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Hydrogen ions are an important intracellular species. In
eukaryotic cells the function of several organelles is depen-
dent on the pH in each of those individual organelles.'! The
pH in the cytosol and the nucleus is typically 7.2-7.4, the
secretory and the endocytic pathways have a lower pH, while
the acidic organelles, such as endosomes and lysosomes,
typically have a pH as low as 4.0-5.5.1*"! Disruption of the pH
within the different organelles may lead to dysfunction of the
affected organelle and ultimately to a diseased state. For
example, tumor cells have been shown to have an abnormal
cellular pH? and disturbances in the pH of the acidic
organelles have been associated with renal failure,’! onco-
logical processes,!l and with the so called lysosomal storage
disorders.”) With consideration of the large number of
diseases related to abnormal values of pH in the acidic
organelles it is important to develop new tools, to supplement
those molecular probes that already exist,’” to quantify the
hydrogen ion concentration.

Ratiometric fluorescence-based nanosensors are an exam-
ple of a robust tool for the sensing and quantification of ions
of biological interest.”! Kopelman and co-workers designed
PEBBLEs (probes encapsulated by biologically localized
embedding), ratiometric fluorescence nanosensors, for the
intracellular measurement of pH.®! Since then, a number of
ratiometric fluorescence nanosensors for pH have been
reported based on polymeric nanoparticles,” silica nano-
particles,'”! quantum dots,™ cellulose nanocrystals,'? latex
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nanobeads,” and zeolite-based nanoparticles.'"! There have
been some reports on the internalization of ratiometric
fluorescence pH nanosensors by cells,™™ with localization of
the nanoprobes in the cytoplasm!'® or within acidic organ-
elles.'”? Other studies have reported measurements of
a change in intracellular pH values using dual ratiometric
fluorescence nanoprobes.'®! Recently, a ratiometric polymeric
nanoprobe composed of three fluorophores has been
reported for intracellular pH measurements.!'”)

Fluorescent photoinduced electron-transfer (PET) based
pH molecular probes have been widely studied.”” Previously,
we have reported an anthracene-based PET pH probe with
a readily tunable pK, that accumulated in acidic organelles
within Raw 264.7 macrophage cells.?!! The self-assembly of
such PET-based pH probes onto gold nanoparticles has not
been previously described.

Herein, we report a fluorescence pH nanosensor that
provides, for the first time, precise localized determination of
pH from within acidic organelles. The ratiometric nanosensor
consists of a thiolated anthracene molecule as a fluorescent
PET-based pH ligand (1) and a thiolated rhodamine ligand
(2), both self-assembled onto the surface of a gold nano-
particle (3, Figure 1). The synthesized fluorescence-based pH

Figure 1. The pH nanosensor 3: gold nanoparticle stabilized with the
anthracene (1, blue) and rhodamine (2, red) derivatives.
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The anthracene derivative ligand 1 was
designed as a PET-based fluorescent pH
reporter molecule, while the rhodamine deriv-
ative ligand 2 was designed as the ratiometric
pair. Both ligands contained a thiol moiety as
the terminal group ensuring that the organic
ligands 1 and 2 spontaneously self-assembled to
the surface of gold nanoparticles. Metallic
particles, especially those based on gold, may quench
fluorophores attached to the metal surface.”? To prevent
such excited state quenching, both ligands 1 and 2 were
synthesized with a long alkyl chain that separated the thiol
group from the anthracene and the rhodamine macrocycle
respectively. The synthesis of the anthracene derivative ligand
1 was accomplished in three steps starting from 9-(chlorome-
thyl)anthracene (see Scheme S1 in the Supporting Informa-
tion). Ligand 1 emits fluorescence at 400-500 nm (4. =
370 nm) in an acidic solution, when the tertiary amine is
protonated. Following the classic PET mechanism,?® the
fluorescence of ligand 1 is quenched in a neutral or alkaline
medium (Figure S1). Ligand 2 was prepared by reaction of 5-
(and-6)-carboxytetramethylrhodamine succinimidyl ester
with 11-amino-undecanethiol (see Scheme S2 in the Support-
ing Information). The fluorescence emission intensity of 2
also varies as a function of pH with the intensity decreasing
with increasing acidity (Figure S2). Ligand 2 emits fluores-
cence at 550-650 nm (4., =364 nm). Since ligands 1 and 2
emit in different regions of the visible spectrum they are ideal
for ratiometric measurements.

Reduction of HAuCl, by NaBH, in DMF:H,O solution
(DMF = dimethylformamide) in the presence of equimolar
amounts of 1 and 2, yielded the stabilized ratiometric pH
nanosensor 3 (Figure 1) which was characterized by trans-
mission electron microscopy (TEM), UV/Vis spectroscopy
and steady-state/time-resolved fluorimetry. TEM analysis
revealed nonaggregated nanoparticles of (3.6 =0.9) nm aver-
age diameter (Figure S3). The UV/Vis spectrum of the dark
purple solution of the pH nanosensor 3 exhibited an
absorption band at 525-600 nm due to the rhodamine
chromophore and an absorption band with the characteristic
vibrational structure of the anthracenic moiety at 350-
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Figure 2. a) UV/Vis absorption spectra of 1, 2, and 3 in dimethyl sulfoxide (DMSO).
Inset: A solution of the pH nanosensor 3. b) Normalized fluorescence titration of
nanosensor 3 as a function of pH in aqueous solution (11% DMSO) (4. =364 nm).
c) pH titration curve of the pH nanosensor 3 using the fluorescence emission intensity
ratio l45/lsgo as a function of pH (4., =364 nm). d) Fluorescence excitation (Exc.)
spectra of nanosensor 3 (DMF:H,O =1:1) monitoring the emission at 450 (red) and at
580 nm (black).

400 nm. The spectrum was dominated by the broad absorp-
tion, from 350 to 800 nm, due to the surface plasmon band of
the gold core (Figure 2a).

Upon excitation at 364 nm of a solution of the pH
nanosensor 3, fluorescence emission of the two fluorophores
was observed (Figure 2b). The spectrum showed an intense
fluorescence emission with vibrational structure between 400
and 450 nm, from the anthracene ligand 1, and a weaker
emission band centered at 550-650 nm, from the rhodamine
derivative 2. The changing fluorescence emission spectrum of
the nanosensor 3 with varying pH is shown in Figure 2b. It is
apparent that a reduction of the fluorescence intensity of the
anthracene emission concomitant with a similar increase of
the fluorescence intensity due to the rhodamine ligand is
observed when the pH of the medium is increased from 3.73
to 8.11. The ratio of fluorescence intensities from the two
fluorophores (I4,/1sg) is therefore ideal for the estimation of
pH (Figure 2c¢).

Since a single wavelength of 364 nm was used for the
fluorescence excitation, interchromophoric interactions of
the excited states could occur, leading to a free resonance
energy transfer (FRET) process from anthracene to rhod-
amine.”™ To determine whether such an energy transfer
process occurred, fluorescence excitation spectra of a solution
of nanosensor 3 monitoring the emission of both fluorophores
at 450 and 580 nm were recorded. As can be seen in
Figure 2d, the fluorescence excitation profiles for both
measurements correspond to separate species and hence
suggests that the fluorescence emission of each chromophore
on the nanoparticle is fully independent. Time-resolved
measurements of the fluorescence of the ratiometric pH
nanosensor 3 show that the primary lifetime of ligand
1 decreases on the gold surface (9.9 ns to 8.2 ns) while the
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lifetime of ligand 2 remains almost constant (2.6 to 2.4 ns,
Figure S4 and Table S1). The fluorescence quantum yield (¢)
of ligands 1 and 2 and the two ligands on the pH nanosensor 3
have been measured (Table S2) and show that the fluores-
cence emission of both ligands on the gold nanoparticle
remains measurable. The properties of each ligand attached
to the surface of the gold nanoparticle appear to be those of
the free ligands 1 and 2 measured in solution. The retention of
the ligand characteristics following self-assembly onto the
gold surface is a remarkable feature of the nanosensor 3 here
presented.

Following the photophysical characterization of the pH
nanosensor 3 and the demonstration of ratiometric measure-
ments across acidic pH values, the potential for fluorescence
imaging within the intracellular environment of living cells
was determined. CHO cells were incubated with a solution of
the nanosensor 3 for 3 h. Confocal fluorescence imaging of
the CHO cells loaded with nanosensor 3 was achieved by
exciting at 364 nm and collecting the fluorescence emission in
two separate channels, namely, the blue channel (385-
430 nm) and the red channel (560-615 nm). The fluorescence
images in Figure 3a and 3b show the separate fluorescence

Figure 3. Confocal fluorescence microscopy images of a CHO cell
incubated with the pH nanosensor 3 and DND-189. Fluorescence
images collected in: a) blue channel (385-430 nm, A,,.=364 nm),
b) red channel (560-615 nm, 4., =364 nm), and c) green channel
(505-530 nm, A, =488 nm). d) Differential interference contrast (DIC)
image and e) composite images of blue, red, green, and DIC channels.

emission of the anthracene- and rhodamine-based fluoro-
phores on the gold nanoparticle, respectively. The images
from the blue and red channels coincide and such a spatial
matching indicates that both ligands are attached to the gold
nanoparticle surface within the cell. To elucidate the nature of
the bright spots highlighted by the ratiometric pH nanosensor
3 (Figure 3a and 3b), LysoSensor DND-189, a selective probe
for acidic organelles, was co-incubated with the nanoparticles.
Figure 3¢ (green channel for 505-530 nm, A..=488 nm)
highlights the fluorescence emission from DND-189. The
co-localization of the pH nanosensor 3 with DND-189 is
clearly demonstrated. Differential interference contrast
(DIC) images of the CHO cells (Figure 3d) were collected
simultaneously with the fluorescence images. When the
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images obtained from the DIC, blue, red, and green channels
were overlaid, yellow spots were clearly visible (Figure 3e)
which further highlight that the pH nanosensor 3 is co-located
with the LysoSensor DND-189 in the acidic organelles. This
result is in agreement with studies performed using electron
microscopy that demonstrated that colloidal gold internalizes
within cells following the endosomal-lysosomal pathway to
finally accumulate in the lysosomes.*"

While the high-quality images recorded using confocal
fluorescence microscopy highlight the location of the pH
nanosensor 3, they are insufficient to conclusively assign the
bright spots seen within the cell to the different fluorophores.
However, the confocal microscope allows mapping of the
complete fluorescence spectrum of whole cells from 367 to
688 nm and hence spectral (intensity versus wavelength)
profiles can be determined. The confirmation that the
anthracene (1) and rhodamine (2) based ligands were
together inside the cell was achieved by recording the
fluorescence emission spectrum of the cells loaded with the
pH nanosensor 3 (Figure S5). In all of the 16 cell samples
analyzed, it was possible to identify clearly the fluorescence
emission resulting from the anthracene- and the rhodamine-
based derivatives. Control experiments highlight the clear
difference in the fluorescence emission spectrum obtained for
the cells loaded with the pH nanosensor 3 and background
fluorescence from the control cells (Figure S5).

Crucially, measurements of the pH values from within the
acidic organelles of CHO cells have been obtained. Following
the recording of the complete fluorescence emission of
a CHO cell incubated with the pH nanosensor 3, areas of
interest within the cell were selected in order to obtain
spectral profiles of specific zones. The series of 16 isolated
cells were mapped and areas containing the pH nanosensor 3
were carefully analyzed. An illustrative example of this
methodology for a selected cell is shown in Figure 4.

In Figure 4 a two specific zones have been highlighted (A
and B). The fluorescence emission spectra of these two zones
(Figure 4b) show clear differences of the relative intensity of
the anthracene- and the rhodamine-based ligands on the pH
nanosensor 3. A calibration curve of the fluorescence
intensity ratio (I3/ls;) versus pH, of a buffered solution,
was obtained using the confocal microscope (Figure 4c) for
the pH interval 3.47 to 6.52. Fluorescence emission intensities
at 399 and 570 nm were selected since these were the intensity
maxima corresponding to the anthracene and rhodamine
ligands, respectively, obtained from the solution of nano-
sensor 3 using the confocal microscope (see Figure S6). From
this calibration curve it was possible to estimate a pH value of
4.4+0.2 for area A and a pH of 5.4 0.3 for area B in the cell
shown in Figure 4a. These are the expected values for
lysosomes, which are reported to have a pH between 4.0
and 5.5. It is important to note that the calibration curve was
obtained using the confocal microscope on the same day that
the intracellular experiments were performed. The method-
ology here presented resulted in robust data since for all the
pH estimations performed (83 regions in the 16 different cells
studied in two different experiments) the mean pH value
found was 52+0.7, a value in agreement with the pH
expected for acidic organelles. Furthermore, the pH reported
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Figure 4. Estimation of intracellular pH. a) Confocal fluorescence mi-
croscopy image of a CHO cell incubated with the pH nanosensor 3
(Aexe=364 nm). b) Fluorescence emission spectra of areas A and B in
image (a). c) pH titration curve of the pH nanosensor 3 obtained from
the fluorescence emission intensity ratio I300/s50 as a function of pH
(Aexe=364 nm). The error bars show the standard deviation of the
measurements. [y =3.39702-0.81079x+ 0.05807 ).

by the fluorescence emission spectrum obtained from the
whole cell was 5.1+0.5. This value indicates that the
ratiometric pH nanosensor 3 had accumulated in the acidic
organelles within the intracellular environment.

In summary, we have reported the synthesis and charac-
terization of a new dual emissive probe based on the self-
assembly of two fluorescent ligands, that includes a PET-
based pH sensor, to the surface of gold nanoparticles. The
properties of the free ligands are transferred to the nano-
assembly, that is, the fluorescence is not appreciably quenched
by the gold nanoparticle and the pH sensitivity is maintained,
leading to a ratiometric pH nanosensor for the estimation of
acidity. The morphology and the internal compartmentaliza-
tion of the cells are both retained suggesting that the
ratiometric pH nanosensor 3 does not compromise cellular
activity. The presence of the ratiometric pH nanosensor 3
inside the cell has been confirmed, for the first time, by the
fluorescence emission spectrum from within the cell. Impor-
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tantly, the pH of acidic organelles such as lysosomes has been
determined using fluorescence ratiometric intracellular meas-
urements. The results presented open the way for future
developments of similar doubly self-assembled nanoprobes,
not only targeting protons, but also a variety of analytes of
biological interest.
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