dichloromathane and dried over
anhydrous sodium sulfate. The solvent was evaporated and the crude
product was purified by column chromatography with di-
chloromethane/methanol (v/v) 50:1 and then (v/v) 20:1 producing the
product as a blue solid in 20% yield.

1HNMR (400MHz, Acetonitrile‑d3) δ: 10.20 (1H, s), 8.21 (1H, d,
J= 8.4), 8.15 (1H, m), 8.07 (1H, m), 7.79 (2H, m), 7.72 (1H, m), 7.60
(1H, m), 7.53 (1H, m), 7.33 (1H, m), 7.05 (1H, m), 6.86 (1H, d,
J= 2.48), 6.80 (2H, m), 6.47 (1H, d, J= 2.48), 3.54 (4H, q, J= 7.24
and 7.24), 3.16 (4H, s), 2.87 (6H, s,s), 2.64 (4H, q, J= 9.12 and 8.88),
1.40 (12H, d, J= 2.92), 1.27 (6H, m); 13CNMR (75MHz,

Acetonitrile‑d3) δ: 164.51, 164.27, 158.99, 156.83, 155.42, 153.49,
145.52, 144.27, 136.57, 135.37, 134.03, 133.03, 132.18, 131.27,
129.97, 129.84, 129.34, 127.04, 126.42, 123.78, 120.97, 119.33,
115.20, 114.88, 112.28, 110.75, 107.88, 96.43, 85.01, 45.79, 40.66,
37.80, 37.76, 37.12, 31.23, 30.00, 28.06,25.33, 25.29, 24.39, 12.80.

2.1.3. Synthesis of fluorescent probe C
Near-infrared hemicyanine dye (8) were prepared by the con-

densation of Fisher aldehyde (7) with 9-(2-carboxyphenyl)-6-(diethy-
lamino)-1,2,3,4-tetrahydroxanthylium percloride (6) [31–34]. Hemi-
cyanine dye (8) (140mg, 0.25mmol) was then dissolved in dry
dichloromethane (7mL) and stirred under N2. Trimethylamine (0.5 mL)
and Bop (110mg, 0.5mmol) were added to the mixture. After the re-
action was stirred for 15min, 2-aminophenylboronic acid pinacol ester
(114mg, 0.52mmol) in 2mL of dichloromethane was added. This re-
action mixture was stirred at room temperature overnight under N2.
The solvent was removed and the crude product washed with water and
brine solution, extracted with dichloromethane and dried over sodium
sulfate. The solvent was evaporated and the crude product was purified
by column chromatography with dichloromethane /methanol (v/v)
50:1 and then (v/v) 20:1 to produce the product as a green solid with
15% yield. 1HNMR (400MHz, Acetonitrile‑d3) δ: 8.13 (1H, d, J=6Hz),
8.04 (1H, m), 7.78 (2H, m), 7.45 (2H, m), 7.33 (3H, m), 7.11 (1H, m),
6.82 (1H, m), 6.71 (2H, m), 6.12 (2H, d, J=12Hz), 3.58 (3H, s), 3.53
(4H, m), 3.33 (1H, d, J=6Hz), 2.64 (2H, m), 2.37 (2H, t, J=6Hz),
1.76 (6H, s), 1.35 (8H,s), 1.29 (2H, d, J= 4.83), 1.23 (5H, m), 1.13
(2H, s); 13CNMR (75MHz, Acetonitrile‑d3) δ: 175.08, 168.32, 152.57,
136.63, 133.23, 132.25, 130.59, 130.18, 129.38, 128.90, 125.95,
124.30, 123.04, 119.70, 118.12, 116.58, 114.05, 112.68, 111.79,
96.90, 92.58, 85.49, 74.67, 50.26, 45.64, 32.20, 28.45, 27.53, 25.27,
21.33, 12.70.

2.2. Optical measurement

We investigated the effect of pH on the absorption spectra of the
fluorescent probes. A citrate–phosphate buffer (0.1M) was used for
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Fig. 1. Absorption spectra of 5 µM probes A, B, and C and their respective protonated versions in different pH buffers containing 1% ethanol. Citrate-phosphate
buffers were used for pH values from 2.0 to 7.0 while phosphate buffers were employed for pH values from 7.0 to 10.8.
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Fig. 2. Fluorescence spectra of 5 µM probes A, B, and C in different pH buffers containing 1% ethanol after excitation at 530 nm, 560 nm, and 660 nm, respectively.
Citrate-phosphate buffers were used for pH values from 2.0 to 7.0 while phosphate buffers were employed for pH values from 7.0 to 10.8.
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acidic pH and a carbonate-bicarbonate buffer (0.2M) was used for basic
pH. Ethanol 1.0% was used as a co-solvent. The photostability and se-
lectivity measurements of the fluorescent probes were conducted under
similar conditions to those employed for the investigation of the pH
dependency.

2.3. Live cell imaging

MDA-MB231 and HUVEC-C cells were obtained from ATCC and
cultured according to published protocols [35]. For imaging experi-
ments, cells were plated in 12 well plates at the seeding density of
1× 105 cells/well and incubated overnight at 37° C in a 5% CO2 in-
cubator. The cells were then rinsed twice with 1× PBS and subjected to
serum starvation for two hours. Incubation with probe A (5 µM/10 µM),
B (5 µM) and C (5 µM) were carried out for one hour in fresh serum free
media containing 1 µM Lysosensor green DND-189 (Life Technologies)
at 37 °C. Hoechst 33342, a nuclear stain (1 µg/mL) was added to the
cells and allowed to incubate for 10min. After incubation, cells were
rinsed thrice with potassium rich PBS prepared at different pH values of
4.5, 5.5, 6.5, 7.5 or 8.5. The cells were further incubated with nigericin

(1 µg/mL) for 5min in potassium rich PBS buffers at different pHs
[36,37]. Finally, the images were acquired using an inverted fluores-
cence microscope (AMF-4306, EVOSfl, AMG) at 60X magnification.
Incubation of cells in serum free media can eliminate the known and
unknown factors present in serum, minimize the analytical interference
and offer more reproducible conditions [38].

2.4. Computational details

Models suitable for calculations for probes A-C and their protonated
versions were obtained as described previously [39] using Chem3d with
MM2 minimization of energies [40], followed by force field (UFF)
calculations in Avogadro [41]. The molecular data were refined using
density functional theory (DFT) employed with the APFD functional
[42] and electron basis sets initially at the 6–31*g(d) level to con-
vergence in Gaussian 16 [43]. The final model was conducted with
6–311+g(2d,p) basis sets for all structures. Imaginary frequencies
were not obtained in any of the frequency calculations. The excited
states were assessed on the basis of TD-DFT optimizations [44] in a
Polarizable Continuum Model (PCM) of water [45]. Results were

Fig. 3. GaussView [46] drawings of 5 µM probes B (left) and C (right) where the steric interactions are indicated with a .

Table 1
Comparison of equivalent bond distances in the probe A-C and their protonated versions.

Bond distances Probe A Probe B Probe C

1–2 1.503 1.498 1.498
1–3 1.507 1.505 1.507
4–5 1.366 1.366 1.367
6–7 1.365 1.375 1.376
8–9 1.455 1.454
Bond distances Probe AH+ Probe BH+ Probe CH+

1–2 1.401 1.409 1.415
1–3 1.398 1.384 1.377
4–5 1.343 1.348 1.359
6–7 1.343 1.348 1.349
8–9 1.421 1.406
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interpreted using GaussView 6 [46] for all data and figures. The results
of the calculations (including drawings of LCAOs for all molecular or-
bitals discussed) are given in detail in the Supporting Information.

3. Results and discussion

3.1. Probe design and synthesis

We chose traditional rhodamine and its near-infrared derivative,

and near-infrared hemicyanine dye as fluorophore probes not only
because of their excellent photophysical properties including high ex-
tinction coefficient, high fluorescence quantum yields, and excellent
photostability [9,30,47], but also their easy functionalization with
amine derivatives to form different unique spirolactam molecular
switches for different sensing and imaging applications. In order to
increase pKa values of the fluorescent probes, we selected a con-
siderably sterically bulky molecule, 2-aminophenylboronic acid pinacol
ester, to modify these fluorophores. Traditional rhodamine B, Scheme

Fig. 4. Current density difference illustra-
tions as iso-surfaces for probe AH+ (left),
BH+ (middle) and CH+ (right) as indicated
for the excited states (ES) and the calculated
and (experimental) wavelength. The com-
position of that specific ES together with
percentage contribution is also indicated.
Drawings of the numbered linear combina-
tion of atomic orbitals (LCAOs) are available
in Supporting Information. The different
density color scale ranges are±7.562e-5 for
AH+, ± 4.797e-5 for BH+ and± 6.454e−5

for CH+, see scale at the top of the illus-
tration with red negative and blue positive.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. Fluorescence responses of probes 5 µM A, B and C to pH in the absence and presence of cations and anions under excitation of 530 nm, 560 nm and 660 nm,
respectively.

Fig. 6. Fluorescence intensities of 5 µM probes A, B and C in a pH 2.4 buffer under three-hour continual excitation of 530 nm, 560 nm, and 660 nm.
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2, is commercially available while a near-infrared rhodamine dye (4)
was prepared by the condensation reaction of 6-(dimethylamino)-3,4-
dihydronaphthalen-1(2H)-one (3) with 2-(4-(diethylamino)-2-hydro-
xybenzoyl) benzoic acid (2) in sulfuric acid at high temperature [26].
Near-infrared hemicyanine dye (8) was prepared by the condensation
reaction of 2-(4-(diethylamino)-2-hydroxybenzoyl) benzoic acid (2)
with cyclohexanone (5) in sulfuric acid at high temperature, affording
9-(2-carboxyphenyl)-6-(diethylamino)-1,2,3,4-tetrahydroxanthylium
perchlorate (6) upon addition of perchloric acid, and followed by fur-
ther condensation of intermediate (6) with Fisher’s aldehyde (7).
Fluorescent probes A, B and C were each prepared by coupling the
carboxylic acid residues of rhodamine B, near-infrared rhodamine dye
(4) and hemicyanine dye (8) respectively with 2-aminophenylboronic
acid pinacol ester (1) in the presence of benzotriazol-1-yloxytris(di-
methylamino)phosphonium hexafluorophosphate (BOP) reagent in
methylene chloride containing triethylamine, see Scheme 2. The che-
mical structures of the probes were characterized by 1H and 13C NMR
and electrospray ionization mass spectrometer (ESI-MS).

3.2. Absorption responses of the probes to pH changes

We obtained the absorption spectra of the probes in 0.1M ci-
trate–phosphate (pH 2.0 to 7.0) and phosphate-phosphate buffers (pH
7.0 to 10.8) containing 1% ethanol (Fig. 1). Probe A displays no ab-
sorption above 400 nm at neutral and basic pH environments as it re-
tains a closed spirolactam configuration. Gradual pH decrease from 7.6
to 2.0 results in gradual absorbance increases of an absorption peak in
now probe AH+ at 567 nm (Fig. 1). Probe A has a pKa value of 5.8
based on a plot obtained by titration of absorption and pH, Fig S19.
Probe B has moderate absorption peak at 619 nm at basic pH 8.8, in-
dicating that partial opening of the spirolactam ring configuration oc-
curs under basic conditions due to the interactions between the steri-
cally bulky 2-aminophenylboronic acid pinacol ester residue and the H

atoms in the dihydronaphtyl moiety. Decreases of pH from 8.8 to 2.0
lead to substantial absorbance increases of the absorption peak at
619 nm. Probe B was assessed to have a similar pKa value at 5.5
compared to probe A, Fig S20. Probe C exhibits noticeable a near-in-
frared absorption peak at 724 nm and two short absorption peaks at
538 nm and 387 nm at a basic pH level of 10.8. Probe C responds to
gradual pH decreases from 10.8 to 3.0 with significant absorbance in-
creases of the near-infrared absorption peak, which is gradually blue
shifted to a maximum of 10 nm upon attaining a pH of 3.0. Probe C has
the highest pKa value of 6.31 among the three probes (Figs. S19–S21).
The different pKa values of the probes can be ascribed to differences in
the magnitude of steric hindrance between the closed spriolactam
moiety, xanthene and its derivative cores and also the different nature
of the conjugation obtained upon protonation.
We also evaluated fluorescence responses of the probes to pH

changes in 0.1M citrate–phosphate or phosphate buffer solutions con-
taining 1% ethanol (Fig. 2). Via this method, probes A-C have pKa
values of 5.81, 5.45 and 6.97, respectively as calculated using the
Boltzmann equation, see Figs S16–S18. These pKa values obtained via
fluorescence measurements are in good agreement with those obtained
by absorption but these data had better R2 values. Probe A based on
traditional rhodamine B is non-fluorescent under neutral and basic pH
conditions as it contains a closed spirolactam ring. Probe A reacts to pH
decreases from 6.8 to 2.0 with significant fluorescence increases at
580 nm which is due to extended conjugation in the rhodamine moiety
as a result of the opening of the spirolactam ring structure. In contrast,
probes B and C show moderate fluorescence peaks at 650 nm and
740 nm at pH 8.8 and 10.8, respectively. Under basic pH conditions, a
small percentage of probes B and C may exist in the protonated ring-
opened spirolactam form and their moderate fluorescence may be due
to their higher quantum yields compared to probe A. Probes B and C
may possess larger steric hindrance between spirolactam rings and
xanthene derivative moieties than probe A. Additionally our previously
reported probe containing a xanthene derivative moiety and an ad-
jacent ethylenediamine instead of the much larger aminophenylboronic
acid pinacol ester group exhibited a pKa of 5.15 and was only fluor-
escent under acidic conditions [39]. Fluorescent probe based on near-
infrared rhodamine dyes functionalized with o-phenylenediamine
shows lower pKa values of 4.6 than probe B due to less steric hindrance
between o-phenylenediamine residue from spirolactam ring and xan-
thene derivative moiety [23]. Fluorescent probe based on hemicyanine
dye bearing o-phenylenediaimine residue in spirolactam ring also ex-
hibits lower pKa value of 5.8 than probe C [8]. These comparative re-
sults convincingly indicate that use of 2-aminophenylboronic acid pi-
nacol ester effectively increases pKa values of fluorescent probes based
on spirolactam switches. Decreasing the pH from 8.8 to 2.0 (in probe B)
and from 10.8 to 3.0 (in probe C) further activates ring opening of the
spirolactam structures which significantly enhances fluorophore π-
conjugation [23,25,48,49], and, consequently increases the fluores-
cence intensity of probe B and C at 650 nm and 740 nm, respectively.

3.3. Calculations

In order to understand the nature of any structural changes that the
probes may experience upon protonation and to clarify the nature of the
electronic transitions, theoretical calculations were conducted in
Gaussian 16 [50] using the Austin-Frisch-Petersson functional with
dispersion (APFD) [42]. TD-DFT optimizations [44] in a Polarizable
Continuum Model (PCM) of water [45] were employed to calculate

Fig. 8. Cytotoxicity of probes A, B, and C obtained by MTS assay. The HeLa
cells were incubated with 0, 5, 10, 25, and 50 μM of probes A, B, and C for 48 h.
The relative cell viability was normalized to untreated cells and the cell via-
bility has a linear relationship with the absorbance at 490 nm. The error bars
indicate ± SD.
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excited states. Visible evidence of the hindrance between the 2-ami-
nophenylboronic acid pinacol ester residue and an adjacent H atom in
the xanthene derivative moieties in probes B and C is displayed in
Fig. 3.
Comparing the optimized geometries of the probes A-C to the pro-

tonated versions AH+–CH+, as is presented in Figs. S25 to S31, Figs.
S36 to S43 and Figs. S48 to S53, respectively, it is clear a more open
structure was reached in the protonated probes as the N to C atom bond
in the spirolactam ring breaks and the rhodamine part of the molecule
become more conjugated. This can also be observed in the data listed in
Table 1 which list a comparison of selected distances and reveals that

shorter distances are obtained upon protonation. Specifically, there is a
shortening of the bond distances in going from probe A to probe
AH+(Fig. 4).
There is also extended and equivalent resonance structures in the

rhodamine moiety as the equal distances for 4–5 and 6–7 would in-
dicate, see Table 1. However due to the insertion of the dihydronaphtyl
moiety in probes B and C, evidence of the resonance structure depicted
in Table 1 for these molecules is present in the different distances cal-
culated for the equivalent bond lengths, in particular between 1 and 2
and 1–3. Interestingly there was no difference between 4–5 and 6–7 for
probe B but in probe C a difference was obtained possible signifying a

Fig. 9. Fluorescence images of probes A, B and C in HeLa cells were incubated with 5 µM probe A, B and C in pH 7.4 buffer. Lysosensor Green DND-189 (1 µM) were
used for co-localization. The images were acquired using confocal fluorescence microscopy at 200X magnification and the scale bar is 20 µm. The excitation of
Lysosensor Green was 488 nm and the images of Lysosensor Green were collected from 500 to 550 nm. For probe A and B, the excitation wavelength was 559 nm and
the images were collected from 580 to 630 nm. For probe C, the excitation wavelength was 635 nm and the images were collected from 720 to 770 nm. Lower
fluorescence images are enlarged images of the upper fluorescence images. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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more electron rich N atom at position 7.
We find transitions for probes A and B occur in the UV range as

excited state 6 in Table S4 and excited state 4 in Table S8 occur at 300
and 327 nm, respectively. The addition of acid for these probes results
in ring opening, a conjugated rhodamine moiety and a shift in the
transition to the visible range calculated (expt) to be at 473 nm
(567 nm) and 522 nm (619 nm) for probes AH+ and BH+ respectively.
We find that the differences in thermal energies (with free energies in
parenthesis) between the probes and their protonated versions are 8.88
(8.45), 8.14 (3.89) and 8.55 (6.61) kcals/mol for A, B and C respec-
tively. These values suggest that it requires less energy to protonate
probes B and C (note smaller ΔG values also) compared to probe A. For
probe C, a transition at 388 nm as excited state 2 in Table S12 was
calculated and involved π to π* orbitals on the hemicyanine moiety as
the LCAOs in Figs. S51 and S52 indicates. The extended conjugation
upon protonation to produce probe CH+ resulted in a transition at
591 nm (724 nm) listed as excited state 1 in Table S14. The nature of
the conjugation is best summarized in an inspection of the current
density diagrams which illustrates the direction of the electron flow
from the HOMO to the LUMO. The illustration shows that electron
density originates from the N atoms located at either end of the bottom
section of the illustrations and moves towards the middle. The 2-ami-
nophenylboronic acid pinacol ester residue is not involved with these
transitions.

3.4. The selectivity of the probes

We investigated whether the probes react with 200 μM concentra-
tions of various separate cations and anions in buffers at two different
pH levels, namely, 2.0 and 7.4, see Fig. 5. There is no significant in-
terference with probe responses to pH in the presence of cations such as
Al3+, Ca2+, Co2+, Cr3+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Mn2+, Ni2+

and Zn2+ ions, or anions such as Cl-, Br-, SO32-, NO2–, NO3–, S2-, CO32–

and HCO3–. These results indicate that the probes maintain high se-
lective fluorescence responses to pH without interference from these
cations and/or anions.

3.5. Probe photostability and their reversible responses to pH

We investigated the photostability of fluorescent probes A, B and C
in a pH 2.4 buffer under three-hour continual excitation at 530 nm,
560 nm, and 660 nm, respectively. Fluorescent probes A-C showed ex-
cellent photostability with less than 4% decrease in fluorescence in-
tensity during the three-hour excitation (Fig. 6). In addition, probes A,
B and C show reversible response to pH change between 7.4 and 2.4
(Fig. 7).

Fig. 10. Fluorescence images of 10 µM probe A in MDA-MB231 cells. MDA-MB231 cells were incubated with 10 µM probe A in buffers with different pH values
ranging from pH 4.5 to 8.5 in presence of nigericin (1 µg/mL) for 1 h before imaging. Lysosensor Green DND-189 (1 µM) and Hoechst 33,342 (1 µg/mL) were used for
co-localization. The images were acquired using an inverted fluorescence microscope (AMF-4306, EVOSfl, AMG) at 60X magnification. In the merged images, two
channels of Lysosensor Green and the probe are merged together. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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3.6. Low cytotoxicity of the probes

An MTS assay was employed to evaluate the cytotoxicity of the
probes with different concentrations from 5 µM to 50 µM for the via-
bility of HeLa cells. We observed that cell viability values with 50 µM
probes are higher than 82.3% suggesting no significant cytotoxicity
occurs. Therefore, the low cytotoxicity and thus excellent biocompat-
ibility allow for cellular imaging application (Fig. 8).

3.7. Live cell fluorescence imaging

We conducted cellular imaging of the probes by costaining breast
cancer cell line (MDA-MB231) and human umbilical vein cells (HUVEC-
C) with probes A, B and C, and a commercially available lysosome-
targeting lysosensors Green DND-189 for co-localization analysis to
determine whether the probes are located in the organelles of living
cells (Fig. 9). The high Pearson’s colocalization coefficients of more
than 0.92 confirmed that the probes are localized in the lysosomes of
living cells.
In order to quantitatively appraise fluorescence responses of the

probes to intracellular pH changes, we incubated two different cell
lines, breast cancer cell line (MDA-MB231) and HUVEC-C (see supple-
mental Figs. S58-S63) with the probes in different pH buffers from pH
4.5, 5.5, 6.5, 7.5, to 8.5 in the presence of 1 µg/mL nigericin ionophore,
which is employed to exchange K+ ions for H+ ions across most cellular
membranes, and equilibrate intracellular pH with extracellular pH in

buffer solutions [8,21,23–25,27,37,51–53]. All cellular imaging for
probe A were acquired by using an RFP light cube and for probes B and
C, a CY5 light cube was used. The fluorescence intensity of probe A
gradually becomes enhanced when the intracellular pH is lowered from
8.5 to 4.5 since pH decreases leads to opening of closed spirolactam ring
of probe A, and enhance fluorescence of probe A with extended π-
conjugation (Figures 10, S58, S61, S63, and S64). Probes B and C also
respond to intracellular pH decreases from 8.5 to 4.5 with gradually
fluorescence increases (Figures 11–12, S59-S63, S65, and S66). In
contrast, Lysosensor Green is insensitive to intracellular pH changes
(Figs. 10–12, S64–66). In all, zoomed in merged images (Figures S64-
S66) show Hoechst 33342 stain marking the nuclear region and Lyso-
sensor Green and Probe A/B/C co-localized (orange-yellow) in lyso-
somes and appear as punctate objects in the perinuclear region. This
change in color (range is orange-yellow) is due to change in pH af-
fecting fluorescence intensity of Probes A/B/C as pH changes, whereas
intensity for Lysosensor Green does not change with change in pH (Figs.
S64–S66). This co-localization of probes A/B/C with Lysosensor green
and appearance of lysosomes as punctate objects is consistent with
literature reports where in lysosomes are mostly found in the peri-
nuclear region when serum-starved.

4. Conclusion

Three lysosome-targeting fluorescent probes (A, B and C) with high
pKa values of 5.81, 5.45 and 6.97 have been developed by coordination

Fig. 11. Fluorescence images of 5 µM probe B in MDA-MB231 cells. MDA-MB231 cells were incubated with 5 µM probe B in buffers with different pH values ranging
from pH 4.5 to 8.5 in presence of nigericin (1 µg/mL) for 1 h before imaging. Lysosensor Green DND-189 (1 µM) and Hoechst 33,342 (1 µg/mL) were used for co-
localization. The images were acquired using an inverted fluorescence microscope (AMF-4306, EVOSfl, AMG) at 60X magnification. In the merged images, two
channels of Lysosensor Green and the probe are merged together. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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of the sterically bulky 2-aminophenylboronic acid pinacol ester to tra-
ditional rhodamine, a near-infrared rhodamine dyes, and a near-in-
frared hemicyanine dye to form closed spirolactam ring structures.
Probe B and C show moderate fluorescence with fluorescence quantum
yields of 9% and 5% in neural pH 7.4 PBS buffer containing 1% ethanol.
The probes have low cytotoxicity, excellent reversible pH responses,
and high selectivity to pH over cations and anions. They have been
applied to visualize intracellular pH changes in live cells.
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