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Abstract

Chemically synthesized near-infrared (NIR) aza-BODIPY dyes displayed OFF/ON fluorescence at

acidic pH (pKa = 6.2-6.6) through the suppression of photoinduced electron transfer (PET) and/or

internal charge transfer (ICT) process. The apparent pKas of the dyes were shifted well above

physiological pH in hydrophobic microenvironment, which led to “turned-on” fluorescence in

micelles and liposomes at neutral and basic pH. Bovine serum albumin (BSA) also activated the

fluorescence, though to a much less extent. When these small molecular dyes entered cells, instead

of being fluorescent only in acidic organelles, the whole cytoplasm exhibited fluorescence, with

signal/background ratio as high as ∼10 in no-wash live cell imaging. The dye 1 labeled cells

remained highly fluorescent even after 3 days. Moreover, slight variations of the dye structure

resulted in significantly different intracellular fluorescence behaviors, possibly due to their

different cellular uptake and intracellular activation capabilities. After separation of cellular

components, the fraction of plasma membrane and endoplasmic reticulum (ER) showed the

highest fluorescence, further confirming the fluorescence activation by membrane structures. The

fluorescence intensity of these dyes at different intracellular pH (6.80 and 8.00) did not differ

significantly, indicating that intracellular pH did not play a critical role. Altogether, we showed

here for the first time that the fluorescence of pH-sensitive aza-BODIPY dyes were switched

intracellularly not by acidic pH, but by intracellular membranes (and proteins as well). The

excellent membrane permeability, ultra high fluorescence contrast ratio, persistent fluorescent

signal, and minimum biological interference of dye 1 make it an ideal choice for live cell imaging

and in vivo cell tracking. These findings also imply that the intracellular fluorescent properties of

pH-sensitive dyes should be carefully examined before used as pH indicators.
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Introduction

Intracellular pH plays many critical roles in cell activities, such as proliferation and

apoptosis,1-3 ion transport,4-6 multidrug resistance (MDR),7 and endocytosis.8 Abnormal

intracellular pH values are associated with many diseases such as cancer9 and Alzheimer's.10

Inside the cells, low intracompartmental pH functions to denature proteins or to activate

enzymes that are normally inactive around neutral pH. For instance, the acidic environment

in lysosomes (pH 4.5-5.5)11 can facilitate the degradation of proteins in cellular metabolism.

The tightly regulated intracellular pH means that the precise measurement of intracellular

pH can provide critical information on cellular functions and pathological processes.

Compared with other pH measurement methods, such as microelectrodes, nuclear magnetic

resonance (NMR), and absorbance spectroscopy, fluorescence spectroscopy has many

advantages, including high sensitivity, high spatial and temporal resolution, operational

simplicity, and, in most cases, is non-destructive to the cells.

The need of pH sensing has resulted in the development of many pH sensitive fluorescent

probes; and they have been extensively reviewed by Han and Burgess recently.12 Generally

speaking, there are two types of pH sensitive fluorescent probes. The first type responds to

pH changes around their pKas with sharply changed fluorescence intensity, i.e. the “on-off”

or “off-on” probes. The others are called ratiometric probes, which are differentially

sensitive to pH at two excitation or emission wavelengths. However, many of them suffer

from various drawbacks, such as photobleaching, small spectroscopic change upon pH

change, sub-optimal Ex/Em wavelength, leakage from cells, and low absorbance or quantum

yield under certain conditions. Therefore, better or optimal intracellular pH indicators are

still needed.

The family of aza-BODIPY dyes has shown many advantages as fluorescent probes, such as

high extinction coefficient, high quantum yield, long Ex/Em wavelength, insensitivity to

solvents, and easy tunability through peripheral functionalization. Indeed, aza-BODIPY

dyes have been used in fluorescence imaging,13, 14 photodynamic therapy15-17 and chemical

sensing.18-20 In this manuscript, we reported for the first time the intracellular fluorescence

behavior of a series of pH-sensitive near-infrared (NIR) aza-BODIPY dyes (Scheme 1). The

tertiary amines and/or phenols of these dye molecules have pKas below 7. Their

fluorescence can be “turned on” once the N- and/or O- are protonated at acidic pH through

the efficient suppression of PET15 (photoinduced electron transfer) and/or ICT14 (internal

charge transfer) process. These dyes are expected to show “switched-on” fluorescence

responding to acidic intracellular pH. However, it is found that once inside the cells, the

fluorescence of these dyes was “turned on”, not by bulk solution pH, but through the pKa

shift when incorporated in membranes and proteins. Among them, dye 1 showed excellent

membrane permeability, ultra high fluorescence contrast ratio without washing the cells,

prolonged fluorescence, and minimum biological interference, which make it an excellent

choice for live cell imaging and in vivo cell tracking.

Experimental Section

Synthesis

The aza-BODIPY dyes were synthesized according to reported methods with some

modifications.17, 21 The synthetic route can be found in Scheme 1 and details can be found

in the Supporting Information. Briefly, aldo condensation between aldehyde 6 and hydroxy-

or methoxy- acetophenone, followed by a Michael addition reaction with nitromethane,

afforded 8 or 11. The azadipyrromethene structures were then synthesized in the presence of

ammonium acetate. After the BF2 complexes 1 or 2 were formed, reaction with methyl

iodide gave the methylation products 3 or 4
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Fluorescence Response to pH in Bulk Solution, Micelles and Liposomes

Stock solutions of the dyes were prepared in DMSO. Na2HPO4/citric acid buffer was

prepared using 0.1 M Na2HPO4 and 0.2 M citric acid, then adjusted to appropriate pH using

5 M NaOH or HCl. Micelle solutions were prepared in pH 7.40 PBS. To prepare liposomes,

lecithin and cholesterol (85:15 w/w) were dissolved in chloroform and the solvent was

removed under reduced pressure to form a thin layer. After further drying under vacuum

overnight, liposomes were formed by rehydration using PBS of appropriate pH and

subsequent bath sonication under N2 at RT for 20 min. The final concentration of the

liposomes was 1 mg/mL. The sizes of liposomes were measured by dynamic light scattering.

In all the fluorescence measurements, the dye in DMSO (final DMSO 1.6% v/v) was added

to the respective solution and incubated for 10 min at RT before measurement. For the

fluorescence in micelles and liposomes, the results were normalized to FL = 100 under

acidic conditions when maximal emission was achieved for each dye.

No-wash Live Cell Imaging

The day before imaging, MDA-MB-435 cells were plated on 8-well chambered glass slides

or 35-mm glass bottom dishes. The cells reached 40-50% confluency at the time of imaging.

Dyes in DMSO were added to cell media (final concentration: dye 0.1 μM, DMSO 0.5% v/

v), and confocal images were taken directly at indicated time points. The dyes were excited

at 635 nm using the same filter set employed for Cy5.5. The following microscopic settings

were kept the same in all imaging experiments: laser intensity, 10%; sensitivity, 45%; and

scan speed, 0.3 μs/pixel. Best effort was made to focus on the cytoplasm plane at each time

point, albeit not all cells would be on the same focal plane. To calculate the intracellular/

extracellular signal contrast ratios, intracellular regions of interest (ROIs) were chosen in

cytoplasm areas; nuclei and plasma membranes were excluded.

For imaging at later time points, cells were incubated with dye 1 for 3 h. After the removal

of media, the cells were washed with PBS (×3) and incubated with fresh growth media.

Confocal images were taken at indicated time points.

Fluorescence Distribution in Cellular Fractions

Two days before experiment, cells were plated on 10 cm dishes. When the cells reached

50-60% confluency, dyes in DMSO were added (final concentration: dye 0.2 μM, DMSO

1% v/v). After incubating for 2 h, the medium was removed and cells were washed with

PBS (×3) before being harvested by scraping at 4 °C. The obtained cell pellet was re-

suspended in 200 μL PBS and lysed using probe sonication with 5 second pulse 3 times.

The cellular components were then separated by differential centrifugation at 4 °C.22 The

pellet of each fraction was re-suspended in 200 μL PBS. Fluorescence was measured and

normalized to % of total cellular fluorescence for each dye.

Adjustment of Intracellular pH

The method was adapted from literature report.23 Cells were first incubated with dye 1 for 1

h. After removal of the dye and washing with K+-rich buffer (130 mM KCl, 20 mM NaCl,

0.5 mM CaCl2, 0.5 mM MgCl2 and 10 mM HEPES) at pH 6.80, 7.40 or 8.00 three times, the

intracellular pH was adjusted by using the same buffer at different pH in the presence of

nigericin (1 μg/mL) and valinomycin (0.5 μg/mL). Confocal images were taken after 5 min.
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Results and Discussion

Aza-BODIPY Dyes

Dye 1 has 2 tertiary amines and 2 phenols. The lone pair electrons of the N- and O- atoms

cause the quench of fluorescence through PET and ICT processes. Methylation of the

phenols, or the amines, or both produced 2, 3 and 4, respectively. So for 1, the fluorescence

can only be “turned on” when both the N- and O- are protonated. For 2 and 3, protonation of

the N- and O- respectively should activate the fluorescence. 4 as an “always on” control

should not be affected by protonation. The resulting molecules also have different charges: 1
and 2 are neutral; 3 and 4 are positively charged. Methylation of the phenols increases the

hydrophobicity of the dyes: the HPLC retention time for 1, 2, 3, and 4 is 13.6, 19.8, 13.4,

19.6 min, respectively (protonated forms, see Supporting Information). These slight

differences in structures induced significantly different intracellular fluorescence properties,

as described below. Although the structures of control compounds 2 and 4 have been

reported previously,13, 21 their fluorescent properties in hydrophobic microenvironment and

cytoplasm have not been studied.

Absorbance and Fluorescence Spectra

The dyes 1-4 showed similar UV-vis absorbance maximum around 696-704 nm when all the

tertiary amine N- and phenol O- are protonated under acidic conditions (Figure 1A). The

fluorescent emission maximum showed more difference: 4 has the lowest Emmax at 723 nm

and 3 has the highest Emmax at 744 nm (Figure 1B). The near-infrared absorbance and

fluorescence ensured minimal interference when imaging biological samples.

Fluorescence pH Titrations

Fluorescence pH titrations were performed in buffer-MeOH solution (1:1) at the dye

concentration of 1 μM. All dyes showed very low fluorescence at physiological pH (∼7.4)

(Figure 1C), except for the “always-on” control 4, whose fluorescence remained constant

between pH 4.0-8.0. The fluorescence of 1-3 was activated as the pH decreased,

corresponding to the protonation of the molecules and hence the suppression of the PET

and/or ICT process. The fluorescence reached a plateau when all the species were

protonated, where the fluorescence enhancements are over 30-fold based on the pH

variation. The apparent pKas of 1-3 are estimated to be 6.2, 6.6 and 6.2, respectively. These

results indicate that the fluorescence of these dyes should respond to the pH in the acidic

intracellular organelles.

Fluorescence Response to pH in micelles

It is documented that their apparent pKas can shift significantly when fluorescent molecules

are mixed with micelles, through both electrostatic and hydrophobic interactions; and the

latter interaction is more dominant.24-26 In many cases, neutral and anionic charged

surfactants increase the pKa, while cationic surfactants decrease the pKa. The fluorescence

response of dyes 1-4 (0.3 μM) to pH 7.4-10.2 in micelles were measured with commonly

used surfactants SDS (anionic), CTAB (cationic), and Triton-X 100 (TX-100, neutral) in

PBS (to mimic intracellular ionic strength). The 50 mM surfactant concentrations, which are

much higher than their CMCs, were used so that micelle concentrations are similar under all

conditions. Also, based on the surfactant aggregation numbers (60-140),27 the

concentrations of micelles are at least 2 orders of magnitude higher than those of the dyes.

This ensures that there is an average of less than 1 dye per micelle, which should keep the

interactions between dye molecules minimal.
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As shown in Figure 2, the fluorescence of 1-3 is activated even at basic pH. For dye 1
(Figure 2A), the pKa in SDS and TX-100 shifted well above physiological pH, while the

pKa in CTAB was ∼6.8. The high fluorescence in CTAB is probably due to the increased

quantum yield in more hydrophobic microenvironment after dye-CTAB charge

neutralization, a result of less mobility hence less non-radiative decay. For dye 2 (Figure

2B), the high fluorescence at all pHs indicates that the pKa in all 3 micelle solutions are

above the pH range tested. Dye 3 showed similar pKa shifts as dye 1, but much lower

activated fluorescence, possibly because it is positively charged and relatively more

hydrophilic, thus weaker hydrophobic interactions with the surfactants. The activation of

fluorescence at pH 7.40 can only happen when micelles form, i.e. no fluorescence at low

surfactant concentration, as illustrated with dye 1 (see Supporting Information Figure S1).

Additionally, no fluorescence was observed in MeOH solutions of the dyes 1-3 alone or

dyes + surfactants, further proving the importance of hydrophobic interactions in

fluorescence activation (data not shown). A detailed mechanism discussion about dye-

micelle interaction can be found elsewhere24 and will not be presented here. For dye 4
(Figure 2D), the fluorescence is constant under all conditions, since the micelles only help to

disperse the dye molecules. Dye 4 in PBS (without surfactants) showed minimal

fluorescence because of low solubility. It showed similar fluorescence in MeOH as in the

micelle PBS solutions (data not shown). As expected, similar to solvation effects, the

association of the dyes within different micelles resulted in different shifts in emission

maximum (see Supporting Information Figure S2). In summary, the pKas of dye 1-3
increase significantly in all micellar solutions. In other words, the fluorescence can be

activated in micelles under neutral to basic pHs.

Fluorescence Response to pH in Liposomes

Although the cells lack micellar structures, they are rich in membrane structures, such as

plasma membranes, endosome/lysosome membranes, and endoplasmic reticulum (ER),

which are also hydrophobic in nature, but are much more complex than single component

micelles. To test whether membrane structures can also “turn-on” the fluorescence,

fluorescence response in liposomes at various pHs was measured. The liposomes are

composed of lecithin-cholesterol (85:15 w/w), whose components are more related to

cellular membranes and the bilayered structure can mimic the cellular membranes. The sizes

of liposomes are very similar (120-130 nm, see Supporting Information Table S1) at all pH.

As seen in Figure 3A, the fluorescence of 1-3 is activated at neutral pH, with pKas well

above physiological pH. The fluorescence activation of 3 is not as efficient as the other

compounds of this series, similar to that seen in micelles. Again, no fluorescence was seen

when mixing dye 1-3 with lecithin-cholesterol in MeOH, in which liposomes do not form

(data not shown). For the “always-on” dye 4, the fluorescence does not change much in

response to pH. These results demonstrate that the fluorescence can be turned-on in

liposomes at neutral to basic pH, through the pKa shift in the bilayered structures.

Fluorescence Response to Ions and Biomolecules at Neutral pH

Because of the complexity of intracellular environment, the fluorescence responses of

synthesized dyes to common ions and biomolecules at neutral pH (pH 7.40, PBS) were also

measured. As shown in Figure 3B entries 2-20, at concentrations equal to or larger than their

normal physiological concentrations, the ions and small biomolecules cannot “turn on” the

fluorescence of the dyes. So this possibility of fluorescence activation can be excluded in the

cellular experiments. The minimal fluorescence of dye 4 in the presence of ions and small

biomolecules is mainly because of the lack of solubility. The interaction between 1 or 3 and

DNA (2.5 mg/mL) resulted in a little fluorescence, while the more hydrophobic 2 or 4 did

not show this effect (Figure 3B entry 21). When mixed with a model protein (BSA 25 mg/

mL), 1 and 2 showed some fluorescence (Figure 3B entry 22), possibly through both
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electrostatic and hydrophobic interactions with the protein. The higher fluorescence of more

hydrophobic 2 implied the larger effect of the latter interaction. In comparison, the charged

and relatively hydrophilic 3 did not show any fluorescence in the presence of BSA. For the

“always on” control 4, the protein helped its dispersion in solution and it showed quite high

fluorescence, similar to what was seen with micelles and liposomes.

No-wash Live Cell Imaging

To visualize the intracellular activation of fluorescence of these dyes, MDA-MB-435 cells

were incubated with the dyes (final concentration 0.1 μM) and live cells were imaged

continuously for 30 min without washing the cells using confocal laser scanning

microscope. As seen in Figure 4A-C, dyes 1-3 showed minimal background signals, because

they are non-fluorescent under neutral pH. Dye 4 had some background fluorescence

possibly because the serum proteins in the cell media helped solubilize the dye (Figure 4D).

Similar to other small hydrophobic molecules, the uptakes of these dyes were quite fast. At 1

min, the cytoplasm membrane staining could be clearly seen for 1, 2 and 4, implying that the

fluorescence was activated once the dyes were incorporated into the cell membranes.

The cytoplasm of cells stained with 1 was highly fluorescent after 30 min (Figure 4A 30

min), with cytoplasmic/extracellular fluorescent contrast ratio reaching ∼10:1 within 10 min

and staying constant (Figure 4E). At 30 min, the fluorescence at cellular membrane was not

so obvious and was distributed throughout the cytoplasm, while the nucleus only showed

very weak fluorescence. The spatial distribution of fluorescence clearly showed that the

fluorescence of pH-sensitive dye 1 was “turned on” not only in acidic organelles, since these

organelles normally have punctate vesicle-like structures, such as the commercial endosome/

lysosome probe LysotrackerTM (Invitrogen, Carlsbad CA) has shown.28-30 The brightest

fluorescent area centers inside the cyto plasm and around the perinuclear region, where

endoplasmic reticulum (ER) is located. Since the ER is rich in membrane structures, these

observations agree well with the results obtained earlier (Figure 2 and 3). It should be noted

that the distribution and intensity of fluorescence is determined by cellular uptake, dye

molecule spatial distribution, and the extent of fluorescence activation. Similar fluorescence

images were obtained with U-87 MG and HUVEC cells as well (data not shown). After

incubation with 1 for 3 h, the cells were washed and incubated with fresh media. Images

taken at later time points showed that the cytoplasmic fluorescence persisted even after 3

days (Figure 4F). The fluorescence contrast ratios at 3 h, 1, 2, and 3 days are 9.4, 4.5, 4.2,

4.5, respectively. The fluorescence was well retained considering the dilution of dyes

resulting from cell proliferation. A possible reason is that the incorporation of the dye within

cellular components slowed down the efflux (leakage) process significantly. No cell

morphological changes were observed. The bright and long-lasting intracellular fluorescence

of 1 makes it an excellent choice for live cell imaging and in vivo cell tracking.

After the cells were incubated with 2 for 30 min, the cytoplasm is also fluorescent, with

cellular membrane still clearly stained (Figure 4B). The extracellular (or background) signal

of 2 is more evident than that of 1 and 3, which is probably caused by the interaction

between 2 and serum protein (10% FBS in cell medium), as 2 also showed some

fluorescence in the presence of BSA (Figure 3B entry 22). Within the cytoplasm, the

fluorescent signals are not as uniform; the ER region seems the brightest. This may result

from the relative hydrophobicity of 2 and thus its preferred accumulation in the more

hydrophobic membrane structures. The fluorescent signal and contrast ratio of 3 is the

lowest among all dyes (Figure 4C and 4E). Its charge and relative hydrophilicity may have

impeded its cellular uptake. Also, the fluorescent activation of 3 in hydrophobic

environment is the weakest, as seen in earlier experiments (Figure 2 and 3). For the “always

on” dye 4, the background (media) signal is the highest (Figure 4D); and its charge may
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result in less efficient cellular uptake and dispersion within intracellular components. These

are possible reasons for the low contrast ratio of 4. Again, none of the pH-sensitive dyes

showed staining pattern of acidic organelles, proving that pH is not the major factor of their

fluorescent activation intracellularly.

Since we observed some fluorescence activation in the presence of BSA (Figure 3B entry

22), the same live cell imaging experiments were also performed after loading the dye in cell

media without FBS. The results (Supporting Information Figure S3) showed very similar

intracellular fluorescence distributions and signal contrast ratios for the all the dyes,

indicating that the interaction between the dyes and extracellular FBS does not affect their

intracellular fluorescence significantly.

Intracellular Fluorescence Distribution

To confirm the intracellular fluorescence distribution, the cellular components were

separated by differential centrifugation (Figure 5A) after incubating the cells with the dyes

1, 2, or 4 for 2 h and the fluorescence of each fraction was measured (see Experimental

Section). Because of its low intracellular fluorescence, this experiment was not carried out

with dye 3. As summarized in Figure 5B, fraction P, which contains the plasma membranes

and fragments of ER, showed the highest fluorescence. Fractions M and R+C also showed

some fluorescence, while fractions F and N only had minimal fluorescence. These results are

consistent with our previous findings: the membrane structures showed high fluorescence,

resulting from both preferred distribution and highest fluorescence activation. The

fluorescence of fractions M and R+C could be from both proteins and the membranes of

mitochondria, lysosomes and ribosomes. The minimal fluorescence in fraction N, similar to

that in cellular imaging, showed the lack of dye distribution and/or activation in the nuclei.

Intracellular Fluorescence at Different pHs

We have shown that the fluorescence of 1 was “turned on” intracellularly as a result of pKa

shift when incorporated in membranes and proteins. Next, the fluorescence images of 1 were

taken at different intracellular pHs. The cells were first incubated with the dye for 1 h; after

removal of dye and washing with K+-rich buffer at pH 6.80, 7.40 or 8.00, the intracellular

pH was adjusted using the same buffer at respective pH in the presence of nigericin and

valinomycin (see Experimental Section). Confocal images taken after 5 min are shown in

Figure 6. The average intensities of cytoplasm fluorescence at pH 6.80, 7.40 and 8.00 were

649, 2190 and 843, respectively (see Supporting Information Figure S4). Most importantly,

at pH 8.00, the fluorescence intensity was not quenched and not significantly different from

that at more acidic pH 6.80. This further confirms that the fluorescence is “turned on”

through protonation when incorporated in cellular components and the pKa has shifted

above physiological pH.

It can also be seen that under these conditions, the distribution of fluorescence has changed.

As shown in the highlighted regions in Figure 6 (please bear in mind that not all the cells are

on the same focal plane), the fluorescence showed many punctate vesicle-like structures,

albeit evenly distributed fluorescence still can be seen. This is more evident at pH 6.80 and

8.00 than at physiological pH 7.40. This phenomenon, as well as the observation that the

fluorescent intensity is much higher at pH 7.40, could be explained by two possible reasons.

First, the degree of protonation of the dye is different at different pH, which affects its

distribution. Second, the pH and experimental condition may change the conformation and

assembly of intracellular proteins and membranes, which consequently altered their

interaction with the dye and weakened the fluorescence activation. The pH of intracellular

organelles may not reach equilibrium in a short time, hence stronger fluorescence is

observed in vesicle-like structures.
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Conclusion

We have synthesized and characterized three pH-sensitive NIR aza-BODIPY dyes. In bulk

solution, these dyes are highly fluorescent only under acidic conditions, resulting from the

suppression of PET and/or ICT process upon protonation. However, when they are

incorporated in hydrophobic microenvironment (micelles, liposomes, hydrophobic pockets

of proteins), they are highly fluorescent at neutral or even basic pH. pH titrations show that

their apparent pKa shift significantly towards more alkaline pH, in some cases even well

above physiological pH.

The no-wash live cell imaging shows that their fluorescence is activated intracellularly, with

minimal extracellular background. When these pH-sensitive dyes are uptaken by the cells,

instead of staining only acidic organelles, they are fluorescent in the whole cytoplasm,

indicating the fluorescence activation by intracellular components rather than pH. The

fluorescence distribution shows that the fractions rich in membrane structures (plasma

membrane and ER) have the highest fluorescence. The similar intracellular fluorescent

intensities of dye 1 at pH 6.80 and 8.00 further confirmed that the intracellular fluorescence

activation is not pH dependent.

Although these dyes are structurally very similar, the difference in charge and

hydrophobicity result in significant differences in fluorescence intensity and distribution,

most likely due to the difference in cellular uptake, intracellular distribution and

fluorescence activation. Among the dyes, 1 shows the highest fluorescence contrast (∼10) at

a very low concentration (0.1 μM), and evenly stained cytoplasm. Moreover, its intracellular

fluorescence can retain for several days, possibly because the incorporation into cellular

components slows down the efflux process. These fluorescence properties of 1 make it an

excellent choice for no-wash live cell imaging and in vivo cell tracking. These findings also

imply that the intracellular fluorescent properties of pH-sensitive dyes should be carefully

examined before used as pH indicators.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A: Normalized UV-vis absorbance of 1-4 in 25 mM HCl MeOH-H2O (1:1). B: Normalized

fluorescence (Ex = 650 nm) of 1-4 in 25 mM HCl MeOH-H2O (1:1). C: Fluorescence

response of 1-4 (1 μM) in MeOH-Na2HPO4/citric acid buffer (1:1) at different pHs.
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Figure 2.
Fluorescence response of 1-4 (A: 1, B: 2, C: 3, D: 4, 0.3 μM) in SDS, CTAB and TX-100

micelle solutions (50 mM in PBS) at different pHs. No fluorescence in the MeOH solutions

of dye + surfactant except for 4 (data not shown). The fluorescence is normalized to FL =

100 under acidic conditions for each dye.
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Figure 3.
A: Fluorescence response of 1-4 (0.3 μM) in 1 mg/mL lecithin-cholesterol (85/15 w/w)

liposomal solutions at different pHs. No fluorescence in the MeOH solutions of dye +

lecithin-cholesterol was seen except for 4 (data not shown) B: Fluorescence response of 1-4
(0.3 μM) in HEPES (10 mM, pH 7.40) to metal ions and biomolecules (5 mM unless

otherwise specified). 1, dye only (protonated); 2, Na+ (150 mM); 3, K+ (150 mM); 4, Ca2+;

5, Mg2+; 6, Zn2+; 7, Cu2+; 8, cysteine; 9, glycine; 10, proline; 11, tyrosine (2.5 mM); 12,

tryptophan; 13, glutamic acid; 14, histidine; 15, arginine; 16, lysine; 17, alanine; 18,

dopamine; 19, glutathione; 20, vitamin C; 21, calf thymus DNA (2.5 mg/mL); 22, BSA (25

mg/mL). The fluorescence was normalized to FL = 100 under acidic conditions for each

dye.
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Figure 4.
A-D: Live cell imaging after adding respective dyes (A: 1, B: 2, C: 3, D: 4, final

concentration: 0.1 μM) into MDA-MB-435 cells. Confocal fluorescent images taken at 1

min and 30 min after adding dyes and without washing the cells are shown. E: Cytoplasmic/

extracellular fluorescent contrast ratios at different time points after adding 1-4. F: live cell

images of dye 1 labeled cells after 3 h, 1, 2, and 3 days. Cells were incubated with 1 for 3 h

and then washed and kept under normal conditions. All images were taken under same

microscopic settings and shown with same photographic settings (see Experimental

Section).
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Figure 5.
Intracellular fluorescence distribution of 1, 2, and 4. A: Method of separating cellular

organelles using differential centrifugation. B: Comparison of fluorescence (% of total

intracellular fluorescence for each dye) in different cellular fractions after incubation with

the dyes for 2 h.
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Figure 6.
Comparison of fluorescence at different intracellular pH. After incubation with 1 for 1 h, the

intracellular pH of MDA-MB-435 cells was adjusted using K+-rich buffer (130 mM K+, 20

mM Na+, 0.5 mM Ca2+, 0.5 mM Mg2+ and 10 mM HEPES) in the presence of nigericin (1

μg/mL) and valinomycin (0.5 μg/mL). Live cell images were taken after 5 min.
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Scheme 1.
Ph-sensitive aza-BODIPY dyes and their synthetic route.
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