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Alteration of lysosome acidity has been implicated in many

biological events ranging from apoptosis to cancer metastasis,

etc. Mesoporous silica nanoparticles doped with acid activable

rhodamine-lactam and fluorescein isothiocyanate (FITC) were

developed for ratiometric sensing of lysosomal pH changes in

live cells with flow cytometry.

Eukaryotic cells are featured by organelle-specific intracellular

pH distribution. For example, the cytosol is nearly neutral

(pH 7.2) while the lysosomal lumen is acidic. The acidity of

lysosomes is crucial for endocytosis, autophagy, etc. Aberrant

alterations of the lysosomal pH have been implicated in many

pathological events,1 providing motivation to develop noninvasive

and accurate methods for imaging of lysosomal pH. Single

intensity based fluorophores are limited in quantitative biological

assays due to many uncertainties, e.g. local probe concentration.

In contrast, ratiometric probes could normalize these interferences,

and thus allow accurate quantitation. Many ratiometric pH

sensors have been developed utilizing pH sensitive fluorophores

along with reference dyes.2 For example, fluorescein derivatives

have been paired with quantum dots, rhodamines, and other

dyes to fabricate pH sensors.2c,i,l,3

Rhodamine lactams, a group of nonfluorescent compounds

hallmarked by intra-molecular lactams, are poised to form

highly fluorescent species via analyte mediated opening of the

lactams.4 Although rhodamine lactams have been shown to display

strong fluorescence in acidic media,5 their applications in ratio-

metric pH sensors have not been explored. Mesoporous silica

nanoparticles (MSNs) are appealing platforms for bioimaging

due to excellent biocompatibility, stability, etc.6 In this report,

ratiometric sensing of lysosomal pH in live cells was achieved with

dual colored mesoporous silica nanoparticles containing acid

activable rhodamine 6G lactam (R6G-lactam) and fluorescein

which inversely exhibits decreased fluorescence in acidic media.

Aminolysis of rhodamine 6G (R6G) in (3-aminopropyl)-

triethoxysilane (APTS) yields nonfluorescent R6G-APTS

(Scheme 1). FITC-APTS was synthesized by coupling of the

isothiocyanate group of FITC with the amino group of APTS.

R6G-APTS and FITC-APTS were then co-condensed with

tetraethyl orthosilicate (TEOS) in the presence of cetyltrimethyl-

ammonium bromide (CTAB) to give R6G-FITC-MSNs, which

were obtained after removal of the unreacted reagents and

CTAB.7 Transmission electron microscopy (TEM) and scanning

electron microscopy (SEM) images showed that the dual dye

dopedMSNs are porous and uniform in size (Fig. 1). Consistently,

the average diameter of the MSNs was 110 nm, as determined by

dynamic light scattering (ESIw, Fig. S1). R6G-FITC-MSNs were

modified with polyethylene glycol to increase the colloidal stability

and minimize nonspecific interactions in the subsequent cell assay

(ESIw, Scheme S1). Zeta potential analysis of the MSNs showed

that the surface potential decreased from 27.9 mV to �6.76 mV

after modification, indicating efficient pegylation of the amino

groups on the particles (ESIw, Fig S2).

The pH response of R6G-FITC-MSNs was characterized by

fluorometry with dual or single wavelength excitation in sodium

phosphate buffers of various pH (3.5–7.5). The fluorescence

emission peaked at 552 nm increased dramatically as the buffer

pH decreased whereas the fluorescein emission centered at 515 nm

decreased as the buffer pH lowered (Fig. 2A). The emission, with

the spectrum identical to that of rhodamine 6G (ESIw, Fig. S3),
was ascribed to the formation of R6G-amide via acid mediated

opening of R6G-lactam in the nanoparticles (Scheme 1).

Scheme 1 Preparation of R6G-FITC-MSNs containing two pH

sensitive fluorophores.
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The R6G-amide in the nanoparticles was 250 fold more bright

at pH 4.0 relative to pH 6.5 (Fig. 2A). The titration showed

that R6G-lactam, nonfluorescent in cytosolic pH, is sensitive

and suitable for lysosome acidity (pH 5.5–3.5) reporting.

The pH dependent fluorescence emissions of R6G-FITC-MSNs

under single-wavelength excitation were explored for practical

applications. As can be seen from Fig. 2B, emissions of fluorescein

andR6G-amide were simultaneously present via single-wavelength

excitation. As the buffer pH decreased, the emission of R6G-

amide increased while that of fluorescein decreased dramatically.

The ratios between fluorescence emission intensity of

R6G-amide at 550 nm (I550nm) and intensity of fluorescein at

514 nm (I514nm) were plotted vs. pH. The titration curves

obtained from either single or dual-wavelength excitation

showed that subtle acidification in the range of pH 5.5–3.5

resulted in very large changes in intensity ratio (Fig. 2C). For

instance, the I550nm/I514nm interval between pH 4 and pH 5 was

10 for single-wavelength excitation and 20 for dual-wavelength

excitation (Fig. 2C). In contrast, previous fluorescein based

sensors often exhibited moderate ratio changes (0.3–1) for a

fluctuation of one pH unit.2i,j,l,8 The improved sensitivity

could be attributed to the favorable inverse pH responses of

R6G-lactam and fluorescein: R6G-lactam exhibited increased

fluorescence upon acidification whereas the fluorescence of

fluorescein decreased. Overlapping of the lysosome acidity

range (pH 5.5–3.5) with the optimal sensing range of R6G-

FITC-MSNs (pH 6.0–3.5) suggests its potential applications

for monitoring lysosome acidity in cells.

Along with protons, many other ions, e.g. K+ and Mg2+,

are ubiquitous in mammalian cells. Some cells could produce

chemically reactive species, e.g.HOCl and H2O2. To be employed

as an intracellular pH reporter, it is essential that the R6G-lactam

is immune to these interferences. Fluorescein derivatives have

been widely used as intracellular pH indicators. Hence the

selectivity of R6G-lactam in the MSNs was tested by fluoro-

metry. R6G-lactam sharply responded to H+ (0.1 mM) and

exhibited negligible fluorescence emission in the presence of

Na+, K+, Ca2+, Mg2+, Zn2+, Cu2+, Fe3+, Co2+ (1 mM),

H2O2 or OCl� (5 mM) in water (Fig. 2D; ESIw, Fig. S4) or cell
culture medium (ESIw, Fig. S5).
MSNs are readily internalized into cells by endocytosis,6

leading to accumulation of the particles in lysosomes. To

probe the intracellular locations of R6G-FITC-MSNs, L929

cells were co-stained with the nanoparticles and LysoTracker

Blue DND-22, which is a lysosome marker from Invitrogen.

Microscopic analysis showed that the R6G-amide signal was

clearly present in cells (Fig. 3). Colocalization of R6G-amide

and DND-22 proved lysosome activated opening of R6G-lactam

inside cells. Given the fact that fluorescein fluoresces in

extra-lysosomal regions, colocalization of DND-22 with FITC

demonstrated that internalized R6G-FITC-MSNs were

site-specifically delivered into lysosomes (Fig. 3).

To prove that the fluorescence of R6G-amide was lysosomal

acidity dependent, L929 cells were incubated with R6G-FITC-

MSNs in the presence or absence of bafilomycin A1 (BFA),

which is an ATP–H1 pump inhibitor and is able to alkalinize

the lysosomal pH.9 Microscopic analysis showed that R6G-

amide fluorescence colocalized with FITC in cells without

addition of BFA. In cells pretreated with BFA where the

lysosome acidity was alkalinized, the fluorescence of R6G-

amide greatly diminished while FITC signal was still present

(Fig. 4), showing that R6G-lactam fluorescence was triggered

by the lysosomal acidity, excluding endogenous metal ions

induced fluorescence emission inside cells.

To probe the feasibility of ratiometric monitoring of alterations

of lysosomal acidity with flow cytometry, L929 cells were

pre-cultured with R6G-FITC-MSNs for 2 hours and then

incubated in Briton Buffer of various pH containing nigericin,

which could homogenize the intracellular pH to that of the

incubating buffers.1c The cells were analyzed by flow cytometry

under single-wavelength excitation. The emissions of R6G-

amide (FL2 channel) and FITC (FL1 channel) were readily

observed. The plot of FL2/FL1 against pH revealed that pH

changes in lysosomes can be conveniently monitored by flow

cytometry (ESIw, Fig. S6 and S7).

Fig. 1 SEM (A) and TEM (B) images of R6G-FITC-MSNs.

Fig. 2 Characterization of R6G-FITC-MSNs by fluorometry.

Fluorescence emission spectra of R6G-FITC-MSN at pH 7.5, 7.0, 6.5,

6.0, 5.5, 5.0, 4.5, 4.0, 3.5 under dual-wavelength excitation (lex@488 nm

for FITC and 532 nm for R6G-amide) (A) or single-wavelength excitation

(lex@504 nm) (B); (C) pH titration curves of R6G-FITC-MSNs from

dual- (in blue) or single-wavelength excitation (in black); (D) selectivity of

R6G-FITC-MSN in water for H+ (lex@532 nm, lem@553 nm).

Fig. 3 Intracellular distributions of R6G-FITC-MSNs as compared

to LysoTracker Blue DND-22. Bars, 10 mm.

Fig. 4 Confocal microscopic images of fluorescence of R6G-FITC-

MSNs in L929 cells treated with or without BFA.
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The lysosomes of U937 cells were alkalinized during apoptosis

induced by tumor necrosis factor-a (TNF-a) and zVAD.10 To

explore the utility of R6G-FITC-MSNs in the reporting of

lysosomal pH changes, L929 cells were loaded with R6G-

FITC-MSNs and then cultured, respectively, with no addition,

BFA, or both TNF-a and zVAD. The healthy cells of the three

samples were gated and analyzed by flow cytometry under

identical settings (R1 region, Fig. 5A). Albeit the amount of

the nanoparticles internalized into individual cells varied

significantly as indicated by the intensity of R6G-amide or

fluorescein, the ratios of FL2/FL1 (slopes) were remarkably

constant for the gated populations in each sample (Fig. 5B).

The FL2/FL1 values (slopes) were used as the indicators of

lysosomal acidity of the samples. The relative lysosome acidity

of the samples can be easily differentiated by the corresponding

slopes of the samples as shown in Fig. 5B, conforming to the

established effects of BFA on lysosomal acidity.9 Relative to

the control, the lysosomes of L929 cells were alkalinized by

TNF-a/zVAD, which was consistent with the reported effects

of TNF-a/zVAD on U937 cells.10

FITC-conjugated dextran, widely used to measure lysosomal

pH via dual-wavelength excitation,10,11 suffers from limitations,

e.g. low sensitivity.12 Polystyrene particles with Oregon Green

488 were later developed for sensing lysosomal pH in murine

macrophages.12 Different from prior sensors which rely on

fluorescein as the pH reporting dye and exhibit decreased

fluorescence in acidic conditions, mesoporous silica nano-

particles doped with rhodamine-lactam (acid activable pH

reporting dye) and fluorescein (reference dye) were designed

for ratio imaging of lysosomal acidity. The favorable inverse

responses of rhodamine-lactam and fluorescein in acidic media

result in ratiometric lysosome pH determination with high

sensitivity.

In summary, mesoporous silica nanoparticles containing

lysosome activable rhodamine-lactam were prepared for ratio-

metric sensing of lysosomal pH changes in living cells with

high sensitivity by confocal microscopy or flow cytometry via

single-wavelength excitation. Alteration of lysosomal pH was

involved in several cell signaling pathways.1b,13 Activation of

fluorogenic immuno-conjugates by intra-lysosomal acidity has

been used for imaging of viable cancer cells in mice.14 The

features of lysosome activable rhodamine-lactam based

nanosensors suggest their potential utility for studies of

lysosome-involved cell biology or evaluation of lysosome-

targeted cancer therapy.
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Fig. 5 Monitoring of BFA or TNF-a induced lysosomal pH changes

in L929 cells with R6G-FITC-MSNs by flow cytometry. (A) The
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emission intensity of FITC was recorded by FL1 filter (515–535 nm)
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