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ABSTRACT
We have developed a self-assembled fluorescent cluster comprising a seminaphthorhodafluor 
(SNARF) derivative protected by a photoremovable o-nitrobenzyl group. Prior to UV irradiation, 
a colorless and nonfluorescent cluster was spontaneously assembled in aqueous solution. After 
UV irradiation, the self-assembled cluster remained intact and showed a large enhancement in 
pH-responsive fluorescence. The unique pH responsive fluorescent cluster could be used as a 
dual-emissive ratiometric fluorescent pH probe not only in the test tube but also in HeLa cell 
cultures.

 OPEN ACCESS

1.  Introduction

Fluorescence imaging is one of the most powerful tech-
niques for the real-time, noninvasive monitoring of bio-
molecules and cellular processes in living systems with 
high spatial and temporal resolution, through direct 
monitoring of the behaviors of fluorescent molecules. 
Fluorescent probes that emit a specific intensity or wave-
length in response to the recognition of or reaction with 
a specific biomolecule are essential molecular tools for 
fluorescence imaging. To date, a large number of fluores-
cent probes have been designed using different strategies 
for various applications.[1–4] Fluorescent probes can be 
classified into two types, intensity-changing or ratiomet-
ric fluorescent probes. The major advantage of ratiom-
etric fluorescent probes, which are based on the ratio of 
fluorescence emission or excitation intensities at two dif-
ferent wavelengths, is that they are less sensitive to errors 
associated with probe concentration, photo-bleaching, 
instrument sensitivity, and environmental effects.[5–8] 
However, ratiometric fluorescent probes having intrinsic 
fluorescence might obscure a change in the intracellu-
lar signal if background fluorescence is present outside 

the cell, because the synthetic probes must be loaded 
into the cells. Thus, extracellular background fluores-
cence must be minimized, especially for the intracel-
lular application of these synthetic probes.[9] To this 
end, latent ratiometric fluorescent probes exhibiting a 
two-stage fluorescence response were considered.[10] 
These types of probes have no fluorescence (‘off-state’) 
prior to reacting with an external stimulus such as an 
intracellular enzyme; that is, the stimulus acts to ‘turn on’ 
the fluorescence. Thereafter, the activated probe can be 
used to detect the target analyte in a ratiometric manner. 
Through a sequence of responses, the latent ratiometric 
fluorescent probe can be activated and used to detect the 
target analyte inside the cell.

Based on the foregoing discussion, we recently 
reported a rational strategy for the design of a latent 
ratiometric fluorescent probe for monitoring intracel-
lular pH (pHi), i.e. a latent ratiometric fluorescent pHi 
probe,[10–13] since tracking the dynamics of pHi is 
crucial to understanding the regulation mechanisms 
of several physiological functions of cells and tissues.
[14,15] It is well known that seminaphthorhodafluor 
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(SNARF-OH) [16] and its derivatives [17–19] are most 
commonly used as ratiometric fluorescent pH probes. 
In our previous study, SNARF-OR derivatives, in which  
the phenolic group was protected by hydrophobic 
substituents (indicated as R), formed colorless and 
non-fluorescent self-assembled clusters in the ‘off-state’ 
in aqueous solutions.[10–13] This process was named 
as self-assembly-induced lactone formation (SAILac).
[10] The fluorescence of SNARF-OH as the ratiom-
etric fluorescent pH probe could be initiated by con-
verting the self-assembled cluster into disassembled 
SNARF-OH monomers (‘on-state’). Based on these 
findings, we designed latent fluorescent pHi probes 
having no background extracellular fluorescence, which 
can be activated from the non-fluorescent self-assem-
bled cluster state to the fluorescent monomeric state by 
endogenous enzymes such as nitroreductase [11] and 
esterase [12] in cell cultures. However, the requirement 
of such specific enzyme activation would not be univer-
sally achievable, because there are several cell lines that 
have low levels of intracellular enzyme activity such as 
esterase.[14] It should also be noted that temporal con-
trol of the fluorescence activation has not been realized 
yet because the reaction with the intracellular enzyme 
occurs continuously after cellular uptake.

In this paper, we report a fluorescent pH probe in 
which the off and on state of fluorescence are tempo-
rally controlled. To achieve this control, we focused on 
a photoremovable protecting group, also well known as a 
caging group, which can be removed by brief ultraviolet 
(UV) irradiation to release the molecules.[20,21] Our 
designed caged-SNARF derivative existed as a colorless 
and nonfluorescent self-assembled cluster in aqueous 
solution prior to UV irradiation. In contrast to our pre-
vious knowledge, the UV-irradiated uncaged-SNARF 
derivatives maintained the self-assembled cluster state, 
but the cluster showed strong pH-responsive fluores-
cence. This unique pH-responsive fluorescent cluster 
could be used as a dual-emissive ratiometric fluorescent 
pH probe in both test tube and cell cultures.

2.  Results and discussion

The SNARF derivative, in which the phenolic group of 
SNARF-OH (Figure S1A) was protected by the pho-
tolabile o-nitrobenzyl group(SNARF-OBn(oNO2), 
Figure 1(A)), was designed and synthesized as shown 
in Scheme S1. Based on previous reports,[10–13] a 
self-assembled cluster comprising the SNARF scaffold 
could be rationally designed by tuning the calculated 
Hansch-Fujita hydrophobic parameter (π) of the intro-
duced substituents. When π > 0, the SNARF derivatives 
might be shifted toward the self-assembled cluster state. 
The π value of the o-nitrobenzyl group was calculated 
to be 0.76; thus, SNARF-OBn(oNO2) could potentially 
form self-assembled clusters.

An evaluation of the spectroscopic properties of 
SNARF-OBn(oNO2) revealed that it produced absorp-
tion and fluorescence emission spectra distinct from 
those of SNARF-OH (Figure S1(B) and S1(C)). While 
SNARF-OH showed maximum absorption and fluo-
rescence emission around 551 and 631 nm at pH 7.0, 
respectively, SNARF-OBn(oNO2) did not exhibit any 
significant absorption above 400 nm or fluorescence 
emission (Figure S1(B) and S1(C)). Our previous stud-
ies on the self-assembled cluster formation of SNARF 
derivatives suggested that the disappearance of absorp-
tion, as in the case of SNARF-OBn(oNO2), indicated 
self-assembled cluster formation based on the SAILac 
mechanism.[10] After UV irradiation, increments were 
observed in the absorption (λAbs = 525 nm) and fluores-
cence emission (λem = 555 nm) of SNARF-OBn(oNO2) 
at pH 7.0 (Figure 1(B) and 1(C)). The UV-irradiated 
SNARF-OBn(oNO2) showed approximately 450-fold 
higher fluorescence than prior to UV irradiation. 
According to the general characteristics of a photore-
movable protecting group, the released compound 
(in this case, SNARF-OH) should exhibit the original 
characteristics of the monomer after photo-irradiation.
[20]1 However, the characteristics of the absorption 
and fluorescence emission spectra of UV-irradiated 
SNARF-OBn(oNO2) were significantly different in 
comparison with SNARF-OH (λAbs = 551 nm, λem = 
631 nm). We hypothesized that the characteristics of 
the self-assembled SNARF-OBn(oNO2) clusters caused 
the change in the photophysical properties. To clarify 
this hypothesis, morphological analyses of SNARF-
OBn(oNO2) were performed both before and after UV 
irradiation, using scanning electron microscopy (SEM) 
and dynamic light scattering (DLS) (Figure 1(D–G)). 
SEM images of SNARF-OBn(oNO2) both before and 
after UV irradiation showed the formation of particles 
of approximately 100 nm in size (Figure 1(D) and 1(E)). 
DLS measurements of SNARF-OBn(oNO2) before and 
after UV irradiation showed particles with mean diame-
ters of 147 ± 32 nm (Figure 1(F)) and 124 ± 27 nm (Figure 
1(G)), respectively.2 These results suggested that SNARF-
OBn(oNO2) exists as self-assembled clusters, both 
before and after UV irradiation. UV-irradiated SNARF-
OBn(oNO2) maintained the self-assembled cluster state 
unlike our previously reported enzyme-responsive 
self-assembled SNARF derivatives, which disintegrated 
after enzyme treatment.[10] These results were strongly 
supported by size-exclusion chromatographic analyses 
of SNARF-OBn(oNO2) before and after UV irradiation 
(Figure S2). For SNARF-OBn(oNO2) both before and 
after UV irradiation, faster elution (eluted fraction from  
3.5 to 4.5 ml) indicated the existence of the self-assembled 
clusters and little or no SNARF-OH monomer, which 
would have eluted more slowly (eluted fraction from 
10 to 25 ml) (Figure S2(c)). These results indicated that 
UV-irradiated SNARF-OBn(oNO2) did not exist as 



Sci. Technol. Adv. Mater. 17 (﻿2016) 433� E. Nakata et al.

diffusible SNARF-OH monomers but as self-assembled 
clusters that showed strong fluorescence (Figure 1(H)), 
unlike our previously reported self-assembled SNARF 
derivatives, although the reasons for the change in the 
photophysical properties of the UV-irradiated SNARF-
OBn(oNO2) still remain ambiguous.1

To investigate the unique characteristics of the fluo-
rescent self-assembled cluster of UV-irradiated SNARF-
OBn(oNO2), the pH sensitivity, which is a significant 
characteristic of SNARF-OH,[14–19] was evaluated 

(Table 1 and Figure 2). The fluorescent cluster showed 
pH-dependent spectral changes as shown in Figure 2. 
The maximum absorption and fluorescence emission at 
pH 5.0 or pH 12.0 were determined at 520 and 555 nm 
or at 553 and 631 nm, respectively. Both the fluorescence 
quantum yield (Φ) and the fluorescence lifetime (τ) of 
the clusters exhibited higher value at pH 5.0 than at pH 
12.0. The pKa of the fluorescent cluster was determined 
as 9.11 (Figures 2(c) and S3), and the reversibility of 
pH response of UV-irradiated SNARF-OBn(oNO2) was 

Figure 1.   (A) The structure of SNARF-OBn(oNO2). (B) The absorption and (C) the emission spectra (excited at 500 nm) of SNARF-
OBn(oNO2) before and after UV irradiation, where solid lines indicate SNARF-OBn(oNO2) before UV irradiation, and dashed lines 
indicate SNARF-OBn(oNO2) after UV irradiation. [SNARF derivatives] = 10 μM in 10 mM Tris, Hepes, and acetate buffer at pH7.0. (D, 
E) SEM image of SNARF-OBn(oNO2) (D) before and (E) after UV irradiation. (F, G) DLS analysis of SNARF-OBn(oNO2) (F) before and (G) 
after UV irradiation. (H) Schematic illustration of the photo-activated pH sensitive fluorescent cluster comprising self-assembled 
SNARF-OBn(oNO2).
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SNARF-OBn(oNO2) were observed before UV irradia-
tion. In contrast, after UV irradiation for 15 min, strong 
fluorescence from SNARF-OBn(oNO2) was observed 
only inside the HeLa cells as punctuate foci (Figures 3(C)  
and S7(B)). Figure S6 shows the changes in the fluo-
rescence spectra of SNARF-OBn(oNO2) before and 
after UV irradiation inside the cells, measured using a 
microplate reader. The significant increment of fluores-
cence was only observed after UV irradiation, similar to 
the observation in fluorescence microscopy analysis. The 
maximum fluorescence emission was observed at 555 
nm as with the observation in test tube. These results 
suggested that the self-assembled SNARF-OBn(oNO2) 

confirmed (Figure S4). As compared with SNARF-OH, 
the fluorescent cluster had different photophysical 
properties, though both comprised SNARF-OH and/or 
SNARF derivatives. These results indicated that the fluo-
rescent cluster has unique characteristics as a dual-emis-
sive ratiometric fluorescent pH probe (Figure 2(d)).

Next, the properties of SNARF-OBn(oNO2) as a pho-
to-activatable pH-responsive fluorescent cluster were 
evaluated for suitability as a pHi probe. HeLa cells were 
incubated with non-UV-irradiated SNARF-OBn(oNO2) 
for 1 h, and the fluorescence microscopy analysis was 
performed after exchanging the medium (Figure 3). 
As shown in Figure 3(B), no fluorescence signals from 

Table 1. Photophysical properties of UV-irradiated SNARF-OBn(oNO2) and SNARF-OH.

aAt pH5.0;
bat pH12.0;
cfrom the previous report.[19]

λAbs (nm)a λAbs (nm)b λEm (nm)a λEm (nm)b Φa Φb τ (ns)a τ (ns)b pKa

UV-irradiated SNARF-OBn(oNO2) (fluorescent cluster) 520 553 555 553, 631 0.21 0.01 4.34 0.53, 1.88 9.11
SNARF-OH 523, 546 574 585 638 0.04 0.11 0.43 1.58 7.62c

Figure 2.  (A) The absorption spectra of UV-irradiated SNARF-OBn(oNO2) at different pH. (B) The emission spectra (excited at 500 nm) 
of UV-irradiated SNARF-OBn(oNO2) at different pH. (C) pKa determination of UV-irradiated SNARF-OBn(oNO2) (see also Figure S3). (D) 
Photograph of UV-irradiated SNARF-OBn(oNO2) at different pH. [SNARF derivatives] = 10 μM in 10 mM Tris, Hepes, and acetate buffer 
(pH conditions for each spectrum were shown in these figures).

Figure 3.  (A) Bright-field transmission image; (B, C) fluorescence images of HeLa cells pre-treated with SNARF-OBn(oNO2) (B) before 
and (C) after UV-irradiation for 15 min (scale bars, 10 μm).
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which may correspond to a reaction intermediate or 
a byproduct.

2. � The size of the self-assembled clusters at different pH 
values was also measured by DLS as shown in Table 
S1. The formation of the self-assembled clusters was 
confirmed in a wide pH range (from pH 4.0 to pH 
10.0), in agreement with our previous report.[10]
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