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pH sensing in living cells using fluorescent microspheres
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Abstract—Intracellular pH in living cells is measured in real time at the single cell level using fluorescently covalently loaded micro-
spheres as efficient carrier systems and stable sensors. The use of these sensors immobilized covalently onto polymeric particles
allows analysis of intracellular pH flux over long period of time and eliminates the disadvantages such as dilution within the cell,

elimination via leakage or compartmentalization.
© 2007 Elsevier Ltd. All rights reserved.

The pH of the cytosol affects a wide range of cellular
processes and functions and, as a consequence, is regu-
lated within a narrow range by a variety of transport
proteins that transfer ions across the cellular mem-
brane.!? Traditional methods to measure intracellular
pH include the use of *'P NMR spectroscopy,® micro-
electrodes* and fluorescent probes,>® with recent ap-
proaches including the use of quantum dots (QDs)’
and indicators based on green fluorescent protein
(GFP).2

Fluorescent indicators in particular are valuable tools for
measuring changes in intracellular proton concentration,
providing the necessary sensitivity required for optical pH
measurements inside living cells. Typical fluorescent
probes used for pH; measurement are based on fluorescein
and its many derivatives, which exhibit multiple pH-
dependent equilibria.”!* However, although fluorescein
has been used to measure intracellular pH,'! its use is re-
stricted for two reasons. First because of its rapidity in
leaking from cells and because it is very difficult to quan-
tify intracellular pH (because the decrease in the cell fluo-
rescence due to fluorescein leakage cannot be easily
distinguished from that due to pH changes,!? although
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some fluorescein-derivatives such as BCECF and
SNARF have been developed to overcome this prob-
lem).!3'* Second, because dyes of this type are typically
loaded into the cell as their cell-permeable acetoxymethyl
(AM) ester derivatives (the neutral molecule is able to pass
across the membrane) and once inside the cell esterases
cleave to reveal the acid groups; however, this method
has disadvantages, such as compartmentalization and
prolonged cellular leakage (as discussed above).!> An-
other common problem that is encountered with all po-
tential sensors or cellular tags is dilution and cellular
degradation, which results in little or no signal. Com-
monly used dextran conjugates offer a solution to these
problems, but the drawback of this approach is their com-
partmentalization within endosomes, which requires the
addition of chloroquine to facilitate release and subse-
quent pH sensing.”

To be used for pH; measurements the fluorescent probe
should be non-toxic, have a pK, within the physiological
range (generally between ~6.8 and 7.4) to allow detec-
tion of small pH changes typical in a cell, while having
excitation and emission wavelengths suitable for detec-
tion by flow cytometry, fluorescence microscopy or
other techniques relying on cell fluorescence analysis.
Also the fluorescence should be stable overtime.'®

Previously we have demonstrated that amino functional-
ised polystyrene microspheres can be used successfully
for calcium sensing while avoiding dilution and cellular


mailto:rosario.sanchez@ed.ac.uk

314

degradation within the cells.!” In this paper, fluorescein-
loaded microspheres are used for real-time pH sensing in
living cells. Binding fluorescein covalently to micro-
spheres eliminates leakage of the dye from cells and en-
sures a highly localised ‘dye’ that allows ‘on-bead’
analysis. Additionally, due to their micron size the la-
belled microspheres are easily visualised by microscopy.

The sensor-loaded microsphere 1 was prepared by cou-
pling 5(6)-carboxyfluorescein onto 2 um aminomethyl
microspheres derivatized with an aminohexanoic acid
spacer (Scheme 1).'® This synthesis was achieved follow-
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Scheme 1. Preparation of fluorescein-labelled amino functionalised
polystyrene microspheres 1. Reagents and conditions: (a) N-Fmoc-
aminohexanoic acid (5 equiv), HOBt (5 equiv), DIC (5 equiv), DMF,
12 h; (b) 20% piperidine in DMF; (c¢) 5(6)-carboxyfluorescein (5 equiv),
HOBt (5 equiv), DIC (5 equiv), DMF, 12 h. HOBt = N-hydroxyben-
zotriazole; DIC = N,N’-diisopropylcarbodiimide, DMF = dimethyl-
formamide.
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ing Fmoc strategy for solid phase chemistry (see sup-
porting information for experimental details).

Quantitative emission spectra were obtained using a cus-
tom-built system consisting of excitation and emission
optical fibres mounted on a micro-capillary in which
the sample was flown via a syringe pump. This setup al-
lowed fluorescence measurement of a sample free from
artefacts such as aggregation, scattering, photo-bleach-
ing and sedimentation. In this manner spectrofluorimet-
ric studies were carried out to evaluate how
immobilization of the sensor affected its sensitivity to
[H"] by examining the microspheres at different buffered
pH values. All measurements of pH were made using the
ratio of the fluorescence emitted at 525 and 610 nm. This
ratio corrects for changes in cell volume and fluoro-
chrome uptake.'® Importantly, the sensor had very sim-
ilar fluorescence profile when bound to the microspheres
as in solution (Fig. 1a) (for the ‘in solution’ details, see
supporting information). Flow cytometry studies were
also carried out to analyze the fluorescence properties
as a function of pH and showed an identical profile
(see Fig. 1b).

Several cell lines (B16F10, HEK-293T and 1.929) were
treated in triplicate with 2 pm fluorescein-loaded micro-
spheres 1 at a range of concentrations (0.1-0.8 mg/mL)
over four different time periods (3, 6, 12 and 24 h) (for
detailed protocol, see the supporting information). Fol-
lowing incubation, the excess microspheres were re-
moved, and analysis by flow cytometry and
fluorescence microscopy showed that cellular uptake of
the microspheres was effective in all cases. The
microspheres were delivered into the cells, with varying
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Figure 1. (a) Fluorescence emission spectra (/.x =488 nm) and (b) calibration curve of pH versus fluorescence intensity ratio (525 nm/610 nm)
(obtained by flow cytometry analysis) for fluorescein-loaded microspheres 1 as a function of pH.>°



M. Bradley et al. | Bioorg. Med. Chem. Lett. 18 (2008) 313-317 315

degrees of success depending on the cell type investi-
gated. Figure 2a shows the results of HEK-293T cells
(as a representative example) after incubation with
2um fluorescein-loaded microspheres (0.1 mgmL ™)
for 24 h. Figure 2b shows the confocal image obtained
when B16F10 cells were incubated with 2 um fluores-
cein-loaded microspheres (0.1 mgmL™") for 6 h. Cells
containing the beads (ca. 30%) were isolated by fluores-
cence-activated cell sorting and were shown by confocal
microscopy after 72 h of incubation at 37°C to be
healthy with the sensor-microspheres inside the cells.
The cell membrane was stained with a red fluorescent
dye (PKH26, Sigma-Aldrich) which allows long-term
in vitro analysis of live cells. Figure 2c shows the flow
cytometric analysis of the rate of uptake of fluores-
cein-labelled microspheres (0.1 mgmL~") over a range
of incubation times. A total of 10,000 events per sample
were analyzed. FITC (530/30 nm) band pass filters were
used for fluorescence analysis of the cell suspensions.
Cellular uptake was found to be concentration and time
dependent.

To analyze the stability of the microspheres some exper-
iments were performed. The fluorescence intensity of the
microspheres inside cells was analyzed at different time
points. We found that fluorescence was stable after these
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Figure 2. (a) Microscopy image for living HEK-293T cells after
incubation at 37°C for 24 h with 2 pm fluorescein microspheres.
(superimposed image of bright phase and fluorescein filter images). (b)
Confocal microscopy image of melanoma cells (B16F10) loaded with
fluorescein microspheres 1 (green circles) after 6 h of incubation at
37°C. (c) Flow cytometry results for cellular uptake of 2 pum
fluorescently labelled microspheres into B16F10 cells overtime
(0.1 mg/mL), at 37 °C with 5% CO..

incubation times (see supporting information for de-
tails). This result shows that the microspheres are stable
and they are not metabolized by the intracellular
enzymes.

To determine if the microspheres internalized by the
cells are in lysosomes, an acidic organelle-selective
fluorescent probe was used (Lysotracker Red DND-
99, Invitrogen). The cells were incubated with fluores-
cein-loaded microspheres and the red dye at 37 °C.
This experiment shows that the microspheres lie out-
side of the lysosomes, since the green fluorescence is
anticorrelated with the red fluorescence, which marks
the periphery of the lysosomes (see supporting infor-
mation for details). This observed behaviour of the
particles not being in the lysosomes greatly increases
the potential applicability of these materials for cyto-
solic analysis.

Microsphere-induced cytotoxicity was investigated by a
MTT assay to evaluate the impact of uptake on cell via-
bility.?! The fluorescein-loaded microspheres were found
to be non-toxic at all of the concentrations tested (see
supporting information for details).

To evaluate the microspheres as intracellular pH sen-
sors, the beads were examined in triplicate by flow
cytometry with cells plated at various values of pH. A
total of 10,000 events per sample were analyzed. The
green fluorescence was recorded using the 515-545 nm
band pass filter and the red fluorescence with the 600—
620 nm band pass filter.

A calibration curve (fluorescence ratio against pH) was
constructed from labelled cells resuspended in a high
concentration of potassium buffer of appropriate known
pH by treatment with nigericin before flow cytometry
analysis.!” (In the presence of nigericin, an antiporter
of H" and K¥, the intracellular [H'] becomes equili-
brated to the extracellular [H].) Figure 3 shows the re-
sponse obtained for HeLa and HEK-293T cells loaded
with 2.0 um fluorescein-labelled microspheres, showing
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Figure 3. Fluorescence ratio of fluorescein-loaded microspheres 1 in
two different living cell lines as a function of pH (obtained by flow
cytometry analysis, performed in triplicate).?
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Figure 4. Fluorescence microscopy image of 1.929 living cells loaded
with fluorescein microspheres 1 (green circles) after 12 h of incubation
at 37 °C. (a and b) The green fluorescence images obtained for pH 6
and 8, respectively. (c) Quantitative analysis of fluorescence intensity
ratio versus pH by microscopy.?>*?

how the fluorescence ratio increases as a function of
intracellular pH (in equilibrium with extracellular pH)
from 6.0 to 8.0. The differences in the fluorescent ratio
between these two cell lines can be explained by the
different capabilities of each cell line to take up
microspheres.

Intracellular changes in the pH were also detected glob-
ally by microscopic examination of the fluorescein-la-
belled microspheres in cells. Fluorescence images of
cells loaded with fluorescein microspheres were taken

at different pH values after treatment with nigericin.
The images in Figure 4a and b, which are representative
of all the cells that we observed, demonstrate qualita-
tively the pH sensitivity of these microspheres in cells.
The fluorescence intensity increases when the pH in-
creases from 6 to 8. The quantitative results in Figure
4c show that the fluorescence intensity increases by
approximately 25% when pH is changed from 6 to 8.
As expected, the value of the untreated cells was be-
tween pH 6 and 8.

Finally the fluorescein-loaded microspheres were com-
pared with the traditional sensor fluorescein diacetate
(FDA) by microscopy and flow cytometry. After 2 h
of incubation, the fluorescence intensity for FDA de-
creased for the same pH value while there was no loss
of fluorescence for the microspheres. These results show
that the leakage problem was completely solved using
the bead approach (see details in supporting
information).

The use of fluorescein-loaded microspheres as intracellu-
lar pH sensors in living cells has been successfully
proved using a number of different techniques such as
spectrofluorometry, fluorescence microscopy and flow
cytometry. Covalent binding of fluorescein to the
microspheres dramatically improves the stability of the
indicator overtime and eliminates leakage. At the same
time it retains the properties of fluorescein for pH sens-
ing. The fact that these polymeric particles are not toxic,
in addition to their cytosolic localisation, makes them
perfect candidates for intracellular pH sensing. These
fluorescein-loaded microspheres provide a reliable way
to perform long-term cell monitoring. These results
encourage the possibility of use of this approach for
other ions such as K™ or Na™ and for other applications
such as monitoring of enzymatic activity or drug
delivery.
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