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Abnormal anaerobic metabolism leads to a lowering of the pH of many tumours, both within specific
intracellular organelles and in the surrounding extracellular regions. Information relating to pH-
fluctuations in cells and tissues could aid in the identification of neoplastic lesions and in understanding
the determinants of carcinogenesis. Here we report an amphiphilic fluorescent pH probe (CS-1) that, as
a result of its temporal motion, provides pH-related information in cancer cell membranes and selected
intracellular organelles without the need for specific tumour targeting. Time-dependent cell imaging
studies reveal that CS-1 localizes within the cancer cell-membrane about 20 min post-incubation. This is
followed by migration to the lysosomes at 30 min before being taken up in the mitochondria after about
60 min. Probe CS-1 can selectively label cancer cells and 3D cancer spheroids and be readily observed
using the green fluorescence channel (Ac, = 532 nm). In contrast, CS-1 only labels normal cells
marginally, with relatively low Pearson's correlation coefficients being found when co-incubated with

standard intracellular organelle probes. Both in vivo and ex vivo experiments provide support for the
Received 1ith July 2020 tion that CS-1 act fl t label for the periphery of t ffect ascribed t
Accepted 28th August 2020 suggestion tha acts as a fluorescent label for the periphery of tumours, an effect ascribed to

proton-induced aggregation. A much lower response is seen for muscle and liver. Based on the present

DOI: 10.1039/d0sc03795h results, we propose that sensors such as CS-1 may have a role to play in the clinical and pathological

rsc.li/chemical-science detection of tumour tissues or serve as guiding aids for surgery.

results in cancerous cells becoming somewhat acidic, a change
that translates to various intracellular organelles and the

Introduction

In general, tumorigenic cells are not self-sufficient. Cancer cells
take support from healthy cells, the extracellular matrix, and
various cell-communication entities so as to be able to grow
even under anaerobic conditions.” As a consequence, the
tumour microenvironment becomes heterogeneous, which
creates a barrier against treatment and diagnosis." Anaerobic
glycolysis in cancer cells metabolizes glucose to lactic acid
instead of pyruvate as usually occurs in healthy cells.” This
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extracellular membrane. In addition to the reduction in pH
arising from the build-up of lactic acid, the excess CO,
produced as the result of increased metabolic activity is con-
verted to carbonic acid via carbonic anhydrase, thus providing
a source of H".> Along with increased anaerobic glycolysis in
mitochondria, rapid oxidative phosphorylation in mitochon-
dria is associated with acidosis in tumour cells.** The excess
protons (H') are then pumped to the region of the outer
membrane so as to maintain the inner mitochondrial
membrane potential (¥, MIM) (—145 mV) at a level commen-
surate with ATP synthesis. As a consequence, the outer
membrane of mitochondria in tumour cells is typically slightly
acidic (pH = 6.8).°

The acidosis characteristic of tumours, generally referred to
as the Warburg effect, is something that can cause the immune
system to mis-identify cancerous tissues and cells.” Moreover,
acidosis provides an environment conducive to cancer-abetting
proteases and tumour angiogenesis.® The precise mapping of
pH fluctuations and organelle-level pH differences might allow
for the identification of cancers. To date, non-invasive magnetic
resonance imaging has been used to map pH levels in tumours
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in vivo.® However, pH-dependent MR imaging is generally
unable to provide spatiotemporal images with super-high
resolution. Fluorescence imaging represents an attractive
alternative since it can provide, at least in principle, high
resolution spatiotemporal images while perturbing only mini-
mally the system as a whole.

Recently, a large number of small molecular fluorescent
probes have been developed for studying intracellular pH levels
in live cells."®** However, to our knowledge and without
exception, these systems have required conjugation to specific
targeting entities. For instance, Kim et al. developed a mito-
chondria targeted fluorescent probe that can monitor pH fluc-
tuations under conditions of artificial mitophagy and nutrient
starvation.''® Separately, nanomaterials'® and quantum dots,"”
as well as polymer-, peptide- and DNA-based materials,'*>* have
been used to estimate the pH of living cells. Cell surface pH
mapping® has also been achieved using DNA,* peptide,** and
phospholipid*® conjugated fluorescent probes. A monoclonal
antibody trastuzumab-conjugated, bodipy-based pH probe that
localizes within the lysosomes of cancer cells and allows
discrimination between cancerous and non-cancerous cells was
reported by Urano et al.>® A Cy7-dye conjugated integrin receptor
(ABIR)* has likewise been used for mapping the pH of lyso-
somes in cancer cells. Han et al. reported an aza-bodipy dye for
the labelling of tumours that is internalized through cell surface
binding to a tumour membrane-targeting ligand peptide
(pHLIP).>® Recently, Urano et al. developed a Si-rhodamine
fluorescence probe for pH mapping in live cells.”® These
researchers estimated apparent pH fluctuations in cellular
organelle through time-lapse imaging using transferrin tagged
Si-rhodamine. Later, this same group reported a hydroxyl
methyl germanium-rhodamine (HMGeR) derivative that acts as
a NIR-fluorescent probe and which could be tagged with avidin
for pH mapping of vesicles during endocytosis, as well as
tumour tissues.*

As a general rule, the retention times of known small mole-
cule fluorescent probes inside cells is relatively low.*' However,
several pH probes have been internalized into cancer cells as the
result of a tumour-targeting entity and used for the selective
labelling of cancer cells or activate chemotherapeutics agents in
cancer cells, such as HIz1,*** NQO1,**?* H,S,***” and others.?**°
However, these probes are specific to special of cancer cell
phenotypes. More broadly, an ability to map the pH of cancer
cells and organelles remains a challenge. This difficulty is
compounded by the fact that the effective local proton
concentrations can change quickly. Moreover, the broad diver-
sity of cancer as a disease, renders challenging, and perhaps
impractical, current strategies involving creating individual
biomarker-conjugated probes. What is needed is a fluorescent
pH sensing probe with broad applicability.

We hypothesized that proton (H") driven self-assembly of an
otherwise non-fluorescent probe may allow insights into pH
fluctuations in cancer cells without the need for conjugation to
a targeting entity. In this study, we present a long-chain
amphiphilic pH probe (CS-1) that acts as a fluorescent pH
sensor; it may be used to discriminate normal cells and tissues
from cancerous ones while allowing for the qualitative
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monitoring of pH fluctuations at the membrane surface and
within various organelles of both cancerous and non-cancerous
cells. Ultimately, such probes could have a role to play in the
diagnosis and studying of cancerous diseases while providing
potentially new and useful research tools.

Results and discussion
Synthesis and photophysical properties of probe CS-1

The amphiphilic long-tail pH probe CS-1 was designed to allow
the mapping of pH levels in different organelles in cancer cells.
Its synthesis is summarized in Scheme 1. Briefly, CS-1 was
synthesized in six successive steps. First, compound 2 was ob-
tained from A in two steps in good yield. Separately, 8-bromo-
naphthalic anhydride was reacted with ethylene diamine to give
compound 3.*° Compound 3 was subject to N-alkylation with
tert-butyl bromoacetate to provide intermediate 4. Reaction of 4
with 2 yielded compound 5. Finally, the tert-butyl group present
in 5 was deprotected by treatment with TFA giving the desired
long-tail amphiphilic pH probe, CS-1. Two reference
compounds, R1 and R2, were prepared so as to explore the role
of the amino centres labelled as N (a’/b’) in controlling the
putative pH-dependent fluorescence response. The synthesis of
compounds 1-7, CS-1, R1, and R2 is described in the Materials
and Methods section. "H NMR and '*C NMR spectra and HR-MS
data for each new compound are provided in the ESI (Fig. S1-
S27t). We chose naphthalimide as the core fluorophore in the
present study because it is relatively photostable and rather
chemically inert.*>?>*

With probe CS-1 in hand, we studied its ability to detect pH
fluctuations in aqueous solution. This was done by recording its
UV-Vis spectrum as a function of pH. It was found that in
aqueous media the UV-absorption intensity of CS-1 at 460 nm
gradually increases as the pH is lowered from 8.5 to 4.0
(Fig. S287). The fluorescence intensity of CS-1 at 531 nm was
also found to increase as the pH of the buffer solution was
lowered (Fig. S291). More specifically, the fluorescent spectral
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Scheme 1 (a) Synthesis of probe CS-1. Reagents: (i) n-dioctylamine,
K>COs, acetonitrile (ACN); at 70 °C for 12 h. (ii) NH,NH5-H,O, ACN; at
RT for 12 h. (iii) ethylenediamine, EtOH; at RT for 2 h. (iv) tert-butyl
bromoacetate, K,CO3z, ACN; at 70 °C for 12 h. (v) Compound 2, ethoxy
ethanol for 16 h; reflux at 140 °C. (vi) Trifluoroacetic acid (TFA), CH,Cl,,
EtOH; at RT for 3 h. (b) Schematic view of the proposed acid-
promoted self-assembly of probe CS-1.
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intensity of CS-1 was found to be 8-fold greater at pH 4.0 than at
pH 8.5. The quantum yield under identical conditions increased
from 0.243 (pH 8.5) to 0.901 (pH 4.0) (Fig. S307). Little inter-
ference in the response was seen when probe CS-1 was subject
to changes in pH in the presence of other biological analytes
(Fig. S31at).

This lack of interference coupled with the pH-dependent
reversibility of the fluorescence signal of CS-1 (Fig. S31b+) led
us to consider that CS-1 might prove suitable for mapping pH
fluctuations in vitro. The calculated pKa value for CS-1 (5.99 +
0.09) provided a further incentive to test whether it could be
used a pH probe that would provide meaningful information
regarding the acidic environment characteristic of cancer cells
(Fig. S327). Probe CS-1 has two tertiary-nitrogen atoms (labelled
as N a,b’ in Scheme 1), at least one of which could operate as
a PET-donor to suppress the fluorescence intensity CS-1 in
alkaline pH. In other words, in acidic medium, protonation of
the nitrogen donors was expected to nullify the PET effect,'®*>-**
leading to a restoration of the fluorescence. Support for this
proposition comes from studies of the reference compound R1
and R2 as a function of pH (range: pH 8.5 — 4.0). As can be seen
from an inspection of Fig. S33a,t the fluorescence intensity of
R2 increases as the pH is lowered; in contrast, the fluorescence
intensity of R1 changes only slightly over the 8.5 — 4.0 pH
range (Fig. S33bt). From these experimental observations, we
conclude that the tertiary amine bearing a long-chain (b’) plays
a significant role in regulating the fluorescence response of CS-1
to variations in pH.

Cell labelling and intracellular localization studies

In an effort to test whether probe CS-1 could be used to
discriminate cancer cells from normal cells by mapping pH
fluctuations, fluorescence imaging studies were carried out using
A549 (human lung adenocarcinoma), AGS (human gastric
cancer), and MRC-5 human normal lung fibroblastic cells.
Following confirmation that the cytotoxicity of CS-1 was not
appreciable up to the 100 uM level (Fig. S347), both sets of cells
were treated with CS-1 in a dose-dependent manner. The
acquired fluorescence images revealed that the fluorescence
intensity in the A549 cells was greater than in the MRC-5 cells by
a factor of approximately 3 (¢f Fig. S351). Based on flow cyto-
metric analyses (Fig. 1a, b), it was concluded that A549 and AGS
cancer cells were labelled at the 90% and 82% level, respectively,
when treated with CS-1 (20 pM). In contrast, MCR-5 normal cells
were only labelled at the 20% level under similar conditions.
These results are consistent with the design expectation that
probe CS-1 would be able to discriminate cancer cells from
normal cells based on extracellular/intracellular pH variations
and do so without the need for a specific tumour-targeting ligand.

In a time-dependent study, we noticed that the extent of
cancer cell labelling increased with time after treating with CS-1
(Fig. S35¢ and df). This finding was ascribed to acidosis. To
provide support for this postulate, A549 cells were treated with
CS-1 while being maintained at different pH (5.0 — 9.0). The
fluorescence intensity of the cells treated with CS-1 was found to
decrease as the pH of the cell medium increased (Fig. 1c and d).

This journal is © The Royal Society of Chemistry 2020
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Fig.1 CS-1 labelling study in cancer (A549, AGS) and normal (MRC-5)
cells. (a and b) Quantitative cell analyses of CS-1-labeled cells by flow
cytometry. Cells, incubated at ~pH 7.4 in phosphate-buffered saline,
were treated with CS-1 (10 and 20 uM) for 30 min prior to carrying out
confocal laser scanning microscopic (CLSM) imaging to determine the
intracellular distribution of CS-1. (c) Representative CLSM images of
cancer (A549 and AGS) cells incubated with CS-1 (20 uM) for 30 minin
cell culture media of differing pH (i.e., 5 6, 7, 8, and 9), and (d)
a quantitative comparison of the fluorescence intensity vs. pH.
Experiments were repeated at least 3 times. Graphs show mean + SD.

*P < 0.05, **P < 0.01, and ***P < 0.001 (two-tailed unpaired Mann—
Whitney).

Relative fluorescent intensity

This was taken as evidence that probe CS-1 might serve as
a marker for acidosis.

The intracellular localization of probe CS-1 in A549 cancer and
MRC-5 normal cells was evaluated through co-staining with
various organelle-specific trackers for lysosome, mitochondria,
plasma membrane, and endoplasmic reticulum, respectively. The
extent of fluorescence overlap for CS-1 with various organelles
was codified in the form of the Pearson's overlap coefficient (PC)
averaged over at least 3 independent experiments. The overlap
was found to be higher in the acidic compartments of A549
cancer cells, such as lysosomes (PC = 0.70 + 0.05), mitochondria
(PC = 0.73 £+ 0.02), and plasma membrane (PC = 0.44 + 0.05),
than in MRC-5 normal cells (PC = 0.18 & 0.03, 0.10 =+ 0.04, and
0.05 =+ 0.04, respectively) (¢f: Fig. S361). In contrast, the PC values
for CS-1 in the endoplasmic reticulum in both the cancer and
normal cells proved to be essentially the same, and very low
compared with other organelles (i.e., PC = 0.03 £ 0.02 and 0.07 +
0.02 in cancer and normal cells, respectively). This latter result is
ascribed to the relatively high pH (=7.3) of the endoplasmic
reticulum in both cancer and normal cells.*® Taken together,
these results lead us to suggest that by monitoring appropriate
organelles, probe CS-1 could be used to distinguish between
normal and cancerous cell lines.

Dynamic changes in the intra-cellular localization of CS-1 and
relative pH mapping in live cells

Typically, exogenous organic molecules enter cells via endocy-
tosis; subsequently, they pass through the cell membrane to
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lysosomes before further localizing to other organelles.*® We
were thus interested in determining whether such expected
redistributions would allow CS-1 to be used as a temporal,
organelle-specific pH probe within live cells. Toward that end,
time-dependent fluorescence images were acquired in
conjunction with various organelle-specific trackers. Even at its
highest, the overlap coefficient with the plasma membrane
tracker proved to be moderate (maximum PC = 0.45 + 0.05 at 20
min), with a decrease as a function of time being seen after the
initial rise (Fig. 2a and b). To establish a potential relationship
between the overlap coefficient and the plasma pH, we deter-
mined the overlap coefficient of probe CS-1 with a known
plasma membrane marker (CellMask™) as a function of pH.
For this, we varied the cellular pH artificially from 5 to 8, and
then measured the overlap coefficient. We noticed that the
value of the overlap coefficient decreased with increasing
plasma pH and in a linear fashion (Fig. 2¢ and d). This critical
observation led us to surmise that the plasma pH could be
estimated by determining the overlap coefficient of probe CS-1
with a standard plasma membrane marker.

In accord with the above design expectation, it was found
that the value of the colocalization coefficient in the plasma at
20 min (PC = 0.45 £ 0.05, Fig. 2b) for cells incubated at 7.4 is
similar to that seen for the pH 6 control studies (PC = 0.44 +
0.04) (Fig. 2d). We take this as evidence that when CS-1 is used
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Fig. 2 Time- and pH-dependent colocalization of CS-1 and plasma
membrane in A549 cancer cells. (a and b) A549 cells, incubated at ~pH
7.4, were treated with CS-1 (10 uM) for 10, 20, 30 min and 1 h, together
with a plasma membrane stain (CellMask™, 250 nM) for 30 min. (a)
Representative CLSM images for CS-1 (green) and the membrane stain
(red); study replicated in 3 independent experiments. (b) Corre-
sponding Pearson's correlation coefficients (PC) between CS-1 and
the membrane tracker. (c and d) A549 cells were treated with CS-1 (10
puM) and the membrane stain and incubating for 30 min in cell medium
of pH of 5, 6, 7, and 8. (c) Representative CLSM images for CS-1and the
membrane stain; study replicated in 3 independent experiments. (d)
Corresponding PC values plotted as a function of pH. Scale bar: 20 pm.
Graphs show mean + SD. *P < 0.05 and **P < 0.01 (two-tailed
unpaired Mann—-Whitney).
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in conjunction with a plasma membrane tracker the apparent
pH value of the plasma membrane can be readily assessed
20 min post-incubation. Importantly, the inferred pH value
accords with the literature, namely that the plasma pH of cancer
cells varies between 6.0 and 6.8.%

In conjunction with lysosomal tracker, time- and pH-
dependent fluorescence images with CS-1 in A549 cells were
acquired. For cells incubated in PBS at pH 7.4, the extent of co-
localization increased with time from 10-30 min (PC = 0.40 +
0.05 to 0.74 £ 0.02) (Fig. 3a and b). This time-dependent finding
was taken as an indication that CS-1 moves slowly from the cell
surface to the lysosomes as a function of time. As above, the
highest colocalization coefficient (mean PC = 0.84 + 0.04, Fig. 3b)
was obtained at pH 5 (Fig. 3c and d). Such a finding is consistent
with the assumption that the pH of the lysosomes falls within the
pH 4-6 range. In normal MRC-5 cells, the co-localization coeffi-
cient in lysosome also increased with time and reached 0.23 + 0.01
at 30 min; however, the value was still very low compared to what
was seen in cancer cells (Fig. 4a and b). Moreover, there was no
significant change in the co-localization coefficient over the tested
pH 5-8 range (PC = 0.21 + 0.02) (Fig. 4c and d).

As noted above, rapid oxidative phosphorylation is associated
with acidosis during ATP synthesis in cancer-cell mitochondria.**
We were thus keen to explore whether probe CS-1 would localize
in the mitochondria and could be used to estimate the extent of

mitochondrial acidosis, as well as the relative proton
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Fig. 3 Time- and pH-dependent colocalization of CS-1 and a lyso-
somal stain in A549 cancer cells. (a and b) A549 cells, incubated at ~pH
7.4, were treated with CS-1 (10 uM) for 10, 20, 30 min and 1 h, followed
by staining with LysoTracker® Red DND-99 (100 nM) for 30 min. (a)
Representative CLSM images for CS-1 and LysoTracker®, and (b)
corresponding Pearson's correlation coefficients (PC) averaged over 3
independent experiments. (c and d) A549 cells were incubated with
CS-1 (10 uM) and LysoTracker® for 30 min in cell culture medium of
pH 5, 6, 7, and 8. (c) Representative CLSM images for CS-1 and
LysoTracker®, and (d) corresponding PC values as a function of pH;
study replicated in 3 independent experiments. Scale bar: 20 um.
Graphs show mean + SD. *P < 0.05 and **P < 0.01 (two-tailed
unpaired Mann—-Whitney).
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Fig. 4 Colocalization of CS-1 and LysoTracker® staining in normal
MRC-5 cells. (a and b) MRC-5 cells, incubated at ~pH 7.4, were treated
with CS-1 (10 puM) for 10, 20, 30 min and 1 h, together with
LysoTracker® Red DND-99 (100 nM) for 30 min. (a) Representative
CLSM images for CS-1 and LysoTracker®. (b) Pearson's correlation
coefficients (PC) between CS-1 and the LysoTracker® as a function of
time. (c and d) MRC-5 cells were treated with CS-1 (10 uM) and
LysoTracker® for 30 min at pH 5, 6, 7, and 8. (c) Representative CLSM
images for CS-1 and LysoTracker®, and (d) corresponding PCs at
different pH; study replicated in 5 independent experiments. Scale bar:

20 pum. Graphs show mean + SD. ***P < 0.001 (two-tailed unpaired
Mann-Whitney) compared to 10 min group.

Pearson’s correlation

concentrations within or near the outer mitochondrial
membrane. To test this possibility, probe CS-1 and MitoTracker®
were subject to a time-dependent colocalization study analogous
to those described above (i.e., cells incubated in PBS at pH 7.4).
We observed that at 60 min post-incubation, probe CS-1 is largely
localized within the mitochondria, as inferred from the fact that
the colocalization coefficient with MitoTracker® was maximal at
this time (PC = 0.87 + 0.02) (Fig. 5a and b). On the basis of pH-
dependent colocalization studies, we conclude that the extent of
colocalization with MitoTracker® is relatively high at pH = 6.
Specifically, the overlap coefficient at 60 min is similar to the
coefficient seen at pH 5 in the calibration studies (PC = 0.89 +
0.03; Fig. 5d). Such a finding is taken as evidence that the
apparent mitochondrial pH in cancer cells is ~5.

When the pH of the cell medium used for these cells was
reduced to 5, the colocalization coefficient for the plasma
membrane, lysosomes, and mitochondria was found to increase
to 0.68 £ 0.06, 0.84 £ 0.04, and 0.89 £ 0.03 (Fig. 2, 3, and 5),
respectively. The extent of colocalization of CS-1 in various
organelles also varies depending on the pH of the respective
organelles. On this basis we suggest that probe CS-1 localizes to
particular organelles in a time-gated manner and that the extent
of localization depends on the effective proton (H') concentra-
tion. Previously Urano et al.*® observed that their small molec-
ular pH probe underwent intracellular localization within
10 min. Whereas a longer time is required for CS-1, which likely
reflects its amphiphilic character.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Time- and pH-dependent colocalization of CS-1 and mito-
chondria in A549 cancer cells. (a and b) A549 cells were treated with
CS-1 (10 uM) at pH 7.4 for 10, 20, 30 min and 1 h, and subject to
MitoTracker® staining (100 nM) for 30 min. (a) Representative CLSM
images for CS-1 and MitoTracker®, and (b) corresponding Pearson's
correlation coefficients between CS-1 and the MitoTracker® plotted
as a function of time. (c and d) A549 cells were treated with CS-1 (10
puM) and MitoTracker® for 30 min at pH 5, 6, 7, and 8. (c) Represen-
tative CLSM images for CS-1 and MitoTracker® and (d) corresponding
PCs. Study replicated in 3 independent experiments. Scale bar: 20 pm.
Graphs show mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 (two-
tailed unpaired Mann—-Whitney).

To obtain further insight into the form of probe CS-1 within
various cellular sub-environments, we carried out dynamic light
scattering (DLS) under both acidic (pH 4.5) and alkaline (pH 7.4)
conditions. From these studies, which can provide an indication
of effective particle size, we conclude that at acidic pH probe CS-1
self-assembles (Scheme 1b) to form aggregates that are ca. 1.6-
fold larger in terms of the hydrodynamic radius than the species
observed at physiological pH (420 nm vs. 260 nm) (Fig. S377).
Furthermore, upon irradiation with UV-light (A,ps = 360 nm) for
30 min, the extent of aggregation remains unchanged, which is
taken as evidence for the photo-stability of probe CS-1
(Fig. S38t).*” Scanning electron microscopic (SEM) analyses of CS-
1 provided support for the notion that lamellar self-aggregated
sheets are formed at acidic pH (pH 4.5); in contrast, at higher
PH (pH 7.4) CS-1 exists in the form of discrete small granular
particles (Fig. S39%). Thus, we conclude that self-assembly of
probe CS-1 at lower pH generates a form that is retained for
longer times; consequently, probe CS-1 may be used to read
indirectly the pH of intracellular organelles and to assess in
a relative and time-dependent manner the pH of various organ-
elles, including ones associated with intracellular acidosis.

Tumour model studies and in vivo tumour labelling

As a predicate to exploring whether CS-1 might serve as a useful
pH probe in vivo, we evaluated whether it would label cancer
cells with relatively higher fluorescence intensity compared to
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normal cells under co-culture conditions involving both cancer
and normal cells. In a co-culture of A549 cancer and MRC-5
normal cells incubated with probe CS-1 (10 uM) for 10 min,
the relative fluorescence intensity in A549 cancer cells was
significantly enhanced (p = 0.00345) compared to MRC-5
normal cells (Fig. S407). Also, we evaluated its ability to label
cancer cell spheroids. It was found that A549 spheroids having
diameters ~300 um could be labelled to produce a green fluo-
rescence response in a dose-dependent manner (Fig. 6a). A
relatively high level of emission intensity was seen at the
boundary of the cancer spheroids. This finding, which provides
support for the core hypothesis that CS-1 is a useful pH sensitive
probe that can label tumour models, is ascribed to the higher
proton concentration in the extracellular plasma region of this
tumour model. This relatively low local pH leads CS-1 to self-
organize on the cell surface and thus be selectively retained
there.

Finally, we performed tumour labelling using CS-1 in Balb/c
nude mice bearing A549-derived xenografts. For these experi-
ments, probe CS-1 was administered via tail vein injection. The
mice were sacrificed 24 h post-injection, and the tumours were
dissected. As shown in Fig. 6b, slices of tumour tissue produced

Bright field

Merge Profile

Relative fluorescent intensity

Fig. 6 In vitro and ex vivo fluorescence imaging of cancer cell
spheroids and tumour tissue treated with CS-1. (a) A549 spheroid cells
treated with CS-1 (10 and 20 pM) for 30 min. Fluorescence images
were then captured using a confocal fluorescence microscope. Also
shown are the profiles obtained from the images as analysed in the
indicated directions. Scale bar: 100 um. (b and c) A549 xenograft mice
were subject to intravenous injection with CS-1. Approximately 24 h
after treatment with CS-1 (40 nM), tumour muscle, and liver tissues
were collected and frozen in Tissue-Tek optimal cutting temperature
(OCT) compound (Sakura, Tokyo, Japan) at —20 °C for 20 min. The
frozen tissue samples were sliced to give sheets of ~5 pm thickness for
CLSM imaging. (b) Representative CLSM images for tumour, muscle,
and liver tissue slices treated with CS-1, compared to the group treated
with PBS. The CS-1 signal was only seen on the edge of the tumour,
but not in normal tissues (muscle and liver). Scale bar: 100 um. (c)
Quantitative comparisons of the fluorescence intensities measured in
the given ROIs (dotted boxes) positioned in the tumour (T), outer
border of the tumour (T_O), inner core region of the tumour (T_I),
muscle (M), and liver (L). Graphs show mean + SD. ***P < 0.001 (two-
tailed unpaired Mann—-Whitney).
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a strong fluorescence response, particularly in the tumour
boundary region. On the other hand, little appreciable response
was seen in the muscle and liver sections. As can be seen from
an inspection of Fig. 6¢, an 8-fold enhancement in the fluo-
rescence intensity was seen at the tumour boundary compared
to the tumour core or other organs. This site-specific response is
notable in that CS-1 formally lacks a tumour-targeting ligand
other than that provided indirectly as the result of its inherent
response to changes in pH.

Conclusions

The amphiphilic pH probe considered in this study, CS-1, was
designed to allow for cancer cell and sub-cellular labelling. The
fluorescence emission of CS-1 at 532 nm proved responsive to
pPH, being roughly 8 x more intense at acidic pH as compared to
alkaline pH. This led to the consideration that CS-1 could be
used to monitor acidosis in cancer cells. Both FACS and
confocal fluorescence imaging data provided support for the
notion that A549 and AGS cancer cells could be fluorescently
labelled with CS-1, whereas normal cells (MRC-5) proved rela-
tively refractory. Based on its fluorescent signature, CS-1 local-
izes preferentially in the cell membrane, lysosomes, and
mitochondria, and in a time-dependent manner. This finding
was taken as evidence that probe CS-1 can be used to detect pH
fluctuations in various cancer cell organelles. A DLS/SEM study
led to the suggestion that in acidic environments probe CS-1
self-assembles to generate amphiphilic structures that localize
within various acidic compartments in live cells. Probe CS-1 was
found to label effectively cancer spheroid cells, as well as
tumour tissues as inferred from studies involving xenograft-
bearing mice. On this basis we suggest CS-1 may have a role
to play in the identification of cancerous cells and tumour
tissues and that it could provide a fluorescence-based guide
during surgical procedures.

Experimental section
Materials, methods and instrumentations

Analytical grade chemicals were obtained commercially and
used without further purification unless otherwise indicated.
Further details, including the synthesis of compounds 1-7, R1,
and R2, are provided in the ESL

Synthesis of CS-1

Compound 5 (500 mg, 66.67 mmol) was dissolved in dry CH,Cl,
(5 mL). Trifluoroacetic acid in CH,Cl, (20%, 25 mL) was slowly
added and the resulting reaction mixture stirred for 3 h at room
temperature. The reaction mass was concentrated under high
vacuum after the reaction was deemed complete. The mass
obtained in this way was dissolved in CH,Cl, and then washed
with water (2 x 20 mL) and brine (1 x 20 mL). The combined
organic layer was dried over anhydrous MgSO, and concen-
trated under reduced pressure to give CS-1 (350 mg, 82%). 'H
NMR (400 MHz, DMSO-dg): 6 9.40 (s, 2H), 8.61 (d, J = 6.8 Hz,
1H), 8.46 (d,J = 5.6 Hz, 1H),8.31 (d, J = 6.8 Hz, 1H), 7.76 (t, ] =

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc03795h

Open Access Article. Published on 28 August 2020. Downloaded on 24.02.2026 20:27:05.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

6 Hz, 2H), 6.93 (d, J = 6.8 Hz, 1H), 4.12 (t, /] = 5.2 Hz, 2H), 3.81
(d,J = 4.0 Hz, 2H), 3.16 (s, 4H), 2.93 (q,J = 10.8 Hz, 2H), 2.50 (d,
J = 0.8 Hz, 2H), 1.58 (s, 4H), 1.23-1.16 (m, 24H), 0.84 (t, ] =
5.2 Hz, 6H). *C NMR (100 MHz, DMSO-d6): 6 172.54, 163.25,
159.03, 149.74, 134.15, 130.99, 129.50, 128.43, 124.85, 122.20,
120.59, 118.47, 116.10, 109.23, 104.36, 54.77, 52.78, 51.80,
49.51, 37.77, 31.24, 28.55, 26.04, 23.11, 22.53, 14.00 ppm. ESI-
MS m/z (M + H): caled 639.4043, found 639.4122.

Spectroscopic studies

All reagents and solvents used for spectroscopic studies were
received from commercial suppliers and used without further
purification. Absorption spectra were recorded on an UV-1800
spectrophotometer (Shimadzu, Japan), and fluorescence
spectra were recorded using a fluorescence spectrofluorometer
(RF-6000; Shimadzu). Unless otherwise indicated, 3.0 mL
samples were used and studied using standard 1 cm quartz
cells. A stock solution of CS-1 was prepared in PBS buffer con-
taining 0.2% DMSO. Excitation and emission were effected at
440 and 531 nm, respectively, with the excitation and emission
slit widths both being set at 5 nm. Fluorescence quantum yields
were determined using a standard procedure*® as described in
the ESIa.t

Cell culture studies

MRC-5 (human lung fibroblast), A549 (human lung adenocar-
cinoma), and AGS (human gastric cancer) cell lines were
purchased from the American Type Culture Collection (ATCC,
Rockville, MD, USA), and cultured in a conditioned environ-
ment at 5% CO, and 95% humidity at 37 °C. MRC-5 cells were
cultured in 1x EMEM, while A549 and AGS cells were cultured
in 1x DMEM. In a co-culture of A549 cancer and MRC-5 normal
cells, each set of cells were established at a density of 2 x 10°
cells in the same p-slide 8-well plate (Ibidi, Martinsried, Ger-
many), and kept at 37 °C in a humidified incubator for 3 h. The
next day, the co-cultured cells were incubated with 10 pM CS-1
for 10 min. Fluorescence images were acquired on a confocal
laser scanning fluorescence microscope (LSM710, Carl Zeiss)
equipped with a FITC filter set. Images were analyzed using the
ZEN2009 software (Carl Zeiss). All media were supplemented
with 10% FBS and 1% penicillin-streptomycin (17-745E; Lonza,
USA).

Fluorescence imaging analyses

MRC-5, A549, and AGS cells were treated with the pH probe, CS-
1. The working solution was prepared to a concentration of 20
uM in phosphate-buffered saline (PBS) and incubated at 37 °C
for 30 min. Cells were washed with PBS and fixed with 4%
paraformaldehyde (sc-281692; Santa Cruz Biotechnology, USA)
for 10 min before fluorescent imaging. For the CS-1 and lyso-
some co-staining study, the cells were incubated with CS-1 (20
uM) and LysoTracker® (100 nM, LysoTracker® Red DND-99
(L7528), Molecular Probes, Eugene, OR, USA) at 37 °C for
30 min. For the CS-1 and mitochondria co-staining study, the
cells were incubated with a solution consisting of CS-1 (20 uM)
and MitoTracker® (250 nM, MitoTracker® Red CMXRos
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(L7512), Molecular Probes) at 37 °C for 30 min. To achieve
membrane staining, cells were incubated with a solution of CS-1
(20 uM) and CellMaskTM Deep Red Plasma Membrane stain
(250 nM, C10046, Molecular Probes) at 37 °C for 30 min prior to
imaging. For the CS-1 and ER-Tracker® (E34250; Molecular
Probes) co-stain studies, a solution of CS-1 (20 pM) and ER-
Tracker® in cell culture medium was used with the test cell
culture held at 37 °C for 30 min.

In vitro pH calibration studies

A set of buffer solutions with pH values of 5, 6, 7 and 8.0 and
containing calcium gluconate (2 mM), MgCl, (1 mM), nigericin
(10 uM), and MOPS (30 mM) was prepared. The pH was adjusted
as needed with 1 M KOH or 1 M HCI at room temperature. The
cells subject to study were incubated with buffer and CS-1 for
30 min. The fluorescence was then measured by confocal fluo-
rescence microscopy. All fluorescence microscopic studies were
carried out using a confocal laser-scanning microscope (CLSM;
LSM710; Zeiss, Jena, Germany). The images were captured
using the ZEN 2009 software (version 5.5 SP1; Zeiss). Each
experiment was carried out in triplicate with the findings
expressed as the average with the associated standard deviation.

Flow cytometry analyses

MRC-5, A549, and AGS cells pretreated with CS-1 were analyzed
by flow cytometry. The solutions subject to analysis were
prepared at concentrations of 10 and 20 puM, respectively, in PBS
and incubated at 37 °C for 30 min. Cells were washed with PBS
and fixed with 4% paraformaldehyde for 10 min. The cells were
then washed in PBS, suspended in FACS buffer, and analyzed
immediately using a flow cytometer (FACS Cantoll; Becton
Dickinson, San Jose, CA, USA). Flow cytometry data from 10 000
cells were collected and analyzed using the FlowJo software
(Tree Star, Ashland, USA).

Tumour spheroids imaging

A549 cells were seeded at a density of 104 cells in each well of
poly-HEMA-coated 96-well plates. The plates were centrifuged at
200 g for 10 min and then incubated in a humidified 5% CO,
atmosphere at 37 °C. Using this approach single spheroids in
each well were obtained whose size varied by less than 10%.
After 3 days, the spheroid media was changed, and the spher-
oids were then incubated in a humidified atmosphere of 5%
CO2 at 37 °C for 3-6 days. The spheroids obtained in this way
were incubated with CS-1 at 37 °C for 30 min and then examined
using a CLSM system (LSM710; Zeiss).

In vivo studies

A mouse tumour model was established by subcutaneous
injection of A549 (2 x 10° cells per mouse) into 6 week male
mice (Balb/c nude, n = 3 for each group). Two weeks after the
initial tumour inoculation, CS-1 (40 nmol) dissolved in 2.5%
DMSO (100 pL) was intravenously administrated via the tail
vein. Animals were sacrificed at 24 h. The tissue samples (either
tumour or normal tissues) were fixed in 4% paraformaldehyde
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and processed for paraffin embedding using standard proce-
dures. The paraffin embedded tissue sections were cut into
slices of 5 pm thickness using a rotary microtome (RM2255;
Leica, Wetzlar, Germany) and then mounted on glass slides.
The sections were imaged using a confocal laser-scanning
microscope (LSM710; Zeiss). All animal experiments were
carried out in accord with protocols approved by the Institu-
tional Animal Care and Use Committee (KBSI-AEC1912).

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

SB thanks to SERB-India and CSIR, India for the research grant
CRG/2019/002068 and 02(0386)/19/EMR-II. This work was also
supported by Brain Pool program (to SB and KSH) funded by the
Ministry of Science and ICT through the National Research
Foundation of Korea (2018H1D3A2002203), and a KBSI grant
(T39631 to KSH). The work in Austin was supported by the US
National Institutes of Health (CA 68682 to JLS) and the Robert A.
Welch Foundation (F-0018 to JLS).

Notes and references

1 H. Li, X. L. Fan and J. M. Houghton, J. Cell. Biochem., 2007,
101, 805-815.
2 A. Fadaka, B. Ajiboye, O. Ojo, O. Adewale and I. Olayide, J.
Oncol. Sci., 2017, 3, 45-51.
3 J. Chiche, M. C. Brahimi-Horn and J. Pouysségur, J. Cell Mol.
Med., 2010, 4, 771-794.
4 G. Solaini, G. Sgarbi and A. Baracca, Biochim. Biophys. Acta,
2011, 1807, 534-542.
5 P. B. Esparza-Molt6 and J. M. Cuezva, Front. Oncol., 2018, 8,
53.
6 D. C. Wallace, Nat. Rev. Cancer, 2012, 12, 685-698.
7 K. O. Alfarouk, D. Verduzco, C. Rauch, A. K. Muddathir,
H. H. Adil, G. O. Elhassan, M. E. Ibrahim, J. D. P. Orozco,
R. A. Cardone, A. S. J. Reshkin and S. Harguindey,
Oncoscience, 2014, 1, 777-802.
8 M. D. Palma, D. Biziato and T. V. Petrova, Nat. Rev. Cancer,
2017, 17, 457-474.
9 D. L. Longo, A. Bartoli, L. Consolino, P. Bardini, F. Arena,
M. Schwaiger and S. Aime, Cancer Res., 2016, 76, 6463-6470.
10 T. Bagar, K. Altenbach, N. D. Read and M. Ben¢ina, Eukaryot.
Cell, 2009, 8, 703-712.
11 M. Tantama, Y. P. Hung and G. Yellen, J. Am. Chem. Soc.,
2011, 133, 10034-10037.
12 N. B. Yapici, S. R. Mandalapu, T. L. Chew, S. Khuon and L. Bi,
Bioorg. Med. Chem. Lett., 2012, 22, 2440-2443.
13 Y. Yue, F. Huo, S. Lee, C. Yin and J. Yoon, Analyst, 2017, 142,
30-41.
14 S. Wang, Y. Fan, D. Li, C. Sun, Z. Lei, L. Lu, T. Wang and
F. Zhang, Nat. Commun., 2019, 10, 1058.

9882 | Chem. Sci., 2020, 11, 9875-9883

View Article Online

Edge Article

15 M. H. Lee, N. Park, C. Yi, J. H. Han, J. H. Hong, K. P. Kim,
D. H. Kang, J. L. Sessler, C. Kang and J. S. Kim, J. Am.
Chem. Soc., 2014, 136, 14136-14142.

16 A. Podder, M. Won, S. Kim, P. Verwilst, M. Maiti, Z. Yang,
J. Qu, S. Bhuniya and J. S. Kim, Sens. Actuators, B, 2018,
268, 195-204.

17 S. Wolfbeis, Chem. Soc. Rev., 2015, 44, 4743-4768.

18 M. Dennis, W. J. Rhee, D. Sotto, S. N. Dublin and G. Bao, ACS
Nano, 2012, 6, 2917-2924.

19 A.Y. Hiruta, T. Funatsu, M. Matsuura, J. Wang, E. Ayano and
H. Kanazawa, Sens. Actuators, B, 2015, 207, 724-731.

20 K. Galande, R. Weissleder and C. H. Tung, Bioconjugate
Chem., 2006, 17, 255-257.

21 S. Surana, J. M. Bhat, S. P. Koushika and Y. Krishnan, Nat.
Commun., 2011, 2, 340.

22 Y. Yang, M. Xia, H. Zhao, S. Zhang and X. Zhang, ACS Sens.,
2018, 3, 2278-2285.

23 G. Ke, Z. Zhu, W. Wang, Y. Zou, Z. Guan, S. Jia, H. Zhang,
X. Wu and C. ]J. Yang, ACS Appl. Mater. Interfaces, 2014, 6,
15329-15334.

24 M. Anderson, A. Moshnikova, D. M. Engelman,
Y. K. Reshetnyak and O. Andreev, Proc. Natl. Acad. Sci. U. S.
A., 2016, 113, 8177-8181.

25 R. Ohgaki, Y. Teramura, D. Hayashi, L. Quan, S. Okuda,
S. Nagamori, M. Takai and Y. Kanai, Sci. Rep., 2017, 7,17484.

26 Y. Urano, D. Asanuma, Y. Hama, Y. Koyama, T. Barrett,
M. Kamiya, T. Nagano, T. Watanabe, A. Hasegawa,
P. L. Choyke and H. Kobayashi, Nat. Med., 2009, 15, 104-109.

27 H. Lee, W. Akers, K. Bhushan, S. Bloch, G. Sudlow, R. Tang
and S. Achilefu, Bioconjugate Chem., 2011, 22, 777-784.

28 L. Han, M. Liu, D. Ye, N. Zhang, E. Lim, J. Lu and C. Jiang,
Biomaterials, 2014, 35, 2952-2960.

29 S. Takahashi, Y. Kagami, K. Hanaoka, T. Terai, T. Komatsu,
T. Ueno, M. Uchiyama, I. Koyama-Honda, N. Mizushima,
T. Taguchi, H. Arai, T. Nagano and Y. Urano, J. Am. Chem.
Soc., 2018, 140, 5925-5933.

30 Y. Koide, R. Kojima, K. Hanaoka, K. Numasawa, T. Komatsu,
T. Nagano, H. Kobayashi and Y. Urano, Chem. Commun.,
2019, 2, 94.

31 V. S. Lin, A. R. Lippert and C. J. Chang, Proc. Natl. Acad. Sci.
U. S. A., 2013, 110, 7131-71358S.

32 W. Piao, S. Tsuda, Y. Tanaka, S. Maeda, F. Liu, S. Takahashi,
Y. Kushida, T. Komatsu, T. Ueno, T. Terai, T. Nakazawa,
M. Uchiyama, K. Morokuma, T. Nagano and K. Hanaoka,
Angew. Chem., Int. Ed., 2013, 52, 13028-13032.

33 X. Tian, Z. Li, Y. Sun, P. Wang and H. Ma, Anal. Chem., 2018,
90, 13759-13766.

34 Q. A. Best, A. E. Johnson, B. Prasai, A. Rouillere and
R. L. McCarley, ACS Chem. Biol., 2016, 11, 231-240.

35 S. U. Hettiarachchi, B. Parasai and R. L. McCarley, J. Am.
Chem. Soc., 2014, 136, 7575-7578.

36 K. N. Bobba, A. Binoy, S. Koo, A. Podder, A. Mishra,
N. Mishra, J. S. Kim and S. Bhuniya, Chem. Commun.,
2019, 55, 6429-6432.

37 N. Velusamy, A. Binoy, K. N. Bobba, D. Nedungadi, N. Mishra
and S. Bhuniya, Chem. Commun., 2017, 53, 8802-8805.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc03795h

Open Access Article. Published on 28 August 2020. Downloaded on 24.02.2026 20:27:05.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

38 R. Kumar, W. S. Shin, K. Sunwoo, W. Y. Kim, S. Koo,
S. Bhuniya and J. S. Kim, Chem. Soc. Rev., 2015, 44, 6670-
6683.

39 F. Kratz, P. Senter and H. Steinhagen, Drug Delivery in
Oncology, Wiley-VCH Verlag & Co. KGaA, Boschstr,
Weinheim, Germany, 2012, vol. 12, p. 69469.

40 J. Qian, X. Qian, Y. Xu and S. Zhang, Chem. Commun., 2008,
4141-4143.

41 S. Huang, R. Han, Q. Zhuang, L. Du, H. Jia and Y. Liu,
Biosens. Bioelectron., 2015, 15, 313-321.

42 J. Guan, P. Zhang, T.-B. Wei, Q. Lin, H. Yao and Y.-M. Zhang,
RSC Adv., 2014, 4, 35797-35802.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

43 A. Gangopadhay, K. Maiti, S. S. Ali, A. K. Pramanik,
U. N. Guria, S. K. Samanta, R. Sarkar, P. Datta and
A. K. Mahapatra, Anal. Methods, 2018, 10, 2888-2894.

44 J.]. Lee, Y. S. Kim, E. Nam, S. Y. Lee, M. H. Lim and C. Kim,
Dalton Trans., 2016, 45, 5700-5712.

45 H. Tung, J. Qi, L. Hu, M. S. Han and Y. Kim, Theranostics,
2015, 5, 1166-1174.

46 W. Cunningham, A. Mukhopadhyay, G. H. Lushingto,
B. S. J. Blagg, T. E. Prisinzano and ]. P. Krise, Mol. Pharm.,
2010, 7, 1301-1310.

47 T. Konstantinova, R. Lazarova, A. Venkova and V. Vassileva,
Polym. Degrad. Stab., 2004, 84, 405-409.

Chem. Sci, 2020, 11, 9875-9883 | 9883


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc03795h

	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...

	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...

	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...
	Self-assembled amphiphilic fluorescent probe: detecting pH-fluctuations within cancer cells and tumour tissuesElectronic supplementary information (ES...


