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ABSTRACT: Acidification of eukaryotic cell compartments is accomplished by
vacuolar H*-ATPases (V-ATPases), large multisubunit complexes able to pump
protons into the lumen of organelles or in the extracellular medium. V-ATPases are
involved in a number of physiological cellular processes, and thus regulation of V-
ATPase activity is of crucial importance for the cell. Indeed, dysfunction of V-ATPase
or alterations of acidification have been recently recognized as key factors in a variety of
human diseases. In this study, we applied capsule-based pH sensors and a real-time
tracking method for investigating the role of the V,G; subunit of V-ATPases in
regulating the activity of the proton pump. We first constructed stable cell lines
overexpressing or silencing the subunit V,G;. Second, we used fluorescent capsule-
based pH sensors to monitor acidification before and during internalization by modified
and control living cells. By using a simple real-time method for tracking capsule
internalization, we were able to identify different capsule acidification levels with
respect to each analyzed cell and to establish the kinetics for each. The intracellular pH
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measurements indicate a delay in acidification in either V,G,-overexpressing or V,G;-silenced cells compared to controls. Finally,
in an independent set of experiments, we applied transmission electron microscopy and confocal fluorescence microscopy to
further investigate the internalization of the capsules. Both analyses confirm that capsules are engulfed in acidic vesicular
structures in modified and control cell lines. The use of capsule-based pH sensors allowed demonstration of the importance of
the VG, subunit in V-ATPase activity concerning intravesicular acidification. We believe that the combined use of these pH-
sensor system and such a real-time method for tracking their internalization path would contribute to systematically measure the
proton concentration changes inside the endocytic compartments in various cell systems. This approach would provide
fundamental information regarding molecular mechanisms and factors that regulate intracellular acidification, vesicular trafficking,

and cytoskeletal reorganizations.
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B INTRODUCTION

To process multiple reactions efficiently and timely, eukaryotic
cells are compartmentalized into distinct membrane-bound
organelles. Intracellular pH plays a pivotal role in cellular
processes and is highly regulated in every organelle. Indeed,
proper function of a number of organelles requires acidic pH.
Acidification has multiple roles: for instance, it is fundamental
for ligand—receptor dissociation in endosomes, for activation of
hydrolases in lysosomes, for antigen processing in immune
cells, for sorting of molecules in the trans golgi network, and for
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neurosecretion.”® Acidification of compartments is accom-
plished by vacuolar H'-ATPases (V-ATPases), large multi-
subunit complexes that are able to pump protons into the
lumen of the organelles or in the extracellular medium.** Also,
the structural stability and function of proteins are tightly
associated with pH.6 For example, it has been shown that
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mutations in the V-ATPase, responsible for acidification of the
Golgi compartment, result in impaired glycosylation of
proteins.” Alteration of acidification is a hallmark of a number
of diseases including cancer.*” In fact, in several important
human diseases, such as renal tubular acidosis, osteopetrosis,
diabetes, and defects in sperm maturation, acidification defects
are detected.”® In cancer cells, acidification is of great
importance as it affects invasion properties being required for
activation of secreted lysosomal hydrolases in order to degrade
the extracellular matrix.*® Indeed, V-ATPases are considered as
promising pharmaceutical targets against development and
dissemination of metastasis.*” Therefore, tools to sense and
monitor pH, in particular inside cellular organelles, are
fundamental in order to establish how pH is regulated and,
possibly, to find ways to regulate it.

Polyelectrolyte capsule-based sensors are an intriguing tool
for monitoring changes of the pH inside cells and, in particular,
inside endocytic organelles and lysosomes. They possess ping-
pong ball-like geometry. A very thin semipermeable wall
surrounds a big cavity, in which pH-sensitive fluorophores can
be encapsulated.'®™"* After spontaneous uptake bgr cells, these
capsules are mainly transported to lysosomes,"> > hence, they
are an appropriate pH-meter for studying the regulation of pH
by the proton pump V-ATPase. Recently, the suitability of such
mobile, capsule-based sensors was demonstrated to detect
changes in the local pH around individual capsules during the
ingestion process.lz’2 =25 In addition, real time monitoring of
changes in the lysosomal pH of living cells has recently been
demonstrated.”®

In the present work, we investigated the importance of the
V.G, subunit of the V-ATPase for acidification of endocytic
vesicles. This subunit is part of the peripheral stator stalk that
links the peripheral cytoplasmic V; domain with the membrane
V, domain of the V-ATPase,® and has been proposed to be
important for V-ATPase assembly and functioning.””>* For
the investigation, we constructed stable cell lines which either
overexpressed V|G, or were V,G;-silenced. Then, we tracked
individual capsule-based pH sensors along their pathway from
the extracellular to the intracellular environment of these cells
and monitored the pH step by step. By comparing the
acidification patterns among the different cell lines, the
importance of the V|G, subunit in V-ATPase activity could
be demonstrated.

B RESULTS AND DISCUSSION

Generation of Stable Cell Lines Overexpressing V,G,
or with V;G;-Silenced. To study the role of the subunit of
the V-ATPase in vesicle acidification, we generated stable cell
lines overexpressing HA-tagged V|G, (abbreviated as HA-
V,G,;) and silencing V,G; (abbreviated as sh-V,G;) (see
Methods section). After selection with the G418 antibiotic,
HA-tagged and V,G-overexpressing clones were isolated. As
control, we used a clone of HeLa cells stably transfected with an
empty plasmid. Lysates of control and HA-V,G, expressing
independent clones were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blot analysis using an anti-V,G, antibody. The analysis revealed
the presence of two bands in the HA-V|G, transfected clones
corresponding to the endogenous and exogenous V|G, thus
demonstrating V,G, overexpression (Figure la). The HA-
tagged V|G, expression level was highest in clone #1. For all
clones the expression of exogenous HA-tagged VG, was
comparable to the endogenous level of V,G,. Indeed,

a HA-V,G, b sh-v,G,

CTR#1 #1  #2 #3 #4 CTR#2 #7  #8

V1G1l

V1G1
tubulin

Figure 1. Expression of V|G, in stable cell lines overexpressing V,G,
and silenced in V,G,. Stable cell lines were lysed and processed for
Western blot analysis using an antibody against V|G, to show (a)
V,G, overexpression or (b) VG, silencing. The numbers over the
blots represent the different isolated clones. Antibodies against tubulin
were used as loading control.

expression of HA-tagged V|G, was similar to the endogenous
V.G, in clone #1, while it was about 60—80% in the other
clones. In contrast, as expected, both V,G;-silenced cell clones
showed a strong decrease of about 80% of V|G, protein levels
compared to control cells transfected with sh-control plasmid
(Figure 1b).

Assembly and in Vitro Calibration of the Capsule-
Based pH Sensors. First, we fabricated capsule-based pH
sensors with encapsulated fluorescent pH indicators and
reference dyes for ratiometric measurements using {)olyelec—
trolyte multilayer (PEM) capsules as carrier platform.*** PEM
capsules, fabricated via layer-by-layer (LbL) assembly of
oppositely charged polyelectrolytes,” have a porous multi-
layered wall that surrounds a cavity.>* The pH-sensitive dye,
fluorescein isothiocyanate (FITC), and the reference dye,
rhodamine B isothiocyanate (RITC), were covalently linked to
dextran molecules and subsequently co-loaded into the cavities
of the capsules. The attachment of the fluorophores to dextran
increased their molecular weight, in order to prevent dyes from
leaching out of the capsules through their semipermeable walls.
The polyelectrolyte multilayer wall protects the sensor
elements from interferences in the cell while allowing small
molecules, in particular HY, to diffuse into the cavity for
detection.*>™7 As a result, upon ingestion of the capsule-based
pH sensors, the fluorescence emission of the capsules changes
depending on the local concentration of H" around individual
capsules. Recently, the upper limit of the time response of
capsule-based pH sensors was found to be below 500 ms,
indicating that PEM capsules are suitable for time-resolved
ratiometric pH sensing in living cells.****

Second, we tested the pH sensitivity of the capsule-based
sensors under different proton concentrations (i.e., pH values).
For this purpose, capsules were diluted in cell media of which
the pH was adjusted between pH 2.0 and pH 8.0 (see Methods
section for more details). In a subsequent step the fluorescence
response was monitored via both spectrofluorimetric analysis
and confocal laser scanning microscopy (CLSM) (see Figures
S1 and S2 in the Supporting Information). FITC was excited at
488 nm and RITC was excited at 543 nm, and the emission
signals were collected between 505 and 530 nm for the green
channel and >560 nm for the red channel, respectively. By
increasing the pH of the medium the overall color of the
capsules shifts from “red” over “yellow” to “green” as result of
the strong pH dependence of FITC (indicator dye) and the
insensitivity of RITC (reference dye). The response of the
capsule-based sensors can be observed in Figure 2a where the
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Figure 2. Calibration of capsule-based pH sensors. (a) CLSM
micrographs showing the pH-dependence of capsule fluorescence in
pH-adjusted cell medium (FITC was excited at 488 nm and RITC at
543 nm). Green channel (505—530 nm), red channel (>560 nm), and
overlay of the fluorescence channels are reported. The size of the scale
bar corresponds to 20 um. (b) Ratiometric calibration curve of
capsule-based sensors on fluorescence intensity ratio of green and red
channels derived from fluorescence micrographs.

fluorescence micrographs of capsules at pH 4.0, 5.5, and 7.0 are
reported. At pH 4.0 the FITC fluorescence (green channel) is
very low and the overlay of the green and red channels shows
red colored capsules. At pH 5.5 the FITC fluorescence
increases. Accordingly, the overlay of the green and red
channels shows yellow-green colored capsules. At pH 7.0, the
emission of FITC increases further and in the overlay of the
green and red channels capsules appear in bright green color.
The intensity ratios of green and red channels were calculated
for each pixel positions allocated by capsules and averaged for
approximately 500 capsules/pH value. The fluorescence
intensity ratio of the green and red channels derived from
fluorescence micrographs were ultimately plotted as a function
of pH (Figure 2b). According to literature data for ratiometric
pH sensors based on FITC/RITC fluorophores,”***"** our
capsule-based pH sensors show a sigmoidal-like dependence of
fluorescence, as a function of pH. The resolution of the capsule-
based sensors strongly depends on the pH (see calibration
curve, Figure 2b) and it is marginally limited by fluctuations of
the I,/I(t) traces caused by photon shot noise from the
imaging system. Importantly, at pH 5.5 the capsule-based
sensors allow to distinguish changes of ApH = 0.05, whereas
for pH < 4.5 and pH > 6.5 these changes could no longer be
discriminated. Nonetheless, the sensors are able to measure pH
changes down to 4.5, and thus, cover the pH range of endocytic
organelles and lysosomes.” It is worth to mention, that the
dynamic pH measurement range of the capsule-based sensors
can be further expanded by adding an additional pH-sensitive
dye (such as Oregon Green) to the FITC and RITC dyes. By
adopting this strategy, Song and colleagues demonstrated the
possibility to fabricate triple-labeled microcapsules with a
dynamic pH measurement range of 3.3—6.5.>

Intracellular pH Sensing in Cells with Modified V-
ATPase. We subsequently used the above-described capsule-
based pH sensors for comparing the pH along the internal-
ization pathway in the different generated cell lines (see Figure
1). The capsule-based sensors were added to the cell culture
medium of control cells, HA-V,G; cells and sh-V,;G; cells in a
ratio 15:1. Capsule uptake was followed via CLSM time-lapse
microscopy up to 24 h. We used different clones (the ones
indicated in Figure 1) in order to be sure that any reported
effect was actually due to the expression or silencing of the
V.G, protein and to improve the statistics. In particular, we
used clones #1, #2, #3, and #4 for HA-V, G, cells, and clones #7

and #8 for sh-V,G; cells. As controls, we used stably trasfected
HeLa cells with pPCDNA3 empty plasmid (CTR #1) and stably
transfected HeLa cells with sh-control plasmids (CTR #2).
Capsules are internalized by a huge variety of cells,">~"
involving the concomitant activation of phagocytosis and lipid
rafts-mediated macropinocytosis.*’ Cholesterol enriched do-
maines of the plasma membrane are crucial for the initial
uptake and the final localization of the capsules inside
phagolysosomes.”® Furthermore, the capsules are deformed
upon incorporation by cells, likely due to the mechanical
pressure within the intracellular vesicles that leads to squeezing
of the capsules.19’40’41 Namely, this deformation does not
impair the sensing properties of the capsules that retain both,
the pH-sensitive and the reference fluorophores within their
cavities. Figure 3a shows three representative time-lapse
micrographs of control cells (CTR #2) at different time points
(60, 180, and 220 min). The overlay of the brightfield, “green”
and “red” channels show capsules with different colors because
of their localization in environments with different local pH
values. Precisely, the capsules in “green” color are outside the
cells or attached to the cell membrane, whereas the capsules in
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Figure 3. In vitro pH response of capsule-based sensors following
cellular uptake. (a) Time-lapse fluorescence micrographs showing the
color changes of capsule-based pH sensors added to control cells
(CTR #2), as recorded after 60, 180, and 220 min. Before
internalization, capsules display a strong green fluorescence due to
the neutral pH of the cell medium. After internalization, the capsules
display a strong red fluorescence due to their confinement in acidic
endosomal/lysosomal compartments inside cells. Dashed rectangles
highlight the color shift from green to red of capsules being
internalized by cells over several hours of incubation. Images were
taken in green and red fluorescence and transmission channels. The
overlay of the three channels is presented in the Figure. Scale bar: 25
um. (b) Fluorescence intensity ratios (I,/I,) of capsule-based sensors
added to controls (CTR #1 and #2), sh-V|G; and HA-V,G; clones.
The fluorescence of capsules was measured at different time points by
time-lapse microscopy and then plotted versus time. The continuous
lines are fits to the data using the function I/L(t) = L/L(t = 0)-
exp(—t/7) + Ig/Ir(t — o0), with the 3 fit parameters 7, Ig/Ir(t =0), and
L/ I(t & o). The bigger 7, the faster acidification occurs. The error
bars represent the standard deviation calculated over 45 capsules
analyzed at the indicated time points.
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“red” color are entering the cells or have already been confined
into acidic intracellular vesicles. Thus, the color changes
displayed by the internalized capsule-based pH sensors can
be correlated to intracellular local pH changes. From the
fluorescence intensity of the indicator (I,) and reference (I,)
dyes, the I/I, ratio displayed by capsules in each cell line was
calculated and plotted against the time (Figure 3b). At each
time point, several images were taken and over 45 capsules/
sample were analyzed. Because the ingestion of capsules may
occur at different time points within the same cell culture (the
uptake is a statistical process over the time period), we fixed, for
each individual capsule-based sensor, #, as the time-point in
which the capsule is still located in the extracellular environ-
ment (overall green color) just before being engulfed by the
cell and passed to the acidic compartments (overall yellow and
red colors). As shown in Figure 3b, the two control cells (HeLa
cells transfected with pCDNA3 empty vector and HeLa cells
transfected with control sh-plasmid) showed similar Ig/Ir(t)
behaviors. In contrast, the cell lines in which the HA-tagged
V.G, was expressed (HA-V|G,, clones #1, #2, #3, and #4)
showed a slower kinetic of acidification, as compared to the
control cells. These findings are in agreement with previous
data indicating that overexpression of this subunit inhibits
maturation of the lysosomal enzyme cathepsin D,*° and
altogether suggest that lysosomal functionality is impaired in
cells overexpressing V,G;. It is worth to note that, using these
capsule-based pH sensors and following them by live
microscopy, we were able to monitor precisely kinetics of
acidification of the capsules together with their path in the cells
and, notably, we could establish that the clone HA-V,G, #1,
which showed the strongest expression of HA-V,G;, (see Figure
1), displayed the strongest effect (although the trend was the
same). These findings indicate that increasing amounts of V;G,
exert an increasing inhibitory effect thus suggesting a dose
response effect. This is important for the future development of
therapeutic means for diseases involving V-ATPase, as
therapeutic strategies should take into account that expression
of the right amount of V|G, is fundamental to ensure the
correct functioning of the pump. Indeed, also in cell lines in
which V,G, was silenced (sh-V,G;, clones #7 and #8), the
kinetics of acidification were slower compared to control cells,
in agreement with previous data on the importance of V|G,
abundance.*

Altogether, these data demonstrate that expression of the
right amount of the V|G, subunit is crucial, as overexpression
or reduced expression of this subunit results in slower kinetics
of acidification, and indicate that the V,G, subunit is essential
for the proper function of V-ATPase.

To gain deeper insight into the acidification mechanisms, we
have focused our attention on the overexpressing clones #1
(HA-V,G, #1) and #3 (HA-V,G, #3) and the silenced clone #7
(sh-V,G, #7). We have followed the uptake of single capsule-
based sensors by tracking their movement from the
extracellular medium to the intracellular compartments. As
the two control cells showed analogous I,/I(t) behaviors, we
have selected CTR #2 cells for the tracking analysis. We
calculated the acidification time in control cells, in cells V,G;-
overexpressing, and in V,G;-silenced cells (Figure 4) (see the
Supporting Information for details about tracking measure-
ments). This analysis confirmed that a delay in acidification is
present both, in V,G,-overexpressing clones or V,G,-silenced
clones. Furthermore, the overexpressing clone #1 showed again
the slowest kinetic of acidification (Figure 4d, e). In addition,
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Figure 4. Real-time measurements of cell acidification by capsule-
based sensors. (a) Examples of use of capsule-based sensors for real-
time monitoring of acidification by tracking the fluorescence intensity
of a single capsule (indicated by blue dashed regions of interest
(ROIs)) from the time of initial attachment to the cell through the
completion of acidification (red color). The acidification times f, are
derived from a sigmoidal fit to each individual trajectory and are
representing the time period between high pH (green plateau) and
low pH (red plateau) locally around each capsule. (b, c) In some cases,
the acidification is not a continuous process and nodes (duration #),
indicated by white arrows in the fluorescence images, occur at
intermediate pH levels (around pH 5.6) (Figures S5—S6, Supporting
Information). The size of the scale bar corresponds to S um. (d) Table
with number of evaluated trajectories N per clone, mean and median
values for the acidification time t, as well as the corresponding upper
and lower quartiles (Q1 and Q3). (e) In the box plot, t, is plotted for
all different clones ignoring trajectories with nodes. The blue
diamonds correspond to the mean values of the distribution. The
acidification rate of clone #1 was significantly lower than that of the
control cells (p < 0.0001, *). P-values were obtained from a two-tailed
Wilcoxon—Mann—Whitney test. Additional significance levels: p <
023 (*%), p < 0.17 (¥**),

this tracking analysis allowed us for following the capsules step
by step together with their acidification state. In most cells
(79%), acidification was a continuous process, as shown in
Figure 4a.

The pH decrease started immediately after the engulfment of
the capsules, and the FITC/RITC ratio remained fairly
constant at a pH below 5.0. However, in some cells acidification
was not a continuous process and showed stops at intermediate
pH levels (Figure 4b and Figures S5—S6 in the Supporting
Information). This trend was present in 21% of the observed
capsule trajectories and could possibly be due to slower kinetics
of movement toward the cell center or to slower and/or less
fusion events with already more acidic vesicles. Furthermore,
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although most capsules showed a regular acidification trend
while moving toward the cell center (Figure 4a), in some cases
(6% of all trajectories), we could observe a sudden increase in
pH followed by a rapid or slow reacidification (Figure 4c). In
this case, capsules might be present in compartments that fuse
with less acidic organelles, thus, increasing the local pH.
Localization of Capsule-Based pH Sensors in Cells
with Modified V-ATPase. We further assessed the internal-
ization of the capsules via transmission electron microscopy
(TEM) analysis (Figure S and Figures S8—S11 in the

CTR#2 HA-V,G, sh-v,

Figure S. Internalization of PEM capsules by V,G,-overexpressing or
V,G,-silenced cells. The images show the uptake of the capsules that
have been added to control cells (CTR #2) and cells overexpressing
(HA-V,G,,) or lacking (sh-V,G;) the V,G, subunit. Images were taken
after (a—c) 1 h and (d—f) 24 h of cell—capsule interaction. Cp,
capsules; N, nucleus; Mt, mitochondria; G, glycogen; L, lysosome.
Stars, examples of deformed capsules. Dashed box, zoomed areas of
representative capsules. Solid arrow, plasma membrane surrounding
the capsules. Scale bars: dashed line, 2 ym; straight line, 500 nm. For
more TEM images, please see Figures S8—SI1 in the Supporting
Information.

Supporting Information) and CLSM analysis (Figure 6). For
both methods we selected two time points, 1 and 24 h, as at
this stage of our investigation we specially focused on
comparing the initial and final localization of the capsules in
all analyzed cells. The membranes and cristae within the
mitochondria are visible and do not seem to be distorted or
broken. The cytoplasm is homogeneous, showing free
ribosomes, rough endoplasmic reticulum with attached
ribosomes and vesicles. Within the cytoplasm, vesicular
structures, most likely lysosomes and endosomes, are found.
A double membrane surrounds the nucleus with regular
interruptions consisting of nuclear pore complexes. Further-
more, hetero- as well as euchromatin can be distinguished. As
shown in Figure 5, several capsules can be seen inside the
different cell clones at 1 h and, as expected, the number of
internalized capsules increased with time.

Internalization is a statistical process and therefore, over
time, the capsules are continuously in contact with the cell
membrane or within the cytoplasm, corresponding to the

CTR#2

HA-V1Gq #3

sh-V1Gq #7

1h

24h

Figure 6. Co-localization of capsules internalized by V,G;-over-
expressing or V,G;-silenced cells. CLSM images of control cells (CTR
#2), HA-V|G, cells (clone #3), and sh-V,G, cells (clone #7) following
1 h (top row) and 24 h (bottom row) incubation with fluorescently
labeled (PSS/PAH); capsules (white arrows). Dex-RITC-loaded
capsules (red); LAMP1 (green); DAPI staining (blue). Overlay
images of red, green, blue, and transmission channels. Scale bar: 20

pum.

progress of being phagocytosed. Those capsules exhibited an
electron dense outer layer due to the presence of gold
nanoparticles which had been added to the capsule walls
(Figures S10a.1 and Slla in the Supporting Information), and
were surrounded by a lipid monolayer after internalization,
indicated by the solid arrows in Figures Sa.l, e.l, and f1
(Figures S8a.1, S8b, S9b.1, S10a.1, S10b, S11a, and Sllc in the
Supporting Information). The already mentioned deformation
of capsules at some later point after phagocytosis was also
observed in all images. The capsules were sorted to the
lysosomes.”® Examples of colocalization and merging of the
lysosomes with the phagosomes can be seen in the images
reported in the Supporting Information (Figures S8c, S9b.1,
S10b, S10c, S11a, and S11d). From the TEM images plenty of
black dots that can be identified as glycogen, could be seen in
all transfected cells, especially after 1 h (Figure S) (see also the
Supporting Information). The metabolism of glycogen provides
the cell with energy in form of ATP. Figure 5a.1 and f.1 shows
examples of how glycogen clearly colocalizes with lysosomes
containing capsules (Figures S8b-c, S10b, and Sllc-d in the
Supporting Information). This new situation is reversible and
should not interfere with the regular cell cycle. This is in
agreement with other works.>%* Transfected HA-V,G, cells
appeared more adapted to the presence of the capsules than sh-
V.G, cells as the reduction of the local accumulation of
glycogen is slightly more advanced in these cells after 24 h.
Actually, the amount of glycogen in sh-V|G; cells after 24 h
(Figure Sf and f1 and Figure Sllc, d in the Supporting
Information) is very similar to the amount found after 1 h
(Figure Sc, c.l and Figure Slla, b in the Supporting
Information).

Co-localization of the capsules with lysosomes was also
confirmed by CSLM (Figure 6). Fluorescently labeled (PSS/
PAH); capsules were incubated with control cells (CTR #2),
with V,G;-overexpressing cells, and with V,G;-silenced cells,
for 1 and 24 h. The intracellular localization of the capsules was
studied using confocal immunofluorescence analysis with
antibodies against LAMP1 (lysosomal-associated membrane
protein 1), a protein that resides in membranes of late
endosomes and lysosomes.*>** At 1 h incubation time point,
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no colocalization of capsules (red) with LAMPI1-positive
organelles (green) was observed (Figure 6, top row). In all
cells, the capsules were located in the cell periphery or close to
the cell membrane, as being internalized by the cells. In
contrast, at the 24 h incubation time point, the capsules were
predominantly distributed around the nuclei, where lysosomes
were mostly grouped. In all cells, the overall color of
internalized capsules shifted from red to yellow (Figure 6,
bottom row), indicative of colocalization with LAMP1-positive
acidic organelles, such as late phagosomes and phagolysosomes.

B CONCLUSIONS

Altogether, these data indicate the utility of capsule-based pH
sensors to measure the pH inside compartments, such as
phagosomes and phagolysosomes. In contrast to other methods
available for measuring pH (e.g., injection of fluorescent pH
indicators), the main advantage of capsule-based pH sensors
lies in their final and fixed intracellular distribution. Indeed,
capsules end up in the lysosomes/phagolysosomes, where they
stay for long time. Therefore, they represent a valuable tool to
follow acidification in living cells over time and to study the
acidification process during the endocytic pathway. Further-
more, the data obtained on V,Gj-overexpressing or V,G;-
silenced clones demonstrate that the V;G; subunit is important
for V-ATPase activity confirming previous works,”’ > and
indicate that these sensors can be used to investigate V-ATPase
functioning. Clearly, further work will be necessary to resolve
questions about the exact role of V|G, in regulation of the V-
ATPase activity.

B METHODS

Materials. Poly(sodium 4-styrenesulfonate) (PSS, M,, ~70.000 Da,
#243051), poly(allylamine hydrochloride) (PAH, M,, ~56.000 Da,
#283223), calcium chloride dehydrate (CaCl, M, = 147.01 Da,
#223506), sodium carbonate (Na,COs;, M, = 105.99 Da, #57795),
dextran (M,, ~ 2000.000 Da, #95771), fluorescein 5(6)-isothiocyanate
(FITC, M, = 389.38 Da, #46950), rhodamine B isothiocyanate
(RITC, M,, = 536.08 Da, #R1755), and ethylenediaminetetraacetic
acid disodium salt dihydrate (EDTA, #ES5134) were purchased from
Sigma-Aldrich. Amino dextran (AM-dextran, M,, ~500.000 Da, #D-
7144) was obtained from Invitrogen. Gold colloids S nm
(#EM.GC15) were obtained from BBI International and bis(p-
sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (#15—
0463) from Stream Chemicals. All chemicals were used as received.
Ultrapure water with a resistance greater than 18.2 M€2/cm was used
for all experiments.

Cell Cultures. All cells were cultured in phenol-red free Dulbecco’s
Modified Eagles Medium (DMEM, Sigma-Aldrich, #D6546) supple-
mented with 10% fetal bovine serum (Biochrom, #S061S), 1%
penicillin/streptomycin  (Sigma-Aldrich, #P4333) and 2 mM -
glutamine (Sigma-Aldrich, #G7513) at 5% CO, and 37 °C.

Generation of Stable Cell Lines. Stable cell lines overexpressing
and/or silencing V,G, were generated using pCDNA3_2xHA-V,G, or
sh-RNA V|G, plasmids (sc-36797-SH, Santa Cruz Biotechnology),
respectively. Stable cell lines were selected by adding G-418 (1 mg/
mL, Calbiochem) to cells transfected with HA-V,G, or Puromycin (3
ug/mL, Sigma-Aldrich) to V,Gj-silenced cells. Cells were kept in
selective media for about 2 weeks or until clones were visible. About
10 independent clones were picked for each sample and propagated.
Lysates of some of the clones were processed for Western blot analysis
to verify V|G, overexpression or silencing. HA control cells were
transfected with an empty vector and selected with G-418, whereas sh-
control cells were transfected with a control sh-plasmid and selected
with puromycin. After the selection the clones overexpressing HA-
VG, were cultured in medium supplemented with 0.25 mg/mL G418,

whereas V,G,-silenced clones and control cells were maintained in
medium supplemented with 0.75 pg/mL puromycin.

Western Blotting (WB). HeLa cells were lysed in RIPA buffer
(Sigma-Aldrich) plus proteinase inhibitors cocktail (Roche). Lysates
were loaded on SDS-PAGE and separated proteins were transferred
onto PVDF membranes from Millipore. The filter was blocked in 5%
milk in phosphate buffered saline (PBS) for 30 min at room
temperature, incubated with the appropriate primary antibody mouse
monoclonal anti-V;G; (1:100, #sc-25333, Santa Cruz Biotechnology)
and mouse monoclonal anti-tubulin (1:3000, clone BS12, Sigma-
Aldrich), and then with a secondary antibody conjugated with HRP
(1:5000, #G21040 Invitrogen). Bands were visualized using Western
blot Luminol Reagent (Santa Cruz).

Synthesis of Capsule-Based pH Sensors. The preparation of
capsule-based pH sensors was carried out following our previous
protocol.®" Briefly, 0.615 mL of 0.33 M CaCl,, 0.615 mL of 0.33 M
Na,CO;, 0.4 mL of FITC-dextran solution (30 uM), and 0.37 mL of
RITC-dextran solution (30 #M) were rapidly mixed and thoroughly
agitated on a magnetic stirrer for 30 s at room temperature. After the
agitation, the precipitate was separated from the supernatant by
centrifugation (4500 rpm, S s) and washed three times with water.
Then, the resulting CaCOj particles, containing FITC-dextran and
RITC-dextran, were subjected to the LbL deposition of PSS (2 mg/
mL, 0.5 M NaCl, pH 6.5) and PAH (2 mg/mL, 0.5 M NaCl, pH 6.5)
polyelectrolytes (15 min under agitation) to give the following
multilayer wall architecture: (PSS/PAH);. Short ultrasound pulses
were applied to the sample prior to the addition of each polyelectrolyte
in order to prevent particle aggregation. The decomposition of the
CaCOj; core, resulting in hollow microcapsules, was achieved by
treatment with 1 mL of EDTA (0.2 M, pH 7.0) followed by triple
washing with water. The microcapsules were stored as suspension in
water at 4 °C.

Synthesis of Gold Nanoparticle-Functionalized Capsules. To
visualize the capsules with the transmission electron microscope, we
embedded electron-dense gold nanoparticles (Au-NPs) into the walls.
The synthesis was carried out as follows. In a vial equal volumes (1.2
mL) of aqueous CaCl, and Na,COj solutions (0.33 M) were mixed in
the presence of 1.54 mL of dextran (13 mg/ mL). The solution was
thoroughly mixed on a magnetic stirrer for 30 s and afterwards, the
mixture was left without stirring for 3 min. After three washing steps
with Milli-Q water, the resulting particles were coated with one bilayer
of polyelectrolytes (CaCO,@(PSS/PAH)). Then, the coated cores
were functionalized with phosphine-stabilized Au-NPs following our
previous protocol.* Afterward, 4 more bilayers of (PSS/PAH) were
added. The dissolution of the cores was carried out as described above.
The final architecture of the capsules was therefore (PSS/PAH)Au-
NPs(PSS/PAH),. We incorporated dextran (2000 kDa) into the
CaCO; cores, as dissolution of cores including dextran by addition of
EDTA is faster than that of cores without dextran. Naturally, in this
way, dextran remains inside capsule cavities after core dissolution.*

Characterizations of Capsules. Capsule size was determined
from fluorescence micrographs. The diameter of the microcapsules
produced was 2.6 + 0.3 um (N = 4130).

The Zeta potential ({) of the capsules was measured in Milli-Q
water by dynamic light scattering (DLS) using a Zetasizer Nano ZS
(Malvern Instruments, UK). The results were averaged from 3 parallel
measurements. All microcapsules used in this work had a zeta potential
value of 11.9 & 0.2 mV.

The capsule number per volume was determined with a
hemocytometer under an optical microscope. A drop of a diluted
solution of capsules was added onto the chamber and the number of
capsules in the volume defined by the hemocytometer was counted by
using a 20X objective in phase contrast mode. The capsules
concentration was estimated to be around 1.5 X 10® capsules mL™".

Spectrofluorometer and Confocal Intensity Titrations. For in
vitro spectrofluorometric titrations, first, the pH of the cell medium
was adjusted to various pH values ranging from 2.0 to 8.0 (by 1 M
NaOH or 1 M HCI). The pH of the final solutions was checked with a
pH meter (Professional-Meter PP-50, Sartorius). Then, 10 uL of
capsules (1.5 X 10° capsules mL™") were mixed with an excess of cell

DOI: 10.1021/acsami.5b04375
ACS Appl. Mater. Interfaces 2015, 7, 15052—15060


http://dx.doi.org/10.1021/acsami.5b04375

ACS Applied Materials & Interfaces

Research Article

medium to buffer ratio of about 1:10 and measured with a Fluorolog
(FL3-122) fluorescence spectrometer equipped with a 450 W xenon
short arc lamp (Ushio-UXL-450S—0) as the source of excitation.
Emission spectra were collected at S00—550 nm (Aycitation = 488 nm)
for FITC and 565—625 nm (Ayciation = 543 nm) for RITC. For in situ
confocal microscopy titrations, 10 uL capsules suspension aliquots
(with the same buffers used for each pH point) were pipetted on
coverslips. Confocal scans were normally performed with a Leica TCS
SPS (Leica Microsystems, Germany) or, where indicated, with a
CLSM 510 Meta (Zeiss, Germany). Laser power, acquisition
parameters, and excitation light exposure times were adjusted to
optimize signal-to-noise ratios and minimize photobleaching, and were
kept constant throughout each pH titration series. FITC was excited at
488 nm with an argon laser and its fluorescence was collected between
505 and 530 nm (“green” channel). RITC was exited at 543 nm using
a helium neon laser; the fluorescence was detected with a long-pass
filter >560 nm (“red” channel).

Live Confocal Fluorescence Microscopy. For internalization of
the capsule-based pH sensors, approximately 10 000 cells per cm?* were
seeded in a sterile microscopy chambers (8-well u-slide, Ibidi) in
complete DMEM. Before analysis, cells were incubated with 15
capsules/cell in L-15 medium (without phenol red, Leibowitz medium,
GIBCO).

For capsule tracking experiments, clones #1 and #3 (overexpressing
V,G;), clone #4 (silencing V,G,) and stably transfected HeLa cells
with sh-control plasmids (CTR #2) were selected. 15,000 cells/well
were seeded into each well of an 8-well y-slide (Ibidi, #80826). The u-
slides were transferred to a CLSM (CLSM 510 Meta, Zeiss, Germany)
equipped with a portable incubator (Pecon, Germany) and maintained
at 37 °C with 5% CO,. Immediately before image acquisition,
approximately 15 capsules/cell were added and a time-lapse image
series was acquired using a Plan-Apochromat 63%/1.40 Oil DIC M27
objective. To minimize the effect of photobleaching, the acquisition
parameters were tuned to detect FITC/RITC-fluorescence at very low
excitation power. Images were acquired with a lateral sampling
frequency of 0.2 ym and a temporal resolution of 150 s. To image
capsules already being internalized (a) and those still adhering to the
outer plasma membrane on top of the cells (b), two images at the
same lateral position but different axial positions were acquired. For
(a), one slice was imaged 2.2 ym above the substrate, which was
typically located in the cell interior. For (b), another image was
obtained at a position 3 ym higher to resolve capsules located on top
of cells. The pinhole of the confocal system was adjusted to capture 2
pm thick sections in both cases. This alignment was recovered before
each time point by a software-based autofocus routine which was
searching for the boundary layer p-dish substrate/medium charac-
terized by an increased level of scattered photons. After acquisition,
the projection along the z-axis of both slices was calculated and used
for further analysis. The described procedure resulted in almost gap-
less two-dimensional capsule trajectories.

Ultrastructural Analysis via Transmission Electron Micros-
copy (TEM). For TEM analysis, samples were chemically fixed with
glutaraldehyde. For the chemical fixation protocol, the different clones
were seeded in a Petri dish (@ 100 mm) until 80% confluence and
then were treated with the sensor capsules (20 capsules/cell) for 1 and
24 h. Cells were placed in the fixative solution (2.5% glutaraldehyde)
for 45 min at room temperature (RT). Afterward the cells were
collected with a scraper and concentrated via centrifugation, discarding
the supernatant. Postfixation was performed in 1% osmium tetroxide
for 1.5 h at 4 °C. Then, cells were dehydrated in grading series of
acetone, infiltrated with an EPON:acetone mixture, and finally
embedded in pure EPON resin. Resins were polymerized at 60 °C
for 48 h. Ultrafine sections were contrasted with 2% aqueous uranyl
acetate for 30 min at RT first and followed by exposure to Reynolds’
lead citrate for 10 min at RT. Sections were imaged with a JEOL JEM
1010 (100 kV) transmission electron microscope equipped with a
Bioscan Gatan wide angle slow scan CCD camera.

Confocal Immunofluorescence Microscopy. HeLa cells stably
transfected with sh-control plasmids (CTR #2), clones HA-V,G, #3,
and sh-V,G, #7 were selected for colocalization studies. (PSS/PAH);

capsules, carrying only dextran-RITC into the cavities, were produced
by following the procedure described above. Cells were grown on 11
mm round glass coverslips; 1 and 24 h before the fixation, the cells
were incubated with 15 capsules/cell in complete DMEM. Then, the
cells were fixed in 3% paraformaldehyde (Sigma-Aldrich), permeabi-
lized with piperazine-N,N'-bis(2 ethanesulfonic acid) (PIPES)-
Saponin 0.1%, and incubated with primary antibodies for 1 h. After
3 washes with PBS-Saponin 0.1%, the cells were incubated for 30 min
with the secondary antibodies and then with DAPI dye (1 pg/mL).
The following antibodies were used: mouse anti-Lampl at a 1:250
dilution (#H4A3, Developmental Hybridoma Bank University of
Iowa), goat anti-mouse AlexaFluor488 at a 1:500 dilution (#A11001,
Invitrogen). Subsequently, cells were viewed with a CLSM microscope
(TCS-SPS; Leica, Germany) equipped with a laser diode emitting at
405 nm, an argon-ion laser with a line at 488 nm, and a helium—neon
laser for excitation at 543 nm. The fluorescence signal of DAPI was
detected after filtering with a band-pass filter within the range 415—
500 nm, the fluorescence signal of AlexaFluor488 was detected with a
band-pass filter 510—550 nm, and the fluorescence signal of RITC was
detected with a 560 nm long pass filter. Images were taken with a
HCX PL APO lambda blue 63.0 X 1.40 oil-immersion objective and a
pinhole aperture of 1 Airy unit.

B ASSOCIATED CONTENT

© Supporting Information

The calibration of capsule-based pH sensors (Figures S1 and
S2); the detailed description of the tracking measurements and
data analysis (Figures S3—S6); the mean velocity profile of
capsule-based pH sensors during acidification (Figure S7);
additional TEM images (Figures S8—S11). The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acsami.Sb0437S.
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